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1. Instrumentation and Materials

'H NMR (500 MHz), *C NMR (126 MHz), and '°F NMR (471 MHz) spectra were recorded
on a Bruker AVANCE III HD 500 spectrometer. Chemical shifts were reported as the delta scale
in ppm relative to CHCI; (6 = 7.26 ppm) for "H NMR, CDCl; (6 = 77.16 ppm) for *C NMR, and
hexafluorobenzene (5 = —161.64 ppm) for '"F NMR. UV/Vis/NIR absorption spectra were
recorded on a Shimadzu UV-2550 spectrometer or JASCO V 670 spectrometer. Emission spectra
were recorded on a JASCO FP-8500 spectrometer. Absolute fluorescence quantum yields were
measured by the photon-counting method using an integration sphere. Absolute fluorescence
quantum yields at 77 K were determined with a Hamamatsu Photonics C9920-03G calibrated
integrating sphere system with A11238-01. Melting points were measured on a Stanford Research
Systems OptiMelt MPA100. High-resolution atmospheric pressure chemical ionization
time-of-flight (APCI-TOF) mass spectra were taken on a Bruker micrOTOF instrument using a
positive ionization mode. X-ray data were obtained using a Rigaku CCD diffractometer (Saturn
724 with MicroMax-007) with Varimax Mo optics and a Bruker D8 QUEST X-ray diffractometer
with an IuS microfocus X-ray source and a PHOTON II detector. Cyclic voltammograms were
recorded using an ALS electrochemical analyzer 612C. Measurements were performed in freshly
distilled dichloromethane with tetrabutylammonium hexafluorophosphate (0.1 M) as the
electrolyte. A three-electrode system was used. The system consisted of a glassy carbon working
electrode, a platinum wire, and Ag/AgClO; as the reference electrode. The scan rate was 100

mVs .

The measurement was performed under nitrogen atmosphere. All potentials are
referenced to the potential of ferrocene/ferrocenium cation couple. All calculations were carried
out using the Gaussian 09 software package.' Initial geometries for the calculations were obtained
from the X-ray crystal structures. The ethyl substituents were replaced with hydrogen atoms and
the counter ion was not included to reduce the calculation cost. The calculations were performed
by the density functional theory (DFT) method with the restricted CAM-B3LYP? level,
employing basis sets 6-311+G(2d,p) for C, H, N, and S and SDD for Zn. The solvent effect
(dichloromethane) was considered by the polarizable continuum model (PCM) method.’
Zero-point energy and thermal energy corrections were conducted at the
CAM-B3LYP/6-311+G(2d,p) level, and the sums of electronic and thermal free energies were
obtained. The zero-point energies were not scaled, and the enthalpic corrections were made at

298.15 K. Oxaporphyrin 1-Zn was prepared according to the literature.* Unless otherwise noted,

materials obtained from commercial suppliers were used without further purification. Preparative



separations were performed by silica-gel column chromatography (Wakogel® C-300) and

amino-functionalized silica-gel column chromatography (Fuji Silysia Chemical NH-DM1020).



2. Experimental Procedures and Compound Data

2,3,7,8,12,13,17,18-Octaethyl-21H,23 H,24 H-19-0x0-1-thioxo-bilin: 2

A Schlenk tube containing 1-Zn (0.14 g, 98 umol) and anhydrous sodium sulfide (23 mg,
0.30 mmol) was evacuated and then refilled with N,. To the tube, 20 mL of the dry
tetrahydrofuran was added and stirred at room temperature for 0.5 h. After evaporation, the
resulting mixture was redissolved in dichloromethane, washed with 1 M hydrochloric acid, and
water twice. The combined organic layers were dried over anhydrous sodium sulfate. After
evaporation, the residue was purified by amino-functionalized silica-gel column chromatography
(dichloromethane as eluent) and silica-gel column chromatography (dichloromethane as eluent).
After recrystallization from dichloromethane/hexane, 2 (55 mg, 96 pumol, 98% yield) was
obtained as dark purple crystals.

M.p. 196 °C (decomposed); '"H NMR (500 MHz, CDCl;, 25 °C): 6 = 9.09 (br-s, 1H, NH),
7.62 (br-s, 2H, NH), 6.85 (s, 1H, meso), 6.22 (s, 1H, meso), 6.13 (s, 1H, meso), 2.70-2.49 (m, 14H,
ethyl), 2.18 (q,J= 7.6 Hz, 2H, ethyl), 1.34 (t,J= 7.7 Hz, 3H, ethyl), 1.29 (t, /= 7.7 Hz, 3H, ethyl),
1.25-1.17 (m, 12 H, ethyl), 1.11 (t,J = 7.6 Hz, 3H, ethyl), 1.02 (t,J = 7.6 Hz, 3H, ethyl) ppm; *C
NMR (126 MHz, CDCls, 25 °C): 6 =191.8, 172.1, 150.6, 148.7, 147.0, 144.2, 142.5, 142.4, 142.0,
141.9, 141.1, 140.5, 138.9, 135.6, 134.6, 133.0, 113.4, 97.8, 96.6, 18.4, 18.4, 18.1, 18.0, 17.9,
17.8,17.2,17.1,17.0,16.4,16.1,16.0, 15.8, 14.8, 13.4 ppm; UV/Vis (CH>Cl>): max (¢ [M ™' cm™'])
=320 (3.0 x 10%), 410 (5.2 x 10%, 708 (1.2 x 10*) nm; HRMS (APCI-TOF, positive mode):
[M+H]" Calcd for C3sHssN4OS 571.3465; Found 571.3422.

