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Abstract: Ultralong organic phosphorescence (UOP) materials exhibiting persistent emission features can be used in applications such as
information encryptions, bioimaging, and display. Until now, the molecular design of UOP materials is mainly focused on intermolecular
interactions without consideration to intramolecular interactions. Here, a series of highly twisted molecules exhibit non-radiative decay as low
as 1.01 s due to the restriction of the excited molecular motions by synergy of intramolecular and intermolecular interactions in the molecular
crystals. A unique insight regarding the importance of intramolecular interactions in suppressing non-radiative decay as well as the
intermolecular interactions is provided in this contribution. Significantly, two of the phosphors display color-dynamic UOP emissions in a wide
range (from pink to white then orange), which exhibit linearly tunable emissions after ceasing of the excitation source. Moreover, owing to the
dual ultralong emission feature, a stable white-light persistent emission is realized for the first time in the molecular crystal. These findings
provide the opportunity for the development of dynamic luminescence in organic materials.
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1. Experimental Procedures

Reagents and Materials: The reagents and solvents were purchased from the commercial sources and without any further
purification. 2-bromobenzenesulfonyl chloride, 2-fluorobenzenesulfonyl chloride, carbazole, bromobenzene, and fluorobenzene were
purchased from Aladdin company. Phenylboronic acid, 4-methoxyphenylboronic acid, 3,4-dimethoxyphenylboronic acid, and 3,4,5-
trimethoxyphenylboronic acid were bought from Soochiral Chemical Science & Technology Company. The solvents dichloride
methane, hexane, tetrahydrofuran (THF), and dimethylformamide (DMF) were purchased from Guangzhou chemical reagents factory.

Physical Measurements: *H NMR and *C NMR spectra were performed on a Bruker AVANCE 400 spectrometer in DMSO-dg and
CDCls, respectively. UV-Visible absorption and photoluminescence spectra of solutions were measured on Hitachi U-3900 and
SHIMADZU FR-5301pc, respectively. Photoluminescence profiles, fluorescence lifetime, and phosphorescence lifetime decay curves
were obtained on Horiba JY FL-3 spectrometer. Decay curves were obtained on Ocean Optics QE65 Pro and triggered with LED light
source (365 nm). Fluorescence and phosphorescence quantum yields were measured on Horiba JY FL-3 spectrometer equipped
with a calibrated integrating sphere. Single crystals X-ray diffraction data were collected from Agilent Technologies Gemini A Ultra
system with Cu-Ka radiation. Ultralong phosphorescent photographs of the crystalline samples were excited by a LED light (365 nm)
and obtained with a Canon EOS 550D Camera. The UOP pattern of horse was captured by a Xiaomi 8 mobile phone.

Computational Methods: Time-Dependent Density Functional Theory (TD-DFT) calculations were carried out through Gaussian 09
software at B3LYP/6-31+g* level.l! Geometries of these molecules were obtained through the simulation in a cavity of a THF solvent
and using the polarizable continuum model for the discussion in THF solutions. Non-covalent interactions (NCI) of intramolecular and
intermolecular interactions analysis were carried out by Multiwfn (version 3.5) with reduced density gradient (RDG) and independent
gradient model (IGM), respectively.”) RDG and IGM analysis were performed with the Gaussian simulations DFT results. The NCI
results were plotted via VMD software (version 1.9.3) with appropriate isovalue for visualization.®! NTO analysis were carried out with
TD-DFT simulations and extracted by the Multiwfn and plotted via GaussView (version 6.0.16) with a isovalue of 0.02. Spin-orbit
coupling (SOC) constants were obtained through PySOC software based on the TD-DFT results.””! The detailed processing of the
simulations can be found in website (http://sobereva.com/wfnbbs/).The RDG, IGM, NTO, and SOC were simulated based on the
geometries which were extracted from their corresponding single crystals.

