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1. Materials and general methods

Synthesis and characterization. All reagents and solvents were purchased from 

commercial sources and were of analytical grade. 1H and 13C NMR spectra were 

recorded on a Bruker AM 400 spectrometer and Ascend 600 spectrometer with 

tetramethylsilane as the internal standard, operating at 400/600 MHz and 101/151 MHz, 

respectively. The following abbreviations were used to explain multiplicities: s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad. High-resolution 

mass spectrometry (HRMS) spectra were recorded with a Direct Analysis in Real Time 

(DART) mass spectroscope. The X-ray diffraction intensity data were collected at 273 

K or 200 K on a Rigaku RAXIS RAPID IP imaging plate system with MoKα radiation 

(λ = 0.71073 Å). The CIF files for the crystallographic data have been deposited in the 

Cambridge Crystallographic Data Centre, and the CCDC numbers are shown in Table 

S1. (See https://www.ccdc.cam.ac.uk/)

Spectroscopic measurements. The steady-state absorption and emission spectra were 

used a Hitachi (U-3310) spectrophotometer and an Edinburgh Instruments 

Fluorescence Spectrometer FLS1000 fluorimeter to acquire, respectively. Nanosecond 

time-resolved studies were performed with an Edinburgh Instruments Fluorescence 

Spectrometer FLS1000 time-correlated single photon-counting (TCSPC) system. The 

instrumental response function (IRF) was determined from the scattering signal of a 

silica water solution. Fitting was carried out using Fluoracle software employing single 

exponential decay functions. All the spectroscopic pure reagents used were obtained 

through distillation column rectification.

Femtosecond transient absorption (TA) spectroscopy. The femtosecond transient 

absorption setup used for this study is based on a regenerative amplified Ti:sapphire 

laser system from Coherent (800 nm, 35 fs, 6 mJ·pulse-1, and 1 KHz repetition rate), 

nonlinear frequency mixing techniques and the Femto-TA100 spectrometer (Time-

Tech Spectra). Briefly, the 800 nm output pulse from the regenerative amplifier was 

https://www.ccdc.cam.ac.uk/
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split in two parts with a 50% beam splitter. The transmitted part was used to pump a 

TOPAS Optical Parametric Amplifier (OPA) which generates a laser pulse (340 nm) as 

pump beam. The reflected 800 nm beam was split again into two parts. One part with 

less than 10% was attenuated with a neutral density filter and focused into a 2.5 mm 

thick CaF2 window to generate a white-light continuum (WLC) from 300 nm to 700 

nm used for probe beam.

Computational methodology. For all titled molecules, the geometry optimization and 

energy calculation of the ground state and the excited state structures with related 

photophysical properties were realized by Density Functional Theory (DFT) method 

and time-dependent DFT (TD-DFT) method, respectively. Using (TD) CAM-B3LYP 

function alone with def2-SVP basis set using the IEFPCM model to simulate the 

cyclohexane environment [1-6] with using the single crystal structure as the initial 

conformation. The CFF value atomic Color-coded, HOMO-LUMO and reduced 

density gradient (RDG) iso-surfaces maps of were rendered by means of Visual 

Molecular Dynamics (VMD) software based on the files exported by Multiwfn.[7] All 

theoretical calculations were performed using the Gaussian 16 program.
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2. Synthesis details

Condition 1 

NH

NH

X
Br

N

NH

X

+
Pd2(dba)3
t-Bu3P
t-BuONa
TOL

PHNH R I

General procedure for the synthesis of I-x. PHNH (1g, 2.78 mmol), R-x (2.78 mmol), 

Pd2(dba)3 (30 mg, 0.03 mmol), tri-tert-butylphosphine tetrafluoroborate (35 mg, 0.1 

mmol) and sodium tert-butoxide (550 mg, 5.7 mmol) were added to a Schlenk flask 

containing a stir bar. After evacuating and refilling with nitrogen (three cycles), 

anhydrous toluene (5 mL) was added to the Schlenk flask, heated to reflux and stirred 

overnight. After cooling to room temperature, diluted and extracted with EtOAc (25 

mL), washed with brine and the organic ingredients were dried over Na2SO4 for 15 min 

and removed by a rotatory evaporation. The crude product was purified by column 

chromatography to desire I-x.

Synthesis of N9,N10-diphenyl-N9-(9-phenyl-9H-carbazol-2-yl)phenanthrene-9,10-

diamine (I-a)

N

NH

N

Purified by flash column chromatography on silica gel (PE/DCM = 8:1-2:1) to afford I-

a as a white solid (1.12g, 67%). 1H NMR (400 MHz, CDCl3-d): δ 8.77 (t, J = 9.0 Hz, 

2H), 8.05 – 7.96 (m, 3H), 7.88 (d, J = 8.5 Hz, 1H), 7.69 (m, 1H), 7.60 (m, 1H), 7.53 – 

7.42 (m, 4H), 7.38 – 7.30 (m, 5H), 7.24 (m, 1H), 7.14 (m, 5H), 7.04 (m, 1H), 6.97 – 

6.86 (m, 3H), 6.66 (t, J = 7.3 Hz, 1H), 6.43 – 6.36 (m, 2H). 13C NMR (101 MHz, CDCl3-

d): δ 146.29, 145.90, 145.77, 141.08, 138.88, 135.73, 135.40, 133.41, 131.16, 130.83, 
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130.44, 129.95, 129.56, 128.73, 127.57, 127.20, 126.82, 126.24, 125.67, 124.97, 

124.39, 123.02, 122.95, 122.63, 122.39, 122.24, 121.01, 120.77, 119.50, 117.89, 

115.67, 113.45; HRMS DART (m/z) [M+H]+: calcd. for C44H32N3: 602.2591; found: 

602.2575.

