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1. Experimental section 

1.1 General Information. All commercially available reagents were used as received 

unless otherwise stated. 1H NMR spectra were measured on a Bruker AVANCE Ⅲ 

type NMR Spectrometer with the internal standard of tetramethylsilane (TMS). 

MALDI TOF-MS mass spectra were obtained from an Agilent 1260-6125 instrument. 

Thermal gravimetric analysis (TGA) was carried out with an HCT-2 instrument at a 

heating rate of 10 °C min-1 under nitrogen atmosphere. Organic films for optical 

measurements were fabricated by thermal evaporation under high vacuum onto clean 

quartz substrates. Ultraviolet–visible (UV-Vis) absorption and photoluminescence 

(PL) spectra were recorded on a Perkin-Elmer Lambda 750 UV-Vis 

spectrophotometer and a FM-4 type fluorescence spectrophotometer (JY company, 

French), respectively. Low-temperature phosphorescence spectra of the neat films 

were measured with a FLS 920 spectrometer (Einburgh Corporation) at 77 K. The 

absolute photoluminescence quantum yields (PLQYs) of the doped films were 

obtained with a C9920-02G type fluorescence spectrophotometer (HAMAMASTU, 

Japan) with an integrating sphere at room temperature under nitrogen atmosphere. 

Transient PL decay spectra were measured with a Quantaurus-Tau fluorescence 

lifetime spectrometer (C11367-03, Hamamatsu Photonics) 

 

1.2 Electrochemical measurements. The electrochemical properties of BN-AC, BN-

PXZ and BN-PZ were studied by cyclic voltammetry. As shown in Figure S10, the 

reduction potentials calculated from the onset of the oxidation curves are -0.95 eV, -

0.74 eV and -0.19 eV for BN-AC, BN-PXZ and BN-PZ, respectively, vs. an Ag/Ag+ 

standard, corresponding to the highest occupied molecular orbital (HOMO) levels of -

5.33 eV, -5.14 eV and -4.58 eV, using ferrocene as a reference. The lowest 

unoccupied molecular orbital (LUMO) levels can be calculated by the HOMO value 

and the Egs obtained from the absorption spectra, to be -2.74 eV, -2.55 eV and -1.99 

eV, respectively. 
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1.3 Single-Crystal Structure. Single crystal measurement was carried out at room 

temperature on a Rigaku RAXIS RAPID diffractometer equipped with a graphite 

monochromated Mo-Ka radiation source. The crystal structure was determined via 

SHELXL-97 software program.  

 

1.4 Theoretical calculations. The ground state geometries were optimized using 

density functional theory (DFT) with B3LYP/6-31G(d) basis set. Energies and 

transition properties were optimized for S1, T1 and T2 using time-dependent density 

functional theory (TD-DFT) with B3LYP/6-31G(d) method. All calculation including 

torsion angles were performed using Gaussian 16 program.  

 

1.5 Optical characterization of organic thin films. Organic films for optical 

measurements were fabricated by thermal evaporation under high vacuum onto clean 

quartz substrates. UV-vis absorption spectra were recorded by a Perkin-Elmer 

Lambda 750 UV-Vis spectrophotometer. Steady State fluorescence spectra, 

fluorescence lifetime, and quantum efficiency were carried out with a FM-4 type 

fluorescence spectrophotometer (JY company, French), Quantaurus-Tau fluorescence 

lifetime spectrometer (C11367-03, Hamamatsu Photonics) and C9920-02G type 

fluorescence spectrophotometer (HAMAMASTU, Japan), respectively. 

 

1.6 Calculation Formulas for the Photophysical Parameters. The calculation of the 

kinetic parameters assumes that internal conversion process of the singlet exciton is 

the main nonradiative decay [S1, S2]. 

KF = ΦF/ τF                                         (1) 

ΦPL = kF/ (kF + kIC)                                   (2) 

Φp = kF/ (kF + kIC+ kISC)                               (3) 

ΦISC = kISC/ (kF + kIC + kISC)                            (4) 

KTADF = ΦTADF/ (ΦISC × τTADF)                          (5) 

kRISC = kF × kTADF × ΦTADF/ (kISC × ΦF)                   (6) 



5 

 

Where ΦPL is the total fluorescence quantum yield, ΦF is the prompt fluorescent 

component of ΦPL, ΦTADF is the delayed fluorescent component of ΦPL. τF is the 

lifetime of prompt fluorescent, τTADF is the lifetime of TADF, kF is the rate constant of 

fluorescent. kIC is the rate constant of internal conversion; kTADF, kISC, kRISC are the rate 

constants of TADF, intersystem crossing and reverse intersystem crossing, 

respectively. ΦISC is the quantum efficiencies of ISC process, respectively. 