2. Results and Discussion

2.1 Synthesis route
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Scheme S1. Synthesis route of the para-substituents.
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Synthesis of 9-(4-([1,1'-biphenyl]-2-ylsulfonyl)phenyl)-9H-carbazole (4CzP): the intermediate compounds 1 and 2 were prepared
according to the previous work (Scheme S1).51 4CzP was obtained through Suzuki coupling reaction of the 2 and phenylboronic acid
using tetrakis(triphenylphosphine)palladium as the catalyst, affording white powder (0.20 g) with a yield of 66.7%. 'H NMR (DMSO-
de): 6 8.42 (d, 1H), 8.27 (d, 2H), 7.80 (p, 2H), 7.60 (d, 2H), 7.48 (t, 6H), 7.37 (t, 4H), 7.27 (t, 2H), 7.07 (d, 2H). **C NMR (CDCl): &
142.13, 141.66, 140.03, 139.56, 138.85, 138.15, 133.25, 132.76, 130.22, 129.52, 128.55, 127.85, 127.80, 127.58, 126.28, 126.16,
123.88, 120.82, 120.56, 109.51. EI-MS m/z: [m]* calcd for C30H21NO2S, 459, found 459. HRMS m/z: [m]* calcd for C30H21NO2S,
459.1293, found 459.1285.

Synthesis of 9-(4-((4'-methoxy-[1,1'-biphenyl]-2-yl)sulfonyl)phenyl)-9H-carbazole (4CzOC): following the similar synthetic method
for 4CzP to give 4CzOC (0.39 g, 73.6%) as white solid. *H NMR (DMSO-ds): & 8.39 (d, 1H), 8.25 (d, 2H), 7.75 (d, 2H), 7.60 (d, 2H),
7.51-7.42 (m, 6H), 7.33 (dd, 3H), 6.99 (d, 2H), 6.82 (d, 2H), 3.77 (s, 3H). 3C NMR (CDCls): & 159.42, 141.97, 141.66, 140.01,
139.76, 138.91, 133.25, 133.07, 131.47, 130.42, 129.46, 128.60, 127.61, 126.29, 126.06, 123.89, 120.82, 120.56, 113.04, 110.00,
109.56, 55.40. EI-MS m/z: [m]* calcd for C31H23NO3S, 489, found 489. HRMS m/z: [m]* calcd for C31H23NO3S, 489.1399, found
489.1392.

Synthesis of 9-(4-((3',4'-dimethoxy-[1,1'-biphenyl]-2-yl)sulfonyl)phenyl)-9H-carbazole (4CzOC2): following the similar synthetic
method for 4CzP to give 4CzOC2 (0.20 g, 58.8%) as white solid. *H NMR (DMSO-dg): & 8.39 (d, 1H), 8.24 (d, 2H), 7.81-7.70 (m, 2H),
7.61 (d, 2H), 7.51-7.41 (m, 6H), 7.39=7.28 (m, 3H), 6.89 (d, 1H), 6.67 (dd, 1H), 6.60 (d, 1H), 3.78 (s, 3H), 3.52 (s, 3H). 3C NMR
(CDCl;): 6 148.85, 147.83, 141.97, 141.76, 139.92, 139.71, 138.81, 133.26, 133.00, 130.65, 129.55, 128.70, 127.71, 126.29, 125.86,
123.93, 122.58, 120.89, 120.54, 114.16, 110.34, 110.00, 109.54, 56.05, 55.92. EI-MS m/z: [m]* calcd for C32H25N0O4S, 519, found
519. HRMS m/z: [m]* calcd for C32H25N04S, 519.1504, found 519.1495.

Synthesis of 9-(4-((3',4'-dimethoxy-[1,1'-biphenyl]-2-yl)sulfonyl)phenyl)-9H-carbazole (4CzOC3): following the similar synthetic
method for 4CzP to give 4CzOC3 (0.35 g, 72.9%) as white solid. 1H NMR (500 MHz, DMSO-ds) ¢ 8.43 (dd, 1H), 8.26 (d, 2H), 7.80
(td, 2H), 7.66 (d, 2H), 7.52 (d, 2H), 7.49—7.41 (m, 5H), 7.34 (ddd, 2H), 6.41 (s, 2H), 3.75 (s, 3H), 3.62 (s, 6H). 13C NMR (126 MHz,
CDCl3) 6 152.28, 141.97, 141.93, 139.83, 139.67, 138.66, 137.85, 133.28, 133.18, 132.55, 129.61, 128.69, 127.90, 126.34, 125.72,
123.95, 120.96, 120.47, 109.65, 107.86, 61.14, 56.15. EI-MS m/z: [m]* calcd for C33H27NO5S, 549, found 549. HRMS m/z: [m]*
calcd for C33H27NOS5S, 549.1610, found 549.1603.