Synthesis of N9-(dibenzo[b,d]thiophen-3-yl)-N9,N10-diphenylphenanthrene-9,10-

diamine (I-b)

N

NH

S

Purified by flash column chromatography on silica gel (PE/DCM = 10:1-5:1) to afford 

I-b as a white solid (1.13g, 75%). 1H NMR (400 MHz, CDCl3-d): δ 8.80 (t, J = 8.0 Hz, 

2H), 8.04 (t, J = 8.6 Hz, 2H), 7.98 (m, 1H), 7.89 (d, J = 8.7 Hz, 1H), 7.78 – 7.69 (m, 

2H), 7.67 – 7.60 (m, 1H), 7.57 – 7.44 (m, 3H), 7.43 – 7.34 (m, 2H), 7.27 – 7.13 (m, 

5H), 6.97 (m, 3H), 6.67 (t, J = 7.3 Hz, 1H), 6.47 (d, J = 7.9 Hz, 2H); 13C NMR (101 

MHz, CDCl3-d): δ 146.29, 145.90, 145.77, 141.08, 138.88, 135.73, 135.40, 133.41, 

131.16, 130.83, 130.44, 129.95, 129.56, 128.73, 127.57, 127.20, 126.82, 126.24, 

125.67, 124.97, 124.39, 123.02, 122.95, 122.63, 122.39, 122.24, 121.01, 120.77, 

119.50, 117.89, 115.67, 113.45; HRMS DART (m/z) [M+H]+: calcd. for C38H27N2S: 

543.1889; found: 543.1871.

Synthesis of N9,N10-diphenyl-N9-(9-phenyl-9H-carbazol-4-yl)phenanthrene-9,10-

diamine (I-c)

N

NH

N

Purified by flash column chromatography on silica gel (PE/DCM = 8:1-2:1) to afford I-

c as a white solid (1.20g, 72%). 1H NMR (400 MHz, CDCl3-d): δ 8.80 (t, J = 8.6 Hz, 
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2H), 8.20 (d, J = 8.2 Hz, 1H), 7.89 (d, J = 8.3 Hz, 1H), 7.73 – 7.34 (m, 12H), 7.16 (m, 

2H), 7.05 (t, J = 7.8 Hz, 2H), 6.99 – 6.89 (m, 3H), 6.85 (t, J = 7.3 Hz, 1H), 6.79 – 6.43 

(m, 4H), 6.16 (s, 1H), 5.43 (d, J = 84.4 Hz, 2H); 13C NMR (101 MHz, CDCl3-d): δ 

147.69, 145.19, 142.28, 141.30, 139.17, 137.45, 130.35, 130.32, 129.87, 129.77, 

129.67, 129.53, 127.74, 127.34, 126.86, 126.70, 126.67, 126.03, 125.86, 125.61, 

123.15, 122.99, 122.81, 121.25, 120.19, 118.85, 117.01, 115.17, 109.32, 106.62; 

HRMS DART (m/z) [M+H]+: calcd. for C44H32N3: 602.2591; found: 602.2573.

Synthesis of N9-(dibenzo[b,d]thiophen-1-yl)-N9,N10-diphenylphenanthrene-9,10-

diamine (I-d)

N

NH

S

Purified by flash column chromatography on silica gel (PE/DCM = 10:1-3:1) to afford 

I-d as a white solid (1.37g, 91%).1H NMR (400 MHz, CDCl3-d): δ 8.79 (m, 2H), 8.09 

(d, J = 8.3 Hz, 1H), 7.91 (m, 3H), 7.77 – 7.35 (m, 6H), 7.26 (d, J = 7.6 Hz, 1H), 7.22 – 

6.93 (m, 5H), 6.81 (t, J = 7.3 Hz, 1H), 6.73 – 6.66 (m, 2H), 6.59 (t, J = 7.6 Hz, 2H), 

6.49 (t, J = 7.3 Hz, 1H), 5.50 (d, J = 7.9 Hz, 1H), 5.32 (s, 2H); 13C NMR (101 MHz, 

CDCl3-d): δ 148.03, 144.94, 141.15, 140.98, 140.04, 136.44, 134.69, 133.42, 131.30, 

130.78, 130.58, 130.36, 129.80, 129.73, 129.51, 128.82, 127.79, 127.46, 127.09, 

126.98, 126.85, 126.23, 126.17, 126.05, 125.82, 125.51, 124.54, 124.02, 123.17, 

122.76, 122.40, 120.07, 119.92, 119.05, 117.66, 115.15, 114.75, 114.60; HRMS DART 

(m/z) [M+H]+: calcd. for C38H27N2S: 543.1889; found: 543.1873.