 

1.7 Device Fabrication and Characterization. Devices were fabricated under 

vacuum level lower than 1×10-4 Pa for both organic and metal layers. ITO coated 

glasses with a sheet resistance of 15 Ω square-1 were used as the substrate and cleaned 

by ultra-purified water and organic solvents. Then the ITO glasses were irradiated in 

UV-ozone for 15 min. Organic materials were evaporated to ITO with rate of about 

0.1 nm s-1, while the LiF and Al were evaporated at rates of around 0.01 and 0.5 nm s-

1, respectively. The thickness of each layer during the evaporation was determined 

with the help of quartz crystal monitors. All the device fabrication and 

characterization steps were carried out at room temperature under ambient laboratory 

conditions. Current density-voltage-luminance (J-V-L) characteristics and EL spectra 

of the devices were measured simultaneously with a source meter (Keithley model 

2400) and a luminance meter/spectrometer (Photo Research PR670). The CIE 1931 

color coordinates were obtained from the EL spectra. The EQE values were calculated 

by assuming an ideal Lambertian emission profile. All device performances are test 

and verified at least three times and are repeatable under the circumstances illustrated 

above. 

 

1.8 Synthesis of Materials 
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Scheme S1. Synthetic routes to BN-TC, BN-AC, BN-PXZ and BN-PZ. 

 

Synthesis of 9,9'-(5-bromo-2-chloro-1,3-phenylene)bis(3,6-di-tert-butyl-9H-

carbazole) (M1): The synthesis process was referred to the reported literature [S3]. 

 

Synthesis of 10-(4-chloro-3,5-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)-9,9-

dimethyl-9,10-dihydroacridine (M2): The synthesis process was referred to the 

reported literature [S4]. 

 

Synthesis of BN-TC: The synthesis process was referred to the reported literature 

[S4]. 

 

Synthesis of 10-(4-chloro-3,5-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)-9,9-

dimethyl-9,10-dihydroacridine (M3): M1 (1.00 g, 1.34 mmol), 9,9-dimethyl-9,10-

dihydroacridine (0.34 g, 1.61 mmol) and 30 mL toluene were added to a 150 ml 3-
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necked round bottom flask under nitrogen atmosphere. Then, (t-Bu)3PHBF4 (0.0040 g, 

0.13 mmol) was slowly added and the reaction solution was stirred for 24 h at 120 ℃. 

The reaction mixture was cooled to room temperature, and added to a saturated 

aqueous solution of sodium chloride (200 mL). Then the resulting mixture was 

extracted by dichloromethane for three times. The organic layer was concentrated and 

purified by flash chromatography through silica (chloroform/hexane: 1/5) to afford a 

white solid. Yield: 80.96% (1.08 g).  

 

Synthesis of 10-(4-chloro-3,5-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)-10H-

phenoxazine (M4): M4 was synthesized according to the same procedure as for M3 

by using 10H-phenoxazine (0.29 g, 1.61 mmol) instead 9,9-dimethyl-9,10-

dihydroacridine. White solid (1.15 g, yield: 88.98%).  

 

Synthesis of 5-(4-(tert-butyl)phenyl)-10-(4-chloro-3,5-bis(3,6-di-tert-butyl-9H-

carbazol-9-yl)phenyl)-5,10-dihydrophenazine (M5): M5 was synthesized according 

to the same procedure as for M3 by using 5,10-dihydrophenazine (0.29 g, 1.61 mmol) 

and 1-bromo-4-(tert-butyl)benzene (0.43 g, 2.00 mmol) instead 9,9-dimethyl-9,10-

dihydroacridine. Yellow solid (0.87 g, yield: 50.58%). 

 

Synthesis of BN-AC: M3 (1.00 g, 1.14 mmol) was fully dissolved in tert-

butylbenzene (30 mL) in a round-bottom flask under nitrogen atmosphere. The 

reaction solution was cooled to 0 ℃ before tert-butyllithium (2.5 mL, 3.26 mmol, 

1.3M in dichloromethane) was added and the solution was stirred for 2 h at 90 ℃. 

After addition of boron tribromide (2.5 mL, 3.26 mmol, 1.3 M in dichloromethane) at 

0 °C, the reaction mixture was stirred at room temperature for 2 hours. Then, N,N-

diisopropylethylamine (1.5 mL, 9.12 mmol, ρ = 0.782 g/mL) was slowly added and 

the reaction solution was heated to 130 °C for 24 hours. After cooling to room-

temperature, an aqueous solution of sodium acetate was added to the reaction mixture. 

