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1. Literature Survey on Organic RTP Properties in Solution

Table S1 lists the RTP properties of representative metal-free organic phosphors in solu-
tion (Figure S1), where RTP quantum yields @, and lifetimes 7, are available and @,
>0.3%. Note that @, may contain a fluorescence component. Full-width-at-half-maxima
(FWHM) was manually red from the reported spectra. The phosphorescence rate con-
stants (kp) and the nonradiative decay rate constants from the triplet state (knr) were de-
rived according to kp = @, / 1, and knr = (1-@,) / 7. Here we assumed the quantum yield
of intersystem crossing ¢isc = 1 for all cases, which may cause an error. Also, the meas-
urement of @, and 7, may be conducted with different degrees of degassing and/or exci-
tation wavelengths, which can be another source of error. Accordingly, the values listed

in Table S1 and Figure 1 should be considered as a guide for comparison.
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Figure S1. Chemical structures of representative metal-free organic phosphors exhibiting
RTP in solution.
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Table S1. Summary of Reported Organic RTP Properties in Solution

@, (%) %/ us FWHM /nm  kp /s koe /st ref

R1 1 50 87 200 20000 !
R2 0.31 80 41 39 12000 2
R3 2.8 270 22 100 3600 3
R4 1.2 160 28 75 6200 3
R5 5.9 355 82 170 2700 4
R6 0.59 332 116 18 3000 5
R7 0.56 317 114 18 3100 >
RS 0.46 287 113 16 3500 >
R9 18 1700 81 110 480 6
R10 14 2800 105 50 310 6
R11 10 1900 — 53 470 6
R12 12 1700 116 71 520 6
R13 8 860 — 93 1100 6
R14 5 850 — 59 1100 6
R15 3.4 6.5 71 5200 150000 7
R16 32 7.3 — 4400 130000 8
R17 3.5 7.1 — 4900 140000 8
R18 6.9 30 — 2300 31000 §
R19 (0.55)" 2.8 n.d.? ?
R20 (0.59)“ 3.6 n.d.? ?
R21 (0.7) 5.4 n.d. ?
R22 (0.5)° 3.4 n.d.’ ?
R23 10 (8.3-25)° 89 10

“Reported to be determined by a relative method although the spectra were end at ~720 nm (along
the middle of the red RTP). *Not determined due to the reason noted in a. “Two different measure-

ments provided significantly different triplet lifetime.
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2. Instrumentation and Chemicals

Unless otherwise noted, all the reactions were performed under a nitrogen or argon at-
mosphere using anhydrous solvents and heat-gun-dried glassware on a dual-manifold
Schlenk line. 'H and 1*C {'H} NMR spectra were recorded on a JEOL ECS400 or ECA500
spectrometer. Chemical shift values (o) are reported in ppm and are calibrated to tetrame-
thylsilane (0.00 ppm) or residual solvent (7.26 ppm in CDCl;) for 'H, and to CDCl; (77.0
ppm) for 3C NMR. Melting points were measured in a glass capillary with a Barn-
stead/Thermolyne Mel-Temp melting point apparatus or using a Hitachi NEXTA DSC200.
High-resolution mass spectra (ESI-HRMS) were obtained with a Thermo Fisher Scien-
tific LTQ Orbitrap XL mass spectrometer. Elemental analysis (EA) was conducted on a
Yanaco MT-5 or MT-6 recorder. UV-vis absorption and steady-state photoluminescence
(PL) spectra, PL quantum yields (PLQY, @pL), and PL lifetimes were measured at room
temperature (RT). UV-vis absorption spectra in solutions were obtained using a Shimadzu
UV-3150, a JASCO V-750, or a Hitachi U-4100 spectrometer. Photographs were taken
using SONY NEX-5N under incandescent light or under irradiation with UV light (365
nm). Analytical thin-layer chromatography (TLC) was performed on aluminum plates
bearing a layer of Merck silica gel 60 Fas4. Column chromatography was carried out on
silica-gel 60 or 60N (Kanto Chemical Co., Inc., spherical, 63-210 pm).