Synthesis of N9-(9,9-dimethyl-9H-fluoren-4-yl)-N9,N10-diphenylphenanthrene-9,10-

diamine (I-e)
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N

NH

Purified by flash column chromatography on silica gel (PE/DCM = 10:1-4:1) to afford 

I-e as a white solid (1.36g, 89%). 1H NMR (400 MHz, CDCl3-d): δ 8.78 (t, J = 8.2 Hz, 

2H), 8.06 (d, J = 8.3 Hz, 1H), 7.92 – 7.78 (m, 1H), 7.72 – 7.39 (m, 5H), 7.32 (d, J = 7.6 

Hz, 1H), 7.10 (m, 6H), 6.81 (m, 2H), 6.72 – 6.19 (m, 5H), 5.74 (d, J = 7.9 Hz, 2H), 1.48 

(s, 3H), 1.13 (s, 3H); 13C NMR (101 MHz, CDCl3-d): δ 155.78, 154.30, 147.93, 145.16, 

139.02, 130.96, 130.49, 130.23, 129.84, 129.66, 128.89, 128.63, 128.11, 127.20, 

127.11, 126.87, 126.61, 126.13, 125.95, 125.58, 123.78, 123.03, 122.82, 122.23, 

119.42, 117.04, 116.00, 114.38, 46.53, 28.18, 26.28; HRMS DART (m/z) [M+H]+: 

calcd. for C41H33N2: 553.2638; found: 553.2620.

Synthesis of N9-(dibenzo[b,d]furan-1-yl)-N9,N10-diphenylphenanthrene-9,10-diamine 

(I-f)

N

NH

O

Purified by flash column chromatography on silica gel (PE/DCM = 10:1-4:1) to afford 

I-f as a white solid (1.20g, 82%). 1H NMR (400 MHz, CDCl3-d): δ 8.80 (m, 2H), 8.08 

(d, J = 8.2 Hz, 1H), 7.95 (d, J = 8.3 Hz, 1H), 7.67 (m, 2H), 7.59 (d, J = 8.3 Hz, 1H), 

7.47 (m, 3H), 7.14 (m, 4H), 7.05 (t, J = 7.6 Hz, 1H), 6.99 – 6.82 (m, 4H), 6.73 (t, J = 

7.8 Hz, 3H), 6.58 (t, J = 7.3 Hz, 1H), 5.84 (d, J = 6.7 Hz, 2H); 13C NMR (101 MHz, 

CDCl3-d): δ 157.09, 156.05, 147.01, 145.12, 139.63, 136.03, 134.17, 131.14, 130.56, 

130.37, 129.96, 129.80, 129.69, 128.12, 128.07, 127.52, 127.10, 126.82, 126.15, 

126.11, 125.23, 123.45, 123.03, 122.88, 122.78, 122.62, 120.45, 119.83, 119.45, 

119.19, 117.32, 115.02, 111.05, 107.86; HRMS DART (m/z) [M+H]+: calcd. for 

C38H27ON2: 527.2118; found: 527.2102.
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Synthesis of N9-(dibenzo[b,d]thiophen-4-yl)-N9,N10-diphenylphenanthrene-9,10-
diamine (I-g)

N

NH

S

Purified by flash column chromatography on silica gel (PE/DCM = 10:1-3:1) to afford 

I-g as a white solid (1.30g, 88%). 1H NMR (400 MHz, CDCl3-d): δ 8.79 (d, J = 8.4 Hz, 

2H), 8.14 – 8.03 (m, 2H), 7.98 (d, J = 8.3 Hz, 1H), 7.76 (m, 1H), 7.73 – 7.41 (m, 7H), 

7.26 – 7.07 (m, 4H), 6.96 (t, J = 7.3 Hz, 2H), 6.85 (d, J = 8.2 Hz, 1H), 6.70 (t, J = 7.6 

Hz, 2H), 6.53 (t, J = 7.3 Hz, 1H), 6.19 – 6.10 (m, 2H); 13C NMR (101 MHz, CDCl3-d): 

δ 145.10, 145.08, 140.30, 139.61, 137.60, 136.13, 135.72, 133.85, 132.99, 131.27, 

130.52, 130.26, 129.67, 129.36, 128.10, 127.48, 127.04, 126.77, 126.21, 126.11, 

125.71, 125.07, 124.39, 122.93, 122.85, 122.61, 122.59, 121.70, 121.41, 119.74, 

119.11, 117.14, 115.07; HRMS DART (m/z) [M+H]+: calcd. for C38H27N2S: 543.1889; 

found: 543.1874.

Condition 2 

N

NH

X

I

DMSO
Target Materials

Cu(OAc)2

In a 10 mL round-bottom flask with a stir bar, I-x (1.0 equiv) and Cu(OAc)2 (2.0 equiv) 

was added and dissolved in DMSO (using CaCl2 drying tube as a desiccator) under air. 

The mixture was subsequently heated to 120 °C and monitored by TLC until I-x was 

completely consumed. After cooling to room temperature, the mixture was quenched 

with water and filtered. The filtrate was diluted and extracted with EtOAc (25ml), 

washed with brine for three times and the organic extracts were then combined and 

concentrated in vacuo. Purification by column chromatography yielded the desired 
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product.