Synthesis of 9-(2-([1,1'-biphenyl]-4-ylsulfonyl)phenyl)-9H-carbazole (2CzP): following the similar synthetic method (Scheme S2)
for 4CzP to give 2CzP. (0.38 g, 76.0%). *H NMR (500 MHz, DMSO-ds) & 8.55 (dd, 1H), 8.12 (d, 2H), 8.04—7.88 (m, 2H), 7.50-7.34 (m,
6H), 7.21-6.93 (m, 8H), 6.43 (d, 2H). 3C NMR (CDCls) 6 145.90, 142.61, 142.24, 139.31, 137.59, 136.30, 135.25, 132.68, 129.99,
129.87, 128.77, 128.29, 128.15, 127.42, 126.99, 125.75, 123.32, 120.13, 119.74, 110.55. EI-MS m/z: [m]* calcd for C30H21NO2S,
459, found 459. HRMS m/z: [m]* calcd for C30H21NO2S, 459.1293, found 459.1284.

Synthesis of 9-(2-((4'-methoxy-[1,1'-biphenyl]-4-yl)sulfonyl)phenyl)-9H-carbazole (2CzOC): the intermediate compounds 3 and 4
were prepared according to the previous work (Scheme S2).5! Following the similar synthetic method for 2CzP to give 2CzOC (0.37 g,

Scheme S2. Synthesis route of the ortho-substituents.



69.8%) as white solid. *H NMR (500 MHz, DMSO-ds) & 8.54 (dd, 1H), 8.12 (d, 2H), 7.95 (qd, 2H), 7.42-7.33 (m, 3H), 7.11 (t, 4H),
7.07-6.98 (m, 4H), 6.95 (d, 2H), 6.42 (d, 2H), 3.84-3.71 (m, 3H). 3C NMR (126 MHz, CDCls) & 159.93, 145.49, 142.71, 142.25,
136.84, 136.28, 135.16, 132.66, 131.70, 129.97, 129.83, 128.53, 128.16, 126.41, 125.73, 123.31, 120.08, 119.70, 114.22, 110.57,
55.38. EI-MS m/z: [m]* calcd for C31H23NO3S, 489, found 489. HRMS m/z: [m]* calcd for C31H23NO3S, 489.1399, found 489.1391.

Synthesis of 9-(2-((3',4'-dimethoxy-[1,1'-biphenyl]-4-yl)sulfonyl)phenyl)-9H-carbazole (2CzOC2): following the similar synthetic
method for 2CzP to give 2CzOC2 (0.41 g, 73.2%) as white solid. *H NMR (500 MHz, DMSO- ds) & 8.58-8.51 (m, 1H), 8.17-8.09 (m,
2H), 8.01-7.91 (m, 2H), 7.37 (dd, 1H), 7.14 (dd, 4H), 7.09-6.91 (m, 7H), 6.44 (d, 2H), 3.84 (s, 3H), 3.79 (s, 3H). 13C NMR (126 MHz,
CDClz) 6 149.45, 149.13, 145.73, 142.65, 142.30, 137.01, 136.29, 135.21, 132.65, 132.16, 129.97, 129.86, 128.17, 126.58, 125.75,
123.33, 120.06, 119.99, 119.70, 111.34, 110.62, 110.52, 56.02, 56.00. EI-MS m/z: [m]* calcd for C32H25N0O4S, 519, found 519.
HRMS m/z: [m]* calcd for C32H25N0O4S, 519.1504, found 519.1496.

