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General Methods

All reactions working with air- or moisture- sensitive chemicals were performed under Ar
atmosphere with Schlenk line techniques. Unless otherwise noted, all reagents (including
MICRO 90® concentrated solution) were purchased from commercial sources and used without
further purification. Thin layer chromatography (TLC) was done on silica gel coated aluminum
sheets with F254 indicator and column chromatography separation was performed with silica
gel (particle size 0.063—0.200 mm). Nuclear Magnetic Resonance (NMR) spectra were
recorded using Bruker DPX 300, and Bruker DRX 500 MHz NMR spectrometers. Chemical
shifts (9) were expressed in ppm relative to the residual of solvents (CD2Cly, *H: 5.32 ppm, *3C:
53.84 ppm; C2D2Cls, *H: 6.00 ppm, 3C: 73.78 ppm; tetrahydrofuran (THF)-ds, *H: 3.58 ppm,
13C: 67.57 ppm; o-dichlorobenzene (0-DCB)-d4, *H: 7.20 ppm, *C: 132.35 ppm). Coupling
constants (J) were recorded in Hertz. High-resolution mass spectrometry (HR MS) was
performed on a SYNAPT G2-Si high resolution time-of-flight mass spectrometer (Waters Corp.,
Manchester, UK) by matrix-assisted laser desorption/ionization (MALDI) using 7,7,8,8-
tetracyanoquinodimethane (TCNQ) as matrix calibrated against poly(ethylene glycol) and
electron ionization (Bruker MicroTOF-QIlI LCMS). UV-vis absorption spectra were recorded
on a Perkin-Elmer Lambda 900 spectrometer at room temperature using a 10 mm quartz cell.
Photoluminescence spectra were recorded on a J&MTIDAS spectrofluorometer. The
fluorescence quantum yield (@) was measured using nile blue A perchlorate (in ethanol under
air, @ = 0.27) as a reference.! Cyclic voltammetry (CV) measurements were performed on a
GSTAT-12 in a three-electrode cell in 0-DCB solution of n-BusNPFg (0.1 M) at a scan rate of
50 mV/s at room temperature. A silver wire, a Pt wire and a glassy carbon electrode were used
as the reference electrode, the counter electrode, and the working electrode, respectively.
Density functional theory (DFT) calculations were conducted with using Gaussian 16 software
package.? Geometry optimizations at ground state were performed wtih the B3LYP functional
and 6-31G(d) basis set. All the optimized structures were verified as energy minima via
frequency calculations. Theoretical UV-vis absorption spectra were calculated through time-
dependent density functional theory (TD-DFT) method at B3LYP/6-31G(d) level. The excited
state geometries were optimized at the TD-M06-2X/6-31G(d)/PCM(THF) level of theory to

simulate the fluorescence spectra.

The anisotropy of the induced current density (ACID) plots were obtained using Herges’
method.® Multiwfn* was used to perform topological analysis to find the atoms-in-molecules
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(AIM) ring critical points (RCPs) and then the spatial positions where the nucleus-independent
chemical shift (NICS) calculations were carried out.> ® The NICS(1)zz values were obtained
using the standard gauge invariant atomic orbital (GIAQO) method at the B3LYP/6-31G(d) level
of theory.

Synthetic Details

The starting compounds 1 and 4 were prepared using previously reported methods.” 8

3-bromo-4-[(triisopropylsilyl)ethynyl]-tert-butylbenzene (2)

A

Br TIPS

To adegassed solution of 3-bromo-4-iodo-tert-butylbenzene (1) (15.0 g, 44.3 mmol) and Cul
(337 mg, 1.77 mmol) in THF (120 mL) and triethylamine (TEA) (120 mL) was added
Pd(PPhs)2Cl, (621 mg, 0.885 mmol). Then, (triisopropylsilyl)acetylene (8.88 g, 48.7 mmol)
was injected via a syringe. The reaction mixture was stirred at room temperature overnight.
Then the reaction mixture was diluted with diethyl ether (200 mL), washed with water (100 mL)
and brine (100 mL) and dried over with MgSO4. The solvent was removed under reduced
pressure and the residue was purified by column chromatography over silica gel (n-hexane) to
give compound 2 (16.2 g, 93% yield) as colorless oil. TLC Rt = 0.8 (n-hexane); *H NMR (300
MHz, CD,Clz, 25 <, ppm) 6 7.64 (d, J = 1.9 Hz, 1H), 7.48 (d, J = 8.2 Hz, 1H), 7.33 (dd, J =
8.2, 1.9 Hz, 1H), 1.33 (s, 9H), 1.22 — 1.09 (m, 21H). *C NMR (75 MHz, CD2Cl,, 25 <, ppm)
0154.0,133.7,129.9, 125.7, 124.7,122.9, 105.3, 95.5, 35.2, 31.1, 18.8, 11.7; HR MS (MALDI-
TOF): m/z Calcd for C21H33BrSi: 392.1535 [M]*, found: 392.1523.

[5-tert-butyl-2-(triisopropylsilylethynyl)phenyl]boronic acid (3)

x
B(OHE TIPS

To a solution of 3-bromo-4-[(triisopropylsilyl)ethynyl]-tert-butylbenzene (16.0 g, 40.7 mmol)
in THF (200 mL) was added dropwise n-BuLi (30.5 mL, 1.6 M in hexane) at —78 °C. After
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stirring at —78 °C for 2 h, triisopropyl borate (14.5 g, 77.3 mmol) was added via a syringe. The
mixture was gradually warmed to room temperature and was quenched with 1 N HCI (100 mL)
and stirred for 0.5 h. The mixture was extracted with diethyl ether (200 mL) for 3 times. The
organic layers were combined, washed with water (100 mL) and dried over MgSOa. The solvent
was removed under reduced pressure and the residue was purified by column chromatography
over silica gel (n-hexane/ethyl acetate (EA) = 10 : 1) to give compound 3 (11.4 g, 78% yield)
as colorless oil. TLC R¢= 0.2 (n-hexane/EA = 10 : 1); *H NMR (250 MHz, CDCl,, 25 <T, ppm)
5 8.04 (s, 1H), 7.55 — 7.48 (m, 2H), 5.94 (s, 2H), 1.37 (s, 9H), 1.21 — 1.16 (m, 21H); *°C NMR
(125 MHz, CDCly, 25 <C, ppm) ¢ 151.6, 132.9, 132.2, 127.9, 123.9, 108.6, 95.0, 34.7, 30.8,
18.3, 11.3; HR MS (MALDI-TOF): m/z Calcd for C21H3sBO,Si: 358.2499 [M]*, found:
358.2488.

