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I . Experimental Section

Chemical Reagents and Materials

11,12-Dihydroindolo[2,3-A]carbazole (ICzO) was purchased from MACKLIN. 1,2-
Dibromoethane, 1-bromoethane, melamine, formaldehyde aqueous solution,
triethanolamine, 1,3-propylenediamine and polyvinyl alcohol (PVA, M.W. is 44050,
Alcoholysis degree is 72.5-74.5%) were purchased from Energy Chemical. Bisphenol A
diglycidyl ether (99%) was purchased from Nippon Kayaku. All of these chemical reagents
were used as received. Other reagents and organic solvents were purchased from
Guangzhou Ruoyang Company (China) with analytical grade and used without further
purification.

Synthesis and Characterization
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Scheme S1. Synthetic routes of ICzO2 and ICzC2.

Synthesis of ICzC2: 11,12-dihydroindolo[2,3-A]carbazole (0.20 g, 0.78 mmol),
bromoethane (0.21 g, 1.95 mmol) and cesium carbonate (0.64 g, 1.95 mmol) were added
into 15 mL of DMF. Then the mixture was stirred at room temperature for 12 h. After the
reaction was complete, the mixture was slowly poured into ice water with stirring and the
yellowish product was precipitated. The crude product was isolated by suction filtration,
washed with deionized water, and dried. Further, the crude product was purified by silica
gel column chromatography with dichloromethane and petroleum ether (v/v=1:1) as eluent.
The resulting solid was further recrystallized from dichloromethane/methanol to give a
white solid powder. 11,12-diethyl-11,12-dihydroindolo[2,3-A]carbazole (ICzC2), white
powder, yield 20.51% (0.05 g). 'H NMR (600 MHz, Chloroform-d) § = 8.13 (m, J=7.7, 1.0,
2H), 7.95 (s, 2H), 7.57 (d, J=8.1, 2H), 7.47 (m, J=8.2, 7.0, 1.2, 2H), 7.33-7.27 (m, 2H), 4.63
(q,J=7.1, 4H), 1.35 (t, J=7.2, 6H). 1*C NMR (151 MHz, CDCls) § 143.24, 129.71, 126.25,



125.21, 124.58,120.22,119.89, 112.99, 111.15, 77.26, 77.04, 76.83, 43.00, 14.34. ESI-MS:
m/z [M+H]" calculated for C2oH21N>": 313.16; found 313.17. HPLC: purity 99.9%.
Synthesis of ICz0O2: According to the synthesis procedure of ICzC2, the white solid
product was obtained from the compounds 11,12-dihydroindolo[2,3-A]carbazole (0.50 g,
1.95 mmol), 1,2-dibromoethane (0.81 g, 4.29 mmol) and potassium carbonate (0.59 g, 4.29
mmol). 4,4a,6,7-tetrahydrodiindolo[1,2,3-de:3',2",1'-ij]quinoxaline (ICz02), white powder,
yield 20.12% (0.11 g). 'H NMR (600 MHz, CDCl3) § 8.14 (m, J = 7.9, 1.0 Hz, 2H), 7.79
(s, 2H), 7.53 (m, J = 8.0, 0.9 Hz, 2H), 7.45 (m, J= 8.2, 7.1, 1.2 Hz, 2H), 7.30 (m, J = 8.0,
7.1, 1.0 Hz, 2H), 4.67 (s, 4H). 3C NMR (151 MHz, CDCls) § 141.21, 128.22, 126.58,
124.43,121.47, 119.80, 116.81, 112.39, 109.89, 77.26, 77.04, 76.83, 42.74. ESI-MS: m/z
[M+H]" calculated for C2oHisN>": 283.12; found 283.12. HPLC: purity 99.9%.