Synthesis of 9,16,17-triphenyl-16,17-dihydro-9H-dibenzo[a,c]indolo[2,3-h]phenazine 

(DPAC-w-3,4-phCz)

N

N
N

Condition 2 was followed on 600 mg (1 mmol) scale with a reaction time of 10 hours 

and purification by flash column chromatography on silica gel (PE/DCM = 4:1 to 2:1), 

DPAC-w-3, 4-phCz was obtained as a white solid (348 mg, 58%). 1H NMR (600 MHz, 

DMSO-d6): δ 8.88 (m, 2H), 8.32 (m, 2H), 8.00 (m, 1H), 7.91 (d, J = 8.3 Hz, 1H), 7.72 

– 7.62 (m, 3H), 7.58 (m, 1H), 7.55 – 7.29 (m, 6H), 7.15 – 6.96 (m, 5H), 6.94 – 6.85 (m, 

3H), 6.82 (m, 1H), 6.69 – 6.64 (m, 1H), 6.44 – 6.33 (m, 3H); 13C NMR (151 MHz, 

CDCl3-d): δ 149.17, 147.64, 145.60, 144.51, 139.92, 139.12, 138.10, 130.09, 129.93, 

129.64, 129.49, 129.28, 128.55, 128.11, 128.03, 126.85, 126.64, 126.58, 126.29, 

125.88, 125.67, 124.83, 123.41, 122.98, 122.89, 122.38, 121.43, 120.43, 119.90, 

119.80, 118.93, 118.17, 117.78, 115.60, 110.66; HRMS DART (m/z) [M+H]+: calcd. 

for C44H30N3: 600.2434; found: 600.2412.

Synthesis of 9,17-diphenyl-9,17-dihydrodibenzo[a,c]benzo[4,5]thieno[2,3-h]phena- 

zine (DPAC-w-3,4-DBT)

N

N

S

Condition 2 was followed on 540 mg (1 mmol) scale with a reaction time of 10 hours 

and purification by flash column chromatography on silica gel (PE/DCM = 4:1 to 2:1), 

DPAC-w-3, 4-DBT was obtained as a white solid (405 mg, 75%). 1H NMR (600 MHz, 

DMSO-d6): δ 9.01 – 8.96 (m, 2H), 8.48 – 8.42 (m, 2H), 8.30 (m, 1H), 8.19 (d, J = 8.4 
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Hz, 1H), 8.10 – 8.06 (m, 1H), 7.99 (m, 1H), 7.81 (m, 2H), 7.73 (m, 1H), 7.61 (m, 1H), 

7.56 (m, 2H), 7.09 (m, 4H), 7.04 – 6.99 (m, 2H), 6.87 (m, 1H), 6.75 (t, J = 7.3 Hz, 1H), 

6.65 – 6.59 (m, 2H); 13C NMR (151 MHz, CDCl3-d): δ 147.37, 147.14, 145.06, 139.71, 

139.38, 139.29, 138.91, 138.42, 138.40, 135.57, 133.88, 130.35, 130.07, 129.56, 

129.27, 128.73, 128.53, 127.44, 126.85, 126.70, 126.60, 124.74, 124.62, 124.60, 

123.91, 123.06, 122.97, 122.86, 121.66, 121.64, 120.34, 118.90, 117.95, 115.42; 

HRMS DART (m/z) [M+H]+: calcd. for C38H25N2S: 541.1733; found: 541.1721.

Synthesis of 9-phenyl-14-(9-phenyl-9H-carbazol-4-yl)-9,14-dihydrodibenzo[a,c] 

phenazine (DPAC-h-1-phCz)

N

N

N

Condition 2 was followed on 600 mg (1 mmol) scale with a reaction time of 10 hours 

and purification by flash column chromatography on silica gel (PE/DCM = 4:1 to 2:1), 

DPAC-h-1-phCz was obtained as a white solid (430 mg, 72%). 1H NMR (600 MHz, 

DMSO-d6): δ 8.91 – 8.87 (m, 2H), 8.44 (d, J = 8.0 Hz, 1H), 8.21 – 8.19 (m, 1H), 8.09 

– 8.07 (m, 1H), 7.79 (m, 1H), 7.77 – 7.66 (m, 6H), 7.61 – 7.56 (m, 2H), 7.55 – 7.50 (m, 

2H), 7.36 (m, 1H), 7.32 (m, 1H), 7.29 (d, J = 8.1 Hz, 1H), 7.25 (m, 1H), 7.20 (m, 2H), 

7.09 – 7.04 (m, 3H), 6.94 (m, 3H), 6.69 (d, J = 7.6 Hz, 1H); 13C NMR (151 MHz, 

DMSO-d6): δ 150.44, 146.01, 142.63, 142.30, 141.18, 138.91, 138.37, 136.84, 131.75, 

130.71, 130.21, 129.49, 129.35, 129.06, 128.60, 128.21, 128.07, 128.01, 127.53, 

127.45, 127.37, 127.14, 126.86, 126.71, 126.52, 124.20, 124.04, 123.87, 123.80, 

123.36, 121.96, 121.85, 121.43, 121.25, 120.39, 120.20, 116.40, 110.61, 109.60; 

HRMS DART (m/z) [M+H]+: calcd. for C44H30N3: 600.2434; found: 600.2412.