Then the resulting mixture was extracted by dichloromethane for three times. The 

organic layer was concentrated and purified by flash chromatography through silica 
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(chloroform/hexane: 1/6) to afford a yellow solid. (0.43 g, yield: 44.48%). 1H NMR 

(400 MHz, CDCl3) δ 9.17 (d, J = 1.8 Hz, 2H), 8.49 (d, J = 1.8 Hz, 2H), 8.31 – 8.21 (m, 

4H), 8.16 (d, J = 8.9 Hz, 2H), 7.61 – 7.48 (m, 4H), 7.03 – 6.95 (m, 4H), 6.68 – 6.59 

(m, 2H), 1.84 (s, 6H), 1.69 (s, 18H), 1.47 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 

146.3, 145.7, 145.1, 141.6, 140.7, 138.1, 130.4, 129.9, 127.1, 126.7, 125.4, 124.6, 

123.8, 120.9, 117.3, 114.6, 114.2, 109.8, 35.2, 34.8, 32.2, 31.7, 31.6. MALDI-TOF-

MS (m/z) of C61H62BN3 for [M]+, calcd: 847.50; found: 847.309. 

 

Synthesis of BN-PXZ: BN-PXZ was synthesized according to the same procedure as 

for BN-AC by using M4 (1.00 g, 1.18 mmol) instead M3. BN-PXZ (0.57 g, yield: 

58.77%) was obtained as yellow solid. 1H NMR (400 MHz, CDCl3) δ 9.16 (d, J = 1.7 

Hz, 2H), 8.49 (d, J = 1.7 Hz, 2H), 8.26 (dd, J = 11.2, 9.6 Hz, 6H), 7.61 (dd, J = 8.8, 

2.0 Hz, 2H), 6.81 (d, J = 7.8 Hz, 2H), 6.65 (dd, J = 24.7, 16.7 Hz, 4H), 6.28 (d, J = 

7.8 Hz, 2H), 1.69 (s, 18H), 1.49 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 146.4, 145.9, 

145.2, 141.6, 138.1, 129.9, 127.1, 124.7, 123.9, 123.6, 121.0, 117.3, 114.2, 113.6, 

35.2, 34.8, 32.2, 31.8. MALDI-TOF-MS (m/z) of C58H56BN3O for [M]+, calcd: 

821.45; found: 821.564. 

 

Synthesis of BN-PZ: BN-PZ was synthesized according to the same procedure as for 

BN-AC by using M5 (1.00 g, 1.02 mmol) instead M3. BN-PZ (0.33 g, yield: 33.94%) 

was obtained as orange solid. 1H NMR (400 MHz, CD2Cl2) δ 9.09 (s, 2H), 8.81 – 6.71 

(m, 16H), 5.93 (d, J = 134.8 Hz, 6H), 1.60 (s, 18H), 1.43 (s, 18H), 1.34 (s, 9H). 13C 

NMR (101 MHz, CD2Cl2) δ 145.89, 145.19, 141.55, 138.12, 129.87, 127.00, 124.66, 

123.73, 121.09, 117.41, 114.26, 35.13, 34.69, 31.90, 31.49, 31.17, 29.68. MALDI-

TOF-MS (m/z) of C68H69BN4 for [M]+, calcd: 952.56; found: 952.748. 
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2. Supplementary Figures and Tables 

 

 

Figure S1. 1H NMR spectrum of BN-AC measured in deuterated CDCl3. 
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Figure S2. 13C NMR spectrum of BN-AC measured in deuterated CDCl3. 
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Figure S3. 1H NMR spectrum of BN-PXZ measured in deuterated CDCl3. 
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Figure S4. 13C NMR spectrum of BN-PXZ measured in deuterated CDCl3. 
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Figure S5. 1H NMR spectrum of BN-PZ measured in deuterated CD2Cl2. 
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Figure S6. 13C NMR spectrum of BN-PZ measured in deuterated CD2Cl2. 
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Figure S7. Mass spectrum of BN-AC. 
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Figure S8. Mass spectrum of BN-PXZ. 
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Figure S9. Mass spectrum of BN-PZ. 
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Figure S10. (a) TGA, (b) DSC traces and (c) cyclic voltammograms of BN-AC, BN-

PXZ and BN-PZ. 
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Figure S11. Single-crystal structure and dimer of BN-PZ.  
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Figure S12. Single-crystal structure of BN-PZ.  
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Figure S13. UV-vis absorption spectra of these emitters. 
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Figure S14. Solvatochromic Lippert-Mataga models of (a) BN-AC and (b) BN-PXZ.  
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Figure S15. Temperature dependent time resolved photoluminescence spectra of BN-

