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Materials

Commercially available reagents used without purification

Decaborane (BioH14) (Toronto Research Chemicals)

AgNOs3 (Fujifilm Wako Pure Chemical Corporation)
2-Thiopheneboronic acid (Tokyo Chemical Industry Co., Ltd.)
Tetrakis(triphenylphosphine)palladium (Pd(PPhs)4) (Tokyo Chemical Industry Co., Ltd.)
Cul (Fujifilm Wako Pure Chemical Corporation)

Celite® (No. 535, Fujifilm Wako Pure Chemical Corporation)
9-Bromoanthracene (Fujifilm Wako Pure Chemical Corporation)
9-Anthracenecarbaldehyde (Tokyo Chemical Industry Co., Ltd.)
2,7-Dibromo-9,9-didodecyl-9H-fluorene (BLDpharm)
2-Bromo-3-dodecylthiophene (Tokyo Chemical Industry Co., Ltd.)
Bromine (Br2) (Fujifilm Wako Pure Chemical Corporation)
Na>COs3 (Fujifilm Wako Pure Chemical Corporation)

NaHSO; (Fujifilm Wako Pure Chemical Corporation)

MgSOs; (Fujifilm Wako Pure Chemical Corporation)

Commercially available solvents used after purification

Tetrahydrofuran (THF) (Super deoxidized, stabilizer free, Fujifilm Wako Pure Chemical
Corporation) and triethylamine (Et:N) (Guaranteed reagent, KANTO CHEMICAL CO., INC.)
were purified using a two-column solid-state purification system (Glasscontour System, Joerg

Meyer, Irvine, CA).

Commercially available solvents used without purification

Toluene (Deoxidized, Fujifilm Wako Pure Chemical Corporation)

Acetonitrile (MeCN) (Deoxidized, Fujifilm Wako Pure Chemical Corporation)
Dichloromethane (CH2Cly) (Deoxidized, Fujifilm Wako Pure Chemical Corporation)
Ethyl acetate (EtOAc) (Fujifilm Wako Pure Chemical Corporation)

n-hexane (Fujifilm Wako Pure Chemical Corporation)

CHCI3 (Fujifilm Wako Pure Chemical Corporation)

Methanol (MeOH) (Fujifilm Wako Pure Chemical Corporation)
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2-Methyltetrahydrofuran (2-MeTHF) (BioRenewable, anhydrous, >99%, Inhibitor-free)

CDCI; (Eurisotop)
CD:Cl> (Eurisotop)

Compounds prepared as described in the literatures

H-H' (2steps, 20% overall yield from 9-bromoanthracene)
9-Bromo-10-(4-bromophenylethynyl)anthracene®  (2steps, 18%  overall
9-anthracenecarbaldehyde)

9,9-Didodecyl-2,7-diethynyl-9H-fluorene® (2steps, 80% overall yield from
2.7-dibromo-9,9-didodecyl 9H-fluorene)
3,3’-Didodecyl-5,5’-diethynyl-2,2’-bithiophene* (4steps, 2% overall

2-bromo-3-dodecylthiophene)
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Synthetic Experiments

Synthetic experiments were performed under dry N> atmosphere with typical Schlenk technique
unless otherwise noted. 'H, C{'H}, and "'B{'H} NMR spectra were recorded on a JEOL
INM-ECZ400 and JNM-ECZ400S FT-NMR instrument at 400, 100, and 128 MHz, respectively.
Some of 3C{'H} spectra were recorded on a JNM-ECZ600R FT-NMR instrument at 150 MHz for
better resolution. The 'H and '*C chemical shift values were expressed relative to tetramethylsilane
(TMS) (0.00 ppm) and non-deuterated solvent in CD>Cl (5.32 ppm for 'H and 53.84 ppm for '*C)
as an internal standard. The "B chemical shift values were expressed relative to BF3+Et,O (0.00
ppm) as an external standard. Analytical thin-layer chromatography (TLC) was performed with silica
gel 60 Merck F254 plates. Column chromatography was performed with Wakogel® C-300 silica gel.
High-resolution mass spectrometry (HRMS) spectra were obtained on a Thermo Fisher Scientific
Exactive Plus for atmospheric pressure chemical ionization (APCI, mass accuracy < 3ppm RMS) or
a Bruker Daltonics ultrafleXtreme for matrix-assisted laser desorption ionization (MALDI, mass
accuracy < lppm). Characterization of compounds by HRMS was based on the difference between
simulated and measured data within Sppm. Gel permeation chromatography (GPC) was carried out
on a SHIMADZU Prominence system equipped with three consecutive polystyrene gel columns
(TSK gels: G4000HXL, G3000HXL, G2500HXL) using chloroform as an eluent after calibration
with standard polystyrene samples (1.0 mL/min) at 40 °C. BC{'H} NMR measurements on
INM-ECZ600R FT-NMR instrument and HRMS were performed at the Technical Support Office
(Department of Synthetic Chemistry and Biological Chemistry, Graduate School of Engineering,

Kyoto University).
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Synthetic Procedure of Br-H
Br

QYh = QY
Eh o e T

H-H 23% Br-H

To the CH2Cl> (10 mL) solution of H-H (77 mg, 0.19 mmol), CH>Cl, (1.0 mL) solution of Br, (16
uL, 0.31 mmol) was added at 0 °C under ambient atmosphere. The reaction mixture was stirred by
magnetic stirrer for 30 min at 0 °C, then the reaction temperature was raised to room temperature.
After stirred for 18 h at room temperature, the mixture was quenched by aqueous NaHSOs. Then the
organic layer was washed with water and brine and dried over anhydrous MgSOs. After filtration,
the solvent was removed by a rotary evaporator to afford an orange solid. The crude product was
purified by column chromatography (eluent: CH>Cly/n-hexane 1/5 (v/v)) to give an orange solid.
Recrystallization of the residual solid from MeOH/CHCI; ca. 10/1 (v/v) at 85 °C afforded Br-H as
an orange crystal (21 mg, 44 umol, 23%). 'H NMR (400MHz, CDCls): § (ppm) 8.98 (d, J = 8.8 Hz,
2H), 8.28 (dd, J = 8.7, 1.3 Hz, 2H), 7.52-7.44 (m, 4H), 6.92 (tt, J = 7.2, 1.2 Hz, 1H), 6.55 (dd, J =
8.0, 8.0 Hz, 2H), 6.39 (dd, J = 8.6, 1.0 Hz, 2H), 4.39—1.35 (m, 10H). *C{'H} NMR (150 MHz,
CDCl3): 134.10, 130.39, 130.06, 129.85, 129.72, 128.71, 127.23, 127.22, 126.49, 126.43, 125.49,
119.41, 94.60, 89.79. "B{'H} NMR (128 MHz, CDCls): § (ppm) 0.17, —2.73, -9.34, —10.46. HRMS
(n-APCI): caled. for C2oH23B1oBr'™ [M] " 476.1971, found 476.1965, error 1.3ppm.
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Synthetic Procedure of T-H
X

S S
Br UB(OH)Z _
Q 0 Pd(PPha), 0
’D N32C03 _ ’D
_c THF / H,0 _c
80 °C
& 0

Br-H 26%

T-H

In the 2-necked test tube, Br-H (27 mg, 57 umol), 2-thiopheneboronic acid (10 mg, 78 umol),
Pd(PPh3)s (2 mg, 2 umol) and Na,CO3 (15 mg, 0.14 mmol) were dissolved in THF (0.9 mL) and
distilled water (0.1 mL, bubbling with dried N> for ca. 15 min was performed before use) under N»
atmosphere. The reaction mixture was stirred by magnetic stirrer and heated at 80 °C for 3 h. The
black-red solution was diluted with EtOAc and H>O, then the organic layer was washed with water
and brine and dried over anhydrous MgSOs. After filtration, the solvent was removed by a rotary
evaporator to afford an orange solid. The crude product was purified by column chromatography
(eluent: CH2Cly/n-hexane 1/5 (v/v)) to give a red solid. Recrystallization of the residual solid from
MeOH/CHCI; ca. 5/1 (v/v) at 85 °C afforded T-H as an orange crystal (7 mg, 15 umol, 26%). 'H
NMR (400MHz, CD:Cl): 6 (ppm) 9.03 (d, J = 6.0 Hz, 2H), 7.60 (dd, J = 3.4, 0.6 Hz, 1H), 7.55 (dd,
J=16.0,0.8 Hz, 2H), 7.50-7.47 (m, 2H), 7.32-7.29 (m, 2H), 7.24 (dd, J = 3.6, 2.4 Hz, 1H), 7.08 (tt, J
=5.0, 0.6 Hz, 1H), 6.91 (dd, J=2.4, 0.8 Hz, 1H), 6.66—6.63 (m, 2H), 6.48 (dd, J = 6.0, 0.8 Hz, 2H)
4.23-1.56 (br, 10H). *C{'H} NMR (100 MHz, CD>Cl): § (ppm) 137.83, 135.04, 133.62, 132.03,
130.70, 130.41, 130.39, 130.35, 127.66, 127.53, 127.41, 126.61, 126.58, 125.54, 125.43, 120.25,
95.50, 91.19. "B{'H} NMR (128 MHz, CD,CL): § (ppm) —0.21, -3.01, -9.30, —10.60. HRMS
(n-APCI): calcd. for C26H26B10S+CI™ [M+CI]™ 515.2380, found 515.2403, error 4.5ppm.
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Synthetic Procedure of Br-Br
Br Br

0 decaborane 0
AgNO, ’
o= )" . (
Toluene / MeCN _
O reflux G
17 h

28%

Br-Br

In the 30 mL 2-necked round bottom flask, 9-Bromo-10-(4-bromophenylethynyl)anthracene (438 mg,
1.00 mmol), decaborane (277 mg, 2.27 mmol) and AgNO3 (37 mg, 0.22 mmol) were dissolved in
toluene (5.0 mL) and MeCN (0.63 mL) under N> atmosphere. The reaction mixture was stirred by
magnetic stirrer and refluxed at 110 °C for 3 h. After additional amount of toluene (2.5 mL) and
MeCN (0.3 mL) were added, the reaction mixture was refluxed for 14 h. After filtration to remove
any insoluble impurities, the solvent was removed by a rotary evaporator. The crude product was
purified by column chromatography (eluent: CH>Clo/n-hexane 1/20 (v/v)) to give an orange solid.
Recrystallization of the residual solid from MeOH/CHCI; ca. 2/1 (v/v) at 90 °C afforded Br-Br as an
orange crystal (156 mg, 0.17 mmol, 28%). 'H NMR (400MHz, CDCls): § (ppm) 8.95 (dd, J = 8.0,
2.0 Hz, 2H), 8.34 (dd, J= 7.4, 2.2 Hz, 2H), 7.54-7.47 (m, 4H), 6.70 (d, /= 8.8 Hz, 2H), 6.22 (d, J =
9.2 Hz, 2H), 4.38-1.65 (br, 10H). *C{'H} NMR (150 MHz, CDCl;): & (ppm) 134.13, 131.38,
130.46, 130.39, 128.81, 128.78, 127.30, 126.55, 126.38, 125.70, 125.16, 118.85, 93.45, 90.09.
"B {'H} NMR (128 MHz, CDCI3): & (ppm) 0.29, —2.48, —9.32, —10.28. HRMS (n-APCI): calcd. for
C2H2B1oBr2 [M] 554.1076, found 554.1079, error 0.5ppm.
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Synthetic Procedure of T-T

855 E E@

<& 80 °C
2h

Br-Br o1% T-T

In the 2-necked test tube, Br-Br (56 mg, 0.10 mmol), 2-thiopheneboronic acid (30 mg, 0.23 mmol),
Pd(PPh3)s (3 mg, 3 umol) and Na,COs3 (27 mg, 0.25 mmol) were dissolved in THF (1.6 mL) and
distilled water (0.3 mL, bubbling with dried N> for ca. 15 min was performed before use) under N>
atmosphere. The reaction mixture was stirred by magnetic stirrer and heated at 80 °C for 2 h. The
black-red solution was diluted with EtOAc and water, then the organic layer was washed with water
and brine and dried over anhydrous MgSQ4. After filtration, the solvent was removed by a rotary
evaporator to afford a red solid. The crude product was purified by column chromatography (eluent:
CH2Clo/n-hexane 1/5 (v/v)) to give a red solid. Recrystallization of the residual solid from
MeOH/CHCl; ca. 5/1 (v/v) at 80 °C afforded T-T as a red crystal (29 mg, 52 pmol, 51%). '"H NMR
(400MHz, CD>Cl2): 6 (ppm) 9.05 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 8.8 Hz, 2H), 7.50 (dd, J = 8.2, 7,0
Hz, 2H), 7.42 (d, J= 5.2 Hz, 1H), 7.34-7.29 (m, 3H), 7.20 (d, J = 4.0 Hz, 1H), 7.07 (dd, J=3.1, 1.6
Hz, 1H), 7.03 (dd, J = 5.4, 3.4 Hz, 1H), 6.88 (d, J = 8.4 Hz, 2H), 6.70 (d, J = 3.2 Hz, 1H), 6.48 (d, J
= 8.4 Hz, 2H), 4.64-1.60 (br, 10H). *C{'H} NMR (100 MHz, CD,CL): & (ppm) 142.62, 137.71,
136.35, 135.24, 133.63, 132.07, 130.95, 130.20, 129.48, 128.56, 127.37, 127.23, 126.69, 126.56,
126.50, 125.63, 125.47, 124.81, 125.57, 120.28, 95.64, 91.83. '"B{'H} NMR (128 MHz, CD,Cl): §
(ppm) —0.19, —2.94, -9.27, —10.49. HRMS (n-APCI): calcd. for C30H2sB10S+H" [M+H]" 563.2636,
found 563.2660, error 4.3ppm.
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Synthetic Procedure of o-FL

Br Br \
0 Pd(PPhs), N
’b Ci2Has_Ci2Hz2s Cul
=+

_c = . —  THF/EtN
80 °C
46 h

64%

In the 2-necked test tube, Br-Br (150 mg, 0.27 mmol), 9,9-didodecyl-1,7-diethynyl-9H-fluorene
(148 mg, 0.27 mmol), Pd(PPh3)4 (6 mg, 5 umol) and Cul (1 mg, 5 umol) were dissolved in THF (1.2
mL) and EtzN (0.5 mL) under N> atmosphere. The reaction mixture was stirred by magnetic stirrer
and reflexed at 80 °C for 46 h. The black-red solution was diluted with CHCI3 and filtrated with
Celite®, then the CHCI; solution was reprecipitated into MeOH. After filtration under reduced
pressure, a reddish orange solid (231 mg) was obtained. The small molecules were extracted by
Soxhlet extractor with MeOH at 110 °C for 7 h and n-hexane at 90 °C for 13.5 h, then the residual
solid was dissolved in hot CHCI3 at 105 °C. After the solvent was removed by rotary evaporator, the
CHCI3 solution of the red solid was reprecipitated into MeOH. After filtration under reduced
pressure, 0-FL was obtained as a reddish orange solid (163 mg, 64%). M, = 3,200, My, = 4,200,
Myw/M, = 1.31."H NMR (400MHz, CDCls): & (ppm) 9.20-8.88 (br, 8H), 8.64-8.38 (m, 8H), 7.92—
6.94 (m, 40H), 6.92-6.64 (m, 8H), 6.34—6.40 (br, 5SH), 6.32-6.14 (m, 3H), 4.79-1.65 (br, 49H),
1.37-0.24 (br, 177H). 3C{'H} NMR (100 MHz, CDCIl3): § (ppm) 151.49, 151.40, 151.32, 151.13,
141.18, 141.06, 140.62, 140.50, 133.50, 132.49, 132.23, 132.07, 131.43, 131.26, 131.11, 130.34,
130.12, 130.00, 129.88, 129.07, 127.14, 126.79, 126.67, 126.45, 126.36, 126.16, 125.81, 125.70,
125.33, 125.27, 123.44, 123.36, 123.03, 121.92, 121.77, 121.57, 120.47, 120.33, 120.23, 119.66,
119.19, 105.67, 105.59, 105.40, 94.83, 93.97, 92.71, 91.35, 90.86, 88.68, 86.42, 86.26, 77.77, 77.63,
77.33, 77.22, 77.02, 76.70, 55.46, 55.34, 55.24, 40.52, 40.32, 40.23, 40.04, 31.87, 31.72, 30.18,
30.03, 29.96, 29.61, 29.31, 28.86, 28.71, 23.94, 23.79, 22.64, 14.10. "B{'H} NMR (128 MHz,
CDCl3): 8 (ppm) —4.50, —10.70.