7-[5-tert-butyl-2-(triisopropylsilylethynyl)phenyl]-2-naphthylamine (5)

I TIPS
g NH,

To a degassed solution of compound 3 (10.0 g, 27.9 mmol), compound 4 (8.13 g, 27.9 mmol)
and K>COs (23.1 g, 167 mmol) in toluene/EtOH/H0O (160 mL/40 mL/40 mL), Pd(PPhz)s (1.61
g, 1.40 mmol) was added. The mixture was heated at 80 <C overnight. Then the reaction mixture
was cooled to room temperature and extracted with diethyl ether (150 mL) for three times. The
combined organic layers were dried over MgSOg4. The solvents were removed under reduced
pressure and the residue was purified by column chromatography (n-hexane/EA =5 : 1) to give
compound 5 (10.6 g, 83% yield) as a white solid. TLC R = 0.3 (n-hexane/EA =5:1); *H NMR
(250 MHz, CD2Cly, 25 <TC, ppm) 6 7.74 (s, 1H), 7.65 (t, J = 8.1 Hz, 2H), 7.53 (d, J = 8.1 Hz,
1H), 7.46 (d, J = 8.7 Hz, 2H), 7.32 (d, J = 8.2 Hz, 1H), 6.96 (s, 1H), 6.93 (d, J = 8.6 Hz, 1H),
3.89 (s, 1H), 1.33 (s, 9H), 0.94 (s, 21H); *C NMR (75 MHz, CD:Cl,, 25 <T, ppm) § 152.4,
145.0,144.4,139.4,135.1, 133.8, 129.1, 127.5, 127.4, 127.2, 126.3, 124.7,124.4, 119.4, 118.6,
108.9, 107.1, 93.4, 35.2, 31.3, 18.7, 11.6; HR MS (MALDI-TOF): m/z Calcd for C31H41NSi:
455.3008 [M]*, found: 455.3005.
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7-[5-(tert-butyl)-2-ethynylphenyl]-2-naphthylamine (6)

&

g NH,

To a solution of compound 5 (9.00 g, 19.7 mmol) in anhydrous THF (150 mL) was added
tetra-n-butylammonium fluoride (TBAF) (23.6 mmol, 23.6 mL, 1.00 M in THF) dropwise, and

X

the reaction mixture was stirred at room temperature for 3 h. After completion of the reaction,
MeOH (10 mL) was added followed by stirring for 30 min. Then the mixture was diluted with
diethyl ether (200 mL), washed with water (150 mL) and dried over MgSQOa. The solvents were
removed under reduced pressure and the residue was purified by silica gel column
chromatography (n-hexane/EA =5 : 1) to yield compound 6 (5.54 g, 94%) as white solid. TLC
Rf = 0.3 (n-hexane/EA =5 : 1); 'H NMR (300 MHz, CD.Cly) § 7.79 (s, 1H), 7.76 (d, J = 8.5
Hz, 1H), 7.72 (d, J = 8.9 Hz, 1H), 7.60 (d, J =8.2 Hz, 1H), 7.52 (s, 1H), 7.48 (d, J = 8.3 Hz,
1H), 7.41 (d, J = 8.1 Hz, 1H), 3.98 (s, 1H), 3.07 (s, 1H), 1.39 (s, 1H); *C NMR (75 MHz,
CD:Cly) 0 152.9, 145.3, 144.7, 139.1, 135.1, 133.9, 129.2, 127.5, 127.3, 126.4, 124.6, 124.4,
118.8, 118.6, 117.9, 108.7, 83.7, 79.6, 35.2, 31.3; HR MS (MALDI-TOF): m/z Calcd for
C22H21N: 299.1674 [M]", found: 299.1676.

1,4-bis{2-(7-aminonaphthalen-2-yl)-4-tert-butylphenyl }butal,3-diyne (7)

To a degassed solution of compound 6 (4.00 g, 13.4 mmol) in MeOH/pyridine (150
mL/150mL) was added Cu(OAc)2 (2.43 g, 13.4 mmol). The reaction mixture was heated at
80 <C under argon overnight. After completion of the reaction, the reaction mixture was diluted

with water (250 mL). After filtration, the residual solid was washed with water (100 mL) three
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times and EtOH (100 mL) three times, and then dried under vaccum for 12 h. The solid mixture
was further purified by column chromatography over silica gel (n-hexane/EA = 3 : 1) to give
compound 7 (3.48 g, 87% yield) as a white solid. TLC R = 0.3 (n-hexane/EA =4 :1); 'H NMR
(300 MHz, CD.Cly, 25 <C, ppm) 6 7.65 (s, 2H), 7.60 (d, J = 3.7 Hz, 2H), 7.57 (d, J = 3.2 Hz,
2H), 7.45 (d, J = 9.7 Hz, 2H), 7.40 (s, 2H), 7.34 (d, J = 10.4 Hz, 4H), 7.26 (d, J = 9.7 Hz, 2H),
6.90 (d, J = 6.9 Hz, 4H), 3.82 (s, 4H), 1.26 (s, 18H); 1*C NMR (75 MHz, C2D,Cly4, 25 <T, ppm)
0 152.9, 144.6, 144.5, 138.5, 134.6, 134.2, 129.0, 127.4, 127.1, 127.0, 126.0, 124.4, 124.2,
118.7, 117.2, 108.9, 81.8, 76.6, 35.0, 31.2; HR MS (MALDI-TOF): m/z Calcd for CasHaoN2:
596.3191 [M]*, found: 596.3185.