Free-base 2,3,7,8,12,13,17,18-octaethyl-5-thiaporphyrinium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate: 3-2H

A Schlenk tube containing 2 (29 mg, 50 umol) was evacuated and then refilled with nitrogen
gas. To the tube, dry and degassed dichloromethane (10 mL) and trifluoromethanesulfonic
anhydride (16 pL, 0.10 mmol) were added. The mixture was stirred at room temperature for 0.5 h.
The mixture was washed with water and dried over anhydrous sodium sulfate. After removing the
solvent, sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (54 mg, 61 upmol) and
dichloromethane (10 mL) were added to the residue. The mixture was stirred at room temperature
for 5 min. The resulting mixture was washed with water three times and dried over anhydrous
sodium sulfate. After removing the solvent, the residue was purified by silica-gel column

chromatography (dichloromethane/hexane = 1/1 as eluent) to afford 3-2H (22 mg, ca. 15 pmol)



along with ca. 1% of 1-2H in 30% yield as a dark purple solid. After short column
chromatography with amino-functionalized silica-gel (dichloromethane as eluent) to remove
1-2H, 3-2H was obtained in 21% yield (15 mg, 10 umol).

M.p. 186 °C (decomposed); "H NMR (500 MHz, CDCls, 25 °C): 6 = 10.26 (s, 1H, meso),
10.24 (s, 2H, meso), 7.70 (s, 8H, Ar-0), 7.47 (s, 4H, Ar-p), 4.03-3.93 (m, 16H, ethyl), 1.90-1.84
(m, 24H, ethyl), —1.05 (s, 2H, NH) ppm; *C NMR (126 MHz, CDCls, 25 °C): 6 = 161.8 (q, J= 50
Hz, Ar-ipso), 149.6, 148.6, 148.4, 147.5, 147.4, 145.6, 144.3, 142.1, 134.9 (s, Ar-0), 129.0 (q, J =
32 Hz, Ar-m), 124.7 (q,J=273 Hz, CF3), 117.5 (t, /= 3.7 Hz, Ar-p), 111.4,108.9, 19.9, 19.7, 19.5,
19.4, 18.5, 18.3, 18.2, 17.7 ppm; '°F NMR (471 MHz, CDCls, 25 °C): 6 = —62.4 (24F) ppm;
UV/Vis (CH2CL): Amax (€ [M™' em™]) = 310 (3.0 x 10%), 392 (1.1 x 10%), 671 (5.6 x 10*) nm; FL
(Aex = 550 nm, CHxCL): Amax (nm) = 686 (<1%); HRMS (APCI-TOF, positive mode):
[thiaporphyrinium]” Calcd for CssHisN4S 553.3359; Found 553.3354; HRMS (APCI-TOF,
negative mode): [BAr'4]” Calcd for C3,Hi»''BF24 863.0649; Found 863.0661.

Zinc 2,3,7,8,12,13,17,18-octaethyl-5-thiaporphyrinium
tetrakis|3,5-bis(trifluoromethyl)phenyl]borate: 3-Zn

A round-bottomed flask containing 3-2H (14 mg, 10 pmol) and
bis(2,4-pentanedionato)zinc(Il) (13 mg, 50 umol) was charged with tetrahydrofuran (5 mL). The
mixture was stirred at room temperature for 1 h. After evaporation, the residue was purified by
silica-gel column chromatography (dichloromethane as eluent). After recrystallization from
dichloromethane/hexane, 3-Zn (14 mg, 9.6 pumol, 96% yield) was obtained as dark purple
crystals.

M.p. 144 °C (decomposed); "H NMR (500 MHz, CDCls, 25 °C): 6 = 10.19 (s, 1H, meso),
10.15 (s, 2H, meso), 7.62 (s, 8H, Ar-o0), 7.43 (s, 4H, Ar-p), 4.00-3.90 (m, 16H, ethyl), 1.89-1.82
(m, 24H, ethyl) ppm; *C NMR (126 MHz, CDCl;, 25 °C): 6 = 161.8 (q, J = 50 Hz, Ar-ipso),
153.9,151.9,150.2, 148.6, 148.1, 147.5, 145.7, 142.6, 134.9 (s, Ar-0), 128.9 (q, J= 32 Hz, Ar-m),
124.6 (q, /=273 Hz, CF3), 117.5 (t, J= 3.9 Hz, Ar-p), 111.3, 109.0, 19.8, 19.7, 19.5, 19.3, 18.6,
18.5, 18.3, 17.9 ppm; "F NMR (471 MHz, CDCl;, 25 °C): 6 = —62.4 (24F) ppm; UV/Vis
(CH2CL): Amax (6 [M™" em™]) =312 (3.2 x 10%), 359 (3.5 x 10%), 405 (9.9 x 10%), 531 (5.2 x 10°),
568 (5.9 x 10%), 661 (4.5 x 10*) nm; FL (Aex = 550 nm, CH2CL2): Amax (nm) = 675 (<1%); HRMS
(APCI-TOF, positive mode): [thiaporphyrinium]® Caled for CssH43NsSZn 615.2494; Found
615.2495; HRMS (APCI-TOF, negative mode): [BAr'4]” Calcd for Cs;Hi2''BF24 863.0649;
Found 863.0668.
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Figure S1. 'H NMR (500 MHz) spectrum of 2 in CDCl; at 25 °C.
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Figure S2. *C NMR (126 MHz) spectrum of 2 in CDCl; at 25 °C.
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Figure S3. 'H NMR (500 MHz) spectrum of 3-2H in CDCl; at 25 °C.
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Figure S4. *C NMR (126 MHz) spectrum of 3-2H in CDCl; at 25 °C.
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Figure S7. *C NMR (126 MHz) spectrum of 3-Zn in CDCl; at 25 °C.
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SFO2 500.0520002 MHz
NUC2 1H
CPDPRG 2 waltzlé
PCPD2 80.00 usec
PLW2 22.00000000 W
PLW12 0.49500000 w
F2 - Processing parameters
ST 65536