S-18



002 0.04 0.06 0.08 0.1 012 0.14 0.16 0.18 0.2 022 024
P S T T P PO P PN PYTTY PR T PR PR P PN PT PYSTT PRUNE SPTTY SRR T PO T

E iy v iy . /
é /‘\"L\.J‘ \ I - ‘"“m\/f W\WJ L}J‘ }\w \ \J’ k‘”k

T T T T T T
10.0 9 0 50 4.0 3.0 1.0

ooooooooooooo
ooooooooooooooo

cdidiai—~ - ——=ScSS SSSgg

ooooooooooooooooooo
S MY NN TN KN AN

ooooooooooooooooooo

sandths)
2.0 -1.0 ? lIO 2‘.0 3;0 4‘.0 5‘.0 6‘.0 7;0 8;0 9.0 lq.O 11‘.0 I2‘.O IZ:.O ]4.‘

(thou

WMWWWWWWWMMWMW WMWWW

5640 400 36.0 200 1040 6 -16.0 -20.0 -30.0 - .0 -50.0

-4.499
10.695

X : parts per Million : Boronl1

Chart S14. "B{'H} NMR spectrum of o-FL in CDCl;.

S-19



oL

09

L e s

oS

e

(4

0¢

0T

01

w)

L

A

A

R R mmmm e

0
(sypuesnoryy)

o

<
S

20.0

<
=
@

00070

——960%1

9T
——8€6'€T
__vigeT
= 1196C
usie

LEOOF
A 8TT0Y

vzeor

PrTss
0vess
ISU4%Y

,00L°9L
/910°LL

/L 8ITLL
€EELL
CN0£9'LL
19298
“Nmm,a
—/S1LT6
—896'€6
TN 1E8Y6

00501
\Nmm‘moﬁ

lﬂmwoﬁoﬁ

| L69°5T1
- Jussa
=/ w19z
=2 preogl
Aty
= zerTel
S L6beel
119081
= 85011

6TIIST
iegst

86¢IS1
€6t 1S1

X : parts per Million : Carbon13

Chart S15. *C{'H} NMR spectrum of o-FL in CDCl;.

043,91 ———i——

- i —— 944,16 -

943.52

[P p—

-942.93 - -

625°0FFE

£ .
['ne] susjy)

Comment 1

Comment 2
104
20

09 €BEE -

9zTeTee

679505,

1¥Eelzes

2TSE0LE

BPEPEEL
LB5BGLL- |

GOE'CBEY ==
0997l E9—==

8L IGPE ==z
225 0LEG——

\

BT —
500" 22— OFE LYY

g

W

{

VSV ELLE~

HOTSE  Glree

W

B0EZ00E—
TET GTOT — e -

"-Jl

L\

__SELTVEE

1.5 |

1.0 -
0.5-

kﬂ.

y

A

3000

7000

5000

mfz

10000

11/25/2022 §:00:35 PM

printed:

S-20

Chart S16. MALDI TOFMS spectrum of o-FL.

Bruker Daltonics flexAnalysis



Synthetic Procedure of o-BT

Br Br \\
0 Cq2Has Pd(PPh3),
Cul
Lo s U\ -
\
80 °C
CyoHos 46 h

42%

In the 2-necked test tube, Br-Br (168 mg, 0.30 mmol),
3,3’-didodecyl-5,5’-diethynyl-2,2’-bithiophene (168 mg, 0.30 mmol), Pd(PPh3)4 (7 mg, 6 umol) and
Cul (1 mg, 5 umol) were dissolved in THF (1.3 mL) and Et3N (0.6 mL) under N> atmosphere. The
reaction mixture was stirred by magnetic stirrer and reflexed at 80 °C for 46 h. The black-red
solution was diluted with CHCl; and filtrated with Celite®, then the CHCIs solution was
reprecipitated into MeOH. After filtration under reduced pressure, a red solid (267 mg) was obtained.
The small molecules were extracted by Soxhlet extractor with MeOH at 110 °C for 4.5 h and
n-hexane at 95 °C for 13.5 h, then the residual solid was dissolved in hot CHCls at 105 °C. After the
solvent was removed by rotary evaporator, the CHCl3 solution of the red solid was reprecipitated
into MeOH. After filtration under reduced pressure, 0-BT was obtained as a reddish orange solid
(119 mg, 42%). My = 3,500, My = 5,700, Mw/My = 1.64. "H NMR (400MHz, CDCl3): & (ppm) 9.48—
8.66 (m, 2H), 8.62—7.86 (m, 2H), 7.86—7.29 (m, 6H), 7.13—6.00 (m, 4H), 4.94-1.78 (br, 14H), 1.72—
1.42 (br, 4H), 1.42-0.93 (br, 36H), 0.93-0.35 (br, 6H). *C{'H} NMR (100 MHz, CDCls): § (ppm)
143.41, 143.20, 135.12, 134.60, 134.05, 133.44, 133.13, 132.09, 131.79, 131.63, 131.43, 131.01,
130.93, 130.40, 130.26, 129.95, 129.86, 129.00, 126.68, 126.28, 126.16, 125.98, 125.72, 125.31,
122.82, 122.71, 122.47, 97.45, 94.00, 90.78, 77.62, 77.33, 77.22, 77.01, 76.69, 31.92, 30.71, 29.72,
29.48,29.38, 28.98, 22.68, 22.50, 14.13. "B{'H} NMR (128 MHz, CDCl;): § (ppm) —3.20, —10.31.
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Single-Crystal X-ray Diffraction Analysis

The X-ray crystallographic analysis was carried out with a Rigaku Saturn 724+ with MicroMax-007
HF CCD diffractometer with Varimax Mo optics using graphite-monochromated Mo Ka radiation.
Temperature control was performed by Rigaku nitrogen gas splaying cooler (temperature controller:
CHINO KP 1000, gas generator: Iwatani gas GN-12). The structures were solved with SHELXT
2015° and refined on F? with SHELXL 2015° on Olex 2-1.2.7 All hydrogen atoms were placed at
calculated positions and refined using a riding model. The program Mercury 2020.3.0° and
ORTEP-3° was used to generate the X-ray structural diagram. The volume of void in the crystal

structure was calculated by the program CrystalExplorer 21.5.'° Isovalue was set as 0.002 e*au .
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Table S1. Crystallographic data

Compound name H-H Br-H Br-Br T-H T-T

CCDC number 2411824 2411825 2411826 2411827 2411828

Empirical formula C22H24B1o C22H23B10Br C22H22B10Br2 Ca6H26B10S C30H2sB10S2

Formula weight 396.51 475.41 554.31 478.63 560.74

Temperature / K 143(2) 143(2) 143(2) 143(2) 143(2)

Wavelength / A 0.71075 0.71075 0.71075 0.71075 0.71075

Crystal system monoclinic monoclinic monoclinic triclinic monoclinic

Space group P2i/n (No.14) C2/c (No.15) C2/c (No.15) P1 (No.2) P2i/c (No.14)

alA 11.896(6) 30.080(8) 30.140(7) 9.459(4) 11.075(4)

b/ A 12.504(6) 10.105(3) 10.366(2) 11.316(5) 19.436(8)

clA 14.801(7) 17.857(5) 17.799(4) 12.775(6) 13.485(5)

al® 90 90 90 109.650(5) 90

pI° 99.230(7) 124.970(3) 123.658(2) 100.826(3) 97.585(7)

y/° 90 90 90 99.410(5) 90

V/A3 2172.9(19) 4448(2) 4629.1(18) 1226.3(9) 2877(2)

VA 4 8 8 2 4

p/gem™ 1.212 1.420 1.591 1.296 1.294

a/cm’! 0.061 1.859 3.514 0.149 0.208

F(000) 824 1920 2192 496 1160

0 range / © 3.230-27.486  3.140-27.490 3.100-27.485 3.057-27.488 3.048-27.527
—15<h<12, —38<h<37 —34<h<39 —11<h<12 —14<h<13

Limiting indices —16<k<16, —13<k<12 —13<k<13 —13<k<14 —25<k=<25
—18<I<19 —22<I<23 —21<I<23 —16<I<16 —17<I<13

Collected unique reflections 17387/4974 17643/5079 18383/5309 10041/5379 23165/6496

Rindl®] 0.1491 0.0410 0.0631 0.0486 0.0847

S (Goodness-of-fit on F2)[! 1.130 0.777 0.824 0.872 1.092

Ri [I>20(D)] 0.1187 0.0370 0.0281 0.0416 0.0742

WR> (all data)d! 0.2188 0.1153 0.0631 0.0990 0.1864

) R = DY Fof <[ Fof=/EIF 1.5 = [{Ew(FoP—| i)} (Vo ~ N2 1 R = [S(FoP-|FiP (o)

(4R = [Zw(|Fol*~|Fe|)/Zw(|Fo)?]"2. w = 1/[c*(|[Fo]*)+[(ap)*+bp]], where p =[|Fo’,+2|F¢[*]/3
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Table S2. Geometrical data of crystal structures

H-H (R{ =R, =H)

Br-H (R, = Br, R, = H)

Br-Br (R, = R, = Br)

T-H (R = 2-thienyl, R, = H)
T-T (R = R, = 2-thienyl)

d(C-C2) /A d(Cs-Cg) /A d(Cs—Cs)/ A

¢(C27C17C37C4) /°

¢(C1*C2*C67C7) / °

d(Ph-Ant) / Al

H-H 183005
Br-H 1.821(3)
Br-Br 1.820(4)
T-H  1.83003)
T-T  1.827(4)

3.077(5)
3.192(3)
3.177(4)
3.153(3)
3.108(4)

4.318(6)
5.109(4)
5.069(4)
4.756(3)
4.412(4)

~95.2(4)
~63.0(3)
~113.93)
~111.3(2)
~86.2(3)

83.6(4)
89.7(3)
87.7(3)
94.2(2)
84.1(3)

3.808
4.232
4.198
4.069
3.895

[ Distance between centroids of phenyl group and central benzene ring of anthryl group.
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Table S3. Crystallographic data of H-H measured in different temperature

Temperature / K 143(2) 208(2) 243(2)
CCDC number 2411824 2425738 2425739
Empirical formula C22H24B1o C22H24B1o C22H24B1o
Formula weight 396.51 396.51 396.51
Wavelength / A 0.71075 0.71075 0.71075
Crystal system monoclinic monoclinic monoclinic

Space group P2i/n (No.14)  P2i/n (No.14) P2i/n (No.14)

alA 11.896(6) 11.912(2) 11.910(3)

blA 12.504(6) 12.511(2) 12.514(3)

c/A 14.801(7) 14.825(3) 14.838(3)

al® 90 90 90

ple 99.230(7) 99.261(3) 99.142(3)

y/° 90 90 90

ViIA3 2172.9(19) 2180.6(7) 2183.5(8)

VA 4 4 4

plgem™ 1.212 1.208 1.206

al/cm’! 0.061 0.061 0.061

F(000) 824 824 824

O range / ° 3.230-27.486  3.257-27.487 3.223-27.478
—15<h<12, —11<h<15 —15<h<13

Limiting indices —16<k<16, —16<k<15 —15<k<14
—18<I/<19 —19<I<19 —19</<19

Collected unique reflections 17387/4974 17321/4980 17258/4922

Rin®] 0.1491 0.0328 0.0488

S (Goodness-of-fit on F2)[b] 1.130 1.083 0.962

Ri [I>20(1)] 0.1187 0.0462 0.0488

wR2 (all data)! 0.2188 0.1294 0.1381

[ Rine = Z[|Fo—<[Fo>/E|Fo* 1 S = [{Zw(|[Fol*~F[*)*}/(No — Np)V* 1 Ry = [Z(|Fol|Fe[) /(| Fo?)*]"
MRy = [Zw(|Fol~|F ) Zw([Fo)?]12. w = 1/[c3(|[Fo]>)+[(ap)*+bp]], where p =[|Fo2,+2|F¢[*1/3
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Table S4. Variable temperature crystallographic data of H-H

Temperature / K Veen / A3 [ Vvoid / A3 0] Vinolecute / A3 [¢]
143(2) 2172.9(19) 253 480
208(2) 2180.6(7) 262 480
243(2) 2183.5(8) 267 479

(2 Unit cell volume determined by single-crystal X-ray diffraction. [ Void volume in the unit cell calculated by CrystalExplorer 21.5.
[l Averaged volume occupied by each molecule in the unit cell calculated by the equation: (Veelt — Vvoid)/Z, where Z denotes number of

molecules contained in the unit cell.

2190
o Vv /A
A Vvoid/AS o
2180 - ®
e o
~ 21704
il
g
> z 2
S
= 270+
> A
A
260 -
A
250

140 160 180 200 220 240 260
T/K

Figure S1. Temperature-dependence of unit cell volume and crystal void volume of H-H.

