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1. General information

All reagents and solvents required for synthesis and characterization are purchased from 
commercial suppliers and used directly without any treatment. 
The nuclear magnetic resonance spectra were recorded on the Bruker AVANCEIII 400 
spectrometer at 400 MHz at 298 K with tetramethyl silane (TMS) (δH = 0 ppm) as the 
internal standard. MALDI-TOF mass spectra were recorded on a Brucker Autoflex 
speed TOF/TOF mass spectrometer with DCTB as a matrix. Elemental analysis (C, H 
and N) was performed on a Elementar Vario micro cube elemental analyzer. 
EPR0020spectra were recorded on a Bruker ELEXSYSII E500 CW-EPR spectrometer 
at 298K. Thermal gravimetric analysis (TGA) was characterized by a 
TAINSTRUMENTS Q500 TGA analyzer. at a heating rate of 10 °C/min under 
nitrogen, the temperature at 5% weight loss was used as the decomposition temperature 
(Td). The electrochemical oxidation and reduction potentials were recorded using an 
electrochemical analyzer (CHI660C, CH Instruments, USA). A conventional three-
electrode configuration consisting of a platinum working electrode, a Pt-wire counter 
electrode, and an Ag/AgCl reference electrode was used. The solvent in the 
measurement was CH2Cl2, and the supporting electrolyte was 0.1 M 
tetrabutylammonium hexafluorophosphate. Ferrocene was added as a calibrant after 
each set of measurements, and all potentials reported were quoted regarding the 
ferrocene-ferrocenium (Fc/Fc+) couple at a scan rate of 100 mV/s. UV–vis absorption 
spectra were recorded on the model UV-vis-2550 spectrophotometer. The Fluorescence 
spectra, fluorescence decay spectra and PLQE were recorded on an Edinburgh 
fluorescence spectrometer (FLS980), and the lifetime of the excited states was 
measured by the time correlated single photon counting method under the excitation of 
a laser (378 nm). Photostability of radicals was tested under a 365 nm UV lamp 
irradiation.
Quantum simulations were performed on Gaussian16 [1] series of programs at 
PBE0/def2svp level. Multiwfn [2] and VMD [3] were utilized to analyze the simulation 
results



2. Synthesis and characterization
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Under argon conditions, 1,3,5-trichlorobenzene (5.00 g, 27.56 mmol) was dissolved in 

anhydrous tetrahydrofuran (THF, 100 mL) and cooled to -78 oC. Then, LDA (2.00 M, 
15.16 mL,30.31 mmol) was slowly added at -78 oC. After stirring for 1 hour at -78 °C, 
2,6-dichloro-4-iodobenzaldehyde (9.12 g, 30.31 mmol) was added. The reaction 
mixture was maintained at -78 °C for an additional 2 h, then allowed to warm to room 
temperature. The reaction was quenched with a saturated aqueous ammonium chloride 
solution. The product was extracted with dichloromethane several times, and the 
combined organic phases were dried over anhydrous magnesium sulfate. The solvent 
was removed under reduced pressure to afford the crude product, which was 
subsequently purified by silica gel column chromatography (petroleum 
ether/dichloromethane = 3:1, v/v). 13.00 g (yield 97.80%) white solid was obtained.
The NMR and MS spectra were consistent with those reported in the literature. [4] 
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Under argon conditions, (2,6-Dichloro-4-iodophenyl) (2,4,6-trichlorophenyl) methanol 
(5 g, 10.37 mmol) was dissolved in a solution of anhydrous dichloromethane (100 mL) 
and cooled to 0 oC. Then, phosphorus tribromide (2.44 mL, 25.91 mmol) in dry 
dichloromethane (10 mL) was added dropwise. After that, the reaction mixture was 
warmed to room temperature and refluxed for 12 h. After the reaction was cooled to 
room temperature, it was slowly poured into water (200 mL). The mixture was extracted 
with dichloromethane several times. The combined organic solution was washed with 
brine and dried over anhydrous sodium sulfate. The solvent was removed under reduced 
pressure to afford the crude product, which was subsequently purified by silica gel 

column chromatography (petroleum ether). 5.00 g (yield 88.46%) of white solid (I-

HBTM-Br)was obtained. MALDI-TOF (m/z): Calcd for C13H5BrCl5I [M]+ 543.7032; 

Found [M]+ 543.8046.
1H NMR (400 MHz, CDCl3) δ 7.67 (s, 1H), 7.35 (s, 1H), 7.05 (s, 1H). 13C NMR (126 
MHz, CDCl3) δ 138.26, 136.97, 136.88, 134.73, 133.17, 131.98, 129.80, 93.04, 41.97.