SF 470.5170298 MHz
WDW EM

SSB 0

LB 0.30 Hz
GB 0

PC 1.00

Figure S8. "’F NMR (471 MHz) spectrum of 3-Zn in CDCl; at 25 °C.
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3. High-Resolution Mass Spectra
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Bruker Compass DataAnalysis 4.2 printed: 8/26/2021 12:52:56 PM by: BDAL@DE

Figure S9. APCI-TOF-MS (positive mode) spectrum of 2.
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Display Report

Analysis Info
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Name
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Bruker Compass DataAnalysis 4.2

printed: 8/26/2021 12:39:54 PM by: BDAL@DE 10f1

Figure S10. APCI-TOF-MS (positive mode) spectrum of 3-2H.
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Display Report

Analysis Info Acquisition Date  8/26/2021 1:04:57 PM
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Method apci_capillary_neg_wide_avg.m Operator BDAL@DE

Sample Name  20210826_FBOETP-BArF_neg Instrument micrOTOF I 8213750.10452
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Bruker Compass DataAnalysis 4.2 printed: 8/26/2021 1:08:04 PM by: BDAL@DE 10of1

Figure S11. APCI-TOF-MS (negative mode) spectrum of 3-2H.

17



Display Report
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Bruker Compass DataAnalysis 4.2 printed: 8/26/2021 12:34:27 PM by: BDAL@DE 10of1

Figure S12. APCI-TOF-MS (positive mode) spectrum of 3-Zn.
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Display Report
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Bruker Compass DataAnalysis 4.2 printed: 8/26/2021 1:03:22 PM by: BDAL@DE 10of1

Figure S13. APCI-TOF-MS (negative mode) spectrum of 3-Zn.
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4. Crystal Data

Table S1. Crystallographic data of 2, 3-2H, and 3-Zn.

compound

Formula

Formula weight
Crystal system
Space group
Crystal color
Crystal description
a[A]
b[A]

c[A]
a[°]

A%

v [°]
VA%

VA
deaea [g cm™]
Ri (I>20(1))
WR; (all data)
Goodness-of-fit
Temperature [K]
Solvent

CCDC No.

2
Cs3sHssN4OS

570.82
monoclinic
P2i/n (No. 14)
purple
block
11.9883(5)
21.0001(7)
12.8601(5)
90
103.3000(10)
90
3150.8(2)
4
1.203
0.0655
0.1270
1.113
93(2)

chloroform/hexane

2143344

3-2H
C3sHasNuS™, CoH12BFos,
0.5(CsHi12)
1459.11
triclinic
P-1 (No. 2)
purple
block
13.4974(6)
14.6725(7)
18.5690(9)
107.949(2)
99.555(2)
99.629(2)
3355.1(3)
2
1.444
0.0683
0.1809
1.019
93(2)
dichloroethane/cyclohexane

2143345
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Table S1 (continued)

compound 3-Zn
Formula C3sH43N4SZn", C3,H12BFaq,
1.5(CsHe)
Formula weight 1597.55
Crystal system triclinic
Space group P-1 (No. 2)
Crystal color purple
Crystal description block
a[A] 15.2381(2)
b[A] 15.9224(3)
c [A] 16.4963(3)
al°] 80.9350(10)
BI°] 63.946(2)
7 [°] 89.9040(10)
VA’ 3540.51(12)
z 2
deatea [g cm ] 1.499
Ri (I>20(1)) 0.0473
WR, (all data) 0.1291
Goodness-of-fit 1.033
Temperature [K] 93(2)
Solvent chloroform®/benzene
CCDC No. 2143346

@ Amylene added chloroform was used to avoid axial coordination by ethanol added as a

stabilizer.
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5. Cyclic Voltammograms

1.13 E — 1stcycle
E 1 red _ 2nd |
E.2 0°69 -1.46 cycle

cv E,* E,3 029 — 3dcycle
1.41 105 J
E 2
Ered 143 Ewd® Ewd’
-0.64 -1.54 -1.85
1.80
DPV 3-2H
2
ed

cv Eéed615 —1.21

E Ered Ered

red _1,04-1.26Eeq

—0.98 -1.59

E 2 1.77
PV 1.34
0% szn
cv i
EOX1
0.82
| | | | | | | | | |
2.0 1.0 0 -1.0 20 -25

E/V (vs. Fc/FcY)

Figure S14. Cyclic voltammograms and differential pulse voltammograms of 2, 3-2H, and 3-Zn.
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6. DFT Calculations

4.39

Figure S15. Kohn—Sham MOs and energy diagrams of 2 (left) and 4 (right).