Table S5. Crystalline geometrical data of H-H in variable temperature

H-H

T/K  d(Ci—C2)/A d(CsCe)/A d(Cs—Cs)/A @(Cr-C1—C3—Ca)/° @(Ci—C>-Ce-C7)/°  d(Ph-Ant) / Al®

143 1.83005) 3.077(5) 4.318(6) ~95.2(4) 83.6(4) 3.808
208 1.819(2) 3.074(2) 4.326(2) ~84.6(1) 86.7(1) 3.804
243 1.817(2) 3.076(2) 4.328(2) ~84.5(2) 86.7(1) 3.806

[l Distance between centroids of phenyl group and central benzene ring of anthryl group.
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Powder X-ray Diffraction Analysis

Powder X-ray diffraction (PXRD) data were collected with a Rigaku SmartLab Diffractometer
(sealed tube (50 kV, 40 mA); Cu Ka, 1.542 A; Bragg-Brentano geometry). PXRD samples were

placed on a single-crystal silicon substrate.

Experiment (PXRD) + Simulated
H-H
iE:\ —_ ~l.-l-jL.—j-_-l...u-a‘.JlAn..-Jl ! W 5
.§Z§ r-
sl b
c
— |Br-Br
D |
-N A A A 7w e A A A S bR, ot
'©
é T-H
O
Z

2 theta / degree

Figure S2. PXRD patterns and simulated diffraction patterns of C,C’-diaryl-o-carborane derivatives.
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Optical Properties

UV-vis absorption and diffusion reflectance spectra were obtained on a SHIMADZU UV3600i plus
spectrophotometer. Photoluminescence (PL) spectra were measured with a HORIBA JOBIN YVON
Fluorolog-3 spectrofluorometer and an Oxford Optistat DN for temperature control. The
fluorescence quantum yield (QY) was recorded on a HAMAMATSU Quantaurus-QY Plus
C13534-01 model. The PL lifetime measurement was performed on a HORIBA FluoroCube
spectrofluorometer system with a UV diode laser (NanoLED 369 nm) or a HORIBA Deltaflex
spectrofluorometer system with a UV diode laser (DeltaDiode 375 nm).

Preparation of samples

The solution for optical measurements was prepared by following procedure. First, measured solid
samples were dissolved in each solvent using whole pipette to afford 1.0 x 107> M solution. Then,
100 L of 1.0 x 107> M solution was placed in 10 mL volumetric flask. Finally, the same solvent was
added up to the marked line to obtain 10 mL of 1.0 x 10~ M solution.

Crystalline samples were prepared by recrystallization. Samples were dissolved in boiling
MeOH/CHCIs. After allowed to room temperature, the solution was placed at —20 °C refrigerator.
Precipitated crystals were collected by membrane filter and then dried in vacuo to remove any
residual solvent.

Films were prepared by spin-coating method from 1 mg / 300 mL (per repeating unit) CHCI3
solution. (1000 rpm, 30 sec) and then dried in vacuo for 1.5 h.

Calculation method for the relative PL. quantum yield
In this paper, relative PL quantum yield was used for discussion in temperature dependence.
Integration of PL spectra (absolute PL intensity (cps unit) vs wavelength (nm)) was performed to
obtain integrated PL intensity. Then, data at 290 K was used as a standard of PL data with absolute
quantum yield measured at room temperature. Relative PL quantum yield was calculated according
to the following equation.

= ,i; X i
,where ¢! was relative PL quantum yield at 7K, I; was integrated PL intensity at K, and ¢3PS
was absolute PL quantum yield. Origin 2020 software was used for integration of PL spectra. If

rel

calculated ¢7° values exceeded 1.0, virtual value of 0.999 was used instead for & and ki
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calculation. This excess can be because the calculation was performed under approximation of

temperature-independency in absorption.
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Figure S3. Solution-state UV—vis absorption spectra of a) Br-H, b) Br-Br, c¢) T-H, d) T-T, ¢) o-FL
and f) o-BT.
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Figure S4. Solution-state PL spectra of a) Br-H, b) Br-Br, ¢) T-H, d) T-T, e) o-FL and f) o-BT.
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Figure S7. Photoluminescence decay profiles of a) H-H, b) Br-H, ¢) Br-Br, d) T-H, e¢) T-T, f)
o-FL and g) o-BT in solid.
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Figure S8. Photoluminescence decay profiles of H-H at a) 80 K, b) 170 K, ¢) 260 K, d) 350 K, and

e) 410 K in the crystalline state.
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Figure S9. Photoluminescence decay profiles of Br-H at a) 80 K, b) 170 K, ¢) 260 K, d) 350 K, and

e) 410 K in the crystalline state.
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Figure S10. Photoluminescence decay profiles of Br-Br at a) 80 K, b) 170 K, ¢) 260 K, d) 350 K,
and e) 410 K in the crystalline state.
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Figure S11. Photoluminescence decay profiles of T-H at a) 80 K, b) 170 K, ¢) 260 K, d) 350 K, and
e) 410 K in the crystalline state.
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Figure S12. Photoluminescence decay profiles of T-T at a) 80 K, b) 170 K, ¢) 260 K, d) 350 K and
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Figure S13. Photoluminescence decay profiles of o-FL at a) 80 K, b) 170 K, ¢) 260 K, d) 350 K,

and e) 410 K in film.
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Figure S14. Photoluminescence decay profiles of 0-BT at a) 80 K, b) 170 K, ¢) 260 K, d) 350 K,
and e) 410 K in film.

S-43



Table S6. Summary of photophysical properties

Name  Statel® ! Aabs / M JpL/nml°l  Stokes shift/ 103 cm™'l4l gp [oe] L/ 1S e /nslfl 2
H-H in CHCl; 408, 272 643 8.96 0.01 n.d. n.d. n.d.
in THF 410,270 645 8.89 0.01 n.d. n.d. n.d.
Crystal - 592 - 0.70 7.7 (100%) 7.7 1.32
Br-H in Hexane 414,274 593 7.29 <0.01 n.d. n.d. n.d.
in Toluene 420 630 7.94 <0.01 n.d. n.d. n.d.
in CHCl3 419,277 637 8.17 <0.01 n.d. n.d. n.d.
in MeCN 429,275 674 8.47 <0.01 n.d. n.d. n.d.
Crystal - 619 - 0.26 2.9 (100%) 2.9 1.07
Br-Br in Hexane 417,275 609 7.56 <0.01 n.d. n.d. n.d.
in Toluene 423 639 7.99 <0.01 n.d. n.d. n.d.
in CHCl3 422,278 643 8.15 <0.01 n.d. n.d. n.d.
in MeCN 430, 275 678 8.51 <0.01 n.d. n.d. n.d.
Crystal - 625 - 0.26 3.2 (100%) 32 1.22
T-H in Hexane 415,274 610 7.70 <0.01 n.d. n.d. n.d.
in Toluene 432 648 7.72 <0.01 n.d. n.d. n.d.
in CHCl3 432,278 676 8.36 <0.01 n.d. n.d. n.d.
in MeCN 430,274 694 8.85 <0.01 n.d. n.d. n.d.
Crystal - 637 - 0.66 7.5 (100%) 7.5 1.87
T-T in Hexane 431, 275 634 7.43 <0.01 n.d. n.d. n.d.
in Toluene 433 663 8.01 <0.01 n.d. n.d. n.d.
in CHCl3 434,278 677 8.27 <0.01 n.d. n.d. n.d.
in MeCN 431,275 701 8.94 <0.01 n.d. n.d. n.d.
Crystal - 671 - 0.22 3.5 (100%) 3.5 1.61
o-FL  in CCls 472,353, 285 676 6.39 0.06 n.d. n.d. n.d.
in Toluene 471, 353, 283 692 6.78 0.06 n.d. n.d. n.d.
in CHCl3 478, 354, 285 709 6.82 0.05 n.d. n.d. n.d.
in CH2Clz 481, 354, 284 724 6.98 0.02 n.d. n.d. n.d.
1.0 (56%),
Film 491, 353, 289 700 6.08 0.06 0.23 (15%), 1.4 1.18
2.8 (29%)
o-BT inCCls 475,341,284 703 6.83 0.02 n.d. n.d. n.d.
in Toluene 476, 341, 282 718 7.08 0.02 n.d. n.d. n.d.
in CHCl3 479, 341, 284 743 7.42 0.01 n.d. n.d. n.d.
in CH2Cl2 481, 341, 283 767 7.75 <0.01 n.d. n.d. n.d.
Film 494, 341, 289 729 6.53 0.02 n.d. n.d. n.d.

2l Solutions were prepared for 1.0x107°> M concentration (per repeating units for oligomers). ! Films were prepared by spin-coating
method. [°! Excited at longest dabs wavelength (longest Aabs wavelength in CHCl3 were used for solid-state samples). [4 Stokes shift =
1/2abs — 1/2pL, where the longest wavelength values were used in Zabs. [ Absolute quantum yield determined by integrating sphere
method. T zpL2® = Tirifi, where fi : relative amplitude of ith component (%), 7i: luminescent decay lifetime of ith component (s). —: not

measured. n.d.: cannot be determined reliably due to weak luminescence.
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Suggestion from luminescent properties of oligomers

In contrast to the small compounds, oligomers (o-FL and o0-BT) show weak emission
enhancement upon aggregation. We interpret this result with two effects.

One is that the molecular motion leading to non-radiative decay might be partially suppressed by
oligomerization. The molecular motion of the diaryl-o-carborane units can be restricted by the
neighboring sterically hindered comonomer units.

The other reason is that both oligomers showed luminescence in the NIR region, and therefore the
two polymers potentially have more non-radiative decay channels than other small molecules
(energy gap law), which leads to the suppression of luminescence.

0-BT showed slight but consistent luminescent efficiency in both solution and solid states. This is
probably because more red-shifted PL of 0-BT than o-FL might result in dominant effect of the
energy gap law in PL properties.

In contrast, 0-FL showed almost identical efficiency in the solid state to that in the solution state
and the solution-state efficiency was quite higher than those of small molecules. From these results,
we suggest here that the compound should be affected by the smaller contribution of the energy gap
law and strong luminescence was realized by the suppression of quenching by sterically restraint

o-carborane units in the oligomer chain.

S-45



Table S7. Temperature dependency on photophysical properties of crystalline samples

Compounds T/K JpL/nmf grel o] L/ ns L /nslel 2 ke /108 57141 e / 108 s71IEl
H-H 80 576 1.09 8.6 (100%) 8.6 1.68 1.2 0.0012
110 576 1.07 - - - - -
140 580 1.03 - - - - -
170 583 0.99 8.4 (100%) 8.5 1.91 1.2 0.0078
200 583 0.94 - - - - -
230 587 0.87 — - - - -
260 585 0.79 8.5 (100%) 8.5 1.36 0.93 0.24
290 592 0.70 - - - - -
320 593 0.59 — - - - -
350 596 0.47 7.7 (100%) 7.7 1.17 0.61 0.68
380 600 0.36 - - - - -
410 607 0.26 5.4 (100%) 54 1.26 0.48 1.4
Br-H 80 609 0.29 3.2 (100%) 32 1.32 0.91 2.2
110 609 0.30 - - - - -
140 611 0.30 - - - - -
170 612 0.30 3.1 (100%) 3.1 1.24 0.96 2.3
200 613 0.30 - - - - -
230 616 0.29 - - - - -
260 618 0.27 2.9 (100%) 2.9 1.32 0.94 2.5
290 618 0.26 - - - - -
320 620 0.25 - - - - -
350 624 0.23 2.8 (100%) 2.8 1.11 0.83 2.7
380 626 0.22 - - - - -
410 628 0.20 2.7 (100%) 2.7 1.51 0.73 3.0
Br-Br 80 617 0.30 3.6 (100%) 3.6 1.12 0.82 2.0
110 619 0.30 - - - - -
140 618 0.29 - - - - -
170 620 0.29 3.4 (100%) 34 1.15 0.84 2.1
200 621 0.28 - - - - -
230 622 0.28 - - - - -
260 623 0.27 3.2 (100%) 3.2 1.13 0.83 2.3
290 623 0.26 - - - - -
320 628 0.25 - - - - -
350 634 0.24 3.1 (100%) 3.1 1.17 0.76 2.5
380 633 0.22 - - - - -
410 640 0.20 3.0 (100%) 3.0 1.20 0.68 2.7
T-H 80 623 1.03 8.2 (100%) 8.2 1.34 1.2 0.0012
110 624 1.01 - - - - -
140 626 0.97 - - - - -
170 626 0.94 8.2 (100%) 8.2 1.28 1.1 0.077
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200 629 0.88 - - - - -

230 634 0.82 - - - - -
260 633 0.75 8.1 (100%) 8.1 141 092 031
290 634 0.66 - - - - -
320 637 0.56 - - - - -
350 642 0.45 6.2 (100%) 62 179 072 0.89
380 642 0.34 - - - - -
410 645 0.24 4.4 (100%) 44 211 055 1.7

T-T 80 654 0.79 10 (100%) 10 124 0.79 021
110 658 0.80 - - - - -
140 659 0.82 - - - - -
170 663 0.79 10 (100%) 10 113 0.79 021
200 661 0.75 - - - - -
230 668 0.66 - - - - -
260 665 0.46 7.1 (100%) 7.1 116 0.65 0.75
290 666 0.22 - - - - -
320 668 0.1 - - - - -
350 671 0.06 1.3 (100%) 1.3 213 044 73
380 671 0.03 - - - - -

044 (80%), 0.20

410 693 0.02 0.39 111 046 25

(20%)

14 (52%), 0.30
o-FL 80 674 0.16 2.1 .12 0.77 4.0
(10%), 3.5 (38%)
110 682 0.16 - - - - -
140 679 0.12 - - - - -
1.6 (53%), 0.40
170 688 0.11 2.3 1.07  0.50 3.8
(10%), 3.8 (37%)
200 689 0.10 - - - - -
230 697 0.09 - - - - -
046 (13%), 1.7
260 698 0.08 22 1.04 035 42
(59%), 4.1 (28%)
290 699 0.06 - - - - -
320 699 0.04 - - - - -
021 (23%), 2.1
350 705 0.03 0.86 .10 0.38 1
(18%), 0.74 (58%)
0.15 (38%)1, 0.55

410 703 0.01 0.52 1.05 027 19
(51%), 1.8 (10%)

1.0 (56%), 3.1
0-BT 80 703 0.04 1.4 132 0.8 6.7
(28%), 0.14 (16%)(0

110 704 0.04 - - - - -
140 708 0.04 - - - - -
170 712 0.03 1.1 (60%), 0.19 14 1.26 0.24 6.9
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(20%)17, 3.6 (20%)