Preparation of Polymer-Based Afterglow Films

Preparation of PVA films: PVA aqueous solution with a mass fraction of 10% and an
alcoholysis degree of 72% was prepared as the host solution and a solution of ICz0O2 and
ICzC2 in THF with a concentration of 2.0 mg/mL was prepared as the guest solution. And
then 5 uL, 25 uL, 50 puL, 250 uL and 500 uL of the guest solution were mixed with 1.0 g
of the host solution, respectively. Subsequently, these mixtures were heated at 80 °C for 6
h after ultrasonication at 60 °C for 0.5 h, resulting in the production of PVA films doped
with mass ratios of 0.01%, 0.05%, 0.10%, 0.50%, and 1.00%.

Preparation of MF films: A prepolymer of MF was prepared as the host solution from 43
g of formaldehyde aqueous solution (37%-40%) and 30.4 g of melamine and a solution of
ICz02 and ICzC2 in THF with a concentration of 2.0 mg/mL was prepared as the guest
solution. And then 500 pL of the guest solution was mixed with 1.0 g of the host solution
respectively. Subsequently, the resulting mixtures were treated in an ultrasonic bath for
about 30 minutes, followed by drop-casting on quartz plates. After drying at 150 °C for 10
minutes, the MF polymer was scraped off and pressed into a translucent MF polymer film
at 160 °C.

Measurements

'H and "*C nuclear magnetic resonance spectra of the intermediates and the final products
were obtained on a Bruker AVANCE spectrometer (600 MHz) by employing CDCI3 and

DMSO-ds as solvents and tetramethylsilane as internal standard. High-resolution mass



spectrometry was carried out on the instrument of LTQ Orbitrap LCMS (LTQ Orbitrap
Elite) to determine the exact molecular weights of the compounds. SC-XRD were recorded
at about 150 K by a Bruker X-ray diffractometer (D8 ADVANCE, Germany) at a 4°
(26)/min scan rate which copper target is used as X-ray radiation source. The crystal
structures were solved directly by SHELXTL software which were refined by least square
method and visualized by Olex2 and Mercury software. In addition, steady-state PL spectra,
delayed emission spectra, absolute PL. quantum yields, and time-resolved emission decay
curves were collected using a spectrometer (FLS980) equipped with a calibrated integrating
sphere and a thermostat (Oxford) from Edinburgh Instruments. The UV-Vis absorption
spectroscopy (UV-VIS) were collected on a U-3900 UV spectrophotometer (Hitachi,
Japan). The delayed emission spectra at 77K were collected on an Ocean Optics
spectrophotometer equipped with a QE65 Pro charge-couple device (CCD) detector, a 100

mm diameter optical fiber and an optical fiber probe.

Computational details

The molecular geometries of ICzO2 and ICzC2 at ground state were optimized using the
density functional theory (DFT) method at the B3LYP-D3(BJ)/6-311g(d) level in the
Gaussian 16 program. Based on the optimized ground state geometries, ICzO2 at S; state
were optimized using the time-dependent density functional theory (TD-DFT) method at
the B3LYP-D3(BJ)/6-311g(d) level in the Gaussian 16 program. Based on the S;
geometries, the exciton energies in singlet (S,) and triplet states (T,) were estimated through
a combination of TD-DFT and B3LYP-D3(BJ)/6-311g(d) level. Herein, energy levels of
the possible T, states are considered to lie within the range of Es; + 0.30 eV. Based on the
S1 geometries, Spin-orbit coupling (SOC) matrix elements between the singlet and triplet
excited states were calculated with spin-orbit mean-field (SOMF) methods and natural
transition orbital (NTO) analysis was performed based on the TD-DFT results and

subsequently visualized via GaussView (6.0.16).