Synthesis of 9-(2-((3',4',5'-trimethoxy-[1,1'-biphenyl]-4-yl)sulfonyl)phenyl)-9H-carbazole (2CzOC3): following the similar synthetic
method for 2CzP to give 2CzOC3 (0.40 g, 67.8%) as white solid. *H NMR (500 MHz, DMSO- dg) & 8.55 (dd, 1H), 8.14 (d, 2H), 8.01—
7.91 (m, 2H), 7.35 (dd, 1H), 7.21-7.12 (m, 4H), 7.08 (dd, 2H), 6.97 (d, 2H), 6.64 (s, 2H), 6.43 (d, 2H), 3.85 (s, 6H), 3.68 (s, 3H). 13C
NMR (126 MHz, CDCls) 6 153.43, 146.04, 142.54, 142.33, 138.42, 137.56, 136.31, 135.29, 135.21, 132.65, 129.98, 129.89, 128.17,
126.91, 125.76, 123.35, 120.05, 119.73, 110.65, 104.76, 60.99, 56.27. EI-MS m/z: [m]* calcd for C33H27NO5S, 549, found 549.
HRMS m/z: [m]* calcd for C33H27NO5S, 549.1610, found 549.1602.

2.2 Photophysical properties

Photophysical properties in solutions. With the intention to investigate the monomeric molecular photophysical properties, the
absorption and photoluminescence (PL) spectra of the 8 molecules were recorded in dilute THF solution (~10° M, Figure 2).
Intriguingly, the UV-Vis absorption profiles of para-substituents (4CzP, 4CzOC, 4CzOC2, 4CzOC3) show nearly identical bands but
the PL spectra display significant differences. The opposite phenomenon is observed in the ortho-substituents (2CzP, 2CzOC,
2Cz0OC2, 2Cz0OC3), wherein, noticeably, the UV-Vis absorption profiles differ from each other, but the PL spectra are identical. As
shown in Figure 2, the maximum emission wavelength (Amax) Of the structureless PL in the ortho-substituents is red-shifted to ca. 449
nm, comparing to the Amax = 404 nm (4CzP), 398 nm (4CzOC), 419 nm (4CzOC2) and 402 nm (4CzOC3) of the para-substituents.
Additionally, the lifetime of the ortho-substituents (11 ns) is longer than that of the para-substituents (6.5 ns). These results indicate
that the ortho-substituents possess stronger intramolecular charge transfer (ICT) properties.® The mechanism of the ICT properties
occurring in para- and ortho-substituents can be further studied by considering the geometries of the 8 molecules that have been
simulated in a cavity of THF solvent with the polarizable continuum model (PCM). As shown in Figure S1, the 8 molecules exhibit
folded conformations with intramolecular steric hindrance. In ortho-substituents, the carbazole moieties are sterically “locked” in
nearly perpendicular orientation (over 80°) with the diphenylsulphone moieties (6a.s represents the dihedral angle) (Figure S2a).
Therefore, the frontier orbitals of HOMOs and LUMOs are separately localized on donors (carbazoles) and acceptors
(diphenylsulphones) due to the highly twisted linkage,”! which implies the red-shifted emission and longer lifetimes in THF solutions
for ortho-substituents (Figure S3).! As depicted in Figure S4, the HOMOs in para-substituents are primarily contributed by the
phenyl-carbazole moieties for the small angles of 6.5 (Figure S2b). Intriguingly, the angle of phenyl rings C and D (6¢.p) in 4CzOC2 is
much smaller than that in 4CzP, 4CzOC, and 4CzOC3. As reported before, coplanar connectivity can afford an enhancement of the
conjugation between two phenyl rings.® Thus, the dimethoxybenzene moiety in 4CzOC?2 also acts as an electron-donating moiety as
well as the phenyl-carbazole, which can be evidenced by the theoretical calculations showing the HOMO localizes on the
dimethoxybenzene and phenyl-carbazole simultaneously (Figure S4). This indicates that the enhanced electron-donating feature is
responsible for the slightly red-shifted emission of 4CzOC2 in THF solutions among the para-substituents. The simulated geometries
and the photophysical characterization for isolate states indicate that the intramolecular dihedral angles (6,5 and 6cp) in these
compounds have a striking influence on the ICT state. As reported previously, the ICT state can act as an intermediate state to boost
the ISC process that results in phosphorescence under suitable conditions. !