200 722 0.03 - - - - -

230 728 0.03 - - - - -
0.83 (57%), 0.15

260 726 0.03 1.0 126 025 9.4
(22%)11, 2.6 (21%)

290 735 0.02 - - - - -

320 729 0.02 - - - - -
052 (42%), 0.10

350 737 0.01 0.4 1.04 027 23
(48%)1, 1.8 (10%)
032 (26%), 0.06

410 731 0.01 0.22 152 0.29 46
(65%)17, 1.1 (9%)

[a Excited at longest dabs wavelength in CHCls. [V Relative quantum yield calculated with integration of luminescent spectra (vide
supra).'® pL®¢ = Tirifi, fi : relative amplitude of ith component (%), zi: luminescent decay lifetime of ith component (s). [4 Radiative
decay constant calculated by following equation: k& = @*lpr/zpL®. [¢] Non-radiative decay constant calculated by following equation:

ke = (1-@*lpL)/zp 2 [l Reference value because luminescent lifetime of this component is below limit of detection of our apparatus

(0.2 ns). —: not measured.
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Figure S17. Solution-state temperature-dependent luminescent spectra of H-H in 2-MeTHF solution
(1.0x107°> M). While the solution was in the glass state below 140 K (glass transition temperature of
2-MeTHF: 137 K), the spectra showed bathochromic shift as observed in the solid state. This
suggests that the excited-state relaxation processes should be accelerated by temperature rise. Over
140 K at which solution is in the fluid state, the spectra showed hypsochromic shift. This shift
should be a consequence of the decrease in the dielectric constant of the solvent, resulting in lower
polarity in higher temperature regions. The temperature-dependent property of 2-MeTHF solvent

was according to the literature.!!
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Cyclic Voltammetry

Cyclic voltammetry (CV) was carried out on a BASALS-Electrochemical-Analyzer Model 600D
with a glassy carbon working electrode, a Pt counter electrode, an Ag/AgCl reference electrode, and
the ferrocene/ferrocenium (Fc/Fc*) external reference at a scan rate of 0.1 V s !. Cyclic
voltammograms were measured in CH2Cl (1.0x107 M, per repeating units for the oligomers)
containing NBusPFs (0.10 M). Energy levels of frontier orbitals were calculated by the following
equation: ELumo (eV) = —4.8 — Eonset™™ (V) and Enomo (V) = —4.8 — Eonset™ (V), where Ey is energy

of x orbital and Eonse¥°* is onset value of the first reduction or oxidation waves.
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Figure S18. Cyclic voltammograms of C,C’-diaryl-o-carborane derivatives.
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Figure S19. Energy levels of frontier orbitals of C,C’-diaryl-o-carborane derivatives.
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Thermal analysis

Thermogravimetric analyses (TGA) were performed by a HITACHI STA 7200RV instrument with
the aluminum pan and the heating rate of 10 °C/min. up to 500 °C under nitrogen flow (200 mL/min).
Differential scanning calorimetry (DSC) measurements were carried out on a HITACHI DSC 7020
instrument with the aluminum pan and the heating rate of 10 °C/min under nitrogen flow (50
mL/min). TGA measurements were conducted up to 500 K. DSC measurements were conducted

under 20 K lower than the temperature where decomposition started.
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Figure S20. TGA thermograms of C,C’-diaryl-o-carborane derivatives.
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Figure S21. DSC thermograms C,C’-diaryl-o-carborane derivatives.
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Theoretical Calculation

General

The Gaussian 16 program Revision C.01 package'? was used for density functional theory (DFT)
and time-dependent DFT (TD-DFT) calculations. Several pairs of functional and basis sets were
tested on H-H, Br-H, and Br-Br to find appropriate one, which reproduce single-crystal X-ray
structure at best. CAM-B3LYP functional with 6-31+G(d,p) (for H, B, and C) and LanL.2DZ (for Br)
basis sets were selected for further calculation. Effective core potential was calculated with
LanL2DZ level. Geometry optimization was conducted for each compound in ground singlet (So)
and excited singlet (S1) states. Optimized structures at So states were obtained for all compounds and
confirmed as local minimum on each potential energy surface using frequency calculations. The
polarized continuum model (PCM)!*"!° of CHCI; solvated state was selected to simulate the effect of
solvent molecules. Kohn-Sham orbitals of HOMOs and LUMOs were generated from the optimized
structure using GaussView 6 (isovalue: 0.02). The optimized geometries and calculated electronic
transitions are tabulated in Tables S9—-S38.

QM/MM calculation

The molecular structures in crystalline state were optimized by the quantum mechanics / molecular
mechanics (QM/MM) method. The molecular coordinates for QM/MM analyses were extracted from
single-crystal structures. The calculation models were constructed by adding molecules until fully
covering central one molecule with surrounding molecules in ball and stick drawing mode. The
central one molecule in the high layer was calculated at CAM-B3LYP/6-31+G(d,p) (for H, B, and C)
and LanL2DZ (for Br) level and the surround molecules in the low layer were dealt in the universal
force field. The QM/MM model was constructed from the cut-out cluster consisting of 24-72
molecules from crystal packing structure (Figure S23).

Scan calculation

Scan The So and S; potential energy curves (PESs) were calculated through scan method with
variance of Ceage—Ceage bond between 1.8-2.7 A (0.1 A increments). Opt=modredundant keyword
was used for restricted structural optimization. It should be noted that S; state optimization at Ccage—
Ccage bond length of 1.8 A for T-T was not converged.

Geometry of T-H

The geometry of T-H used for calculations varied in ground and excited states. T-H had two

geometries with rotation of the thiophene ring (Geometry A and B, Figure S22). Geometry A has the
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conformation in which the sulfur atom of the thiophene ring faces the phenyl group side, which is
same conformation as observed in SCXRD analysis. Geometry B has the conformation in which the
sulfur atom of the thiophene ring faces the opposite side to the phenyl group. Geometrical
optimization to So and S1 minimum states were performed with geometry B because So optimization
was not converged in geometry A. Scan calculation for Sy state was not converged with geometry A.
Then the geometry B was used instead. However S; state scan calculation was not converged with

geometry B, so we performed it with geometry A.

A

Figure S22. Geometries of T-H used for calculations. (Color list: boron, pink; carbon, grey; sulfur,

yellow) Hydrogen atoms were omitted.
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Table S8. Screening of various calculation level on Sy state optimized geometry

R, R,
\ /
C5 CS
:\ \
\ /.C4 \
C Cq C7
A —
Cy=Co H-H (R, =R, = H)

Br-H (R, = Br, R, = H)
T-H (R, = 2-thienyl, R, = H)

9(C2—C1—Cs— P(C1—C2—Co—
Compound  Calculation level?! d(Ci-C2)/ A d(C3-Ce) / A d(Cs—Cs) / A

Cy/° Cnl/°
H-H Crystal datal® 1.830(5) 3.077(5) 4.318(6) —95.2(4) 83.6(4)
B3LYP 2.009 3.403 5.405 —91.526 87.586
B3LYP-D3 1.879 3.166 4.599 —73.934 85.908
B3PW91-D3 1.803 3.066 4.327 —71.813 85.877
CAM-B3LYP 1.791 3.194 5.109 —88.423 87.280
Br-H Crystal datal® 1.821(3) 3.192(3) 5.109(4) —63.0(3) 89.7(3)
B3LYP 1.932 3.233 4.550 —90.089 85.900
B3LYP-D3 1.857 3.082 3.976 —76.830 85.209
B3PW91-D3 1.794 2.999 3.759 —-101.10 81.390
CAM-B3LYP 1.777 3.093 4372 —80.616 86.106
CAM-B3LYP
1.778 3.148 4.818 —98.232 86.485
LanL2DZ for Br
T-H Crystal datal®] 1.830(3) 3.153(3) 4.756(3) —111.3(2) 94.2(2)
B3LYP [ 1.988 3.375 5.299 —91.563 87.441
B3LYP-D3 [ 1.865 3.134 4.399 —73.664 85.837
B3PW91-D3 [ 1.796 3.052 4.249 —106.007 83.733
CAM-B3LYP [ 1.786 3.179 5.010 —91.472 86.978

[s] 6-31G+(d,p) basis set was used for carbon, hydrogen and boron atoms. Solvent effect of chloroform was considered with polarized
continuum model. ! Structural parameters of experimentally determined crystal structures measured with Mercury 2022.3.0 software.
[l Geometry A was used for structural optimization (see Figure S22). [91 Geometry B was used for structural optimization because So

optimization was not converged in geometry A (see Figure S22).
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72 molecules 28 molecules

24 molecules

Figure S23. Setup of QM/MM model for a) H-H, b) Br-H, c) Br-Br, d) T-H, and ¢) T-T.
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a) H-H

b) Br-H

c) Br-Br

d) T-H

e)T-T

Figure S24. Energy levels of the Sp and S; states modeled in solution (left) and crystal (middle) and
calculated emission wavelength in both states (right) of a) H-H, b) Br-H, c) Br-Br, d) T-H, and e)
T-T with variable Ccage—Ceage bond lengths. S¢° and Si°"' denote energy levels of optimized

geometries in ground state and excited state, respectively. So'“ denotes energy levels calculated with
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Table S9. Optimized geometry of H-H at the S state calculated at B3LYP 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z

1 5 4.290177 -0.001214 -0.588355
2 5 3.261515 -0.886303 0.568302
3 6 -0.835701 2.51036 -1.396339
4 6 -3.434402 2.43343 -0.36485
5 5 3.366421 1.4349 -1.115855
6 6 -2.696219 -1.216675 -0.502426
7 6 -3.434623 -2.434756 -0.357187
8 5 3.261347 0.887931 0.565158
9 5 1.957914 0.882956 -2.042256
10 6 -1.589462 3.65615 -1.295468
11 6 1.015532 0.003525 1.972328
12 6 -2.897036 3.635166 -0.740503
13 6 -0.835731 -2.515264 -1.38793
14 6 -1.589581 -3.660665 -1.283396
15 6 0.924609 -0.001839 -1.054718
16 5 1.777016 1.353526 -0.31654
17 6 1.849465 0.00114 0.729114
18 1 -3.467488 4.554074 -0.648861
19 1 -1.177346 4.591967 -1.661608
20 5 1.777046 -1.354933 -0.311467
21 5 1.957641 -0.890369 -2.038889
22 5 3.497503 -0.004099 -2.162518
23 6 -1.324393 1.231839 -0.970973
24 6 -2.696132 1.214825 -0.506274
25 6 -3.317638 -0.000449 -0.21895
26 6 -1.324437 -1.235301 -0.966941
27 6 -2.897279 -3.637753 -0.7288

28 1 -4.448985 -2.372034 0.026965
29 1 -4.331312 0.000213 0.173739
30 1 -1.177449 -4.597728 -1.646316
31 1 -3.467806 -4.556321 -0.634251
32 1 0.13067 -2.594736 -1.856034
33 1 0.130603 2.588216 -1.86492
34 1 -4.448679 2.372037 0.019732
35 6 -0.581927 -0.00184 -1.032085
36 1 1.172892 -2.295371 0.041112
37 1 3.58653 -1.538791 1.500576
38 1 4.097511 -0.006123 -3.187276
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1.173155
3.871438
5.470883
3.871659
3.586601
1.466019
1.466115
3.366283
0.642023
0.641447
-0.090837
-0.090287
-0.463731
0.928141
-0.367487
0.929191
-0.366503
-1.034639

2.295333
-2.48193
-0.000989
2.476736
1.54398
1.518777
-1.529283
-1.439204
1.213011
-1.203554
-1.200178
1.214311
0.008238
-2.150537
-2.144221
2.158247
2.160148
0.010047

0.03286
-1.368159
-0.462866
-1.376765

1.494842
-2.907942
-2.902498
-1.110659
2.585146
2.589526
3.776995
3.772601
4.371597
2.148902

4.2364
2.141088
4.228562
5.295298
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Table S10. Optimized geometry of H-H at the Sy state calculated at B3LYP-D3 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 4.352274 0.085455 0.140322
2 5 3.141085 -0.9608 0.915566
3 6 -0.617282 2.723192 -1.076863
4 6 -3.273972 2.476478 -0.230523
5 5 3.524153 1.604105 -0.309742
6 6 -2.472205 -1.102767 -0.901927
7 6 -3.184921 -2.340444 -1.003329
8 5 3.107241 0.782337 1.209836
9 5 2.304645 1.22149 -1.549825
10 6 -1.386571 3.83683 -0.839079
11 6 0.590887 -0.326632 1.905735
12 6 -2.7246 3.722864 -0.37155
13 6 -0.528613 -2.210369 -1.877374
14 6 -1.257812 -3.36713 -2.011712
15 6 1.143864 0.187875 -0.870156
16 5 1.830235 1.435251 0.162738
17 6 1.685494 -0.092689 0.906586
18 1 -3.308576 4.614488 -0.166041
19 1 -0.96627 4.820282 -1.027656
20 5 1.882372 -1.29652 -0.295733
21 5 2.342104 -0.524852 -1.843225
22 5 3.859578 0.355011 -1.540793
23 6 -1.11922 1.395016 -0.884237
24 6 -2.517346 1.296354 -0.520729
25 6 -3.132558 0.045505 -0.463314
26 6 -1.074414 -1.031693 -1.272363
27 6 -2.594444 -3.455773 -1.534596
28 1 -4.221247 -2.360955 -0.677569
29 1 -4.165171 -0.026758 -0.131301
30 1 -0.806535 -4.223053 -2.504829
31 1 -3.145613 -4.386412 -1.626154
32 1 0.464325 -2.186021 -2.29593
33 1 0.374659 2.86831 -1.472186
34 1 -4.309546 2.356426 0.075578
35 6 -0.355798 0.19401 -1.070568
36 1 1.229786 -2.264889 -0.198007
37 1 3.293556 -1.745969 1.787703
38 1 4.637834 0.519665 -2.423473
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1.161164
4.148842
5.489753
4.048767
3.221215
1.939475
1.998865
3.57952
-0.232846
0.36334
-0.661733
-1.264254
-1.48489
0.986505
-0.819639
-0.083892
-1.895922
-2.289013

2.317455
-2.228116
0.049121
2.669492
1.248495
1.980587
-0.985647
-1.238286
0.717828
-1.622736
-1.866818
0.470401
-0.821773
-2.445657
-2.875465
1.72523
1.291723
-1.013452