N
Cl

ClCl

Cl

ICl

N

Br
Cl

ClCl

Cl

ICl

1) NaH, DMF

2)N
H

N

PB-I

Under argon conditions, PyID (1.39 g, 8.25 mmol), sodium hydride (60% in oil, 0.26 
g, 11 mmol) was dispersed in anhydrous N,N-dimethylformamide (50 mL) and stirred 
at room temperature for 1 h. After I-HBTM-Br (3 g, 5.50 mmol) was added, the 
reaction mixture was heated at 80 °C for 3 h. After cooling to room temperature, the 
mixture was poured into a saturated sodium chloride solution (100 mL). The crude 
product was collected by suction filtration, which was subsequently purified by silica 
gel column chromatography (ethyl acetate: petroleum ether = 1:16, v/v). 0.50 g (yield 
14.39%) deep-red solid are obtained. MALDI-TOF (m/z): Calcd for C24H11Cl5IN2• 
[M]+ 630.838; Found [M]+ 630.831.
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Under argon conditions, N,N-diphenyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)aniline (TPA-Bpin, 0.52 g, 1.39 mmol), PB-I (0.80 g, 1.27 mmol), potassium 
phosphate (2.15 g, 10.16 mmol), and tetra-(triphenylphosphine) palladium (0.08 g, 0.06 
mmol) were dissolved in a 28 mL mixture solvent (toluene/ethanol/water = 4/1/2, 
v/v/v). The reaction mixture was heated at 80 oC for 48 h. After the reaction was 
complete, the reaction mixture was extracted several times with dichloromethane. The 
combined organic phase was then dried with anhydrous MgSO4. The solvent was 
removed under reduced pressure to afford the crude product, which was subsequently 
purified by silica gel column chromatography (petroleum ether/ethyl acetate = 2/1, v/v). 
0.80 g (84.32%) dark-purple solid was obtained. MALDI-TOF (m/z): Calcd for 
C42H25Cl5N3• [M]+ 748.9330; Found [M]+ 749.0540. Elem. Anal. Calcd for 
C42H25Cl5N3•: C 67.36, H 3.36, N 5.61; Found: C 68.42, H 3.51, N 5.40.
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Under argon conditions, 10-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
10H-spiro[acridine-9,9'-fluorene](0.74 g 1.39 mmol) (SFA-Bpin), PB-I (0.8 g, 1.27 
mmol), potassium phosphate (2.15 g, 10.16 mmol), tetra-(triphenylphosphine) 
palladium (0.08 g,0.06 mmol), and tetra-(triphenylphosphine) palladium (0.08 g, 0.06 
mmol) were dissolved in a 28 mL mixture solvent (toluene/ethanol/water = 4/1/2, 
v/v/v). The reaction mixture was heated at 80 oC for 48 h. After the reaction was 
complete, the reaction mixture was extracted several times with dichloromethane. The 
combined organic phase was then dried with anhydrous MgSO4. The solvent was 
removed under reduced pressure to afford the crude product, which was subsequently 
purified by silica gel column chromatography (petroleum ether/ethyl acetate = 2/1, v/v). 
0.92 g (79.71%) dark-purple solid are obtained. MALDI-TOF (m/z): Calcd for 
C55H31Cl5N3• [M]+ 911.1240; Found [M]+ 911.1007. Elem. Anal. Calcd for 
C55H31Cl5N3•: C 72.50, H 3.43, N 4.61; Found: C 73.02, H 3.66, N 4.03.
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Under argon conditions, 10-(naphthalen-2-yl)-2-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-10H-spiro[acridine-9,9'-fluorene] (NSFA-Bpin, 0.81 g 1.39 mmol), 
PB-I (0.80 g, 1.27 mmol), potassium phosphate (2.15 g, 10.16 mmol), tetra-
(triphenylphosphine) palladium (0.08 g, 0.06 mmol), and tetra-(triphenylphosphine) 
palladium (0.08 g, 0.06 mmol) were dissolved in a 28 mL mixture solvent 
(toluene/ethanol/water = 4/1/2, v/v/v). The reaction mixture was heated at 80 oC for 48 
h. After the reaction was complete, the reaction mixture was extracted several times 
with dichloromethane. The combined organic phase was then dried with anhydrous 
MgSO4. The solvent was removed under reduced pressure to afford the crude product, 
which was subsequently purified by silica gel column chromatography (petroleum 



ether/ethyl acetate = 2/1, v/v). 0.95 g (78.02%) dark-purple solid are obtained. 
MALDI-TOF (m/z): Calcd for C59H33Cl5N3• [M]+ 961.1840; Found [M]+ 961.1162. 
Elem. Anal. Calcd for C59H33Cl5N3•: C 73.73, H 3.46, N 4.37; Found: C 74.01, H 3.68, 
N 3.90.  



Fig. S1.1HNMR spectrum of I-HBTM-Br in CDCl3

Fig. S2.13CNMR spectrum of I-HBTM-Br in CDCl3



 
Fig. S3. MALDI-TOF mass spectrum of PB-I.