23



o 4
-2 1

— 273

— -3.46
_4 +

4.26
-6 4+

Y

Y 772
BT __ _ga
10+

Figure S16. Kohn—Sham MOs and energy diagrams of 3-2H (left) and 3-Zn (right).
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oscillator strength
© © o o = © © o o =~
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wavelength/nm

Figure S17. Simulated electronic absorption spectra of 2 (top) and 4 (bottom).

Table S2. Summary of simulated maximal absorption wavelength.

compound  wavelength/nm  oscillator strength transition
2 609.71 0.2584 HOMO-1 — LUMO+1 (2.1%)
HOMO — LUMO (97.9%)
4 553.64 0.3459 HOMO — LUMO (100%)
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Figure S18. Simulated electronic absorption spectra of 3-2H (top) and 3-Zn (bottom).

Table S3. Summary of simulated excited states of 3-2H.

wavelength/nm  oscillator strength transition
577.94 0.2487 HOMO-1 — LUMO+1 (12.5%)
HOMO — LUMO (87.5%)
462.00 0.0035 HOMO-1 — LUMO (47.2%)

HOMO — LUMO+1 (52.8%)

Table S4. Summary of simulated excited states of 3-Zn.

wavelength/nm  oscillator strength transition
1175.82 0.0000 HOMO — LUMO (100%)
731.96 0.0000 HOMO — LUMO+1 (100%)
584.08 0.2357 HOMO-2 — LUMO+1 (11.2%)

HOMO-1 — LUMO (88.8%)
467.98 0.0229 HOMO-2 — LUMO (37.4%)
HOMO-1 — LUMO+1 (62.6%)
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Table S5. Relative free energies of the tautomers of porphyrin and porphyrin analogues (kcal

mol ™).

X

S+
Ot
CHM

[a] The values are cited from ref. 5.

Jo500e> N -_— . 150

Figure S19. Electrostatic potential maps of isomers of 3-2H.
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Table S6. Summary of NICS values of 3-2H.

position NICS(0)/NICS(1) (ppm) position NICS(0)/NICS(1) (ppm)
1 —1.96/-5.85 6 -13.07/-11.92
2 —-10.13/-10.61 7 -11.61/-12.08
3 —1.56/-5.62 8 —11.31/-11.91
4 -10.21/-10.78 9 -11.77/-12.10
5 —-10.03/-9.46

Figure S20. ACID plot of 3-2H.
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Cartesian Coordinates of 2

Eiotal = —1424.394570 Hartree
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-2.41261935
-2.66649737
-1.46632490
-0.48484473
-1.04951379
-3.35783606
-3.13788595
-4.02348075
-1.92664125
-3.31808917
-2.00867143
-0.93025659
0.93505565
0.16675696
1.26406746
0.50327662
2.16735359
1.68544625
1.88605806
3.32885204
1.66882588
3.89135939
2.83100082
-0.13893954
2.17432293
-1.10646286
0.74349542
-1.03196311
-4.38495282
1.26789465
3.09867633
1.30153510
-3.69622637
-5.06364307
-3.63854584
-1.25202484
3.82438382
4.93906111
2.98028535

-1.99780182
-3.40675691
-3.98605032
-2.92628503
-1.75183580
-1.02780664
0.36359745
1.40215873
0.93968348
2.59623501
2.28955514
3.20341593
-3.13124670
2.99223912
3.93518344
1.86931391
3.40453337
2.07489433
-2.26019001
-2.40599193
-1.03115666
-1.31445384
-0.41968129
1.14665398
1.29528671
0.36155438
-0.68748935
4.18643192
-1.34780857
-4.08182040
3.82781002
4.89399656
3.59321198
1.27559954
-3.87513512
-5.02736179
-3.26363789
-1.08911728
1.03615680

0.33743414
0.16250769
-0.06662026
0.01209996
0.24264847
0.52400406
0.54662551
0.84102276
0.25307613
0.74837612
0.36810154
0.11133223
-0.10242428
-0.63471096
-0.82270656
-1.38458614
-1.65017442
-2.07490114
0.28569176
0.21269340
0.88907034
0.75250215
1.21157653
-1.66902994
-2.86885820
0.11345120
1.10039669
0.55222435
0.65237748
-0.49866197
-1.99012534
-0.32828994
0.90665159
1.09591805
0.19253621
-0.25209358
-0.21528016
0.86437933
1.98896600

Cartesian Coordinates of 4

Etota =—-1101.419439 Hartree
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C
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C
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H
H
H
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-2.42567034
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-1.47805586
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-1.05824092
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-1.13025855
0.79657642
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-4.40066363
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-3.64887862
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-1.99359043
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3.96707490
1.88301213
3.42804336
2.08798995
-2.26579683
-2.46097823
-1.00406494
-1.37172168
-0.40032646
1.16010306
0.69653345
1.30087058
0.37893792
-0.62990471
4.21673650
-1.35527664
-4.11642072
3.85300849
4.93521898
3.59552007
1.26439225
-3.87708278
-5.03634592
-3.36036704
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0.04414800
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0.52555707
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Cartesian Coordinates of 3-2H (form A)
Eioa = —1348.369489 Hartree
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-3.57645978
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0.01706425
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-3.48957678
-2.52843265
-1.26935489
-1.44813744
-3.44022368
-2.84590570
-3.48414110
-1.49893319
-2.50490953
-1.25573499
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-2.62821906
-4.55177807
-4.56072985
-2.63993288
2.52501083
4.54303701
2.54167217
4.54670966
3.86247316
0.92191524
-0.80678164