0.542585
-1.109863
0.481564
-0.300124
2.292169
-2.378931
-2.876379
-0.783377
2.353278
2.399042
3.312315
3.260418
3.742346
2.07053
3.681548
1.988517
3.584556
4.446453
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Table S11. Optimized geometry of H-H at the Sy state calculated at B3PW91-D3 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 4.335299 0.036101 0.316513
2 5 3.075491 -1.007295 1.003942
3 6 -0.524911 2.743001 -1.048335
4 6 -3.190581 2.517703 -0.239045
5 5 3.554633 1.571883 -0.143717
6 6 -2.415492 -1.057614 -0.929003
7 6 -3.129697 -2.289507 -1.045359
8 5 3.045797 0.724467 1.332191
9 5 2.385741 1.226555 -1.439399
10 6 -1.281181 3.861417 -0.803704
11 6 0.476743 -0.366287 1.84604
12 6 -2.623575 3.757064 -0.354468
13 6 -0.472197 -2.160333 -1.903067
14 6 -1.203279 -3.311196 -2.054503
15 6 1.192786 0.191562 -0.805074
16 5 1.843575 1.42749 0.245161
17 6 1.626584 -0.120368 0.916558
18 1 -3.199042 4.653073 -0.142221
19 1 -0.846358 4.842379 -0.973281
20 5 1.888437 -1.317138 -0.271138
21 5 2.416553 -0.508704 -1.766064
22 5 3.92709 0.345242 -1.381375
23 6 -1.04741 1.423247 -0.880079
24 6 -2.446881 1.334778 -0.534815
25 6 -3.070769 0.089871 -0.486465
26 6 -1.018497 -0.991974 -1.286933
27 6 -2.539373 -3.399845 -1.583139
28 1 -4.168684 -2.310697 -0.726891
29 1 -4.105093 0.022127 -0.15749
30 1 -0.753955 -4.162382 -2.558203
31 1 -3.093433 -4.327948 -1.686539
32 1 0.523707 -2.127854 -2.319349
33 1 0.475622 2.876479 -1.430974
34 1 -4.231581 2.40747 0.05358
35 6 -0.296253 0.220782 -1.062695
36 1 1.216409 -2.28035 -0.219352
37 1 3.169771 -1.804295 1.877569
38 1 4.746891 0.519815 -2.227012
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1.162687

4.17523

5.45531
4.090468
3.102379
2.055826
2.101167
3.601453
-0.385053
0.227041
-0.861862
-1.481187
-1.725707
0.881938
-1.038638
-0.218241
-2.145949
-2.582287

2.310262
-2.249184
-0.021889
2.632822
1.155737
1.996004
-0.93294
-1.256891
0.666698
-1.664624
-1.923284
0.404311
-0.890683
-2.479795
-2.936027
1.677399
1.217711
-1.094781

0.615834
-0.992693
0.716114
-0.086111
2.436265
-2.27823
-2.827265
-0.672813
2.233542
2311724
3.139702
3.052265
3.507082
2.025282
3.489646
1.882907
3.327402
4.143129
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Table S12. Optimized geometry of H-H at the Sy state calculated at CAM-B3LYP 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 4.309103 0.043184 -0.260184
2 5 3.188354 -0.883959 0.744013
3 6 -0.725166 2.557486 -1.307442
4 6 -3.36272 2.428738 -0.417563
5 5 3.445025 1.494486 -0.809725
6 6 -2.59446 -1.194648 -0.664337
7 6 -3.329685 -2.421329 -0.614847
8 5 3.176997 0.869581 0.818188
9 5 2.114612 0.973679 -1.852282
10 6 -1.4868 3.685642 -1.20864
11 6 0.789821 -0.079243 1.92248
12 6 -2.819263 3.638055 -0.718392
13 6 -0.69236 -2.440926 -1.514135
14 6 -1.438847 -3.583365 -1.508716
15 6 1.043667 0.0486 -0.906456
16 5 1.815183 1.415134 -0.159351
17 6 1.728209 -0.015429 0.746782
18 1 -3.398838 4.549912 -0.622665
19 1 -1.067906 4.634602 -1.527958
20 5 1.83286 -1.365007 -0.275916
21 5 2.126489 -0.780509 -1.926119
22 5 3.653872 0.107043 -1.895277
23 6 -1.223998 1.260845 -0.94674
24 6 -2.610892 1.220239 -0.566165
25 6 -3.237622 -0.001821 -0.362288
26 6 -1.207715 -1.185361 -1.047109
27 6 -2.77076 -3.594279 -1.014807
28 1 -4.360888 -2.380297 -0.277557
29 1 -4.270664 -0.022605 -0.027016
30 1 -1.008085 -4.496979 -1.905825
31 1 -3.337917 -4.518644 -0.993959
32 1 0.291701 -2.489084 -1.946791
33 1 0.258383 2.654427 -1.733016
34 1 -4.393719 2.34649 -0.087006
35 6 -0.477842 0.043025 -1.006848
36 1 1.201639 -2.311214 -0.00603
37 1 3.414796 -1.544004 1.697766
38 1 4.333305 0.152412 -2.866518
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1.1757
3.998067
5.471925
3.965368
3.393135
1.656168
1.675923
3.463549
0.300769
0.438407
-0.393316
-0.531876
-0.885895
0.818982
-0.652778
0.571489
-0.900601
-1.535339

2.33161
-2.395201
0.040683
2.545869
1.450938

1.61213
-1.348834
-1.368785
1.088028
-1.311649
-1.375272
1.023432
-0.208133
-2.231639
-2.342662
2.057541
1.942402
-0.257893

0.182423
-1.187324
-0.026518
-0.981524
1.824292
-2.73212
-2.856658
-0.929532
2.515796
2481514
3.593566
3.627507
4.168718
2.056867
4.010556
2.118739
4.070901
5.036598

S-69



Table S13. Optimized geometry of Br-H at the Sy state calculated at B3LYP 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 -5.025327 0 0.312372
2 5 -3.754241 0.885983 1.191663
3 6 -0.182642 -2.475946 -1.612131
4 6 2.489082 -2.468906 -0.80171
5 5 -4.256156 -1.438245 -0.417188
6 6 1.778827 1.226783 -0.843482
7 6 2.489081 2.468896 -0.801739
8 5 -3.754241 -0.885972 1.191674
9 5 -3.09338 -0.884899 -1.641355
10 6 0.550524 -3.636249 -1.625741
11 6 -1.202481 0.000013 1.980987
12 6 1.897862 -3.644071 -1.181489
13 6 -0.182643 2.475925 -1.612161
14 6 0.550522 3.636228 -1.625784
15 6 -1.866483 -0.000006 -0.879419
16 5 -2.533062 -1.373449 -0.011647
17 6 -2.333874 0.000005 0.995484
18 1 2.464992 -4.56952 -1.171153
19 1 0.094886 -4.551656 -1.990876
20 5 -2.533063 1.373446 -0.011664
21 5 -3.09338 0.884876 -1.641366
22 5 -4.619119 -0.000011 -1.407923
23 6 0.369036 -1.223852 -1.188906
24 6 1.778827 -1.226794 -0.843468
25 6 2.398422 -0.000004 -0.559875
26 6 0.369035 1.223836 -1.18892
27 6 1.89786 3.644056 -1.181532
28 1 3.52888 2.456592 -0.501815
29 1 0.094883 4.551631 -1.99093
30 1 2.464989 4.569506 -1.171208
31 1 -1.191997 2.506188 -1.989219
32 1 -1.191996 -2.506214 -1.989189
33 1 3.528881 -2.456598 -0.501786
34 6 -0.376455 -0.000008 -1.145105
35 1 -1.862969 2.314761 0.180592
36 1 -3.845727 1.529508 2.18037
37 1 -5.439946 -0.000016 -2.26568
38 1 -1.862968 -2.314762 0.18062
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-4.809004
-6.144227
-4.809002
-3.845725
-2.802466
-2.802467
-4.256157
-0.661189
-0.661204
0.418657
0.418672
0.979367
-1.075812
0.828688
-1.075786
0.828715
4.176127
1.838559

2.479522
0.000002
-2.479533
-1.529485
-1.512471
1.512436
1.438236
-1.207889
1.207922
1.207202
-1.207152
0.000029
2.154316
2.152167
-2.154289
-2.15211
0.000001
0.000036

-0.55217

0.708895
-0.552139
2.180389
-2.598783
-2.598801
-0.417206
2.454973

2.454968

3.338309
3.338313

3.762922
2.130651

3.681166
2.130659
3.681173

0.149953

4427123
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Table S14. Optimized geometry of Br-H at the So state calculated at B3LYP-D3 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z

1 5 -4.960095 0.045491 0.682792
2 5 -3.613484 1.052824 1.264

3 6 -0.292297 -2.716245 -1.272362
4 6 2.382334 -2.594065 -0.476328
5 5 -4.259757 -1.498558 0.117995
6 6 1.663731 1.058159 -1.042371
7 6 2.357378 2.302825 -1.177857
8 5 -3.590991 -0.692396 1.555534
9 5 -3.22528 -1.152441 -1.290978
10 6 0.435235 -3.86803 -1.109771
11 6 -0.952717 0.332078 1.844749
12 6 1.784745 -3.810727 -0.673358
13 6 -0.310608 2.159507 -1.99612
14 6 0.407382 3.314929 -2.173372
15 6 -1.945841 -0.156075 -0.779349
16 5 -2.51262 -1.391411 0.331246
17 6 -2.203545 0.137372 1.035612
18 1 2.349405 -4.725698 -0.524484
19 1 -0.02367 -4.827207 -1.328933
20 5 -2.548362 1.354453 -0.125796
21 5 -3.248394 0.594019 -1.581094
22 5 -4.732589 -0.237481 -1.054373
23 6 0.267809 -1.420088 -1.039815
24 6 1.677284 -1.369199 -0.700634
25 6 2.285501 -0.110029 -0.572539
26 6 0.256485 0.995613 -1.386293
27 6 1.75151 3.402719 -1.724765
28 1 3.396009 2.351248 -0.876978
29 1 -0.054031 4.161791 -2.67193
30 1 2.307028 4.327435 -1.844963
31 1 -1.318467 2.113008 -2.378568
32 1 -1.305385 -2.792851 -1.634132
33 1 3.423565 -2.545226 -0.184696
34 6 -0.47857 -0.20677 -1.152362
35 1 -1.861371 2.302732 -0.142755
36 1 -3.602072 1.839266 2.148363
37 1 -5.638371 -0.376421 -1.81053
38 1 -1.817749 -2.29514 0.598429
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-4.875854
-6.032504
-4.811513
-3.55621
-3.010989
-3.041853
-4.295808
-0.137684
-0.552886
0.643915
1.064939
1.46693
-1.171076
0.937547
-0.423382
1.690097
4.044153
2.406218

2.352196
0.116811
-2.546008
-1.152673
-1.919662
1.045503
1.344652
-0.751584
1.627492
1.834847
-0.541477
0.752144
2.479761
2.845107
-1.76165
-1.392678
0.004273
0.914659

-0.59401
1.188811
0.209452
2.645675
-2.16378
-2.654141
-0.352161
2.207845
2.214098
2.899348
2.883391
3.221417
1.959803
3.167086

1.94587
3.133883

0.17602
3.741014
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Table S15. Optimized geometry of Br-H at the Sy state calculated at B3PW91-D3 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z

1 5 -4.924868 -0.066528 0.776265
2 5 -3.527811 0.637479 1.626811
3 6 -0.340505 -2.100542 -2.01718
4 6 2.317538 -2.264598 -1.18489
5 5 -4.301254 -1.327666 -0.322477
6 6 1.64507 1.396342 -0.675105
7 6 2.34713 2.614536 -0.430668
8 5 -3.564427 -1.091704 1.277133
9 5 -3.280247 -0.538461 -1.547602
10 6 0.372703 -3.255254 -2.204191
11 6 -0.883264 -0.399227 1.771615
12 6 1.709976 -3.3547 -1.745253
13 6 -0.330019 2.746082 -1.199235
14 6 0.393033 3.894997 -1.013745
15 6 -1.96053 0.175872 -0.732182
16 5 -2.553224 -1.357029 -0.1493

17 6 -2.159345 -0.17009 1.016733
18 1 2.262064 -4.281097 -1.871326
19 1 -0.087726 -4.092999 -2.719488
20 5 -2.496033 1.386679 0.40354

21 5 -3.24643 1.191964 -1.198985
22 5 -4.747499 0.275245 -0.956623
23 6 0.228153 -0.952553 -1.387123
24 6 1.629507 -1.022044 -1.040962
25 6 2.252583 0.137536 -0.557506
26 6 0.237669 1.450861 -1.003993
27 6 1.744219 3.83198 -0.591999
28 1 3.391944 2.561055 -0.148324
29 1 -0.072013 4.857702 -1.204292
30 1 2.307426 4.745248 -0.425674
31 1 -1.348344 2.824389 -1.550415
32 1 -1.345885 -2.038671 -2.40927
33 1 3.355493 -2.319472 -0.878492
34 6 -0.503928 0.241787 -1.132945
35 1 -1.786169 2.280693 0.682964
36 1 -3.450015 1.051134 2.736284
37 1 -5.673653 0.443131 -1.685585
38 1 -1.86595 -2.307528 -0.215241
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-4.790836
-5.982728
-4.890216
-3.520287
-3.09018
-3.047437
-4.24436
-0.481864
-0.042691
1.190877
0.745666
1.59499
-0.331383
1.84209
-1.122598
1.042557
3.99517
2.56185

2.540053
-0.154598
-2.328423
-1.902813
-0.944776
1.980319
1.493001
-1.706209
0.663955
0.422573
-1.944938
-0.882245
1.683978
1.259391
-2.544395
-2.96601
0.016096
-1.069299