9,9'-di-tert-butyl-6,6'-diiodo-[5,5'-bichrysene]-3,3'-diamine (8)

To a degassed solution of compound 7 (2.00 g, 3.35 mmol) dissolved in anhydrous
dichloromethane (DCM) (200 mL) was added ICI (7.04 mL, 1.0 M in DCM) at —78 <C. Then
the mixture was gradually warmed to room temperature. After stirring at room temperature
overnight, excess ICl was quenched with a saturated aqueous solution of Na>SOsz (150 mL).
The organic phase was extracted with DCM (150 mL) three times and dried over MgSQOas. The
solvents were removed under reduced pressure. The residual solid was purified with column
chromatography over silica gel (n-hexane/ethyl acetate (EA) = 3 : 1) to give compound 8 (2.08
0, 73% vyield) as a red solid. TLC Rs = 0.3 (n-hexane/EA =5 : 1); *H NMR (250 MHz, CDCl,,
25 <C, ppm) 0 9.34 (d, J = 9.5 Hz, 2H), 9.25 (s, 2H), 9.02 (s, 2H), 8.42 (d, J = 8.9 Hz, 2H), 8.34
(d,J=9.2Hz, 2H), 8.11 (d, J = 1.4 Hz, 4H), 7.93 (dd, J = 8.9, 1.9 Hz, 2H), 1.65 (s, 18H). Well-
resolved *C NMR spectrum could not be recorded due to limited solubility. HR MS (MALDI-
TOF): m/z Calcd for CasHzsloN2: 848.1124 [M]*, found: 848.1118.

2,11-tert-butyl-5,14-diaminobenzo[a]dinaphtho[2,1,8-cde:1',2',3',4'-ghi]perylene (9)
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To a 3-L cylindrical quartz reactor, a solution of 9,9'-di-tert-butyl-6,6'-diiodo-[5,5'-
bichrysene]-3,3'-diamine (8) (400 mg, 0.471 mmol) dissolved in a mixture of toluene (800 mL)
and TEA (8 mL) was added. The solution was degassed by argon bubbling for 10 min, and
vigorously stirred at room temperature in a photoreactor (RAYONET RPR-200 photochemical
reactor) for 3 h under irradiation by sixteen UV lamps (300 nm, 14 W). After completion of the
photoreaction, the solvents were removed in vacuo and the residue was purified by column
chromatography over aluminum oxide (n-hexane:THF = 1 : 2) to obtain crude product of
compound 9 as a red solid (221 mg), which was used for the next step without further
purification. HR MS (MALDI-TOF): m/z Calcd for C44H3sN2: 592.2878 [M]", found: 592.28609.

6,14-diazadibenzo[hi,st]ovalene (10)

To a degassed solution of crude compound 7 (150 mg, 0.253 mmol) and Kl (4.2 mg, 0.025
mmol) in CH3CN (10 mL) was added tert-butyl hydroperoxide (70% solution in H2O, 81.4 mg).
Then the mixture was heated at 80 <C overnight. After cooling to room temperature, the mixture
was quenched with a saturated aqueous solution of Na>SOz (30 mL). The mixture was filtered
and washed with water (20 mL) three times and MeOH (20 mL) three times. The residue was
dried under vacuum to give analytically pure compound 10 (78.7 mg, 42% yield over two steps)
as a purple solid. *H NMR (500 MHz, trifluoroacetic acid (TFA)-d1 and inner small tube with
THF-dg for lock) ¢ 10.23 (d, J = 8.2 Hz, 2H), 10.11 (s, 2H), 9.56 (d, J = 8.2 Hz, 2H), 9.50 (d, J
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= 8.7 Hz, 2H), 9.17 (s, 2H), 9.02 (d, J = 8.9 Hz, 2H), 2.06 (s, 18H); Well-resolved *C NMR
spectrum could not be recorded due to limited solubility. HR MS (EI): m/z Calcd for C44H30N2H:
587.2482 [M+H]*, found [M+H]": 587.2481.

Scheme S1. Proposed mechanism of oxidative step of compound 9.

+ 'BUOOH — 121z + 'BuO° + OH

For the synthesis of DBOV 11, precursor S6 was prepared as shown in Scheme S1, adapting a
procedure that we have previously reported.® 1° Photochemical reaction of S6 in toluene directly
provided DBOV 11, presumably because HI generated upon the photochemical
cyclodehydroiodination subsequently promoted the intramolecular Friedel-Crafts reaction. In
our previous report, triethylamine was used as a co-solvent to trap the generated HI.1° Although
the low solubility and strong aggregation tendency of 11 did not allow its characterization by
NMR analyses, agreement of its UV-vis and photoluminescence spectra with those of
previously reported DBOV derivatives (see Figure S24), in addition to the high-resolution mass

spectrometry analysis, validated the formation of 11.
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Scheme S2. Synthetic route towards DBOV 11.

Br. CHO
o
|
. ®
Pd(PPh;),/Na,CO; O TBAF O cucl O O
B(OH)y — 3= O _— O _— X
Il Toluene/H,0/EtOH | | THF, r.t. 2h | | DMF, 80°C, 6 h X
80°C,6h O O O
TIPS TIPS O
CHO CHO |
o)
s1 s3 s4 S5
- 00
—_— —_—
DCM toluene, 2 h O“
-78°Ctort.,2h ’OO

S6 DBOV 11

7-(5-tert-butyl-2-triisopropylsilylethynylphenyl)-2-naphthaldehyde (S3)

®
I O@

To a Schlenk flask were added (5-tert-butyl-2-triisopropylsilylethynylphenyl)boronic acid
(S1) (13.1 g, 36.6 mmol), 7-bromo-2-naphthaldehyde 2 (8.17 g, 34.8 mmol), and Na,CO3 (19.4
g, 183 mmol). The flask was evacuated and backfilled with Ar for 3 times. Then a mixture of
toluene, EtOH, and H20 (280 mL/70 mL/70 mL) was added via a syringe. After degassing by
bubbling with Ar for 15 min, Pd(PPhs)s (2.12 g, 1.83 mmol) was added in one portion. The
mixture was then heated at 80 <C for 6 h under Ar atmosphere. The reaction mixture was then
cooled down to room temperature and extracted with EA (200 mL) for 3 times. The combined
organic layers were washed with brine (200 mL), dried over Na>SOs, and evaporated. The
residue was purified by silica gel column chromatography (n-hexane/EA = 10 : 1) to give the
title compound (14.0g, 82% vyield) as colorless oil. TLC R¢= 0.5 (n-hexane/EA = 10 : 1); *H
NMR (250 MHz, CDCl,) ¢ 10.16 (s, 1H), 8.38 (s, 1H), 8.23 (s, 1H), 8.04 — 7.88 (m, 4H), 7.60
(d, J=8.2 Hz, 1H), 7.51 (s, 1H), 7.41 (d, J = 8.1 Hz, 1H), 1.38 (s, 9H), 0.93 (s, 21H); *C NMR
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(63 MHz, CDCl,) ¢ 192.46, 152.70, 143.39, 140.47, 135.99, 135.18, 134.83, 133.90, 132.91,
131.47, 130.06, 129.15, 127.97, 127.11, 125.09, 122.99, 119.64, 106.73, 94.00, 35.27, 31.34,
18.69, 11.65. HR MS (MALDI-TOF, positive): m/z Calcd for C3Hs10Si: 468.2921 [M+H]",
found: 468.2938