-0.00001509
-0.00002311
-0.00003107
-0.00001934
-0.00000499
-0.00000613
0.00000630
0.00002054
0.00000479
0.00002192
0.00001608
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-0.00001892
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0.00001768
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0.00000962
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-0.00001084
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-0.00000398
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-0.00002458
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-0.00000414
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Cartesian Coordinates of 3-2H (form B)
Eioa =—1348.365796 Hartree
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0.00000872
0.00001636
0.00001618
0.00001990
0.00002340
-0.00002347
0.00001995

0.00002041

0.00001429
0.00001485

0.00001101

-0.00001727
-0.00001437
-0.00001153
-0.00000687
-0.00000528
0.00002688

-0.00002683
-0.00000459
0.00001760
0.00000304
-0.00001358
-0.00002387
-0.00001687
-0.00000217
0.00002388

0.00001280
0.00000373

-0.00002189
0.00002014



Cartesian Coordinates of 3-2H (form C)
Etor1 = —1348.345096 Hartree
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-1.26627997
-2.47984260
-3.50887384
-2.90737382
-1.56168985
0.00000218
1.26628352
2.47984723
1.56169161
3.50887729
2.90737548
3.60937309
-3.60937304
3.03500625
3.65663671
1.66688616
2.67383322
1.43231083
-3.03500787
-3.65664006
-1.66688807
-2.67383783
-1.43231451
4.69107709
-4.69107698
0.00000292
4.56723957
2.51469249
-2.51468638
-4.56723586
-4.72186907
-2.78451363
4.72186549
2.78450753
-0.00000250
-1.05146553
1.05146466

-2.63352580
-3.43181384
-2.56181600
-1.24628244
-1.31486762
-3.20887299
-2.63352405
-3.43181043
-1.31486545
-2.56181119
-1.24627844
-0.03677080
-0.03677577
1.21154365
2.48471607
1.42602104
3.43052831
2.74184702
1.21153945
2.48471102
1.42601865
3.43052458
2.74184496
-0.07564145
-0.07564787
-4.29323336
-2.77070334
-4.51031445
-4.51031791
-2.77070953
2.65019704
4.50258084
2.65020354
4.50258471
3.67709636
0.60882982
0.60883143

-0.00002445
-0.00002914
-0.00003969
-0.00004429
-0.00003702
-0.00000353
0.00001851
0.00002148
0.00003375
0.00003368
0.00004108
0.00004106
-0.00004153
0.00003685
-0.00000314
0.00005667
-0.00001745
0.00001802
-0.00003425
0.00000900
-0.00005368
0.00002553
-0.00001178
0.00003051
-0.00003115
-0.00000458
0.00003512
0.00001061
-0.00002041
-0.00004165
0.00003341
0.00006291
-0.00002681
-0.00005219
0.00000412
-0.00009598
0.00009679
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Cartesian Coordinates of 3-2H (form D)
Eiota1 = —1348.359804 Hartree

C
C
C
C
N
C
C
C
N
C
C
C
C
C
C
N
C
C
C
C
N
C
C
H
H
H
H
H
H
H
H
H
H
H
S
H
H

-1.24638874
-2.53202739
-3.43893420
-2.71740246
-1.39085874
0.01608885
1.20997776
2.52993461
1.31892209
3.40518020
2.61026290
3.22174729
-3.29542882
2.68674899
3.51951758
1.34071329
2.69368849
1.35875724
-2.76598623
-3.54838162
-1.43744860
-2.71135562
-1.39775405
4.30518703
-4.37832644
0.01758061
4.48340416
2.73006371
-2.73480710
-4.51488376
-4.62658271
-2.96872977
4.59834565
2.93092144
0.00145710
-0.56243800
-0.54928004

-2.93797993
-3.51708616
-2.48770353
-1.26932530
-1.59219276
-3.57393541
-2.91682180
-3.52454494
-1.53814907
-2.50645849
-1.27992778
0.01015768
-0.00131199
1.25602284
245368012
1.62523931
3.50900057
2.93063108
1.26653385
2.45383989
1.67492078
3.53027147
3.01140194
-0.01466678
-0.01743520
-4.65612052
-2.54939839
-4.58455360
-4.57542465
-2.55848773
2.46549376
4.57646092
2.45288341
4.56106293
4.00366577
1.14257543
-1.01225290

-0.00001151
-0.00001909
-0.00002297
-0.00001692
-0.00000919
-0.00000491
0.00000240
0.00000989
0.00000196
0.00001522

0.00001021

0.00001411

-0.00001778
0.00001256
0.00001807

0.00000599

0.00001626
0.00001014
-0.00001185
-0.00001586
-0.00000155
-0.00001017
-0.00000203
0.00001974
-0.00002473
-0.00000604
0.00002197

0.00001147

-0.00002189
-0.00002919
-0.00002300
-0.00001172
0.00002293

0.00001932

0.00000656

0.00000600

-0.00000261



Cartesian Coordinates of 3-Zn

Erora1 =—2352.089003 Hartree
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N
=1

2.71674411
3.33714173
2.33517366
1.11331301
1.35896972
3.39202649
2.84106219
3.59317057
1.50384963
2.69287282
1.39938142
0.18717827
-0.16889920
-1.07570519
-2.27357372
-1.41669430
-3.31660322
-2.73679104
-1.36918559
-2.64420024
-1.56493007
-3.59147265
-2.87655667
0.27024795
-0.20518365
4.47281334
-3.79813717
2.88120092
4.66916365
4.40005242
2.41068282
-2.78192460
-4.66318058
-2.29720571
-4.37080359
-0.02658306