The X-ray crystal structure of compounds. Single crystals were obtained through slow evaporation of a mixed solvents (CCDC
numbers of 4CzP, 4CzOC, 4Cz0C2, 4CzOC3, 2CzP, 2Cz0OC, 2CzOC2 and 2CzOC3 are 1970403, 1970404, 1970405, 1970406,
1970408, 1970407, 1970409 and 1970410, respectively. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.)



Figure S1. The optimized geometries of the 8 molecules in a cavity of THF solvent with polarizable continuum model. 6as represents the dihedral angle between
the carbazole unit and diphenylsulphone unit, 6c.o represents the dihedral angle between the phenyl ring and diphenylsulphone unit.
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Figure S2. Dihedral angles in the optimized geometries of (a) the ortho-substituents and (b) para-substituents in a cavity of THF solvent with polarizable
continuum model.



2CzP

LUMO

2Cz0C
| :;
LUMO

Keg.

e v

Y

2Cz0C2

¥

2Cz0C3

LUMO

Figure S3. HOMOs and LUMOs of the ortho-substituents in THF solutions (isovalue = 0.02).

4CzP
\@ :g

LUMO

HOMQ\

4Cz0C

&5

HOMO

- 9

Sy

4Cz0C2

-

LUMO

|

4Cz0C3

Figure S4. HOMOs and LUMOs of the para-substituents in THF solutions (isovalue = 0.02).




4CzP

—— Crystalline powder
—— Single crystal

4Cz0C

i

—— Crystalline powder
— Single crystal

4Cz0ocC2

— Crystalline powder
—— Single crystal

— Crystalline powder
—— Single crystal

4CzpC3

10 20 30 40 50 10 20 30 40 50 10 30 40 50 10 20 30 40 50
-] [:] [} -}
— Crystalline powder — Crystalline powder — Crystalline powder — Crystalline powder
ZCZP —— Single crystal ZCZOC — Single crystal zczocz —— Single crystal 2CZOC3 —— Single crytal
M.a._.‘ 1 L ™ . (W
" J L | 1 l j[ " ol o, Ak, | “l 1 1 N
10 20 30 40 10 20 30 40 5 10 20 30 40 50 10 20 30 40 50
] 2] -] -]

Figure S5. Powder XRD of the crystalline powders and single crystals (blue lines were obtained through simulation).
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Figure S8. Decay curves of the ortho-substituents collected at (a) 429 nm for 2CzP; (b) 426 nm for 2CzOC; (c) 417 nm for 2CzOC2; (d) 417 nm for 2CzOC3.
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Figure S10. Normallized delayed spectra (delayed time = 8 ms) of (a) para-substituents and (b) ortho-substituents at 77 K. S1 and T1 represent the lowest excited
singlet state and the lowest triplet state of isolated molecule. T1* represents the lowest triplet state of coupling molecules.

Table S1. Photophysical parameters of the para- and ortho-substituents.

Sample 1e/ns D: ke /st /s Dria Dr kp /st Knr /571 kisc / st

4CzP 10.1 34.65% 3.43x107 0.324 0.13% 5.30% 1.64x101t 291 5.51x106
4Cz0OC 12.1 51.68% 4.27x107 0.945 0.56% 3.05% 3.23x102 1.01 3.45x106
4Cz0OC2 14.4 53.92% 3.74x107 0.604 0.02% 0.49% 8.11x103 1.65 3.71x10°
4CzOC3 13.0 23.69% 1.82x107 0.625 0.003% 0.08% 1.28x103 1.60 6.66x104

2CzP 13.0 10.23% 7.86x106 0.604 0.12% 1.09% 1.80x102 1.63 1.03x108
2Cz0C 12.1 23.15% 1.91x107 0.510 3.58% 0.94% 1.84x102 1.80 6.70x106
2Cz0C2 6.80 13.90% 2.04x107 0.401 0.72% 0.55% 1.37x102 2.44 2.94x106
2Cz0OC3 7.11 27.22% 3.83x107 0.240 0.41% 0.19% 7.92x103 4.12 1.41x108