7-(5-tert-butyl-2-ethynylphenyl)-2-naphthaldehyde (S4)
g
| AN
O

CHO

To a solution of 7-(5-tert-butyl-2-triisopropylsilylethynylphenyl)-2-naphthaldehyde (S3)
(14.0 g, 29.8 mmol) in anhydrous THF (150 mL) was added TBAF (29.8 mmol, 29.8 mL, 1.00
M in THF) dropwise, and the mixture was stirred at room temperature for 2 h. After completion
of the reaction was confirmed by TLC analysis, MeOH (30 mL) was added followed by stirring
for another 30 min. Then the mixture was diluted with EA (200 mL), washed with water (100
mL) and brine (100 mL), dried over Na.SOa, and evaporated. The residue was purified by silica
gel column chromatography (n-hexane/DCM = 2 : 1 to n-hexane/ DCM = 1: 2) to yield the title
compound (8.25 g, 88%) as white solid. TLC Rt = 0.3 (n-hexane/DCM = 2 : 1); *H NMR (250
MHz, CDCls) 6 10.19 (s, 1H), 8.41 (s, 1H), 8.20 (s, 1H), 8.03 — 7.87 (m, 4H), 7.62 (d, J = 8.1
Hz, 1H), 7.49 (s, 1H), 7.41 (d, J = 7.5 Hz, 1H), 2.99 (s, 1H), 1.38 (s, 9H); 3C NMR (63 MHz,
CDCls) 6 192.40, 152.78, 143.31, 139.88, 135.79, 134.95, 134.55, 133.93, 132.66, 131.11,
129.77, 129.04, 127.73, 126.97, 124.89, 123.15, 117.96, 83.18, 80.01, 35.12, 31.35. HR MS
(MALDI-TOF, positive): m/z Calcd for C23H200: 312.1514 [M]*, found: 312.1523.

7,7'-{buta-1,3-diyne-1,4-diylbis(5-tert-butyl-2,1-phenylene) }bis(2-naphthaldehyde) (S5)
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To asolution of 7-(5-tert-butyl-2-ethynylphenyl)-2-naphthaldehyde (S4) (6.00 g, 19.2 mmol)
in dry N,N-dimethylformamide (DMF) (50 mL) was added CuCl (1.8 g, 18.2 mmol). The
mixture was heated at 80 <C under air for 12 h. The mixture was then cooled down to room
temperature, diluted with EA (300 mL), and washed with 1 N HCI (150 mL). The aqueous
phase was extracted with EA (60 mL) for 3 times. The combined organic layers were washed
with saturated solution of Na,COs (100 mL), brine (100 mL), dried over Na>SOs, and
concentrated in vacuo. The residue was purified by silica gel column chromatography (n-
hexane/DCM = 2 : 1 to n-hexane/DCM = 1 : 2) to yield the title compound (4.4 g, 74%) as
white solid. TLC Rf = 0.3 (n-hexane/DCM = 2 : 1); *H NMR (250 MHz, CD.Cl,) ¢ 10.12 (s,
2H), 8.36 (s, 2H), 8.15 (s, 2H), 7.94 (s, 4H), 7.86 (s, 4H), 7.61 — 7.49 (m, 4H), 7.40 (d, J = 8.1
Hz, 2H), 1.36 (s, 18H); 1*C NMR (63 MHz, CD:Cl) § 192.39, 153.81, 144.14, 139.82, 135.98,
134.98, 134.95, 134.49, 132.99, 130.98, 129.85, 129.20, 127.97, 127.46, 125.36, 123.34,
117.63, 81.84, 76.60, 35.39, 31.25. HR MS (MALDI-TOF, positive): m/z Calcd for CssHzs02:
622.2872 [M]*, found: 622.2988.

9,9'-di-tert-butyl-6,6'-diiodo-[5,5'-bichrysene]-3,3'-dicarbaldehyde (S6)

To a solution of compound S5 (2.2 g, 3.53 mmol) dissolved in anhydrous DCM (250 mL)
was added ICI (7.7 mL, 1.0 M in DCM) at —78 <C. After stirring at room temperature for 2 h,

excess ICI was quenched by adding a saturated aqueous solution of Na>S203 (50 mL). The
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organic phase was separated, washed with brine (50 mL), dried over Na,SO4, and evaporated.
The residual solid was recrystallized from DCM and MeOH to give the title compound (2.7 g,
87%) as white solid. *H NMR (250 MHz, CD2Cl,) 6 9.23 (d, J = 9.2 Hz, 2H), 8.96 (s, 2H), 8.73
(s, 2H), 8.60 (s, 2H), 8.37 (d, J = 8.8 Hz, 2H), 8.27 (d, J = 9.1 Hz, 2H), 8.03 (d, J = 8.3 Hz,
2H), 7.87 (d, J = 8.9 Hz, 2H), 7.79 (d, J = 8.2 Hz, 2H), 1.62 (s, 18H); 3C NMR (63 MHz,
CD2Cl,) 0 191.96, 152.23, 149.36, 137.33, 134.94, 134.44, 134.05, 132.72, 132.07, 130.68,
130.44, 130.31, 129.37, 128.13, 125.70, 123.45, 119.75, 113.98, 35.79, 31.56. HR MS
(MALDI-TOF, positive): m/z Calcd for CasHzsl202: 874.0805 [M]*, found: 874.0745.