-1.39271318
-2.68056717
-3.58737365
-2.84318897
-1.52475304
-0.19155906
1.07617199
2.28606629
1.36010300
3.30031776
2.69900640
3.41392131
-3.41207098
2.91348312
3.71054236
1.56962054
2.86496342
1.55076034
-2.76774865
-3.42316215
-1.39259251
-2.46439968
-1.22429189
4.48940360
-4.49006629
-0.24888434
0.21756531
4.35749059
2.34439573
-2.86121123
-4.65967400
-4.48799593
-2.56787852
4.78468646
3.08899975
0.00114282

-0.00783393
-0.08971706
-0.21681657
-0.21181413
-0.08652113
0.13406392
0.22619616
0.36486043
0.19679230
0.41682487
0.31039995
0.32199388
-0.31992396
0.22391498
0.23869854
0.08976684
0.11394068
0.02400819
-0.31573454
-0.43139126
-0.19963414
-0.38587094
-0.24123083
0.41815081
-0.41539348
0.17865619
-0.14923826
0.51738005
0.41364155
-0.05303292
-0.30522497
-0.53464065
-0.44230477
0.33340964
0.08368050
0.00130404
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7. Excited State Dynamics

Femtosecond Transient Absorption and Transient Absorption Anisotropy

Dual-beam femtosecond time-resolved transient absorption (TA) spectrometer consisted of
two independently-tunable homemade noncollinear optical parametric amplifiers (NOPA)
pumped by a regeneratively amplified Ti:sapphire laser system (Spectra-Physics, Hurricane-X)
operating at 3 kHz repetition rate and an optical detection system. The NOPA was based on
non-collinearly phase-matching geometry, which was easily color-tuned by controlling the
optical delay between white light continuum seed pulses (450-1400 nm) and visible pump pulses
(400 nm) produced by using a sapphire window and BBO crystal, respectively. The generated
visible OPA pulses had a pulse width of ~ 35 fs and an average power of 10 mW at 3 kHz
repetition rate in the range 500-700 nm after a fused-silica prism compressor. Two OPA pulses
were used as the pump and probe pulses, respectively, for TA measurement. The probe beam was
split into two parts. The one part of the probe beam was overlapped with the pump beam at the
sample to monitor the transient (signal), while the other part of the probe beam was passed
through the sample without overlapping the pump beam to compensate the fluctuation of the
probe beam. The time delay between pump and probe beams was carefully controlled by making
the pump beam travel along with a variable optical delay (Newport, ILS250). To obtain the
time-resolved transient absorption difference signal at a specific wavelength, the monitoring
wavelength was selected by using a narrow interference filter (FWHM ~10 nm). By chopping the
pump pulses at 47 Hz, the modulated probe pulses as well as the reference pulses were detected
by two separate photodiodes (New Focus, Femtowatt Photoreceiver). The modulated signals of
the probe pulses were measured by a gated-integrator (SRS, SR250) and a lock-in amplifier
(EG&G, DSP7265) and stored in a personal computer for further signal processing. In general,
experimental conditions, time-resolutions of less than 50 fs were achieved. For transient
absorption anisotropy (TAA) measurement, both I,(t) and I L (t) signals were collected
simultaneously by a combination of polarizing beam-splitter cube and dual lock-in amplifiers as
following equation:®

r(t) = [ Int) — LL(t)] /[ Iy + 21L(1)]

where [;(t) and I L(t) represent TA signals with the polarization of the pump and probe pulses
being mutually parallel and perpendicular, respectively. The pump pulses were set to vertical
polarization and that of probe pulse was set to 45° with respect to the pump pulse by using

Glan-laser polarizers and half-wave plates. After the probe pulse passes through the sample cell, it
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is split by polarizing beam-splitter cube and then detected by two separate photodiodes. Two
gated-integrators and two lock-in amplifiers record the signal simultaneously within a single scan.
A standard anisotropy measurement showed a clean single exponential decay with reorientational
relaxation times of 122.1 + 0.3 ps and the initial anisotropy 1o value of 0.39 + 0.02 for rhodamine
6G dye in methanol, which is well-matched with other references. For all TAA measurements, a

thin absorption cell with a path length of 0.5 mm was used to eliminate additional chirping.

Picosecond time-resolved fluorescence measurements

A time-correlated single-photon-counting (TCSPC) system was used for measurements of
spontaneous fluorescence decay. As an excitation light source, we used a mode-locked
Ti:sapphire laser (Spectra Physics, MaiTai BB), which provides ultrashort pulse (center
wavelength of 800 nm with 80 fs at FWHM) with a high repetition rate (80 MHz). This high
repetition rate was reduced to 800 kHz by using a homemade pulse-picker. The pulse-picked
output was frequency doubled by a 1-mm-thick BBO crystal (type-1, 6 = 29.2°, EKSMA). The
fluorescence was collected by a microchannel plate photomultiplier (MCP-PMT, Hamamatsu,
R3809U-51) with a thermoelectric cooler (Hamamatsu, C4878) connected to a TCSPC board
(Becker & Hickel SPC-130). The overall instrumental response function was about 25 ps
(FWHM). A vertically polarized pump pulse by a Glan-laser polarizer was irradiated to samples,
and a sheet polarizer set at an angle complementary to the magic angle (54.7°), was placed in the

fluorescence collection path to obtain polarization-independent fluorescence decays.
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Figure S21. Fluorescence decay profiles of 1-Zn and 3-Zn in dichloromethane measured by
TCSPC method under photoexcitation at 400 nm. The probed wavelength was selected at 700 and