0.387387
1.315044
-0.582263
2.141977
-2.645337
-2.060748
0.243301
2.080191
2.123678
2.723469
2.692162
3.000615
1.902284
2.956611
1.831289
2.912385
0.181798
3.458058
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Table S16. Optimized geometry of Br-H at the So state calculated at CAM-B3LYP 6-31G+(d,p)

level
Center Atomic Coordinates (Angstroms)
Number Number X y z

1 5 -4.987507 0.003276 0.42243

2 5 -3.700943 0.995064 1.117294
3 6 -0.209112 -2.669678 -1.260967
4 6 2.464307 -2.55064 -0.500313
5 5 -4.244534 -1.510596 -0.132413
6 6 1.731447 1.092551 -0.983173
7 6 2.433805 2.333324 -1.103063
8 5 -3.683972 -0.744608 1.357061
9 5 -3.117682 -1.116527 -1.439424
10 6 0.525589 -3.811307 -1.142624
11 6 -1.106592 0.27118 1.885036
12 6 1.878622 -3.758246 -0.720844
13 6 -0.234881 2.224197 -1.884078
14 6 0.486808 3.367664 -2.052556
15 6 -1.894299 -0.130002 -0.781439
16 5 -2.527409 -1.411647 0.207396
17 6 -2.267926 0.099711 0.940522
18 1 2.450056 -4.672828 -0.604403
19 1 0.072251 -4.766435 -1.386401
20 5 -2.55424 1.356315 -0.172143
21 5 -3.135096 0.623254 -1.677969
22 5 -4.636082 -0.226055 -1.291247
23 6 0.342049 -1.372131 -1.003778
24 6 1.74659 -1.326997 -0.685846
25 6 2.360604 -0.079153 -0.556552
26 6 0.328218 1.040525 -1.304885
27 6 1.83584 3.439961 -1.620311
28 1 3.474422 2.36497 -0.810287
29 1 0.026415 4.22474 -2.532812
30 1 2.395416 4.362449 -1.731743
31 1 -1.244289 2.196633 -2.259537
32 1 -1.22143 -2.749452 -1.619809
33 1 3.507243 -2.49702 -0.219204
34 6 -0.402504 -0.1625 -1.095156
35 1 -1.876057 2.306999 -0.11198
36 1 -3.753714 1.744105 2.029609
37 1 -5.478663 -0.348544 -2.116871
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-1.843061
-4.840819
-6.090034
-4.79177
-3.71787
-2.828445
-2.852626
-4.271954
-0.382792
-0.729137
0.366046
0.716672
1.105823
-1.286705
0.64607
-0.663315
1.274587
4.125539
1.974489

-2.311917
2.337258
0.052925
-2.561911
-1.223207
-1.842811
1.09226

1.328706
-0.827372
1.550821
1.729224
-0.647527
0.631524
2.418674
2.731766
-1.831912
-1.51349
0.015974
0.770981

0.503207
-0.774061
0.856453
-0.109556
2.437235
-2.322751
-2.723307
-0.520005
2.356262
2.304706
3.141668
3.188543
3.570594
1.975944
3.447425
2.069001
3.528899
0.136106
4.205873
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Table S17. Optimized geometry of Br-H at the Sy state calculated at CAM-B3LYP functional with
6-31G+(d,p) basis set for C, H, O atoms and LanLL2DZ basis set for Br atom

Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 -5.015234 0.023466 0.157892
2 5 -3.774748 0.792923 1.156557
3 6 -0.163519 -2.288809 -1.784968
4 6 2.501799 -2.380709 -0.999179
5 5 -4.244014 -1.333141 -0.691274
6 6 1.817941 1.298007 -0.671615
7 6 2.532006 2.529053 -0.508924
8 5 -3.786745 -0.952382 0.969277
9 5 -3.027106 -0.667225 -1.78764
10 6 0.553353 -3.440092 -1.914532
11 6 -1.268524 -0.209326 1.917281
12 6 1.900918 -3.503115 -1.47742
13 6 -0.136944 2.628071 -1.280622
14 6 0.593326 3.773797 -1.178044
15 6 -1.842986 0.106455 -0.833067
16 5 -2.552882 -1.3564 -0.223244
17 6 -2.338016 -0.069335 0.865722
18 1 2.458495 -4.43021 -1.557039
19 1 0.09045 -4.309659 -2.369545
20 5 -2.534664 1.418353 0.072513
21 5 -3.014746 1.077772 -1.601536
22 5 -4.544864 0.199208 -1.531937
23 6 0.397599 -1.087165 -1.239028
24 6 1.803177 -1.133003 -0.914119
25 6 2.436419 0.053487 -0.540247
26 6 0.411293 1.334261 -0.993682
27 6 1.943606 3.73188 -0.747064
28 1 3.574557 2.487819 -0.225495
29 1 0.138891 4.722677 -1.443771
30 1 2.512689 4.649421 -0.642105
31 1 -1.143218 2.701929 -1.654747
32 1 -1.168193 -2.272259 -2.170629
33 1 3.542858 -2.410568 -0.708935
34 6 -0.333882 0.123032 -1.070794
35 1 -1.866069 2.32181 0.393825
36 1 -3.879059 1.304245 2.217112
37 1 -5.326168 0.299642 -2.418741
38 1 -1.887728 -2.308613 -0.085905
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-4.76511
-6.145195
-4.799688
-3.905788
-2.680601
-2.661983

-4.22509
-0.919626
-0.638228
0.331488

0.04692
0.681928
-0.900184
0.811948
-1.405684

0.30248
4.268634

1.440273

2.571115
-0.007891
-2.346849
-1.672846
-1.166563
1.774072
1.516678
-1.475418
0.911908
0.768797
-1.617109
-0.495772
1.906207
1.652563
-2.360485
-2.608986
-0.023991
-0.606529

-0.434589
0.516995
-0.954487
1.898281
-2.798841
-2.48603
-0.388469
2.398359
2.464303
3.45114
3.38756
3.913216
2.127176
3.85785
2.007631
3.74555
0.125102
4.681509
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Table S18. Optimized geometry of T-H at the So state calculated at B3LYP 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 5.313286 -0.000024 0.093854
2 5 4.09634 -0.886952 1.047761
3 6 0.410355 2.493077 -1.602119
4 6 -2.300387 2.458249 -0.94505
5 5 4.497931 1.437687 -0.586368
6 6 -1.579909 -1.21888 -0.972601
7 6 -2.300543 -2.458036 -0.945437
8 5 4.096322 0.886826 1.047803
9 5 3.273609 0.885635 -1.746076
10 6 -0.326911 3.651497 -1.623995
11 6 1.636123 -0.00009 2.031685
12 6 -1.696451 3.647604 -1.254083
13 6 0.410251 -2.492964 -1.602299
14 6 -0.327084 -3.651338 -1.624342
15 6 2.083784 -0.000005 -0.945874
16 5 2.793797 1.359435 -0.080515
17 6 2.674709 -0.000073 0.952649
18 1 -2.265185 4.57226 -1.248618
19 1 0.14591 4.576534 -1.940517
20 5 2.793802 -1.359507 -0.080583
21 5 3.273611 -0.885626 -1.74611
22 5 4.809776 0.000007 -1.595868
23 6 -0.154278 1.227347 -1.236562
24 6 -1.579842 1.219044 -0.972445
25 6 -2.258642 0.000087 -0.760487
26 6 -0.154336 -1.227238 -1.236665
27 6 -1.69666 -3.647394 -1.254561
28 1 -3.357235 -2.430086 -0.708632
29 1 0.145703 -4.576373 -1.940924
30 1 -2.265462 -4.57201 -1.249274
31 1 1.434598 -2.5441 -1.929564
32 1 1.434683 2.544195 -1.929447
33 1 -3.357054 2.430344 -0.708133
34 6 0.590737 0.000033 -1.176846
35 1 2.136109 -2.300162 0.156485
36 1 4.249926 -1.53793 2.023886
37 1 5.580026 0.000029 -2.49958
38 1 2.136097 2.300065 0.156631
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5.041167
6.453117
5.041152
4.24991
2.941828
2.941835
4.497942
1.161585
1.161254
0.234181
0.234513
-0.236279
1.520133
-0.11821
1.520725
-0.11762
-0.959135
-3.694925
-4.797799
-4.184637
-6.037503
-4.721131
-5.865776
-7.009579
-6.62117

-2.479704
-0.000029
2.479685
1.537754
1.518632
-1.518589
-1.437718
1.208282
-1.208491
-1.207423
1.207155
-0.000147
-2.154576
-2.152302
2.154385
2.152008
-0.000169
0.000101
0.000517
-0.000447
0.000396
0.000894
-0.000111
0.000671
-0.000305

-0.752767
0.426038
-0.752634
2.023961
-2.686349
-2.686409
-0.586439
2.572298
2.571943
3.614445
3.614802
4.137813
2.185665
4.016656
2.186302
4.017302
4.948122
-0.382135
-1.201185
1.300829
-0.488255
-2.283048
0.870572
-0.968199
1.644893
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Table S19. Optimized geometry of T-H at the So state calculated at B3LYP-D3 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 5.250817 -0.082171 0.633817
2 5 3.91651 -1.13571 1.154623
3 6 0.567911 2.823548 -1.016725
4 6 -2.153657 2.634448 -0.413452
5 5 4.536977 1.498871 0.204414
6 6 -1.407177 -0.937731 -1.260773
7 6 -2.109801 -2.161419 -1.511527
8 5 3.894639 0.579627 1.583543
9 5 3.482561 1.26116 -1.211086
10 6 -0.172274 3.9543 -0.775455
11 6 1.272568 -0.479226 1.843415
12 6 -1.546696 3.86224 -0.42951
13 6 0.603404 -2.005817 -2.162617
14 6 -0.11779 -3.137743 -2.449918
15 6 2.211349 0.224409 -0.767858
16 5 2.791885 1.365969 0.436178
17 6 2.500103 -0.211229 1.022264
18 1 -2.116864 4.760661 -0.214509
19 1 0.298898 4.928638 -0.864147
20 5 2.825226 -1.330214 -0.235515
21 5 3.506404 -0.456783 -1.638696
22 5 4.995519 0.335674 -1.07035
23 6 -0.001092 1.510353 -0.954521
24 6 -1.428186 1.437153 -0.718483
25 6 -2.093882 0.196646 -0.783139
26 6 0.01774 -0.872959 -1.509897
27 6 -1.485914 -3.239226 -2.081546
28 1 -3.166127 -2.204167 -1.273532
29 1 0.363164 -3.957927 -2.974494
30 1 -2.039166 -4.151066 -2.283934
31 1 1.628603 -1.955625 -2.492576
32 1 1.597149 2.941816 -1.313706
33 1 -3.213038 2.551581 -0.200762
34 6 0.74599 0.304028 -1.145093
35 1 2.137471 -2.276074 -0.30575
36 1 3.926326 -1.989514 1.973829
37 1 5.888646 0.537096 -1.827658
38 1 2.102784 2.242616 0.793006
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5.150369
6.330831
5.087189
3.875553
3.254795
3.289016
4.57155
0.422333
0.940669
-0.213583
-0.73834
-1.063063
1.581425
-0.452862
0.649772
-1.392441
-1.971423
-3.524561
-4.626223
-4.006846
-5.865019
-4.545508
-5.690002
-6.838149
-6.446148

-2.282089
-0.19029
2.538199
0.953477
2.093805

-0.820335

-1.298683
0.558428

-1.800058

-2.074904
0.280609

-1.035965

-2.618571

-3.102661
1.584875
1.096378

-1.250883
0.09975
0.255414

-0.251345
0.095149
0.478409

-0.181495
0.182072

-0.349821

-0.817905
1.116863
0.36943

2.706679

-2.018095

-2.742322

-0.488935

2.256104

2.189538

2.922212

2.979027
3.312415
1.884818

3.177092

2.001734

3.270199

3.866448

-0.411166

-1.215469
1.234997

-0.518737

-2.273507
0.811608
-0.98836
1.56705
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Table S20. Optimized geometry of T-H at the So state calculated at B3PW91-D3 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z

1 5 -5.235201 -0.07788 0.668467
2 5 -3.866487 0.583726 1.594407
3 6 -0.620184 -2.015893 -2.113146
4 6 2.086141 -2.169903 -1.449555
5 5 -4.576558 -1.294543 -0.460592
6 6 1.407113 1.42986 -0.700868
7 6 2.130662 2.624634 -0.399083
8 5 -3.895457 -1.12716 1.169839
9 5 -3.516522 -0.456933 -1.615677
10 6 0.098695 -3.151044 -2.383909
11 6 -1.239722 -0.470879 1.795176
12 6 1.462093 -3.252045 -2.006852
13 6 -0.5864 2.809332 -1.005214
14 6 0.150712 3.939575 -0.7631

15 6 -2.219524 0.217062 -0.732597
16 5 -2.832704 -1.337046 -0.228903
17 6 -2.47814 -0.200981 0.994988
18 1 2.014005 -4.167936 -2.196026
19 1 -0.380971 -3.974717 -2.904878
20 5 -2.79014 1.378143 0.441022
21 5 -3.48845 1.256936 -1.192791
22 5 -4.99913 0.33637 -1.039891
23 6 -0.034747 -0.882191 -1.46891
24 6 1.385189 -0.946049 -1.216334
25 6 2.071157 0.191346 -0.754011
26 6 -0.0158 1.500665 -0.938267
27 6 1.522211 3.84976 -0.414723
28 1 3.191109 2.540475 -0.186282
29 1 -0.321645 4.913455 -0.854636
30 1 2.090769 4.749367 -0.198679
31 1 -1.616218 2.923488 -1.307754
32 1 -1.643665 -1.961487 -2.453404
33 1 3.143055 -2.208543 -1.208145
34 6 -0.758927 0.296207 -1.119831
35 1 -2.092376 2.255199 0.793322
36 1 -3.823621 0.949478 2.72242
37 1 -5.899442 0.538291 -1.792325
38 1 -2.140424 -2.284437 -0.299262
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-5.080921
-6.310013
-5.159509
-3.888725
-3.29696
-3.257877
-4.532976
-0.919626
-0.366097
0.809767
0.249325
1.123035
-0.586458
1.484993
-1.581773
0.481055
2.043749
3.503848
4.584602
4.022783
5.83492
4.474648
5.686868
6.79892
6.458859

2.542708
-0.185839
-2.280962
-1.973369
-0.811719
2.079274
1.500286
-1.787667
0.559844
0.277469
-2.066699
-1.035663
1.585262
1.088391
-2.601303
-3.093601
-1.254624
0.103024
0.262309
-0.235359
0.11329
0.479839
-0.157915
0.203298
-0.318438