AC, BN-PXZ and BN-PZ. 
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Figure S16. External quantum efficiency versus luminance (EQE-L) curves of the 

devices based on (a) BNCz-AC, (b) BNCz-PXZ and (c) BNCz-PZ with the doping 

concentration of 10, 15 and 20 wt%. 
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Figure S17. (a) Device structure and energy level diagram of the materials used. (b) 

Current density and luminance versus voltage (J-V-L). (c) Current efficiency and 

power efficiency versus luminance (CE-L-PE). (d) External quantum efficiency 

versus luminance (EQE-L) curves of the devices. (Inset: electroluminescence spectra 

of devices). 
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Figure S18. EL spectra of the devices based on (a) BN-AC, (b) BN-PXZ and (c) BN-

PZ on different operating voltages. 
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Figure S19. EQE summary of TADF-OLEDs with emission peaks from 590 nm to 

650 nm without using TADF- or phosphor- sensitizing fluorescent technology. (a) 

Maximum EQE. (b) EQE at 1000 cd m-2. 
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Table S1. Crystal data and structure refinement for BN-PZ. 

Compound BN-PZ 

Empirical formula  C68H69BN4 

Formula weight  953.08 

Temperature/K  170.0 

Crystal system  triclinic 

Space group  P-1 

a/Å  11.0353(5) 

b/Å  13.6873(6) 

c/Å  19.1898(8) 

α/°  72.4450(10) 

β/°  86.363(2) 

γ/°  80.032(2) 

Volume/Å3  2721.6(2) 

Z  2 

ρcalcg/cm3  1.163 

μ/mm‑1  0.067 

F(000)  1020.0 

Crystal size/mm3  0.15 × 0.08 × 0.05 

Radiation  MoKα (λ = 0.71073) 

2Θ range for data collection/°  4.336 to 52.812 

Index ranges  -13 ≤ h ≤ 13, -17 ≤ k ≤ 17, -23 ≤ l ≤ 21  

Reflections collected  31468 

Independent reflections  11065 [Rint = 0.0887, Rsigma = 0.1185] 

Data/restraints/parameters  11065/736/673 

Goodness-of-fit on F2  1.019 

Final R indexes [I>=2σ (I)]  R1 = 0.0799, wR2 = 0.1762 

Final R indexes [all data]  R1 = 0.1705, wR2 = 0.2283 

Largest diff. peak/hole / e Å-3  0.65/-0.28 
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Table S2. Solvatochromic UV-PL data for Lippert-Mataga model. 

 BN-AC BN-PXZ 

Solvents Δf νa νf νa-νf νa νf νa-νf 

Hexane 0.0012 460.5 471.6 511.12 460.0 469.2 426.26 

Triethylamime 0.048 461.0 471.6 487.56 460.5 470.4 457.02 

Ether 0.167 460.0 472.6 579.59 460.0 475.0 686.50 

Ethyl acetate 0.2 460.5 479.6 864.82 460.5 487.6 1206.91 

THF 0.21 462.5 480.4 805.63 462.0 480.6 837.70 

Dichloromethane 0.217 463.0 484.2 945.65 463.0 482.8 885.76 

DMF 0.276 463.0 483.8 928.57 464.0 494.6 1333.37 

Acetone 0.284 461.0 480.4 875.99 461.0 493.4 1424.44 

Acetonitrile 0.305 / / / 463.5 496.6 1438.04 
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Table S3. Summary of photophysical properties of BN-AC, BN-PXZ and BN-PZ in doped films. 

Emitters 
ΦPL 

(%)a 

Φp 

(%)b 

Φd 

(%)b 

τp 

(ns)c 

τd 

(μs)c 

kr 

(107 s-1)d 

knr 

(106 s-1)d 

kISC 

(107 s-1)d 

kRISC 

(105 s-1)d 

BN-AC 94 84 10 3.8 9.7 22.4 14.3 2.7 1.1 

BN-PXZ 97 77 20 8.9 1.7 8.7 2.7 2.3 7.5 

BN-PZ 98 45 53 39.4 1.2 1.2 0.24 1.3 18.5 

a Total photoluminescence quantum yield (ΦPL) with 15 wt % thin film doped in mCBP. b The contributions of the prompt component 

(ΦP) and delayed (Φd) component. c The lifetime of prompt and delayed fluorescence. d The rate constants of radiative decay (kr), 

non-radiative decay (knr), intersystem crossing (kISC) and reverse intersystem crossing (kRISC). 
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Table S4. Performance summary of TADF-OLEDs with emission peaks from 590 nm 

to 650 nm without using TADF- or phosphor- sensitizing fluorescent technology. 