1e: fluorescence lifetime; @r: fluorescence quantum efficiency; kr: rate constant of fluorescence; 7p: phosphorescence lifetime; @: phosphorescence quantum
efficiency; ke: rate constant of phosphorescence; kn: rate constant of non-radiative decay of T1; kisc: rate constant of intersystem crossing from singlet to triplet
states. ke = @/1e; ke =@p/p; Knr = (1-2 @r1a-@p)/1e; Kisc = (2@rrat+ @)/1e. The drra was obtained through the integral of delayed spectrum.
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Figure S12. Dihedral angles of the geometries in the single crystals of the ortho-substituents.
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Figure S13. Intramolecular interaction plots (isovalue = 0.5) in RDG models of (a) 4CzP; (b) 4CzOC; (c) 4CzOC2; (d) 4CzOC3.
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Figure S14. Intramolecular interaction plots (isovalue = 0.5) in RDG models of (a) 2CzP; (b) 2CzOC; (c) 2CzOC2; (d) 2CzOC3.

Figure S15. Intermolecular interactions in single crystal (unit cell) of 4CzP.
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Figure S17. Intermolecular interactions in single crystal (unit cell) of 4CzOC2.
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Figure S18. Intermolecular interactions in single crystal (unit cell) of 4CzOC3.

Figure S19. Intermolecular interactions in single crystal (unit cell) of 2CzP.
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Figure S20. Intermolecular interactions in single crystal (unit cell) of 2CzOC.

Figure S21. Intermolecular interactions in single crystal (unit cell) of 2CzOC2.
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Figure S22. Intermolecular interactions in single crystal (unit cell) of 2CzOC3.
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Figure S23. Frontier orbitals and the overlapped orbitals in para-substituents (isovalue = 0.02).
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Figure S24. Frontier orbitals and the overlapped orbitals in ortho-substituents (isovalue = 0.02).
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Table S2. Spin-obit coupling (SOC) constants between the lowest singlet and low-lying triplet states.

SOC/cm+1 4CzP 4Cz0C 4Cz0C2 4Cz0C3 2CzP 2Cz0C 2Cz0C2 2Cz0C3
§(S1-T1) 0.31 0.30 0.04 0.46 0.31 0.42 0.44 0.40
§(S1-T2) 0.86 0.96 0.53 0.79 0.24 0.13 0.21 0.14
§(S1-Ta) 0.38 0.34 0.13 0.26 0.09 - - 0.27
§(S1-Ta) 0.21 0.43 1.62 0.18 - - - -
§(S1-To) - - 0.38 - - - - -

Particle Particle Particle Particle Particle
N STy Sp—T; Sp—Ts Sg— T4
99.60% 79.95% 90.10% 92.80% 52.04%
Hole Hole Hole Hole

‘éﬁr&‘ .

x"r'qé}
R

Figure S25. NTO analysis on So—S: and lower-lying So—Th states of 4CzP (isovalue = 0.02).
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Figure S26. NTO analysis on So—S: and lower-lying So—Th states of 4CzOC (isovalue = 0.02).
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Figure S27. NTO analysis on So—S1 and lower-lying So— Tn states of 4CzOC2 (isovalue = 0.02).
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Figure S28. NTO analysis on So—S: and lower-lying So—Th states of 4CzOC3 (isovalue = 0.02).

v

Particle

80—>S1
99.81%

Hole

=4

b

Particle

SO—> T1
86.32%

Hole

A

G

Particle

Sp—T,
87.32%

Hole

Particle

SO—) T3
99.38%

A

Hole

22

Figure S29. NTO analysis on So—S1 and lower-lying So— Tn states of 2CzP (isovalue = 0.02).
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Figure S30. NTO analysis on So—3S: and lower-lying So—Th states of 2CzOC (isovalue = 0.02).
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Figure S31. NTO analysis on So—S: and lower-lying So—Th states of 2CzOC2 (isovalue = 0.02).
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Figure S32. NTO analysis on So—S1 and lower-lying So— Tn states of 2CzOC3 (isovalue = 0.02).
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Figure S33. Dihedral angle depended spin-orbit coupling constants between S; and T states of 9-phenyl-carbazole.
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Figure S34. Phosphorescence spectra of ortho-substituents in dilute THF solutions at 77 K (~10-5 M, delayed time = 8 ms).
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Overlap integral = 1.30 x 104