II. Typical organic blue RTP-type afterglow material at room temperature

Supplementary Table 1. Selected examples of organic blue afterglow materials with
phosphorescent emission wavelength, corresponding lifetime and afterglow quantum yields

under ambient conditions.
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ITI. Typical organic TADF-type afterglow materials at room temperature

Supplementary Table 2. Photophysical properties of the typical afterglow materials with
TADF.
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Polymer-Based Afterglow Materials
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V. Photophysical Properties
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Supplementary Fig. 1 The delayed PL spectra of benzene measured at 77 K with

different delay times (Excitation wavelength: 240 nm).
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Supplementary Fig. 2 HPLC result of ICzO2 and ICzC2
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Supplementary Fig. 3 a The UV-visible absorption spectra and, b steady-state PL
spectra of the ICz02 in THF (c = 5x107°> M).
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Supplementary Fig. 4 a The steady-state PL spectra and, b Lifetime decay profiles of
the ICzO2 crystals at ambient conditions. Insets: left, under natural light; right, under 365

nm UV irradiation.
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Supplementary Fig. 5 a The steady-state PL spectra and, b Lifetime decay profiles
(Delayed 1ms) of the 0.10%-I1CzO2@PV A before irradiation.
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Supplementary Fig. 6 The long afterglow luminescence photos of the 0.10%-
ICzO2@PVA after photoactivation (Excitation: 365 nm. Photoactivation: 2 min).
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Supplementary Fig. 7 a The steady-state PL spectra and the delayed emission spectra
(Delayed 1 ms) of the 0.10%-1CzO2@MF (Excitation: 310 nm). b The delayed emission
decay curves and lifetimes at different emission peaks of the 0.10%-1CzO2@MF
(Excitation: 286 nm).
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Supplementary Fig. 8 the prompt PL spectra of ICzO2/PVA recorded at excitation
wavelengths from 250 to 400 nm.
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Supplementary Fig. 9 a The steady-state PL spectra and b the delayed PL spectra
(delayed 1ms) of the ICzO2@PV A with different concentrations (Excitation: 310 nm).
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Supplementary Fig. 11 a The UV-visible absorption spectra and, b PL spectra of the
I1Cz02 in different solvents (Molar concentration: 5107 M).
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Supplementary Fig. 13 a Steady-state PL spectra and b lifetime decay profiles of
ICzO2/RhB with different mixing ratios in a PVA matrix.
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Supplementary Fig. 14 a Steady-state PL spectra and b lifetime decay profiles of

ICzO2/Fluona with different mixing ratios in a PVA matrix.
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VL'H NMR, 3C NMR and High-Resolution Mass Spectra Results
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Supplementary Fig. 14 '"H NMR spectrum of the ICzO2 (in CDCl5).
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Supplementary Fig. 15 '*C NMR spectrum of the ICzO2 (in CDCI;).
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Supplementary Fig. 18 13*C NMR spectrum of the ICzC2 (in CDCls).

1004 313.16953

257 314.17342
20

1

S o

2

315.17696

=3

LJanataatachoses ss aasas. T T
314 316 318 320 322
miz

w
3
?
w
3
3
@
3
2
<
3
<
S

Supplementary Fig. 19 ESI-MS spectrum of the 1CzC2.
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Supplementary Table 3 Crystal data and structure refinement for ICzO2 and 1CzC2.

ICzC2 1ICz02
(CCDC: 2414452) (CCDC: 2414453)
Empirical formula C,,HyN, CoH N,
Formula weight 3124 282.33
Temperature/K 156.63(11) 155(4)
Crystal system tetragonal monoclinic
Space group I14,/a P2 /c
a/A 21.8100(6) 9.0111(2)
b/A 21.8100(6) 11.3762(3)
c/A 13.6787(4) 13.6892(3)
a/° 90 90
/e 90 101.355(2)
v/° 90 90
Volume/A’ 6506.7(4) 1375.84(6)
Z 16 4
P g/cm’ 1276 1363
wmm'' 0.575 0.626
F(000) 2656 592

Crystal size/mm’