Synthesis of 9-(dibenzo[b,d]thiophen-1-yl)-14-phenyl-9,14-dihydrodibenzo[a,c]phen-

azine (DPAC-h-1-DBT)
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N

N

S

Condition 2 was followed on 540 mg (1 mmol) scale with a reaction time of 10 hours 

and purification by flash column chromatography on silica gel (PE/DCM = 4:1 to 2:1), 

DPAC-h-1-DBT was obtained as a white solid (442 mg, 82%). 1H NMR (600 MHz, 

DMSO-d6): δ 8.91 – 8.85 (m, 2H), 8.57 (d, J = 8.2 Hz, 1H), 8.24 – 8.17 (m, 2H), 8.08 

(m, 1H), 7.79 (m, 1H), 7.69 (m, 3H), 7.59 (m, 1H), 7.49 (m, 1H), 7.32 (m, 1H), 7.28 – 

7.18 (m, 4H), 7.00 (m, 2H), 6.97 – 6.88 (m, 5H); 13C NMR (151 MHz, DMSO-d6): δ 

150.70, 144.50, 143.48, 141.46, 139.86, 137.85, 137.50, 134.34, 133.86, 130.29, 

130.13, 129.59, 129.56, 129.42, 129.00, 128.27, 128.25, 128.11, 128.04, 128.01, 

127.32, 126.86, 126.83, 126.78, 126.64, 126.53, 126.45, 125.83, 125.46, 124.19, 

124.14, 123.74, 123.73, 123.70, 123.47, 123.23, 121.59, 119.43, 116.55; HRMS DART 

(m/z) [M+H]+: calcd. for C38H25N2S: 541.1733; found: 541.1719.

Synthesis of 9-(9,9-dimethyl-9H-fluoren-4-yl)-14-phenyl-9,14-dihydrodibenzo[a,c] 

phenazine (DPAC-h-1-DMI)

N

N

Condition 2 was followed on 550 mg (1 mmol) scale with a reaction time of 10 hours 

and purification by flash column chromatography on silica gel (PE/DCM = 4:1 to 2:1), 

DPAC-h-1-DMI was obtained as a white solid (485 mg, 88%). 1H NMR (600 MHz, 

DMSO-d6): δ 8.90 – 8.84 (m, 2H), 8.22 – 8.17 (m, 1H), 7.98 (d, J = 7.8 Hz, 1H), 7.82 

(m, 1H), 7.77 (d, J = 7.8 Hz, 1H), 7.72 (d, J = 7.6 Hz, 1H), 7.67 (m, 2H), 7.57 (d, J = 

7.4 Hz, 1H), 7.50 (m, 1H), 7.42 (m, 1H), 7.25 – 7.15 (m, 4H), 7.11 – 7.02 (m, 4H), 6.93 
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(t, J = 7.2 Hz, 1H), 6.90 – 6.85 (m, 2H), 6.73 (d, J = 7.8 Hz, 1H), 1.58 (d, J = 3.6 Hz, 

6H); 13C NMR (151 MHz, DMSO-d6): δ 156.44, 154.57, 150.72, 144.90, 141.69, 

137.92, 137.77, 137.65, 137.54, 130.31, 130.27, 129.46, 129.44, 129.20, 128.93, 

128.56, 128.04, 128.02, 127.71, 127.65, 127.54, 126.75, 126.72, 126.52, 126.48, 

124.71, 124.06, 123.86, 123.72, 123.68, 123.63, 123.33, 122.77, 121.45, 119.73, 

116.43, 47.22, 40.36, 40.22, 40.08, 39.93, 39.79, 39.65, 39.51, 27.52, 27.31; HRMS 

DART (m/z) [M+H]+: calcd. for C41H31N2: 551.2482; found: 551.2466.

Synthesis of 9-(dibenzo[b,d]furan-1-yl)-14-phenyl-9,14-dihydrodibenzo[a,c]phen-

azine (DPAC-h-1-DBF)

N

N

O

Condition 2 was followed on 525 mg (1 mmol) scale with a reaction time of 10 hours 

and purification by flash column chromatography on silica gel (PE/DCM = 4:1 to 2:1), 

DPAC-h-1-DBF was obtained as a white solid (420 mg, 80%). 1H NMR (600 MHz, 

DMSO-d6): δ 8.92 – 8.86 (m, 2H), 8.29 (m, 1H), 8.20 – 8.16 (m, 1H), 7.95 – 7.86 (m, 

2H), 7.82 (m, 1H), 7.75 – 7.65 (m, 4H), 7.54 – 7.47 (m, 2H), 7.31 – 7.24 (m, 2H), 7.24 

– 7.17 (m, 3H), 7.09 (m, 2H), 7.00 – 6.93 (m, 3H), 6.81 (d, J = 7.9 Hz, 1H); 13C NMR 

(151 MHz, DMSO-d6): δ 13C NMR (151 MHz, DMSO) δ 156.92, 156.22, 150.19, 

145.85, 142.66, 139.17, 137.96, 132.30, 130.24, 129.55, 129.20, 129.13, 128.95, 

128.93, 128.09, 128.06, 128.02, 127.20, 126.93, 126.88, 126.69, 124.43, 124.40, 

124.15, 123.96, 123.83, 123.69, 123.54, 123.11, 123.07, 122.94, 121.63, 120.23, 

116.63, 112.66, 111.65; HRMS DART (m/z) [M+H]+: calcd. for C38H25ON2: 525.1961; 

found: 525.1944.