Fig. S4. Simulated MALDI-TOF mass spectrum of PB-I.



Fig. S5 EPR spectrum of PB-I in chloroform at room temperature.



Fig. S6. MALDI-TOF mass spectrum of PB-TPA



Fig. S7. Simulated MALDI-TOF mass spectrum of PB-TPA.



Fig. S8. MALDI-TOF mass spectrum of PB-SFA



Fig. S9. Simulated MALDI-TOF mass spectrum of PB-SFA



Fig. S10. MALDI-TOF mass spectrum and of PB-NSFA.



Fig. S11. Simulated MALDI-TOF mass spectrum and of PB-NSFA.

Fig. S12. EPR spectrum of (a) PB-TPA, (b) PB-SFA, and (c) PB-NSFA in chloroform at room 
temperature.



Fig. S13. TGA curves of PB-TPA, PB-SFA, and PB-NSFA.

Fig. S14. Comparison of fluorescence decay of PB-TPA, PB-SFA, and PB-NSFA in toluene 
under irradiation with a 365 nm UV lamp.



Fig. S15. CV curves of PB-TPA, PB-SFA, and PB-NSFA.

Table S1. The electrochemical parameters and derived orbital energy levels of the three radicals are 
summarized below

Radical EOx2
a EOx1

b ERed
c EHOMOβ

d ESOMOα
e ESUMOβ

f Eg
g

(V) (V) (V) (eV) (eV) (eV) (eV)
PB-TPA 1.04 0.37 -0.56 -5.44 -4.77 -3.84 1.60
PB-SFA 1.12 0.39 -0.58 -5.52 -4.79 -3.82 1.70

PB-NSFA 1.13 0.57 -0.67 -5.53 -4.97 -3.73 1.80
aThe second oxidation peak corresponds to the oxidation of the HOMOβ.
bThe first oxidation peak is assigned to the oxidation of the SOMOα.
cThe first reduction peak represents electron injection into the SUMOβ.
dHOMOβ, eSOMOα, and fSUMOβ energy levels were calculated using the formulas 

EHOMOβ = – (EOx2 + 4.4) eV, ESOMOα = –(EOx1 + 4.4) eV, and ESUMOβ = –(ERed + 4.4) 

eV.
gThe electrochemical band gap was then derived as Eg = ESUMOβ – EHOMOβ



3. Photophysical properties

Fig. S16. Absorption spectra of PB-I in various solvents (10-5 M) at room temperature.

Fig. S17. PL spectra of PB-I in various solvents (10-5 M) at room temperature.



Fig. S18. Absorption spectra of (a) PB-TPA, (b) PB-SFA, and (c) PB-NSFA in various solvents 
(10-4 M) at room temperature.

Fig. S19. PL spectra of (a) PB-TPA, (b) PB-SFA, and (c) PB-NSFA in various solvents (10-4 M) 
at room temperature

Fig. S20.Transient decay spectra of (a) PB-TPA, (b) PB-SFA, and (c) PB-NSFA in various 
solvents at room temperature



Table S2. Summarized data on metal-free NIR emissive organic small molecules with 
photoluminescence (PL) peak in the range above 770 nm.

Molecule
λPL

a

(nm)
Φsol

a 
(%)

λPL
b 

(nm)
Φfilm

b 
(%) Ref.

M1 904 (toluene-d) 15 -- -- [5]

M2 790 (hexane) 16.8 -- -- [6]

M3 895 (hexane) 4.7 -- -- [6]

M4 -- -- 830 17 [7]

M5 -- -- 820 10.7 [8]

BODIPY 
dye

λPL
a (nm) Φsol

a 
(%) Ref.

B1 808 (DCM) 11 [9]

B2 830 (DCM) 1 [10]

B3 816 (toluene) 17 [11]

B4 807 (toluene) 5 [11]

B5 798 (toluene) 2 [12]

B6 810 (toluene) 5 [13]

B7 771 (toluene) 35 [13]

B8 820 (Chloroform) 11 [14]

B9 862 (DCM) 12 [15]

B10 916 (DCM) 2 [15]

B11 814 (Chloroform) 10 [16]

B12 793 (Chloroform) 12 [16]

B13 816 (Chloroform) 4 [16]

B23 807 (Chloroform) 5 [16]

B14 796 (Chloroform) 2 [17]

B15 803 (Chloroform) 5 [17]

B16 774 (Chloroform) 32 [18]

B17 781 (Chloroform) 36 [18]

B18 868 (Chloroform) 4 [18]

B19 861 (Chloroform) 3 [18]

B20 819 (Chloroform) 13 [19]

B21 926 (Chloroform) 1 [19]

B22 823 (toluene) 4 [20]