0.39657
1.168868
-0.781843
2.001134
-2.725333
-2.014181
0.226315
2.153029
2.162418
2.853343
2.855792
3.201425
1.893424
3.108822
1.879358
3.122214
3.733629
-0.405616
-1.237145
1.219259
-0.568369
-2.293864
0.765789
-1.056428
1.507567
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Table S21. Optimized geometry of T-H at the So state calculated at CAM-B3LYP 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 5.321947 0.000089 -0.032067
2 5 4.13301 -0.878164 0.937831
3 6 0.385423 2.483744 -1.489801
4 6 -2.26589 2.451838 -0.655138
5 5 4.506893 1.433411 -0.693142
6 6 -1.551444 -1.211194 -0.73503
7 6 -2.265834 -2.451254 -0.657354
8 5 4.132998 0.877449 0.938632
9 5 3.23879 0.878457 -1.794116
10 6 -0.346815 3.633178 -1.468804
11 6 1.674261 -0.000884 1.931252
12 6 -1.686437 3.632115 -1.001812
13 6 0.385478 -2.482344 -1.492046
14 6 -0.346734 -3.631811 -1.472097
15 6 2.102495 0.00044 -0.876026
16 5 2.839635 1.393165 -0.142931
17 6 2.683091 -0.000314 0.813227
18 1 -2.249928 4.5579 -0.955539
19 1 0.099921 4.55547 -1.825856
20 5 2.839658 -1.392932 -0.144199
21 5 3.238809 -0.87672 -1.794918
22 5 4.769144 0.000843 -1.705763
23 6 -0.153473 1.219186 -1.077849
24 6 -1.551473 1.211865 -0.73394
25 6 -2.213106 0.000215 -0.484593
26 6 -0.153444 -1.218172 -1.078945
27 6 -1.686356 -3.631202 -1.005104
28 1 -3.30014 -2.426736 -0.338395
29 1 0.100021 -4.553768 -1.829989
30 1 -2.249827 -4.557041 -0.959674
31 1 1.381918 -2.528001 -1.895361
32 1 1.381861 2.529791 -1.893075
33 1 -3.300194 2.427008 -0.336198
34 6 0.586235 0.000506 -1.055583
35 1 2.18567 -2.325242 0.119241
36 1 4.292361 -1.499062 1.930677
37 1 5.506705 0.001274 -2.634663
38 1 2.185655 2.325249 0.121316
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5.046621
6.468053
5.046573
4.292323
2.843663
2.843693
4.506918
1.219425
1.220169
0.321345
0.320594
-0.135713
1.570997
-0.017867
1.569655
-0.01921
-0.836306
-3.622412
-4.07582
-4.954742
-5.500906
-3.408351
-6.107388
-6.043016
-7.165607

-2.472277
-0.000042
2473216
1.497449
1.48118

-1.478597
-1.432649
1.200836
-1.203181
-1.203329
1.199854
-0.002021
-2.149364
-2.148413
2.147448
2.144507
-0.002461
-0.000011
-0.000614
0.000495
-0.000671
-0.001005
-0.000111
-0.001112
-0.000018

-0.877144
0.272957
-0.874905
1.932045
-2.727922
-2.729274
-0.694444
2.481909
2.481266
3.541963
3.542602
4074391
2.090297
3.952799
2.091447
3.953939
4903117
-0.020789
1.267205
-1.13934
1.363905
2.121067
0.143906
2.301725
-0.077883
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Table S22. Optimized geometry of H-H at the S; state calculated at CAM-B3LYP 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z

1 5 4.061469 -1.310395 0.003639
2 5 3.303574 0.031015 0.891741
3 6 -1.15576 -1.366674 -2.481622
4 6 -3.481904 0.151149 -2.425848
5 5 3.036936 -1.630808 -1.419707
6 6 -2.80115 -0.116716 1.218834
7 6 -3.481891 0.165576 2.425352
8 5 3.3035 0.025442 -0.892828
9 5 1.511466 -2.329959 -0.886062
10 6 -1.867344 -1.122247 -3.652848
11 6 1.523007 1.92565 -0.006157
12 6 -3.023267 -0.340166 -3.633483
13 6 -1.155463 -1.351573 2.490031
14 6 -1.866845 -1.100024 3.659874
15 6 0.605062 -1.298227 0.00401

16 5 1.610846 -0.540143 -1.251149
17 6 2.041301 0.542234 -0.002057
18 1 -3.563106 -0.131834 -4.550602
19 1 -1.508367 -1.542547 -4.585988
20 5 1.61101 -0.532336 1.254004
21 5 1.511709 -2.324495 0.900324
22 5 2.997993 -2.693891 0.008106
23 6 -1.571527 -0.863221 -1.237255
24 6 -2.801163 -0.124071 -1.217739
25 6 -3.353933 0.292614 -0.000684
26 6 -1.57146 -0.855754 1.242726
27 6 -3.022927 -0.318255 3.635913
28 1 -4.388721 0.76071 2.380647
29 1 -4.27604 0.866163 -0.002518
30 1 -1.507573 -1.514696 4.595416
31 1 -3.562697 -0.104394 4.551802
32 1 -0.273918 -1.967197 2.557764
33 1 -0.274364 -1.98286 -2.54578
34 1 -4.388549 0.746785 -2.384468
35 6 -0.831478 -1.05501 0.003299
36 1 1.054411 -0.081227 2.190271
37 1 3.839173 0.8337 1.580501
38 1 3.417307 -3.80604 0.011433
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1.053768
3.478319
5.243356
3.477608
3.839007
0.947066
0.947417
3.037234
1.283686
1.285957
0.829769
0.827406
0.595094
1.46921
0.658989
1.465204
0.654753
0.238057

-0.095244
-1.969087
-1.434663
-1.984902
0.823704
-3.125606
-3.115965
-1.621887
2.602922
2.610535
3.922686
3.915051
4.5819
2.113383
4.432911
2.099896
4.419292
5.606716

-2.190074
2.476298
0.003859
-2.464675
-1.586735
-1.555745
1.575027
1.429199
-1.211778
1.195606
1.191144
-1.214713
-0.013667
2.140905
2.133781
-2.154283
-2.160224
-0.01656
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Table S23. Optimized geometry of Br-H at the S; state calculated at CAM-B3LYP 6-31G+(d,p)

level
Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 -4.96026 0.000329 0.002149
2 5 -3.789806 0.838186 1.046953
3 6 -0.019187 -2.347156 -1.944306
4 6 2.545726 -2.420698 -0.896984
5 5 -4.109168 -1.389164 -0.717879
6 6 1.854081 1.2776 -0.787612
7 6 2.545915 2.500896 -0.639574
8 5 -3.789961 -0.941827 0.954096
9 5 -2.901717 -0.797134 -1.855765
10 6 0.706635 -3.534167 -1.966072
11 6 -1.441761 -0.111957 2.141755
12 6 1.9854 -3.575186 -1.416509
13 6 -0.019112 2.537282 -1.688558
14 6 0.70678 3.720044 -1.586332
15 6 -1.703639 0.059415 -1.133975
16 5 -2.404941 -1.264511 -0.170057
17 6 -2.423264 -0.053848 1.037154
18 1 2.55078 -4.500574 -1.402087
19 1 0.263732 -4.4237 -2.400438
20 5 -2.404802 1.275929 -0.037374
21 5 -2.901593 0.986528 -1.762635
22 5 -4.426164 0.086894 -1.658127
23 6 0.503737 -1.162123 -1.40867
24 6 1.853991 -1.188566 -0.916606
25 6 2.445448 0.026185 -0.501818
26 6 0.503802 1.302753 -1.279689
27 6 1.985608 3.703354 -1.035669
28 1 3.545376 2.494861 -0.225668
29 1 0.26389 4.650133 -1.925303
30 1 2.551047 4.622144 -0.924713
31 1 -1.010529 2.57774 -2.110939
32 1 -1.01051 -2.34317 -2.368823
33 1 3.5452 -2.457823 -0.484705
34 6 -0.266289 0.069445 -1.327086
35 1 -1.730219 2.20243 0.236573
36 1 -4.014353 1.474372 2.021491
37 1 -5.19267 0.134256 -2.564892
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-1.730423
-4.644247
-6.113521
-4.644563
-4.014674
-2.633484
-2.633212
-4.109077
-0.974858
-0.971539
-0.066722
-0.070139
0.392618
-1.322371
0.280407
-1.328256
0.274359
4.176981
1.101956

-2.214555
2.509703
-0.014554
-2.422657
-1.675917
-1.417168
1.704225
1.457119
-1.343329
1.061698
1.005443
-1.398108
-0.224259
2.025603

1.92668
-2.265258
-2.362404
-0.018482
-0.267551

0.006037
-0.697216
0.287314
-0.954406
1.857142
-2.826491
-2.663514
-0.569399
2.626824
2.750792
3.803682
3.679839
4.271196
2.401496
4.260808
2.180324
4.039848
0.35189
5.09151
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Table S24. Optimized geometry of Br-Br at the So state calculated at CAM-B3LYP 6-31G+(d,p)

level
Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 4.9567 1.877769 0.000051
2 5 3.446339 2.147172 0.878202
3 6 1.339495 -1.796917 -2.470222
4 6 -1.405443 -2.241224 -2.467055
5 5 4.567851 0.902727 -1.432974
6 6 -0.752165 -1.970434 1.221503
7 6 -1.405551 -2.241058 2.467152
8 5 3.446377 2.147114 -0.878183
9 5 3.993783 -0.675879 -0.877457
10 6 0.693184 -2.123184 -3.624494
11 6 0.813341 1.801792 -0.000041
12 6 -0.712294 -2.311631 -3.635159
13 6 1.339386 -1.796753 2.470409
14 6 0.693024 -2.122942 3.624676
15 6 2.553645 -0.420966 0.000075
16 5 2.845545 0.572529 -1.395445
17 6 2.242804 1.329705 0.000011
18 1 -1.225267 -2.544819 -4.56208
19 1 1.26387 -2.253507 -4.538153
20 5 2.845484 0.572621 1.395542
21 5 3.993745 -0.675821 0.877686
22 5 5.28785 0.145862 0.000115
23 6 0.656948 -1.657955 -1.216774
24 6 -0.752112 -1.970515 -1.221396
25 6 -1.427376 -2.008768 0.00004
26 6 0.656894 -1.657875 1.216923
27 6 -0.712454 -2.311387 3.635292
28 1 -2.470071 -2.430183 2.461679
29 1 1.26367 -2.253204 4.538369
30 1 -1.225468 -2.544512 4.562206
31 1 2.411648 -1.706565 2.498263
32 1 2.411757 -1.706729 -2.498034
33 1 -2.469962 -2.430349 -2.461616
34 6 1.302317 -1.296531 0.000077
35 1 2.145386 0.482222 2.327667
36 1 3.099727 3.092268 1.497608
37 1 6.383851 -0.307261 0.000154
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2.145484
5.127797
5.809973
5.127905
3.099794
4.101977
4.101913
4.567789
0.1414064
0.141379
-1.174784
-1.174698
-1.821906
0.638252
-1.682361
0.638405
-1.682208
-3.368516
-3.665312

0.482069
1.005926
2.701325
1.005764
3.092168
-1.684565
-1.684467
0.902822
2.045661
2.045682
2.492615
2.492594
2.702197
1.891995
2.67085
1.891959
2.670814
-2.188641
3.305258

-2.327593
2.472817
0.000042
-2.47265
-1.497666
-1.479459
1.47976
1.433124
-1.200553
1.20042
1.208021
-1.208256
-0.000142
2.149433
2.148498
-2.149528
-2.148772
0.000004
-0.000212
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Table S25. Optimized geometry of Br-Br at the S; state calculated at CAM-B3LYP 6-31G+(d,p)

level
Center Atomic Coordinates (Angstroms)
Number Number X y z

1 5 4.554861 2.55894 0.000005
2 5 3.018719 2.65073 0.891473
3 6 1.708596 -1.874083 -2.444969
4 6 -0.97456 -2.569829 -2.463818
5 5 4.266223 1.52937 -1.425029
6 6 -0.370528 -2.222338 1.234469
7 6 -0.974721 -2.56955 2.464054
8 5 3.01878 2.650625 -0.89158
9 5 4.007998 -0.130782 -0.8932

10 6 1.103523 -2.277509 -3.63098
11 6 0.458115 2.139258 -0.000111
12 6 -0.250748 -2.602342 -3.643318
13 6 1.708436 -1.873802 2.445302
14 6 1.103286 -2.277095 3.631319
15 6 2.646058 -0.316292 0.000108
16 5 2.581288 0.931925 -1.270906
17 6 1.908042 1.854522 -0.000044
18 1 -0.740619 -2.891514 -4.566666
19 1 1.690362 -2.323413 -4.541787
20 5 2.581201 0.932075 1.270971
21 5 4.007937 -0.130677 0.893487
22 5 5.132149 0.910656 0.000121
23 6 1.005959 -1.808602 -1.233597
24 6 -0.370447 -2.222479 -1.234232
25 6 -1.055017 -2.295136 0.0001

26 6 1.005877 -1.808459 1.233877
27 6 -0.250986 -2.601928 3.643606
28 1 -2.022911 -2.836655 2.479895
29 1 1.690065 -2.322895 4.54217

30 1 -0.740917 -2.890997 4.566955
31 1 2.756327 -1.61938 2.463268
32 1 2.756489 -1.619664 -2.462896
33 1 -2.02275 -2.836934 -2.479696
34 6 1.612351 -1.33402 0.000133
35 1 1.906197 0.705499 2.210058
36 1 2.62943 3.535188 1.577854
37 1 6.29123 0.649658 0.000176
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1.906348
4.802517
5.302554
4.802686
2.629538
4.359498
4.359392
4.266125
-0.248976
-0.249058
-1.610642
-1.61056
-2.279086
0.268624
-2.139649

0.26877
-2.139503
-2.953164
-4.186252

0.705241
1.706684
3.482094
1.706395
3.535002
-1.038819
-1.038634
1.529537
2.285325
2.285467
2.559697
2.559555
2.687157
2.188573
2.66988
2.188319
2.669626
-2.645477
3.051467

-2.210012
2.469754
-0.000024
-2.469628
-1.578092
-1.564403
1.564821
1.425139
-1.20242
1.202134
1.209552
-1.209963
-0.000236
2.148828
2.148975
-2.149068
-2.149435
0.000059
-0.000322
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Table S26. Optimized geometry of T-H at the S; state calculated at CAM-B3LYP 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 5.256337 -0.011529 0.022743
2 5 4.092469 -1.183909 -0.63456
3 6 0.322278 2.299661 1.988771
4 6 -2.221551 1.245146 2.242292
5 5 4.395107 0.930019 1.266552
6 6 -1.576139 0.653955 -1.413767
7 6 -2.299023 0.417874 -2.605465
8 5 4.081045 -0.793609 1.104304
9 5 3.193815 1.954063 0.484965
10 6 -0.385585 2.481865 3.169684
11 6 1.749724 -2.118849 0.473805
12 6 -1.650079 1.914647 3.310502
13 6 0.339394 1.229674 -2.793759
14 6 -0.39812 0.999295 -3.94833
15 6 1.996893 1.10638 -0.246275
16 5 2.688863 0.366266 1.220819
17 6 2.720177 -1.028634 0.235381
18 1 -2.190708 1.995226 4.247289
19 1 0.065331 3.037206 3.984719
20 5 2.704357 -0.189924 -1.250486
21 5 3.202923 1.562239 -1.257563
22 5 4.722701 1.60952 -0.344507
23 6 -0.215839 1.605901 0.892698
24 6 -1.571138 1.142641 0.992037
25 6 -2.22182 0.570106 -0.140832
26 6 -0.205512 1.058448 -1.510658
27 6 -1.722148 0.578702 -3.853412
28 1 -3.340534 0.133543 -2.539189
29 1 0.063264 1.155996 -4.917248
30 1 -2.30962 0.397788 -4.746986
31 1 1.354336 1.577032 -2.897209
32 1 1.314499 2.714789 1.916167
33 1 -3.194731 0.792554 2.371546
34 6 0.559979 1.304644 -0.299327
35 1 2.034545 -0.617808 -2.120641
36 1 4.323058 -2.25076 -1.096917
37 1 5.490368 2.49558 -0.539115
38 1 2.008741 0.350036 2.183097
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4.951758
6.409919
4.924139
4.303292
2.929493
2.943498
4.411277
1.278281
1.297587
0.410027
0.390193
-0.051673
1.6515
0.079965
1.616242
0.04308
-0.745542
-3.550892
-3.890507
-4.979336
-5.27044
-3.156156
-5.981951
-5.714205
-7.043308