Synthesis of 9-(dibenzo[b,d]thiophen-4-yl)-14-phenyl-9,14-dihydrodibenzo[a,c]phen- 
azine (DPAC-h-4-DBT)
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N

N

S

Condition 2 was followed on 540 mg (1 mmol) scale with a reaction time of 12 hours 

and purification by flash column chromatography on silica gel (PE/DCM = 3:1), 

DPAC-h-4-DBT was obtained as a white solid (421 mg, 78%). 1H NMR (600 MHz, 

DMSO-d6): δ 8.90 (t, J = 7.7 Hz, 2H), 8.37 – 8.32 (m, 1H), 8.24 (d, J = 7.7 Hz, 1H), 

8.15 (m, 1H), 8.14 – 8.08 (m, 2H), 7.95 – 7.90 (m, 1H), 7.81 (m, 1H), 7.72 (m, 2H), 

7.57 (m, 1H), 7.54 – 7.48 (m, 3H), 7.38 – 7.28 (m, 4H), 7.19 – 7.15 (m, 2H), 6.99 (d, J 

= 8.3 Hz, 2H), 6.90 (t, J = 7.3 Hz, 1H); 13C NMR (151 MHz, DMSO-d6): δ 148.18, 

145.94, 142.75, 140.08, 138.58, 138.01, 137.93, 136.91, 135.30, 133.72, 129.96, 

129.33, 129.03, 128.49, 128.10, 128.05, 127.90, 127.36, 127.16, 127.10, 126.63, 

126.50, 125.68, 125.46, 125.30, 124.38, 124.15, 123.97, 123.26, 122.96, 122.84, 

122.48, 121.10, 120.77, 115.87; HRMS DART (m/z) [M+H]+: calcd. for C38H25N2S: 

541.1733; found: 541.1721.

Condition 3

Synthesis of 9,17-diphenyl-9,17-dihydrodibenzo[a,c]benzo[4,5]thieno[2,3-h]phena- 

zine 16,16-dioxide (DPAC-w-3,4-DBTS)

N

N
S

DCM

m-CPBA

N

N
SO
O

DPAC-w-3,4-DBT DPAC-w-3,4-DBTS

In a 10 mL round-bottom flask with a stir bar, DPAC-w-3,4-DBT (1.0 equiv) and m-

CPBA (3.0 equiv) was added and dissolved in DCM under air. The mixture was stirred 

at r.t. for 1h, and then combined and concentrated in vacuo. Purification by column 
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chromatography yielded the desired product.

Condition 3 was followed on 270 mg (0.5 mmol) scale with a reaction time of 1 hour 

and purification by flash column chromatography on silica gel (PE/DCM = 1:1), 

DPAC-w-3, 4-DBTS was obtained as a white solid (245 mg, 85%). 1H NMR (600 

MHz, DMSO-d6): δ 8.98 (d, J = 8.3 Hz, 2H), 8.45 (m, 2H), 8.28 (m, 2H), 7.96 (d, J = 

7.7 Hz, 1H), 7.90 – 7.86 (m, 1H), 7.86 – 7.78 (m, 3H), 7.72 (m, 1H), 7.66 (t, J = 7.6 

Hz, 1H), 7.56 (t, J = 7.6 Hz, 1H), 7.11 (m, 4H), 7.04 – 6.94 (m, 3H), 6.78 (t, J = 7.3 Hz, 

1H), 6.60 (d, J = 8.3 Hz, 2H); 13C NMR (151 MHz, CDCl3-d): δ 149.80, 149.21, 146.17, 

140.17, 138.94, 138.32, 138.01, 134.52, 133.76, 130.94, 130.63, 130.53, 130.35, 

129.93, 129.63, 129.09, 128.60, 128.31, 128.08, 127.09, 126.80, 126.69, 125.15, 

124.37, 123.34, 123.29, 122.62, 122.19, 121.33, 121.18, 120.18, 119.26, 116.11; 

HRMS DART (m/z) [M+H]+: calcd. for C38H25O2N2S: 573.1631; found: 573.1611.
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3. X-ray crystal structures

Table S1. CCDC.NO, crystal data and structure refinements.