4,12-di-tert-butyldibenzo[hi,st]Jovalene (DBOV 11)

To a 3-L cylindrical quartz reactor containing 9,9'-di-tert-butyl-6,6'-diiodo-[5,5'-
bichrysene]-3,3'-dicarbaldehyde (S6) (17.5 mg, 0.020 mmol) was added toluene (20 mL). Then
the solution was degassed by bubbling with Ar for 20 min, and stirred at room temperature in
a photoreactor for 2 h under irradiation by sixteen UV lamps (300 nm, 14 W) with stirring.
After cooling down to a room temperature, the solvent was evaporated and the residue was
filtered and wash with THF (20 mL) for several times, to give the title compound DBOV 11 as
dark blue solid (10.2 mg, 87% yield). HR MS (MALDI-TOF, positive): m/z Calcd for CssHa32:
584.2504 [M]*, found: 584.2501. *H NMR and **C NMR spectra could not be recorded due to
limited solubility and strong aggregation tendency. However, UV-vis and PL spectra as
reported in Figure 2 in the main text agreed very well with those of previously reported DBOV
derivatives,'! evidencing the formation of the DBOV structure. UV-vis absorption spectra is

also consistent with theoretically calculated result shown in Figure S23.
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Imaging and Sensor Details

Coverslip cleaning

The coverslips were sonicated in 1% Micro 90 alkaline cleaning solution for 15 min. Then
the coverslips were rinsed three times with Milli-Q water and finally dried with nitrogen flow.

Afterward, those coverslips were cleaned by oxygen-plasma cleaner (250 W, 10 min).%2

Coating of polystyrene film

The purification of polystyrene was carried out using an anti-solvent crystallization
method.'® The polystyrene solid was dissolved in anhydrous THF to obtain a clear solution.
Then an equal volume of MeOH was added to the solution, and the resulting mixture was let
stand until it became a clear solution again and all the crystals were precipitated. The solvents
were subsequently removed and the precipitates were washed with MeOH, and then dried in a
vacuum desiccator prior to the use.

100 uL of the solution of polystyrene purified above (4 mg/mL in toluene) was spin-coated
on the cleaned coverslip. The coverslip was firstly spun at 2,000 rpm for 20 s and then at 4,000

rpm for 40 s. The sample was dried on a hot plate by heating at 90 <C for 10 min.

Preparation of samples for photostability measurements

10 L of the nanographene solution (1 «M in toluene)/Alexa 647 solution (1 uM in H20)
was spin-coated on the cleaned coverslip. The coverslip was firstly spun at 2,000 rpm for 20 s
and then at 4,000 rpm for 40 s. The samples were dried in air for 1 day before the measurements.
Preparation of nanographene sample for 3D confocal imaging

10 L of the nanographene solution (1 M in toluene) was added on a cleaned gridded glass
coverslip (ibidi Grid-50) and the measurements were performed after toluene has completely
evaporated.
Preparation of nanographene samples for pH sensitive single-molecule blinking property
measurements

10 uL of a solution of nanographene (10> M in toluene/ethanol=1/99) was spin-coated on

the polystyrene coated coverslip. The coverslip was firstly spun at 2,000 rpm for 20 s and then
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at 4,000 rpm for 40 s. The sample was dried on a hot plate in N2 glove box by heating at 80 C

for 10 min.

Preparation of nanographene sample for super-resolution imaging

10 pL of the nanographene solution (0.1 nM in toluene) was added on a cleaned gridded
glass coverslip (ibidi Grid-50) and the measurements were performed after toluene has

completely evaporated.

Photostability characterization

Photostability measurements were performed with a home-build single molecule localization
microscope.** The set up used a confocal microscope (Leica DM RBE) that served as the
microscope body and was connected with a CMOS camera (Photometrics BSI). It has been
equipped with a 532 nm laser with 2 emission filters (>580 nm/590-670 nm). Laser beams were
focused on the back focal plane of the 100>/NA 1.40 objective (Olympus). To obtain laser
intensity, the field of view was first tested with a commercial fluorescence slide. Next, the 1/e?
width of a line plot through the illuminated area was used to approximate the diameter of the
circular illuminated area. This yielded an illumination area of about 1.27 % 10* cm?. Laser
intensity (25.59 W/cm?) was obtained by dividing the laser power (3.25 mW was used, tested

under the objective) by the area.

3D confocal imaging

3D confocal imaging was performed using the TCS SP5 confocal microscope (Leica). 561
nm laser was selected for excitation. The fluorescence emission was continuously adjusted
between 400-800 nm and detected by 4 PMTs. 63.0 x<1.40 oil objective was used.

pH-sensitive single-molecule blinking characterization and super-resolution imaging

Both pH-sensitive single-molecule blinking property measurement and super-resolution
imaging were performed using the SR GSD microscope (Leica). 532 nm (500 mW) laser was
selected for fluorescence reactivation. For the 532 nm laser, the excitation filter (527-537
nm/400-410 nm), the dichroic beamsplitter (527-537 nm/400-410 nm), and the emission filter
(550-650 nm/449-451 nm) were used. The objective lens HCX PL APO 160x 1.43 NA Qil
CORR-TIRF was selected for single-molecule measurements and super-resolution imaging.
The microscope was equipped with an EMCCD camera (iXonDU-897, Andor). The camera

settings were 10 MHz at 14 bit and a pre-amplification of 5.1. For super-resolution imaging,
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the camera exposure time was set to 30 ms and an EM gain of 100 was used. Please note here
that the double bandwidth of the filters/beamsplitter were chosen for 405 nm back pumping and

in our experiments mentioned in this work, such back pumping was not used.
Fluorescence sensing of proton

A solution of N-DBOV 10 or DBOV 11 (5.0 x 10 mol L) was prepared in THF. The
solutions of hydrochloric acid (HCI) were prepared in MeOH with a concentration of 3 <107
M. The solution of N-DBOV 10 or DBOV 11 (2.7 mL) was placed in a quartz cell and the
fluorescence spectrum was recorded. Then different amounts (50 zL, 100 gL, 150 zL, 200 gL,
250 L and 300 L) of the HCI solutions were added. Besides, a certain amount of extra THF
solvent was added to the quartz cell to make the total solution volume constant (3 mL) so that
the concentration of 10 or 11 stays the same in different measurements. Finally, fluorescence
spectra with different intensity were recorded at room temperature exciting with the same

wavelength of 580 nm.