B23 800 (toluene) 27 [20]

B24 775 (Chloroform) 49 [21]

B25 781 (Chloroform) 50 [21]

B26 791 (Chloroform) 45 [21]

B27 750 (DCM) 45 [22]

B28 805 (Chloroform) 32 [23]

B29 786 (Chloroform) 41 [24]

B30 778 (DCM) 42 [25]

B31 860 (DCM) 24 [25]

B32 782 (Chloroform) 35 [26]



B33 773 (Chloroform) 24 [26]

B34 847 (Chloroform) 14 [26]

B35 853 (Chloroform) 5 [27]

B36 831 (Chloroform) 6 [27]

B37 832 (toluene) 7 [28]

B38 907 (toluene) 13 [28]

Radical λPL
a (nm) Φsol

a 
(%) Ref.

R1 800 (toluene) 24 [29]

R2 810 (toluene) 24 [30]

R3 778 (toluene) 66 [31]

R4 783 (cyclohexane) 36 [32]

PB-TPA 770 (toluene) 23
833 (Chloroform) 9

PB-SFA 750 (toluene) 27
814 (Chloroform) 20

PB-NSFA 743 (toluene) 31
813 (Chloroform) 21

This 
work

aMeasured in solution (λPL denotes the emission peak and Φ denotes photoluminescent 
emission efficiency, PLQE); 
bMeasured in a doped film. 
The molecules listed from M1 to M19 have been reported within the past 8 years (2017 
to 2025) due to the scarcity of neutral, metal-free organic molecules with 
photoluminescence emission peaks above 770 nm. To date, only a few of these 
molecules have achieved a PLQE exceeding 20%.

Fig. S21. Lippert-Mataga plot of the Stokes shift (νa-νf). versus f for (a) PB-TPA, (b) PB-SFA, 
and (c) PB-NSFA. νa and νf denote the absorption and fluorescence energies, respectively 

Table S3. Photophysical properties of PB-TPA in different solvents.

Solvent △f νa (nm) νf (nm) νa-νf (cm-1) 

Cyclohexane 0 609 727 2665.203

p-Xylene 0.003 612 764 3250.864



Toluene 0.014 613 770 3326.201

Butyl ether 0.096 606 764 3412.645

Isopropyl ether 0.145 605 788 3838.57

Chloroform 0.149 609 833 4415.559

Table S4. Photophysical properties of PB-SFA in different solvents.

Solvent △f νa (nm) νf (nm) νa-νf (cm-1) 

Cyclohexane 0 609 712 2375.417

p-Xylene 0.003 611 742 2889.523

Toluene 0.014 611 750 3033.279

Butyl ether 0.096 608 747 3060.488

Isopropyl ether 0.145 607 770 3487.452

Chloroform 0.149 611 814 4081.6

Table S5. Photophysical properties of PB-NSFA in different solvents.

Solvent △f νa (nm) νf (nm) νa-νf (cm-1)

Cyclohexane 0 609 714 2414.759

p-Xylene 0.003 611 737 2798.091

Toluene 0.014 611 743 2907.662

Butyl ether 0.096 608 747 3060.488

Isopropyl ether 0.145 607 770 3487.452

Chloroform 0.149 611 813 4066.489



Fig. S22. PL spectra of PB-TPA, PB-SFA, and PB-NSFA in doped MADN films 

Table S6. Photophysical properties of three radicals in doped MADN films

λPL

(nm)
PLQE

(%)

PB-TPA 788 4

PB-SFA 764 5

PB-NSFA 771 8



4. Quantum simulations

Fig. S23. Optimized ground state configurations of (a) PB-TPA, (b) PB-SFA, and (c) PB-
NSFA.

Fig. S24. Orbital distributions and energy levels at the ground state of PB-TPA



Fig. S25. Orbital distributions and energy levels at the ground state of PB-SFA

Fig. S26. Orbital distributions and energy levels at the ground state of PB-NSFA



Fig. S27. Orbital distributions and energy levels at the ground state of PB-I

Fig. S28. Hole-electron distributions and charge separation distances of PB-I



Fig. S29. RMSD and reorganization energy (λall) of PB-TPA, PB-SFA and PB-NSFA.

Fig. S30. Huang-Rhys factors for (a) PB-TPA, (b) PB-SFA, and (c) PB-NSFA corresponding 
to the D₁→D₀ transition. (With a zoomed-in view to highlight the region of 1000-2000 cm-1).



Fig. S31. Vibrations of (a) PB-TPA, (b) PB-SFA, and (c) PB-NSFA in the high-frequency 
region (The displacement vector is magnified ten times).

Fig. S32. Vibrations of (a) PB-TPA, (b) PB-SFA, and (c) PB-NSFA in the low-frequency 
region (The displacement vector is magnified ten times).
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