L e e s o oms  m e  8 -

. 2cz0C2

1
I
1
1
1
I
1
1
1
1
1
1
1
1
| ettt AN Sk b e i e e R ) Mok e v R s e T |

Overlap integral = 5.43 x 10*

___________________________________ e e T

Figure S35. Packing modes in the single crystals and frontier natural transition orbital (FNTO, T: state) overlaps of (a) 2CzP; (b) 2CzOC; (c) 2CzOCz2; (d)
2CzOC3. The red moieties contribute to the T states (through NTO analysis) of these molecules. The FNTO (T1) overlap between the adjacent molecules in
space was visualized via isosurface volume with isovalue = 1x10.
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Figure S36. Correlation between the integral overlap of FNTO (T1) and @rra for ortho-substituents.
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Figure S37. Time-resolved phosphorescence spectra of para-substituents under ambient conditions (excited with 365 nm, integral time = 8 ms).
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2.3 Chemical characterization

Instrument:DSQ(Thermo)
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Figure S38. EI-MS of 4CzP.
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Figure S39. EI-MS of 4CzOC.
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Instrument:DSQ(Thermo)
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Figure S40. EI-MS of 4CzOC2.
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Figure S41. EI-MS of 4CzOC3.
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Instrument:DSQ(Thermo)
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Figure S42. EI-MS of 2CzP.
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Figure S43. EI-MS of 2CzOC.
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Instrument:DSQ(Thermo)
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Figure S44. EI-MS of 2CzOC2.
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Figure S45. EI-MS of 2CzOC3.
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Instrument:MAT 95XP(Thermo)
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Figure S46. HRMS spectrum of 4CzP.
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Figure S47. HRMS spectrum of 4CzOC.
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Instrument:MAT 95XP(Thermo)
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Figure S48. HRMS spectrum of 4CzOC2.
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Figure S49. HRMS spectrum of 4CzOC3.
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Instrument:MAT 95XP(Thermo)
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Figure S50. HRMS spectrum of 2CzP.
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Figure S51. HRMS spectrum of 2CzOC.
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Instrument:MAT 95XP(Thermo)
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Figure S52. HRMS spectrum of 2CzOC2.
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Figure S53. HRMS spectrum of 2CzOC3.
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Figure S54. 'H NMR spectrum of 4CzP.
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Figure S55. 'H NMR spectrum of 4CzOC.
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Figure S56. 'H NMR spectrum of 4CzOC2.
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Figure S57. H NMR spectrum of 4CzOC3.
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Figure S59. H NMR spectrum of 2CzOC.
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Figure S62. 13C NMR spectrum of 4CzP.

0 sS—

957601
cc.o:V
POETT—

9¢°0C1
8°0CI V
68°¢€CT—
9091
6791
9Lzt \.
09821
61

LH3EL
9LGET
100rT—
99'Tb1
L6THT

resST—

105 100 95
8 (ppm)

110

115

T
135

T
145

0

Figure S63. 13C NMR spectrum of 4CzOC.
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Figure S64. 13C NMR spectrum of 4CzOC2.
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Figure S65. 13C NMR spectrum of 4CzOC3.
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Figure S67. 13C NMR spectrum of 2CzOC.
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Figure S68. 13C NMR spectrum of 2CzOC2.
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Figure S70. High-performance liquid chromatogram spectra of (a) 4CzP, 4CzOC, 4CzOC2 and 4CzOCS3; (b) 2CzP, 2CzOC, 2CzOC2 and 4CzOC3 in acetonitrile
solution. The peaks appearing around 3 min are the signals of solvent acetonitrile.
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