Anhydrous THF was purchased from Wako Chemical Co., Inc., and further purified
by passage through activated alumina under positive nitrogen pressure as described by
Grubbs et al.!! 3-Bromothiophene-2-carbaldehyde (2a) was purchased from Tokyo
Chemical Industry Co., Ltd., and further purified by gel permeation chromatography us-
ing a JAI LC-9130 NEXT equipped with JAIGEL-1HR and 2HR (eluent: CHCl3, flow
rate: 10 mL/min). 1,2-di(thiophen-2-yl)ethane-1,2-dione (3a) was purchased from Tokyo
Chemical Industry Co., Ltd., and further purified by recrystallization from MeOH. Unless
otherwise noted, chemicals obtained from commercial suppliers were used without fur-
ther purification. 2-(Pentafluorophenyl)-6,7-dihydro-5H-pyrrolo[2,1-c][1,2,4]triazol-2-
ium tetrafluoroborate (S1), 1,2-bis[3-bromothiophen-2-yl]ethane-1,2-dione (1a), 1,2-
bis[3-bromo-5-(triisopropylsilyl)thiophen-2-yl]ethane-1,2-dione (1b), 3-bromo-5-(triiso-
propylsilyl)thiophene-2-carbaldehyde (2b), and 1,2-bis[5-(triisopropylsilyl)thiophen-2-
yl]ethane-1,2-dione (3b) were synthesized according to our previous report.'? 2b was fur-

ther purified by vacuum sublimation before photophysical measurements.
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3. Synthesis Procedures

Scheme S1. Synthesis of 1c

i) LDA (1.1 eq) i) LDA (1.1 eq) o
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F F LDA, lithium diisopropylamide; DMF, N,N-dimethylformamide

3-bromo-5-(tributylsilyl)thiophene-2-carbaldehyde (S2)
O  Toa50 mL 2-neck flask were added diisopropylamine (2.5 mL, 17.7
Bu3Si\Q/‘(H mmol) and anhydrous THF (10 mL). The flask was cooled to —30 °C
Br and n-butyllithium (BuLi, 2.80 M in hexane, 6.0 mL, 16.8 mmol) was
S2 added dropwise. The mixture was stirred for 20 min at 0 °C to prepare
LDA solution. To another 200 mL 2-neck flask were added 2-bromothiophene (1.55 mL,
16.0 mmol) and THF (30 mL). The flask was cooled to —78 °C and the freshly prepared
LDA solution (cooled to —78 °C) was added dropwise via cannula. The mixture was
stirred for 30 min at the same temperature before chlorotributylsilane (4.8 mL, 18.0
mmol) was added dropwise. After stirring the mixture for 1 h at =78 °C, the cooling bath
was removed and the mixture was stirred overnight at RT. The reaction was quenched by
adding aq. NH4ClI and Et2O. The organic layer was separated and the aqueous layer was
extracted with Et20. The combined organic extracts were washed with brine, dried over
MgSOs, filtered, and then evaporated. The residue was purified by silica-gel column chro-
matography (eluent: hexane) to give 2-bromo-5-(tributylsilyl)thiophene S1 as an orange
oil. To another 200 mL 2-neck flask were added S1 (5.0 g, 13.8 mmol) and THF (27 mL).
LDA was again prepared by the same method from diisopropylamine (2.2 mL, 15.6
mmol), BuLi (2.69 M in hexane, 5.4 mL, 14.5 mmol), and THF (8 mL). To the S1 solution
was transferred LDA dropwise via cannula at —78 °C. The resulting mixture was stirred
for 2 h, and then DMF (1.3 mL, 16.8 mmol) was added dropwise. After 15min, the cooling
bath was removed and the mixture was stirred overnight at RT. The reaction was quenched
by adding aq. NH4Cl and Et>O. The organic layer was separated and the aqueous layer