Fluorescence intensity recovery of N-DBOV + H* with TEA

A THF solution of TEA was prepared (3.0 <10 mol L!). A fluorescence quenched solution
of N-DBOV 10 was placed in a quartz cell (2.7 mL) and TEA solution was gradually added to
turn on the fluorescence. The fluorescence spectra and intensity were recorded at

room temperature exciting at wavelength of 580 nm.
Fluorescence sensing of metal ions (Cu?*, Fe?* and Mg?*)

A Cu?* stock solution (9.0 x10~4 mol L) was prepared by dissolving Cu(ClO4)2 6H20 (33
mg) in THF (100 mL). A solution (2.7 mL) of N-DBOV 10 or DBOV 11 was placed in a quartz
cell and fluorescence spectra were recorded immediately after the addition of a specified
amount (0.2 eq, 0.4 eq, 0.6 eq, 0.8 eq, 1.0eq, 1.2 eq, 1.4 eq, 1.6 eq and 1.8 eq for N-DBOV 10;
0.2 eq, 0.4 eq, 0.6 eq, 0.8 eq, 1.0 eq, 1.2 eq and 1.4 eq for DBOV 11) of the Cu?* solution, upon
excitation at 580 or 586 nm, respectively. A certain amount of extra THF solvent was added to
the quartz cell to make the total solution volume constant (3 mL) so that the concentration of
10 or 11 stays the same in different measurements. Each fluorescence spectra of different
detection limit was measured at least for three times to get the reliable value. The Fe?* or Mg?*
stock solutions (9 x<10~° mol/L) were prepared by dissolving Fe(ClO4)2 xH20 or Mg(ClOs) in

THF (100 mL), whereas other operations were the same that of the Cu?* detection.
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Supplementary Figures and Tables

NMR spectra
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Figure S1. *H NMR spectrum of compound 2 measured in CD2Cl, (300 MHz, 298 K).
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Figure S2. 3C NMR spectrum of compound 2 measured in CD,Cl (75 MHz, 298 K).
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Figure S25. (a) Absorption and (b) emission spectra of N-DBOV 10 in different solvents.
Concentration: 10 uM.
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Figure S26. Fluorescence quantum lifetime decay curves for (a) N-DBOV 10 and (b) DBOV
11 in THF solutions and monoexponential fits. Concentration: 10 xM. The lifetime z was

determined to be 6.0 ns for N-DBOV 10 and 7.5 ns for DBOV 11.
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Figure S27. Cyclic voltammograms of N-DBOV 10 and DBOV 11 measured in 0.1 M tetra-

n-butylammonium hexafluorophosphate in 0-DCB.
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N-DBOV 10 DBOV 11

Figure S28. Calculated ACID (B3LYP/6-31G(d)) plots of N-DBOV 10 (left) and DBOV 11
(right) (isovalue = 0.05). Only contributions from m-electrons of the aromatic cores are
considered. The magnetic field vector is perpendicular to the ring plane and points outward.

Red arrows indicate directions of induced ring current.

Figure S29, Photostability measurements for N-DBOV 10 (a-c), DBOV 11 (d-f) and Alexa 647

(g-1). The measurements of fluorescence retention in Fig. 4 are from the region of interest shown

in (a, d, g) respectively.
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Figure S30. UV-vis absorption spectra of N-DBOV-2H" by TD-DFT method.
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Figure S31. Changes in the fluorescence spectra of 5 x 10> M (a) N-DBOV 10 and (b) DBOV
11 in THF solution (3 mL) measured at room temperature upon successive addition of 3 x 10
M hydrochloric acid in MeOH (300 xL) and the legend shows the analytical concentration of

HCl in the measured sample.
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Figure 32. Changes in the fluorescence spectra of N-DBOV 10 in THF (5 x10° M) at room

temperature upon successive addition of pure MeOH.
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Figure S33. Fluorescence intensity recovery of N-DBOV 10 after the quenching upon
protonation to N-DBOV-2H" (shown as blank with red line), via subsequent addition of a
solution of triethylamine in THF (3 <102 M).

Figure S34. Reconstructed SMLM images measured in different pH solution, (a) H20 (pH 7)
and (b) 0.1 M HCI (pH 1).
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Figure S35. The repeated 3D confocal microscopy images of gridded structures in a glass
substrate with N-DBOV 10 (at the same position). Reconstructions of (a) bright-field 3D image
and (b) confocal fluorescence 3D image. (c) Bright-field image and (d) confocal fluorescence

image, both at the same imaging depth as shown in Figure 7.

Figure S36. Comparison of the same frame of two 3D confocal imaging data shown in Figure

7 and Figure S35, respectively. (a, c, e, g: first test; b, d, f, h: second test).
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For 3D confocal imaging, the total depth measured was 17.5 pm and step size was set to 0.13
pm. All the images were acquired with 2 times line average and one 3D imaging took about 8
minutes to complete. For the fluorescence intensity analysis of confocal images, we measured
the gray value of different regions of interest in one frame. After cropping the region of interest,
we adjusted the threshold to the default value, and the gray value obtained only comes from the

fluorescent signal in the region of interest (excluding the background).
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Figure S37. Blinking properties of N-DBOV 10 in air, embedded in polystyrene film, and in
H>O. Left: Histogram of detected photons per switching event and single-exponential fit. Right:
On-off duty cycle (fraction of time a molecule resides in its fluorescent state).
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Volmer plots at lower concentration region.

Table S1. Characteristic electron transitions for N-DBOV 10 and DBOV 11 calculated using
TD-DFT at the B3LYP/6-31G(d) level (Oscillator Strength > 0).

Excited Wavelength Oscillator —
C d E V D t
ompoun State nergy (eV) (nm) Strength escription
1 2.0507 604.59 0.6105 H->L 99.0%
H-2 -> L 82.7%,
N-DBOV 10 3 2.7937 4438 0.1468 H->L+2 15.6%
H->L+2 76.8%,
8 3.4759 356.7 0.4546 H-2 > L 12.5%
1 2.0176 614.51 0.666 H->L99.3%
-2 - 0,
3 2.8503 433.62 0.0011 H-2 -> L. 49.6%,
DBOV 11 H->L+249.3%
H -> L+2 43.4%,
H-2 -> L 42.2%,
7 3.3453 370.62 0.5397 H -> L+5 5.5%,
H-1->L+15.1%

Excited State Calculation

The non-radiative decay rate (knr) of rigid nanographene molecules with similar backbones
do not show significant differences,*> ® and similar electronic structures, such as frontier
molecular orbital (FMO) and excitation mode, can be observed in N-DBOV 10 with different
degrees of protonation. Therefore, we mainly focused on the difference in the radiation decay
rate (kr).
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The lifetime 7. (in seconds) is calculated by eq. (1)1 18

n=— (1

3f ¥
where 7 is the transition energy in cm™, and the oscillator strengths f are computed with the
length gauge. Both two parameters are calculated with TD-DFT.