Emitter 
EL 

(nm) 

Von 

(V) 

CEMAX 

(cd A-1) 

PEMAX 

(lm W-1) 

EQEmax 

(%) 

EQE1000 

(%) 
Ref. 

BN-PZ 612 3.8 34.9 29.2 25.0 17.6 This 

work 

work 

NP 590 3.6 28.6 23.2 17.1 10.1 [S5] 

BFMAc-NAI 590 3.0 49.2 51.4 20.3 -- [S6] 

1PXZ-BP 590 2.6 47.2 57.1 26.3 9.5 [S7] 

DPXZ-PQM 590 2.8 60.7 67.4 26.0 13.7 [S8] 

PXZ-PQM 592 3.4 45.2 37.7 20.4 11.3 [S8] 

PzDBA 595 2.7 35.7 -- 21.8 20.1 [S9] 

T-DA-1 596 3.0 51.2 53.6 22.6 -- [S10] 

DMAc-Ph-

DCPP 

596 3.3 34.5 32.8 16.9 -- [S11] 

NAI-DMAC 597 3.0 50.7 53.1 23.4 4.6 [S12] 

FBPCNAc 597 -- 55.7 57.8 23.8 -- [S13] 

o-TPA-DPPZ 600 3.1 41.8 42.3 18.5 9.7 [S14] 

BPPZ-PXZ 604 -- 37.0 41.0 25.2 18.1 [S15] 

o-DTBPZ-

DPXZ 

604 3.5 38.1 29.2 20.1 14.1 [S16] 

BP-2DPA 605 2.9 -- -- 11.3 -- [S17] 

DCPPr-α-

NDPA 

606 3.1 59.6 58.4 31.5 -- [S18] 

2PXZ-BP 606 2.6 33.1 27.4 19.2 9.1 [S7] 

3DMAC-BP 606 3.1 38.2 36.4 22.0 9.7 [S19] 

TAT-PP 606 3.5 41.0 29.8 17.5 16.1 [S20] 

ANQDC-

DMAC 

607 2.7 48.5 54.4 26.2 10.9 [S21] 

W1 608 4.1 40.0 38.3 25.0 3.9 [S22] 

ANQDC-

MeFAC 

609 2.9 36.4 40.6 21.1 13.2 [S21] 

HAP-3TPA 609 -- 25.9 22.1 17.5 -- [S23] 

BNO1 609 3.0 22.1 24.8 14.9 3.3 [S24] 

POZ-DBPHZ 610 -- -- -- 16.0 -- [S25] 

DPXZ-BPPZ 612 3.1 30.2 30.9 20.1 16.7 [S26] 

PT-Az 612  20.0 23.7 14.1 -- [S27] 

ANQDC-

DMAC 

615 2.7 47.6 53.1 27.5 11.6 [S21] 

DMAC2oDBA 615 3.4 13.8 14.4 10.1 4.9 [S28] 

BBCz-R 616 -- -- -- 22 -- [S29] 
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DCPPr-β-

NDPA 

616 3.1 42.4 41.6 27.1 -- [S18] 

DCPPr-TPA 616 3.1 47.5 46.6 27.5 -- [S18] 

BNO3 616 3.0 17.7 19.9 15.1 4.5 [S24] 

BP-4DPA 617 2.7 -- -- 15.1 -- [S17] 

TAT-PQ 621 3.5 27.3 39.1 19.3 13.6 [S20] 

NAI_R3 622 7.0 28.3 9.4 22.5 3.4 [S30] 

DCPPr-DBPPA 622 3.3 40.1 37.0 25.4 -- [S18] 

BNO2 623 3.0 12.8 16.8 12.0 4.4 [S24] 

mDPBPZ-PXZ 624 -- 25.0 21.0 21.7 14.6 [S15] 

B1 624 -- -- -- 12.5 2.3 [S31] 

TPAAQ 630 -- -- -- 15.8 -- [S32] 

PT-TPA 632 -- 30.0 38.5 29.7 -- [S27] 

B2 637 -- -- -- 9.0 1.7 [S31] 

T-DA-2 640 3.0 24.4 22.5 26.3 -- [S10] 

TPA-DCPP 641 2.9 15.6 15.3 14.5 -- [S33] 

TPA-QCN 644 3.0 14.3 14.9 14.5 -- [S34] 

TPA-PZCN 648 2.4 20.0 26.3 28.1 -- [S35] 

C-DA-1 648 4.4 2.2 1.3 3.5 -- [S10] 
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