was extracted with Et20. The combined organic extracts were washed with brine, dried
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over MgSOy, filtered, and then evaporated. The residue was purified by silica-gel column
chromatography (eluent: hexane to hexane/CH2Cl 2:1) to give S2 (4.35 g, 70%) as an
orange oil. '"H NMR (400 MHz, CDCls) 6: 9.95 (s, 1H), 7.19 (s, 1H), 1.40-1.26 (m, 12H),
0.89, (t,J="7.0 Hz, 9H), 0.82 (m, 6H). 3C NMR (125 MHz, CDCls) 6: 182.6 (CH), 150.4
(Cq), 140.6 (Cq), 138.0 (CH), 120.7 (Cq), 26.5 (CHz), 25.7 (CH>), 13.6 (CH3), 12.6 (CH>).
ESI-HRMS (m/z): [M+H]" caled for C17H30BrOSSi, 389.0965; found, 389.0965.

1,2-bis[3-bromo-5-(tributylsilyl)thiophen-2-yl]ethane-1,2-dione (1c)
Br To a Schlenk tube were added K>CO3 (61.7 mg, 0.446
BusSi—_ S 7 I\ mmol) and triazolium salt S3 (162 mg, 0.446 mmol), and
s” "SBYs  the tube was shortly evacuated and backfilled with N»
three times. THF (6 mL) was added via a syringe and the

Bro

1c
suspension was stirred for 15 minutes. To the pale red sus-

pension were added S2 (4.35 g, 11.16 mmol) under a flow of N». The mixture was stirred
for 48 h at RT, and then quenched by adding aq. NH4Cl and CH>Cl,. The organic layer
was separated and the aqueous layer was extracted with CH>Cl,. The combined organic
extracts were dried over MgSOQs, filtered, and then evaporated. The residue was purified
by silica-gel column chromatography (eluent: hexane/CH>Cl, 2:1) to give S4 (2.52 g,
58%) as an orange liquid. "H NMR (400 MHz, CDCls) &: 7.13 (s, 1H), 7.03 (s, 1H), 6.10
(d, J=6.2 Hz, 1H), 4.42 (d, J = 6.2 Hz, 1H), 1.34-1.27 (m, 24H), 0.90-0.83 (m, 18H),
0.78-0.70 (m, 12H).

To a Schlenk tube were added S4 (2.52 g, 3.24 mmol), KNO; (452 mg, 4.47 mmol),
Cu(OAc)2-H20 (12.9 mg, 65 pumol), and AcOH/H20 (4:1, 16 mL). The mixture was
stirred overnight at 110 °C. After cooling to RT, the mixture was quenched by adding H>O
and CHxCl,. The organic layer was separated and the aqueous layer was extracted with
CH2Cl: three times. The residue was purified by silica-gel column chromatography three
times (eluent: hexane/AcOEt 30:1 for the first run, hexane/CH>Cl 2:1 for the second run,
and hexane/CH>Cl 4:1 for the third run) to give 1¢ (2.18 g, 87%) as an orange liquid.
m.p. 79.2 °C. 'H NMR (400 MHz, CDCls) &: 7.22 (s, 1H), 1.40-1.27 (m, 12H), 0.89 (t,
J = 6.9 Hz, 9H), 0.85-0.81 (m, 6H). 13C NMR (100 MHz, CDCls) &: 182.36, 152.45,
139.33, 135.95, 119.93, 26.51, 25.73, 13.65, 12.55. EA Calcd for CssHseBr20,S,Siz: C,
52.56; H, 7.27. Found: C, 52.54; H, 7.21.
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4. Photophysical Properties