0.06 x 0.05 x 0.04

0.04 x 0.03 x 0.02

A-s

Radiation CuKo (A=1.54184) CuKa (A=1.54184)
20 range for data
i 7.628 to 134.02 10.012 to 134.154
collection/®
Reflections collected 9973 7936
Ind q fcti 2881 [R,,,=0.0128, 2454 [R; =0.0214, R =
ndependent reflections
P R,y = 0.0113] 0.0189]
Data/restraints/parameters 2881/0/234 2454/0/199
Goodness-of-fit on F~ 1.064 1.036
i i = R, =0.0320, wR, =
Final R indexes [[>=2c | WK, R, = 0.0343, wR, = 0.0887
(@] 0.0827
) . R, =0.0331, wR, =
Final R indexes [all data] R, =0.0359, wR, = 0.0898
0.0836
Largest diff. peak/hole / e
0.18/-0.13 0.14/-0.22
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The change in magnitude of the dipole moment between the ground and excited states,

that is, Ap = Lue — ,ug] can be estimated using the Lippert—Mataga equation

he(vg —vf) = he(vd —vP) + ——=—— 2(se ,ug) f(e,n)

Where ay is the cavity radius in which the solute resides, estimated to be 6.6 A. yg is
the ground-state dipole moment, estimated to be 3.5 D (wB97X at the basis set level of 6-
31G**), ue is the excited state dipole moment. / and ¢ are Planck’s constant and the speed

of light, respectively, and f(e, n)is the orientation polarizability, defined as

( )_8—1 n® -1
fen) =T~ e =1

Where ¢ is the static dielectric constant and 7 is the optical refractivity index of the solvent.

Through the analysis of the fitted line in low-polarity solvents, its corresponding . was
calculated to be 6.4 D with the slope of 908.4 (7*= 0.9115) according to Lippert-Mataga

equation

Supplementary Table 4 Photophysical parameters of emitters (4CzIPN and ICzO2) in

different solvents

Solvents £ n f(g, n) va-vi(em™)
4CzIPN 1Cz0O2
Hexane 1.9 1.375 0.001225 2078.51 5037
Toluene 2.38 1.494 0.014104 2690.97 5159
Chloroform 4.81 1.446 0.14823 2942 .46 5250
DCM 8.93 1.424 0.21717 3741.54 5297
DMF 37 1.427 0.275703 5111.20 5391
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Supplementary Table 5 Energy diagram of the first four singlet and triplet excited states
of ICzO2 obtained from TD-M06-2X calculations. f represents the oscillator strength.

Excit Energy
ed Level f Transition Configuration [%)] SOC[E:F:LS]tant
State [eV]
1Cz002
Sy 3.5129 | 0.04440 H-> L 95.4%
S, 40763 | 0.13890 H-1->1603% H->L+132.7%
S, 43673 | 0.24870 H->1+156.6%, H->L+2 21.2%
S4 46303 | 0.00050 H-2 ->1 88.3%, H-1->1L+3 6.3%
T, 2.9083 H->L951% So |0.29698
S, 1001414
T, 3.0916 H-1->L754% H ->L+26.1% S; 10.05196
T, 3.4930 H->L+176.8% H-2 -> L 6.6% S, 10.18627
T, 3.7325 H-1->L+1470% H-3 ->L1L19.2% S, 10.08485
Ts 3.9140 H-2 ->L444% H ->L+227.7% S; 10.05830

Notes: the S;and T, energy levels derived from the fluorescence and phosphorescence
spectra are 3.48 and 2.85 eV, respectively, in good agreement with the calculated values of
3.51 and 2.91 eV. The calculated Si—T: energy gap, AEst, is 0.60 eV, close to the
experimental value of 0.63 eV. Although the T> energy level cannot be directly determined
experimentally, the excellent agreement between theory and experiment for S1 and T1
supports the reliability of the calculated excited-state energies. Thus, the calculated S1—T>

energy gap of 0.42 eV can be regarded as a reasonable estimate.
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  Δ μ =  ⌊   𝜇  e −   𝜇  g ⌋


  h c  (   𝜐  a −   𝜐  f ) = hc  (   𝜐  a 0 −   𝜐  f 0 ) +     2  (   𝜇  e −   𝜇  g ) 2    a 0 3 f ( 𝜀 , n )


  f  ( 𝜀 , n ) =   𝜀 − 1  2 𝜀 + 1 −     n 2 − 1    2 n 2 − 1