The radiation decay rate kr is calculated by eg. (2)

1

k== (2

The estimated results of the kr of N-DBOV 10 with different degrees of protonation are
summarized in Table S3, indicating red shift of the emission wavelength and the decrease in
oscillator strengths upon the protonation. The estimated k. (1.82 x 10® s*) of N-DBOV 10
agreed with the experimental result of 1.23 x<108s?, which was estimated from the PLQY and
fluorescence lifetime, using eq. (2) and the equation (®f= Ki/(krt+knr)). These results further
support our conclusion that decreased PLQY of N-DBOV 10 with different degrees of

protonation comes from decreased radiation decay rate.

Table S2. Calculation results of emission wavelength, oscillator strength and radiation decay
rate of N-DBOV 10 with different degrees of protonation.

Molecules Aem/nm Oscillator Strength ki/s!
N-DBOV 10 621.01 1.0504 1.82 x 10%
N-DBOV-H" 658.59 0.9248 1.42 x 10%
N-DBOV-2H" 776.85 0.6124 6.77 x 107
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Table S3. Calculated gray value of the fluorescent part of whole frame and other selected

regions of interest in Figure S36.

Area Mean gray value
a2 80941 | 30123 |
b 93.583 38.978
¢ 3.294 27.775
d 4.293 28.115
e 38.667 36.270
f 41.025 38.062
g 24.727 52.818
h 29,683 51.040
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Appendix

Cartesian coordinates

DBOV 11 ground state(S0)
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3.95876833
5.34287112
5.80623030
487101185
-7.31064476
-7.65276272
-7.92872670
-7.92871934
7.30022113
8.17700656
7.63357253
7.63362217
-5.22888943
-6.01925315
-0.21227639
-2.61120167
3.89139042
2.19629759
-3.88616004
-2.19147687
0.21726320
2.61639151
6.02211330
5.23986678
-8.74042136
-7.26056787
-7.26052935
-9.01062387
-7.75893589
-7.50149116
-7.50148799
-9.01061842
-7.75891536
9.23108615
8.00061892
8.00062950
8.70094410
7.07271910
7.40111698
7.40118551
8.70099808
7.07278710

-1.51914340
-1.84902247
-3.23229053
-4.21817022
3.25879116
4.24423753
3.93387602
2.57236019
2.22693447
0.86851564
0.56152645
-0.78436496
4.93373333
4.60189264
3.22936555
2.94713611
1.64610508
1.34601459
0.03397120
-1.01295003
0.25501645
1.74828905
-0.38343043
-0.38346705
-0.30668166
0.94955749
-1.12928416
-1.12924526
2.06645630
-2.15509475
-5.95169869
-5.33724570
-3.52107613
-5.26169306
3.54817940
5.28776042
5.97793091
5.36356681
2.19082224
-2.03263511
1.86961090
2.25305710
2.25309235
-0.21209743
-1.46390009
0.05432737
0.05427334
-0.21214655
-1.46393557
0.65509822
1.56471568
1.56465897
-1.37533963
-2.06837715
-0.56234672
-0.56228691
-1.37528299
-2.06834741

0.00002986
0.00003435
0.00006662
0.00009478
-0.00008408
-0.00011356
-0.00010879
-0.00007371
-0.00006851
-0.00003395
-0.00002879
0.00000617
-0.00013830
-0.00013298
-0.00009738
-0.00009192
-0.00005755
-0.00004965
-0.00001505
0.00001286
0.00002494
0.00004739
-1.25559503
1.25562965
0.00000381
0.00003945
1.25628750
-1.25629197
-0.00003495
0.00007754
0.00014860
0.00014320
0.00006773
0.00011893
-0.00009028
-0.00014149
-0.00016522
-0.00015534
-0.00007329
0.00004468
0.00002707
0.88934453
-0.88921294
-1.26668956
-1.28582053
-2.16370375
2.16374878
1.26672896
1.28582828
0.00002519
-0.88841374
0.88853385
1.26798221
1.28875758
2.16364590
-2.16364218
-1.26796089
-1.28880603
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N-DBOV_H* excited state(S1)

I IIIIIIIIIIOOOOCOCOOOOOOOZOOOOO0000000000000000000Z000000000

-5.81369461
-4.88264884
-3.48830992
-3.03444805
-3.96074424
-5.34154531
-1.65672419
-1.25853856
-2.26956197
-3.57762853
0.11392929
0.49215952
-0.52370218
-1.85074361
-2.50436995
-1.12685249
-0.69622269
0.68433225
1.10343930
2.48078373
2.83339656
1.87784331
-2.86211735
-1.91590281
-0.52735682
-0.14192610
1.23378287
1.64625623
3.02840607
3.47346924
0.48421531
1.81736671
2.20764724
3.52591834
3.97838496
5.35194799
5.80444227
4.85871294
-7.32501409
-71.66782237
-7.93946207
-7.93945381
7.29450893
8.17998979
7.61773092
7.61771325
-5.24649171
-6.02366521
-0.22219074
-2.62408231
3.87600931
2.17605577
-3.90743902
-2.22183082
0.18515178
2.57736288
6.05207277

-0.01310180
1.03124294
0.80493580

-0.53531333

-1.62158874

-1.32688342

-0.84042647

-2.19498031

-3.20009023

-2.92176715

-2.53927078

-3.90263510

-4.90508012

-4.57392298
1.87326494
1.54677919
0.18832303

-0.15141586

-1.51604029

-1.85490049

-3.23615199

-4.21903899
3.25391421
4.24500084
3.93746452
2.57754499
2.23340881
0.87253818
0.55016808