Typical procedure for evaluating PLQY and lifetime in solution
The protocol was summarized in Scheme S2. To a quartz cell (path length: 10 mm) with
extended tube at the top (¢ =8 mm, / = 55 mm) was added a solution of 1a in spectral-
grade cyclohexane (1.0 x 10~* M). The UV-vis absorption spectrum was acquired using a
Shimadzu UV-3150 spectrometer. Then, the solution was changed to 1.0 x 10 M, and
the UV-vis absorption and steady-state PL spectra in air (Aex = 368 nm) were acquired
using a Shimadzu UV-3150 and a JASCO FP-8200 spectrometer, respectively. After that,
PL decay curve at 560 nm in air was acquired using a HORIBA DeltaFlex multichannel
scaling system using DeltaDiode for excitation (368 nm). Note that we used the same
excitation wavelength for measuring PL spectra and decay curves, so that we can elimi-
nate any excitation-wavelength dependence (if any). Next, the solution was degassed by
bubbling Ar for approximately 5 minutes using a Pasteur pipette and the cell was capped
with a rubber septum. The steady-state PL spectrum and PL decay curve were sequentially
acquired. Subsequently, the steady-state PL spectrum was measured again to confirm the
negligible change in the PL intensity, thus ensuring that the degree of degassing was kept
for the PL and lifetime measurements. In addition, the UV-vis absorption spectrum was
measured, confirming the negligible change in absorbance (concentration). Based on thus
obtained PL spectra, PL quantum yields (@pL ~@,, see the main text for detail) in air and
under Ar were determined to be 2.6 and 38.2%, respectively, by the relative method using
quinine sulfate as the standard (60% in 0.5 M H,SOs aq.).!* The lifetimes 7, in air and
under Ar were obtained as 4.83+0.015 and 72.7+0.12 ps, respectively, from a single-ex-
ponential fit to the decay curve using a HORIBA EzTime software. Finally, based on the
obtained @, and 7, the rate constants &, and knr were derived according to the formulas
kp = @,/ 1 and knr = (1-D,) / 7. Here we applied ¢isc = 1 as we confirmed in the main
text. We judged that the data were valid when the difference in %, in air and under Ar was
less than 5%, further assuring the consistent degassing for the measurement of @, and 7.
We would like to emphasize that, in literatures, it is often not explicitly addressed
or stated whether the degree of the degassing is consistent when measuring @, and 7.
However, if there is a difference in the degree of degassing, it is imperative to
acknowledge that determining rate constants from these values would yield fundamen-
tally flawed outcomes. Indeed, in our previous report,'? @, and 7, of 1b in cyclohexane
were reported to be 13% and 37 us at RT (Figure S2). However, the degree of degassing
is not assured. Consequently, it provided much different &, if we calculate @,/ 7,: 3,500
s”!. Note that the smaller @, and shorter 7, were due to the less efficient degassing; we
used nitrogen instead of argon and quartz cell without extended tube in the previous report.
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Scheme S2. Protocol of Photophysical Property Measurements for kp Determination
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Figure S2. Comparison of RTP properties of 1a—1c¢ in solution reported in previous work

and present work.
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The UV-vis absorption and steady-state PL spectra, @,, and 7, of other compounds
were evaluated in a similar manner (Figures S4—-S9 and Table S2). Because of low effi-
ciency, @, and 7, of 2a, 2b, 3a, and 3b were evaluated only under Ar and we did not check
if kp changed in air and under Ar.

Table S2. Summary of the Photophysical Properties in Solution”

¢ /uM FWHM QL (%) nflus ks o /57!
/mm

la  Ar 10 29 38.2 72.7 5,300 8,500
la  air 10 29 2.6 4.83 5400 200,000
1b  Ar 4.4 32 24.6 49.3 5,000 15,000
1b  air 4.4 32 2.5 5.05 5,000 190,000
Ic Ar 10 32 17.0 37.7 4,500 22,000
lc  air 10 32 2.1 4.85 4300 200,000
2a  Ar 2600 105 0.08 10.6 75 94,000
2b  Ar 500 106 0.22 26.2 84 38,000
3a  Ar 100 25 0.20 15.7 130 64,000
3b  Ar 5.0 26 1.2 37.5 320 26,000

2 Acquired in cyclohexane at RT. Aex = 368 nm for all measurements. ® Determined rela-
tive to quinine sulfate. ¢ Determined by single exponential fit to the decay. ¢ Derived from
@, and 7 according to the formulas ky = @p/ 7 and knr = (1 — @)/ 7p.
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Figure S4. PL decay curves of 1a—1¢ (from top to bottom) in cyclohexane at RT (Aex =