DPAC-h-
1-DMI

DPAC-h-
1-DBF

DPAC-h-
1-phCz

DPAC-w-
3, 4-phCz

CCDC 2448858 2448869 2448863 2448864

Empirical formula C41H30N2 C38H24N2O C44H29N3 C44H29N3

Formula wt 550.67 524.59 599.70 599.70

T, k 213(2) 213 213(2) 213(2)

Crystal system Triclinic Triclinic Monoclinic Monoclinic

Space group P -1 P -1 P 21/n C 2/c

a, Å 8.3035(4) 11.4470(5) 11.7112(6) 26.2731(9)

b, Å 12.6508(7) 11.8077(5) 22.4077(10) 14.8626(5)

c, Å 15.4990(7) 20.7420(9) 11.9472(5) 16.0088(5)

α, deg 113.3470(10)
°

86.1150(10)° 90° 90°

β, deg 96.581(2)° 80.2380(10)° 95.491(2)° 95.5630(10)°

γ, deg 94.812(2)° 89.4690(10)° 90° 90°

V, Å3 1469.95(13) 2756.6(2) 3120.8(2) 6221.8(4)

Z 2 4 4 8

Density, Mg/m3 1.244 1.264 1.276 1.280

μ (Mo Kα), mm-1 0.072 0.076 0.075 0.075

θ range, deg
2.711°- 
25.998°

2.728°-
 27.531°

1.969°-
26.000°

2.741°-
25.999°

No. of reflections 
collected

26379 59953 32737 32036

No. of independent 
reflections 5753 12609 6129 6108

R (int) 0.0446 0.0471 0.0786 0.0761

GOF 1.030 1.204 1.034 1.073

R1 [I > 2σ(I)] 0.0445 0.0548 0.0520 0.0672

wR2 [I > 2σ(I)] 0.1014 0.1644 0.1068 0.1285

R1 (all data) 0.0585 0.0777 0.0942 0.1190

wR2 (all data) 0.1109 0.1799 0.1263 0.1529

DPAC-h- DPAC-h- DPAC-w- DPAC-w-



15

1-DBT 4-DBT 3, 4-DBT 3, 4-DBTS

CCDC 2448865 2448866 2448870 2448873

empirical formula C38H24N2S C38H24N2S.CH2Cl2 C38H24N2S C38H24N2O2S

formula wt 540.65 625.58 540.65 572.65

T, k 213(2) 213(2) 213(2) 170

crystal system Orthorhombic Triclinic Monoclinic Triclinic

Space group I b a 2 P -1 P 21/n P -1

a, Å 15.0172(5) 11.1081(4) 15.1168(7) 8.7316(8)

b, Å 45.2600(17) 12.0105(4) 34.5885(15) 10.9941(10)

c, Å 7.7848(2) 12.3126(4) 10.4028(4) 15.4026(15)

α, deg 90° 72.6750(10)° 90° 94.571(4)°

β, deg 90° 73.2960(10)° 97.5590(10)° 104.728(4)°

γ, deg 90° 85.6620(10)° 90° 102.244(4)°

V, Å3 5291.2(3) 1501.88(9) 5392.0(4) 1383.4(2)

Z 8 2 8 2

density, g/cm3 1.357 1.383 1.332 1.375

μ (Mo Kα), mm-1 0.155 0.319 0.152 0.880

θ range, deg
2.627°-
25.987°

1.914°-
26.000°

2.650°-
25.999°

3.615°-
55.479°

No. of reflections 
collected

46503 41505 50531 5170

No. of independent 
reflections 5197 5897 10579 5170

R (int) 0.0808 0.0603 0.0939

GOF 1.095 1.035 1.057 1.213

R1 [I > 2σ(I)] 0.0431 0.0626 0.0695 0.0981

wR2 [I > 2σ(I)] 0.0783 0.1573 0.1348 0.2996

R1 (all data) 0.0614 0.0836 0.1322 0.1036

wR2 (all data) 0.0861 0.1742 0.1627 0.3056
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Figure S1. Single-crystal structures of DPAC derivatives and three perspectives with 

key angles. Hydrogens have been omitted for clarity. Note that the background color 

indicates different series of molecules, i.e., blue, DPAC-h series; gray, DPAC; red, 

DPAC-w series.

Table S2. Calculated  value for I.𝑓 ‒𝐴

I-a I-d I-e I-f

reactive 

site
C1 C2 C3 C1 C2 C1 C2 C1 C2

𝑓 ‒𝐴 0.0234 0.0193 0.0302 0.0211 0.0135 0.0242 0.0069 0.0242 0.0152
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4. Photophysical properties

Figure S2. Normalized absorption and emission spectra of DPAC and DPAC-h 

derivatives in various solvents from nonpolar cyclohexene to polar acetonitrile.
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Figure S3. Normalized solid powder emission spectra of DPAC derivatives at room 

temperature.

Figure S4. Fluorescence decay profiles of DPAC-w derivatives at various wavelength 

in cyclohexane.
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Table S3. Fitting results of TCSPC spectroscopic measurements for DPAC-w-3, 4-

DBT, DPAC-w-3, 4-DBTS and DPAC-w-3, 4-phCz in cyclohexane.

Counpond DPAC-w-3, 4-phCz DPAC-w-3, 4-DBTS DPAC-w-3, 4-DBT

λprobe (nm) 450 500 600 500 600 700 380 430 700

τ1 (ns) 1.92 2.02 2.05 1.28 1.35 1.39 0.45 4.73

τ2 (ns) 2.45

Figure S5. Fluorescence decay profiles of DPAC-w-3,4-phCz and DPAC-w-3,4-

DBTS in various solutions at respective maximum emission wavelength.