680 nm, respectively.
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Figure S22. Femtosecond transient absorption spectra and decay profiles of 1-Zm in

dichloromethane probed at the visible region. The excitation wavelength of 660 nm is employed.
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8. Decay Rate Constant Calculations

Theoretical estimation of the decay rate constants was performed on the S-S, internal
conversion as well as the S;—T; and S;—T, intersystem crossings for 1-Zn and 3-Zn. We used
the rate formalism based on the time-dependent perturbation theory in conjunction with the
Born-Oppenheimer adiabatic framework. The task of the analysis begins with density functional
theory (DFT) calculations and is followed by the rate constant calculations on top of the DFT
results.

By carrying out the DFT calculations, the adiabatic potential energy surfaces of the
molecules of interest were characterized, which are used for inputs to the rate constant
calculations. The CAM-B3LYP functional® was thoroughly used. The solvation effect in
dichloromethane as solvent was accounted for using the Polarizable Continuum Model (PCM)
with the integral equation formalism (IEFPCM).> We used Gaussian 16 Revision B.017 for
performing structural optimizations and vibrational frequency analysis and for calculating
nonadiabatic coupling (NAC) and transition dipole moments. The electronically excited states,
Si, Ti, and Ta, were determined using the time-dependent DFT® approach with the restricted
formalism and Tamm-Dancoff approximation.” In these calculations, the 6-311+G(2d,p)'*"
basis sets were used except for the Zn atom, for which the SDD/StuttgartECP'*'* was used.

The electronic state transition between the singlet and triplet manifolds is mediated by the
spin-orbit coupling (SOC), which thus needs to be evaluated with the use of the electronic
structure theory. The SOC matrix elements (SOCMEs) were determined at the DFT level of
theory using ORCA program suite version 5.0.1." In the SOC calculations, the quasi-relativistic
treatment with the zero-order regular approximation (ZORA)'> was employed. The acceleration
technique RIJCOSX, as well as the SOCME treatment RI-SOMF(1X) implemented in ORCA,
were exploited (see Ref. 14 for details). The ZORA-def2-TZVP basis sets combined with the
SARC/] auxiliary basis sets'® were used. We further calculated the derivatives of SOCMEs with
respect to nuclear coordinates through numerical differentiation, for which a nuclear
displacement of 0.001 Bohr was used. Using them in conjugation with the rate constant
simulation allows us to account for vibronically induced spin-orbital coupling.

Based on information regarding the potential energy surfaces and their couplings (NACs
and SOCMEs), the decay rate constants of electronic transitions were numerically simulated at
the level of the time-dependent perturbation theory with the thermal vibration correlation

function (TVCF) formalism."”?° The approach can account for origin displacement and
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Duschinsky rotation within the multimode harmonic oscillator model. Its numerical simulation
was performed using our in-house computer implementation. The redundant internal coordinate
space was used for the normal coordinate construction.?** Radiative decay transition rate (k)
and nonradiative intersystem crossing rate (ki) were calculated through the use of transition
dipole moments and SOCMEs, respectively, under the Franck-Condon (FC) and
Herzberg-Teller (HT) approximations. The nonradiative internal conversion rate (ki) was
estimated with the direct nonadiabatic transition term at the first-order perturbation. The NACs
and SOCMEs calculated at the S; geometry were used in this rate simulation.

The scaling factor applied for the vibrational frequencies was not considered. The vibronic
manifold at the initial state was modeled by the Boltzmann distribution with the temperature set
to 300 K. For the dephasing function, the Gaussian function with its HWHM of 50 cm™ was
used. The integration for time to evaluate the correlation function was performed with a range
of 0.05 to 10000.05 fs with a time step of 0.1 fs. The correlation function at the negative time
was constructed as the complex conjugate of the positive time region.

Table S7 shows the adiabatic transition energies of the So, Ti, and T states of compounds
1-Zn and 3-Zn relative to the S; state. The S; state was precited to lie all below the So, T1, and
T, states but close to the T, states with an energy difference of 0.206 and 0.407 eV for 1-Zn and
3-Zn, respectively. This hints the possibility of the ISC decay channel from S; to T states.

In Table S8, the radiative and nonradiative decay rate constants predicted using the TVCF
approach are summarized. The major decay pathway of photoexcited 1-Zn is indicated to arise

from the intersystem crossing to the T state with the rate constant of 4.7 x 10% s

; nonetheless,
the radiative S;—S transition for 1-Zn plays an appreciable role as the decay channel with a
rate of 1.03 x 10® s™. The rate constant of the internal conversion to the Sy state in 3-Zn was
predicted to be 2.1 x 10° s™', suggesting that the photoexcited 3-Zn primarily decays through the
internal conversion. The radiative decay rate constant for 3-Zn is calculated to be much smaller
than the nonradiative counterparts. Interestingly, the ISC decay does not serve as a major
channel for 3-Zn despite the fact that it involves the heavier element S compared to 1-Zn.
Overall, a clear difference in the decay mechanism was quantitatively identified by our rate
constant simulations.