-0.79503745
4.93926355
4.61548598
3.25395723
2.89323967
1.59576761
1.31516913

-0.00419651

-1.03779371
0.23593233
1.72886928

-0.40508449

-0.40492851

-0.35377353
0.89619567

-1.17886196

-1.17896172
2.05015768
-2.17185759
-5.94833434
-5.33469644

-3.52920245

-5.26304412
3.53938930
5.28664668
5.98290322
5.39105154
2.14312325

0.00001508
-0.00000172
-0.00000128

0.00001810

0.00003513

0.00003240

0.00001981

0.00003834

0.00005466

0.00005280

0.00003906

0.00005603

0.00007303

0.00007260
-0.00002072
-0.00001841

0.00000211

0.00000349

0.00002169

0.00002129

0.00003700

0.00005418
-0.00004400
-0.00006343
-0.00006110
-0.00003846
-0.00003587
-0.00001507
-0.00001402

0.00000481
-0.00008280
-0.00008053
-0.00005514
-0.00004910
-0.00003083
-0.00002899
-0.00000884

0.00000733

0.00000738
-0.00008353
-1.25628879

1.25638731
-0.00000545
-0.00006072

1.25779249
-1.25774223
-0.00001308

0.00004202

0.00008533

0.00008496

0.00003419

0.00006590
-0.00004819
-0.00008182
-0.00010189
-0.00010085
-0.00004336



5.21734247
-8.75541618
-7.27757653
-7.27763400
-9.02131156
-7.76886612
-7.51380469
-7.51377966
-9.02130097
-7.76887278

9.23061968

8.01240481

8.01239470

8.68321159

7.05246521

7.38888484

7.38885626

8.68319317

7.05244479

421798314

I I I I IIIIIIIIIIIIIITIIT

-2.06005053
1.84792490
2.23431607
2.23419542

-0.23577674

-1.48552054
0.03332444
0.03358303

-0.23560544

-1.48536317
0.59176001
1.51189734
1.51198249

-1.43067388

-2.11518906

-0.61079009

-0.61096124

-1.43077691

-2.11529005
3.63608416

N-DBOV_2H* excited state(S1)

-5.82890900
-4.88476900
-3.48833200
-3.03473000
-3.98674500
-5.36088600
-1.65107300
-1.23767700
-2.21339700
-3.53130800
0.13883900
0.52683500
-0.48466400
-1.82109200
-2.50145800
-1.11554200
-0.68815900
0.69493600
1.12234800
2.50599300
2.86368800
1.91287300
-2.85935100
-1.90913900
-0.52237200
-0.13365500
1.24344600
1.65762200

OO0 00000O0000O0000000O0Z000000000

0.02250600
1.05502800
0.81582400
-0.53191800
-1.58111100
-1.30124600
-0.84898400
-2.21125700
-3.23715700
-2.88251300
-2.55195300
-3.92165900
-4.92623500
-4.60293900
1.87931300
1.54534700
0.18021700
-0.15623300
-1.52184800
-1.85594700
-3.23667100
-4.23105600
3.26134900
4.25514700
3.94550400
2.57553800
2.23561000
0.87408500

0.00002201
-0.00005738
0.88971869
-0.88997936
-1.26645721
-1.28598513
-2.16466184
2.16470293

1.26654917
1.28621054
-0.00004049
-0.88998240
0.88980021
1.26854683
1.28889712
2.16515174
-2.16514346
-1.26849068
-1.28876520
-0.00005357

0.00003900
0.00000600
-0.00001100
0.00001200
0.00004600
0.00005900
0.00000600
0.00002800
0.00005700
0.00006400
0.00002400
0.00004300
0.00006800
0.00007500
-0.00005100
-0.00005000
-0.00002100
-0.00001900
0.00000300
0.00000600
0.00001800
0.00003700
-0.00009300
-0.00012500
-0.00011500
-0.00007900
-0.00006800
-0.00003800
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I I I I I I I I I I I IT I I I IIIIIIIITITITITIIIITIIITOOOCOOOOCOOOHOOOOOZOOOOO

3.04130700
3.49508500
0.48832000
1.82492600
2.21802300
3.53594200
3.99279600
5.37180000
5.83549600
4.88600600
-7.34498600
-7.67967400
-7.96863700
-7.96860700
7.33496800
8.22253500
7.66524900
7.66528500
-5.23721800
-6.06336100
-0.18623000
-2.57868600
3.90754200
2.22119200
-3.90313400
-2.21705100
0.18964700
2.58212500
6.06789500
5.24532500
-8.76694600
-7.29034300
-7.29036600
-9.05012000
-7.80796200
-7.54873200
-7.54868300
-9.05009000
-7.80792800
9.27471900
8.05907100
8.05904100
8.73162200
7.10397200
7.44258700
7.44265000
8.73165900
7.10400900
4.22515000
-4.22092900

0.55838900
-0.79020800
4.95044800
4.62742200
3.26097500
2.90714300
1.60757700
1.33270800
0.01408500
-1.02298000
0.28310800
1.78636100
-0.35548000
-0.35542400
-0.32915700
0.92944800
-1.15724000
-1.15725300
2.07576200
-2.12796200
-5.96992000
-5.38131000
-3.52537300
-5.27188000
3.54977100
5.29604200
5.99401500
5.40619800
2.16288700
-2.04335500
1.91303900
2.29366300
2.29362300
-0.18129100
-1.43800600
0.08464900
0.08474800
-0.18123700
-1.43794700
0.62790500
1.54801000
1.54802200
-1.40822000
-2.09652700
-0.59020200
-0.59022300
-1.40823300
-2.09653900
3.65292100
-3.62763500

-0.00002600
-0.00000200
-0.00014500
-0.00013100
-0.00008600
-0.00006000
-0.00003200
-0.00001000
0.00001600
0.00001900
0.00005200
0.00002300
-1.26515300
1.26530100
0.00004100
0.00004700
1.26584400
-1.26574500
-0.00000300
0.00008400
0.00008000
0.00009500
0.00001300
0.00004700
-0.00010400
-0.00015700
-0.00017800
-0.00016100
-0.00001500
0.00004100
0.00003400
0.88999500
-0.88998300
-1.27042700
-1.30660100
-2.17625100
2.17636900
1.27059100
1.30679400
0.00006700
-0.88951400
0.88959500
1.27338700
1.30522200
2.17660700
-2.17651900
-1.27325500
-1.30512900
-0.00004700
0.00008400
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