0.256646
-0.287634
1.337228
-1.559409
3.016603

2.32976
0.305696
-2.395194
-2.924922
-3.969016
-3.438929
-4.229982
-2.738321
-4.582534
-1.792592
-3.635543
-5.045143
-0.031732
-1.302882
0.817237
-1.599841
-2.006409
-0.543736
-2.555419
-0.489711

-2.570811
0.091979
2.249036
1.981392
0.931728
-2.119214
-1.514193
1.766029
-0.581863
-0.352943
1.993565
0.935316
-1.588838
-1.185273
2.60069
3.002914
1.113832
-0.062858
-0.469496
0.484777
-0.32108
-0.84334
0.173529
-0.571482
0.373825
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Table S27. Optimized geometry of T-T at the Sy state calculated at CAM-B3LYP 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 -5.133546 -2.396621 -0.056552
2 5 -3.587975 -2.529849 0.792333
3 6 -2.00468 1.77679 -2.401821
4 6 0.649323 2.605999 -2.372312
5 5 -4.880848 -1.319595 -1.446846
6 6 0.06949 2.101074 1.279613
7 6 0.713477 2.402881 2.523555
8 5 -3.616152 -2.449635 -0.961425
9 5 -4.485328 0.288244 -0.824924
10 6 -1.409312 2.231272 -3.540735
11 6 -1.027268 -1.851501 -0.106959
12 6 -0.043568 2.615414 -3.542531
13 6 -1.936099 1.559852 2.555294
14 6 -1.310215 1.918349 3.71205
15 6 -3.013122 0.166949 0.025078
16 5 -3.205849 -0.794021 -1.409525
17 6 -2.497764 -1.542917 -0.059644
18 1 0.429636 2.945945 -4.461031
19 1 -1.993985 2.31166 -4.451436
20 5 -3.161182 -0.920714 1.373089
21 5 -4.45654 0.208658 0.928479
22 5 -5.661669 -0.716912 0.02765
23 6 -1.307128 1.688809 -1.151214
24 6 0.037704 2.20279 -1.140744
25 6 0.741754 2.317727 0.067343
26 6 -1.27415 1.583831 1.282712
27 6 0.053403 2.309642 3.708939
28 1 1.739746 2.746954 2.496689
29 1 -1.869231 1.91655 4.642205
30 1 0.550837 2.564247 4.638726
31 1 -2.982565 1.313797 2.604475
32 1 -3.05371 1.539643 -2.441741
33 1 1.677809 2.943391 -2.344824
34 6 -1.882446 1.1915 0.054515
35 1 -2.464819 -0.793288 2.303231
36 1 -3.127055 -3.455529 1.364627
37 1 -6.802675 -0.394714 0.060982
38 1 -2.531919 -0.585401 -2.34186
39 1 -5.363459 -1.66275 2.455513
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-5.886344
-5.442069
-3.177454
-4.718439
-4.671671
-4.83525
-0.376671
-0.282611
1.06918
0.971133
1.726047
-0.750949
1.619597
-0.924788
1.437377
2.167523
2.692533
3.432488
4.120386
2.075653
4.656057
4.71495
5.699905
3.159544
4.035694
3.978017
5.363612
3.747799
5.482133
6.192132
6.365566

-3.312602
-1.440827
-3.32049
1.303291
1.168757
-1.449219
-2.040294
-2.012902
-2.321537
-2.360805
-2.49529
-1.89351
-2.412805
-1.954305
-2.524918
2.726146
3.986599
1.535131
4.002291
4.877078
2.74997
4.907451
2.468758
-2.810067
-2.526269
-3.640642
-2.972397
-1.991547
-3.590796
-2.832062
-4.024945

-0.086396
-2.484056
-1.629013
-1.378975
1.579094
1.415881
-1.330084
1.063661
1.013168
-1.380721
-0.209483
2.031785
1.94372
-2.259518
-2.345781
0.06629
0.10188
0.016825
0.089737
0.136307
0.044909
0.113913
0.027329
-0.280161
-1.295128
1.011244
-1.036774
-2.192135
0.172719
-1.720277
0.619606
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Table S28. Optimized geometry of T-T at the S; state calculated at CAM-B3LYP 6-31G+(d,p) level

Center Atomic Coordinates (Angstroms)
Number Number X y z
1 5 4.679767 3.03604 -0.008716
2 5 3.112696 2.992141 0.829004
3 6 2.447854 -1.773537 -2.35829
4 6 -0.156278 -2.707877 -2.447774
5 5 4.557516 1.925518 -1.397224
6 6 0.312431 -2.282276 1.255311
7 6 -0.252938 -2.752609 2.462549
8 5 3.177256 2.921813 -0.952201
9 5 4.469107 0.269496 -0.803499
10 6 1.924034 -2.247703 -3.553968
11 6 0.658842 2.177763 -0.123567
12 6 0.600456 -2.681788 -3.605856
13 6 2.25902 -1.589515 2.533082
14 6 1.684211 -2.070581 3.702475
15 6 3.104183 -0.037407 0.051368
16 5 2.943314 1.148815 -1.268675
17 6 2.124247 2.047482 -0.063675
18 1 0.160525 -2.999197 -4.545112
19 1 2.540302 -2.247346 -4.44633
20 5 2.84943 1.249111 1.262422
21 5 4.401887 0.33848 0.979871
22 5 5.434925 1.464141 0.080547
23 6 1.703825 -1.766701 -1.167304
24 6 0.386153 -2.335249 -1.19674
25 6 -0.35415 -2.496097 0.011004
26 6 1.603904 -1.665512 1.293297
27 6 0.415346 -2.645275 3.669206
28 1 -1.219099 -3.239137 2.43693
29 1 2.232749 -2.000265 4.635439
30 1 -0.042058 -3.025735 4.576003
31 1 3.250798 -1.170163 2.584633
32 1 3.462523 -1.408718 -2.350129
33 1 -1.189155 -3.024853 -2.497966
34 6 2.198869 -1.169501 0.062481
35 1 2.169017 0.985182 2187747
36 1 2.607133 3.857452 1.462129
37 1 6.615419 1.336166 0.129398
38 1 2.331013 0.812609 -2.217979
39 1 4.928036 2.312252 2.502229
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5.321419
5.109698
2.72261
4.949238
4.82973
4.452141
-0.019498
-0.11082
-1.488219
-1.395084
-2.163947
0.37545
-2.047189
0.541427
-1.8795
-1.742632
-2.270882
-3.016753
-3.679157
-1.65729
-4.216366
-4.265043
-5.255714
-3.623183
-4.453135
-4.552159
-5.828531
-4.095413
-6.033164
-6.628339
-6.968241

4.035982
2.12213
3.733411
-0.617402
-0.497505
2.036134
2.214004
2.2917
2.424887
2.355316
2.452493
2.272991
2.491551
2.14636
2.407342
-2.952651
-4.106045
-1.973644
-4.20919
-4.873516
-3.125259
-5.052801
-2.937028
2.57386
2.186658
3.276465
2.450187
1.704817
3.035318
2.208481
3.343969

-0.024377
-2.430425
-1.686963
-1.421198
1.698995
1.449461
-1.352822
1.044421
0.986779
-1.410526
-0.241051
2.01233
1.91475
-2.277337
-2.379413
-0.012436
-0.544003
0.679149
-0.387878
-1.000361
0.247188
-0.731323
0.4793
-0.317393
-1.339515
0.977676
-1.083812
-2.241233
0.131125
-1.773205
0.577243
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Table S29. Calculated electronic transitions for the optimized structure of H-H at Sy state

Excited State  Spin Multiplicity ~Energy /eV  Wavelength/nm [ Composition Coefficient

1 Singlet-A 3.2148 385.67 0.2035
HOMO -> LUMO 0.70114
2 Singlet-A 3.8966 318.19 0.0327
HOMO-1->LUMO 0.56134
HOMO -> LUMO+2  0.38538

HOMO -> LUMO+4  -0.11665

3 Singlet-A 4.6432 267.02 0.0192

HOMO -> LUMO+1  0.67499

HOMO -> LUMO+6  0.12934
4 Singlet-A 4.6959 264.03 0.0318

HOMO-3 ->LUMO  0.6854
5 Singlet-A 4.8696 254.61 1.3701

HOMO-1->LUMO  -0.40355

HOMO -> LUMO+2  0.55555

HOMO ->LUMO+4 -0.11516

Table S30. Calculated electronic transitions for the optimized structure of H-H at S; state

Excited State  Spin Multiplicity Energy /eV  Wavelength /nm f Composition Coefficient

1 Singlet-A 2.1172 585.6 0.4296

HOMO -> LUMO 0.70197
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Table S31. Calculated electronic transitions for the optimized structure of Br-H at Sy state

Excited State  Spin Multiplicity ~Energy /eV  Wavelength/nm [ Composition Coefficient
1 Singlet-A 3.1075 398.98 0.2325
HOMO -> LUMO 0.70193
2 Singlet-A 3.828 323.89 0.0373
HOMO-3 ->LUMO  0.10871
HOMO-1 ->LUMO  0.56331
HOMO ->LUMO+2 0.38356
3 Singlet-A 4.5497 272.51 0.0039
HOMO-4 ->LUMO  0.59067
HOMO-3 ->LUMO  0.35728
4 Singlet-A 4.751 260.96 0.0456
HOMO ->LUMO+1  0.66608
HOMO ->LUMO+6 0.14691
5 Singlet-A 4.8041 258.08 1.2191
HOMO-1 ->LUMO  -0.39447
HOMO ->LUMO+2  0.56098
Table S32. Calculated electronic transitions for the optimized structure of Br-H at S; state
Excited State  Spin Multiplicity Energy /eV  Wavelength /nm f Composition Coefficient
1 Singlet-A 2.0593 602.06 0.4157
HOMO -> LUMO 0.70313
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Table S33. Calculated electronic transitions for the optimized structure of Br-Br at Sy state

Excited State  Spin Multiplicity ~Energy /eV  Wavelength/nm [ Composition Coefficient

1 Singlet-A 3.0997 399.99 0.2243
HOMO -> LUMO 0.70186
2 Singlet-A 3.8242 324.21 0.0377
HOMO-1->LUMO 0.57234
HOMO -> LUMO+2  -0.36206

HOMO -> LUMO+3  0.15266

3 Singlet-A 4.5404 273.07 0.0039

HOMO-3 ->LUMO  0.69056
4 Singlet-A 4.6358 267.45 0.0169

HOMO -> LUMO+1  0.68222

HOMO -> LUMO+6  0.13535
5 Singlet-A 4.7945 258.6 1.2311

HOMO-1->LUMO  0.39202

HOMO -> LUMO+2  0.55225

HOMO > LUMO+3 -0.14818

Table S34. Calculated electronic transitions for the optimized structure of Br-Br at S; state

Excited State  Spin Multiplicity Energy /eV  Wavelength /nm f Composition Coefficient

1 Singlet-A 2.0456 606.1 0.409

HOMO -> LUMO 0.70301
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Table S35. Calculated electronic transitions for the optimized structure of T-H at Sy state

Excited State  Spin Multiplicity ~Energy /eV  Wavelength/nm [ Composition Coefficient
1 Singlet-A 3.1147 398.06 0.2783
HOMO -> LUMO 0.70146
2 Singlet-A 3.8256 324.09 0.0473
HOMO-2 ->LUMO  0.49567
HOMO-1 ->LUMO  0.29359
HOMO ->LUMO+2  0.35799
HOMO ->LUMO+5  -0.10903
3 Singlet-A 4.2739 290.1 0.0035
HOMO-3 ->LUMO  0.16693
HOMO-2 ->LUMO  -0.26863
HOMO-1 ->LUMO  0.61001
4 Singlet-A 4.51 274.91 0.0112
HOMO-6 ->LUMO  0.35143
HOMO-5 ->LUMO  -0.13872
HOMO-3 ->LUMO  0.55857
HOMO-2 ->LUMO  0.14906
5 Singlet-A 4.6571 266.23 0.018
HOMO ->LUMO+1  0.67806
HOMO > LUMO+8 -0.12414
Table S36. Calculated electronic transitions for the optimized structure of T-H at S; state
Excited State  Spin Multiplicity Energy /eV  Wavelength /nm  f Composition Coefficient
1 Singlet-A 1.9647 631.05 0.5172
HOMO -> LUMO -0.70223
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Table S37. Calculated electronic transitions for the optimized structure of T-T at Sy state

Excited State  Spin Multiplicity Energy/eV  Wavelength/nm f Composition Coefficient
1 Singlet-A 3.1077 398.96 0.2397
HOMO -> LUMO 0.70045
2 Singlet-A 3.8271 323.96 0.0451
HOMO-4 ->LUMO  -0.10347
HOMO-3 ->LUMO  0.53328
HOMO-2 ->LUMO  0.20806
HOMO ->LUMO+2  -0.34943
3 Singlet-A 42637 290.79 0.0003
HOMO-3 ->LUMO  -0.2388
HOMO-2 ->LUMO  0.63968
4 Singlet-A 4.2848 289.36 0.538
HOMO-1 ->LUMO  0.46394
HOMO-1->LUMO+1  0.49907
5 Singlet-A 4.4359 279.5 0.0873
HOMO-1 ->LUMO  -0.3606
HOMO-1->LUMO+1 0.24235
HOMO ->LUMO+1  0.51817
HOMO ->LUMO+6  -0.11825
Table S38. Calculated electronic transitions for the optimized structure of T-T at S; state
Excited State  Spin Multiplicity Energy /eV  Wavelength /nm  f Composition Coefficient
1 Singlet-A 1.9498 635.88 0.4324
HOMO -> LUMO 0.70063
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