The characterization of the excited states the S;, T1, and T states on the basis of the natural
transition orbital (NTO) analysis is shown in Figure S23. The lowest singlet (S;) and triplet (T1)
excited states are commonly ascribed to the single-electron HOMO to LUMO excitation relative

to the ground-state S, state of closed-shell nature. Because of these common electronic
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configurations, the SOCMEs between S; and T, vanish and thus the associated ISC
interconversion is forbidden. The T, state is mainly characterized as a mixture of two excited
configurations HOMO-1 — LUMO and HOMO — LUMO+1; however, the mixture ratio
somehow differs between 1-Zn and 3-Zn.

In Figure S24, the NAC constants are plotted as a function of normal modes for 1-Zn and
3-Zn. Overall, they do not appear to exhibit marked differences between the two compounds.
Figure S25 displays the Huang-Rhys (HR) factors as a function of normal modes. Again, the
sulfur substitution of 3-Zn seemingly does not make a large change in structural modifications
arising from the vibrational quanta in the process of the S¢—S; transition.

It is questionable why the substitution with the S atom in 3-Zn promotes the nonradiative
internal conversion rate (kic) by six orders of magnitudes in a drastic manner compared to 1-Zn
(Table S8). We attempted to address this question by analyzing the simulated rate constants. An
important finding is that the large kic of 3-Zn may be linked to the frequency of its lowest-lying
mode (22.4 cm™) associated with the out-of-plane motion of the relatively floppy sulfur atom,
which is far lower than the second-lowest frequency of 3-Zn (51.1 cm™') and the second-lowest
frequency of 1-Zn (59.2 cm™'), which likewise contains the out-of-plane motion of the O atom,
as shown in Figure S26. To deduce the role of the lowest frequency of 3-Zn (i.e., 22.4 cm '), we
reiterated the calculation of ki for 3-Zn by using the value of the second-lowest frequency of
1-Zn (i.e., 59.2 cm™) in place of the parameter 22.4 cm™'. This yielded a rate constant of 2.64 x
10* s, reproducing a large suppression of the internal conversion. Conversely, ki. was
recalculated for 1-Zn by replacing its second-lowest frequency parameter (59.2 cm™') with
3-Zn’s lowest frequency (22.4 cm™), resulting in a largely enhanced rate constant (4.42 x 10° s~
", which can more or less simulate large ki of 3-Zn. This analysis strongly indicates that the
presence of the relatively low frequency, 22.4 cm™', in the initial state plays a key role in a

remarkable enhancement of the internal conversion decay from S; to So in 3-Zn.
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Table S7. Predicted relative energies (in eV) of the Sy, T1, and T states of compounds 1-Zn and
3-Zn with respect to the S; state at the TDA-RCAM-B3LYP level of theory. The state energies

were calculated using the optimized structures for the corresponding states.

1-Zn 3-Zn
So —2.203 —2.189
T —0.899 —0.841
T, —0.206 —0.407

Table S8. Radiative decay rate constants k; (in s') from the first excited state S; to the ground
state Sy, nonradiative decay rate constants associated with intersystem crossing kisc (in s™') for S
to T; and T, states and internal conversion kic (in s™') for S; to Sy simulated for compounds 1-Zn

and 3-Zn.

1-Zn 3-Zn
Radiative transition
kr (S1—So) 1.03 x 10° 9.26 x 107
Nonradiative transition
kise (S1—T1) 4.51 x 107 3.55 % 10°
kise (S1—T2) 4.68 x 10° 9.59 x 10
kic (S1—S0) 1.95 x 10° 2.06 x 10°

39



(a) 1-Zn
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Figure S23. Electronic character of the S, T, T states analyzed by natural transition orbital

(NTO) method applied to compounds (a) 1-Zn and (b) 3-Zn at the optimized S; structure.
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Figure S24. Nonadiabatic coupling constants between the Sp and S states obtained from TDDFT

calculations as a function of normal modes at the Sy state for compounds (a) 1-Zn and (b) 3-Zn.
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(a) 1-Zn
E™o¢ = 424 cm™!

0.14 ~
0.12 ~
0.10 A
0.08 A
0.06 -

HR factor

0.04 A
0.02 A

0.00 I‘Ihjl Lt "lf ‘JI T T T T
0 400 800 1200 1600 2000 2400 2800 3200

frequency [cm™1]

(b) 3-Zn
™" = 400 cm!

0.14 ~
0.12 A
0.10 A
0.08 -

HR factor

0.06 -
0.04 A

0.02 1
|

0.00 L L Il J”‘.
0 400 800 1200 1600 2000 2400 2800 3200

frequency [cm™1]

Figure S25. Huang-Rhys factors in S|—S, internal conversion as a function of normal modes at
the Sy state calculated for compounds (a) 1-Zn and (b) 3-Zn. The total reorganization energies
E™°'¢ were calculated to be 424 and 400 cm™' for 1-Zn and 3-Zn, respectively, at the S state
PES.
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(a) 1-Zn

No. 1, 582 cm™ No. 2,59.2 cm™

(b) 3-Zn

No. 1,22.4 cm™ No. 2,51.1 cm™

Figure S26. The displacement vectors of the two lowest-lying vibration modes in the S, state for

(a) 1-Zn and (b) 3-Zn.
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9. Plausible reaction pathway

Scheme S1. Plausible reaction pathway of 3-2H.
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