Table S4. Fitting results of TCSPC spectroscopic measurements for DPAC-w-3, 4-

phCz and DPAC-w-3, 4-DBTS in various solutions at respective maximum emission 

wavelength. 

Compound DPAC-w-3, 4-phCz DPAC-w-3, 4-DBTS

Solvent cyclohexane toluene ethyl 
acetate cyclohexane toluene ethyl 

acetate
Wavelength 

(nm) 495 495 495 540 557 580

Lifetime
(τ1, ns) 2.00 1.73 1.21 1.29 1.61 1.83



20

Figure S6. Pseudocolor TA plot, corresponding evolution-associated difference spectra 

(EADS) from global analysis and population dynamics of transient species of DPAC-

based derivatives.
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5. Theoretical calculation

5.1 Electronic excitation

Figure S7. Simulated UV-Vis absorption spectrum (curve) and oscillator strength 

(black spikes) of (a) DPAC-w-3,4-DBT, (b) DPAC-w-3,4-phCz and (c) DPAC-w-3,4-

DBTS.

Figure S8. Electron density distributions of HOMO and LUMO for excited state of (a) 

DPAC-w-3,4-DBT and (b) DPAC-w-3,4-phCz.
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Figure S9. (a) Optimized excited-state geometries and relative energy levels (kcal 

mol⁻¹) and (b) Electron density distributions of HOMO and LUMO for excited state of 

DPAC-w-3,4-DBTS.

Figure S10. Optimized excited-state geometries and relative energy levels (kcal mol⁻¹) 

of DPAC-w-3,4-DBT and DPAC-w-3,4-phCz.
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Figure S11. The electron and hole iso-surfaces of DPAC (hole (green)-ele (blue)). D-

index was used to show the distance between the center of electrons and holes.

Figure S12. The electron and hole iso-surfaces for DPAC-w-3,4-phCz and DPAC-w-

3,4-DBTS of I* state (hole (green)-ele (blue)). D-index was used to show the distance 

between the center of electrons and holes.
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6. Thermal and electrochemical properties

Figure S13. CV characteristics of DPAC derivatives.

Figure S14. TGA curves of DPAC and DPAC-w-3, 4-DBT.
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Figure S15. EQEs (%) (>100 cd m−2) of hyperfluorescent OLEDs versus 

electroluminescent FWHM (nm). Black square represents a series of red 

hyperfluorescent OLEDs, and the red star represents this work. Reference according to 

number label.9
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8. HRMS, 1H NMR and 13C NMR spectrum 

Figure S16. HRMS spectrum of DPAC-w-3,4-phCz.

Figure S17. 1H NMR spectrum of DPAC-w-3,4-phCz (600 MHz, DMSO-d6, ppm).
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Figure S18. 13C NMR spectrum of DPAC-w-3,4-phCz (151 MHz, CDCl3-d, ppm).

Figure S19. HRMS spectrum of DPAC-w-3,4-DBT.
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Figure S20. 1H NMR spectrum of DPAC-w-3,4-DBT (600 MHz, DMSO-d6, ppm).

Figure S21. 13C NMR spectrum of DPAC-w-3,4-DBT (151 MHz, CDCl3-d, ppm).



32

Figure S22. HRMS spectrum of DPAC-h-1-phCz.

Figure S23. 1H NMR spectrum of DPAC-h-1-phCz (600 MHz, DMSO-d6, ppm).
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Figure S24. 13C NMR spectrum of DPAC-h-1-phCz (151 MHz, DMSO-d6, ppm).

Figure S25. HRMS spectrum of DPAC-h-1-DBT.
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Figure S26. 1H NMR spectrum of DPAC-h-1-DBT (600 MHz, DMSO-d6, ppm).

Figure S27. 13C NMR spectrum of DPAC-h-1-DBT (151 MHz, DMSO-d6, ppm).
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Figure S28. HRMS spectrum of DPAC-h-1-DMI.

Figure S29. 1H NMR spectrum of DPAC-h-1-DMI (600 MHz, DMSO-d6, ppm).
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Figure S30. 13C NMR spectrum of DPAC-h-1-DMI (151 MHz, DMSO-d6, ppm).

Figure S31. HRMS spectrum of DPAC-h-1-DBF.
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Figure S32. 1H NMR spectrum of DPAC-h-1-DBF (600 MHz, DMSO-d6, ppm).

Figure S33. 13C NMR spectrum of DPAC-h-1-DBF (151 MHz, DMSO-d6, ppm).
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Figure S34. HRMS spectrum of DPAC-h-4-DBT.

Figure S35. 1H NMR spectrum of DPAC-h-4-DBT (600 MHz, DMSO-d6, ppm).
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Figure S36. 13C NMR spectrum of DPAC-h-4-DBT (151 MHz, DMSO-d6, ppm).

Figure S37. HRMS spectrum of DPAC-w-3,4-DBTS.
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Figure S38. 1H NMR spectrum of DPAC-w-3,4-DBTS (600 MHz, DMSO-d6, ppm).

Figure S39. 13C NMR spectrum of DPAC-w-3,4-DBTS (151 MHz, CDCl3-d, ppm).