368 nm). Left, under Ar; right, in air. The red lines are the single-exponential fit to the

curves. PL intensities were recorded at 560, 570, and 568 nm for 1a, 1b, and 1¢, respec-

tively.
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Figure SS5. Chemical structures and steady-state PL spectra of 1b, 2b, and 3b in cyclo-
hexane (4.4 x 10° M, 5.0 x 10* M, and 5.0 x 10 M, respectively) excited at 368 nm
under Ar, and corresponding full-width-at-half-maxima (FWHM).
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Figure S6. PL decay curves of 2a, 2b, 3a, and 3b in cyclohexane at RT under Ar (Aex =
368 nm). PL intensities were recorded at 500, 510, 530, and 538 nm, respectively. The

red lines are the single-exponential fit to the curves.
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Figure S7. Normalized UV-vis absorption spectra of 1a (blue, 1.0 x 10 M), 1b (green,
4.4 x 10 M), and 1¢ (orange, 1.0 x 10 M) in cyclohexane at RT. The broken lines are

enlarged 40-times.
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5.0 x 10 and 5.0 x 10~* M for solid and broken lines, respectively), and 3b (red, 1.0 x

10* M) in cyclohexane at RT. The broken lines are enlarged 40-times.

S13



1a 12
1.0
08
06

04

Normalised Abs. / a.u.

0.2

0.0

1b

04

Normalised Abs. / a.u.
[ ]
[+3]

0.2

0.0

1c 12

0.8
06

04

Normalised Abs. / a.u.

02

0.0

450 500

Wavelength / nm

Wavelength / nm

ol

Wavelength / nm

400 450 500
Wavelength / nm

S

L

Wavelength / nm

Wavelength / nm

400 450 500 550

550

400 450 500 550 600 650 70C 750

400 450 500 550 eCC 650 700 750

550

400 450 500 550 600 650 700 750

800

800

800

08

06

04

0.2

0.0

04

0.2

0.0

0.8

06

04

02

0.0

‘n°e / "Ju| pasi|ewicN ‘N'e /U] PasI|eWION

‘NE /°IU| PSSI|BWLION

—— Abs.

Abs. x 30
PL in air

PL under Ar

Abs.

Abs. x 30
PL in air

PL under Ar

Abs.

Abs. x 30
PL in air

PL under Ar
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PL spectra between the onset of absorption and phosphorescence. Moreover, the normal-

ised PL spectrum in air matches that under Ar from the onset of the PL spectra.
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Rising time scale of phosphorescence emission

The time-resolved photoluminescence (TRPL) measurements were performed using a
streak camera system (Hamamatsu C4780, time resolution <100 ps) synchronized with a
Ti:sapphire regenerative amplifier (Spectra-Physics, Spitfire Ace, pulse duration: 120 fs,
repetition rate: 1 kHz, pulse energy: 4 mJ/pulse, wavelength: 800 nm).'* The samples
were excited at 350 nm using the fourth harmonic of the output of optical parametric
amplifier pumped by the fundamental pulse from an amplifier.

1 I8 T T T T
: SAVAS :
4: '{LI \‘f"*\_;'"_\‘ﬁ".,//_\_\dl/l
- f | —— 550-650 nm
= 2t § |  (Phosphorescence) .
n ]

£01L [ | --®F ]

s [l ]
2 4 :I II
N
L
b | 1 I

0 1 = 1 | 1 Bt
-0.5600 05 1.0 15 20
Time (ns)
Figure S11. TRPL of 1a in cyclohexane at the phosphorescence region. The PL intensity

rose in instrumental response function (<100 ps).
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Figure S12. TRPL spectra of 1a in cyclohexane.
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Transient absorption spectroscopy

The femtosecond transient absorption (fsTA) and nanosecond transient absorption (nsTA)
measurements were performed utilizing the pump-probe method.!> A Ti:sapphire regen-
erative amplifier system (Spectra-Physics, Spitfire Ace, pulse duration: 120 fs, repetition
rate: 1 kHz, pulse energy: 4 mJ/pulse, wavelength: 800 nm) was employed as the light
source.

For fsTA, the amplifier output was divided into two pulses for the pump and probe
purposes. The samples were pumped with the fourth harmonic of the output of optical
parametric amplifier pumped by the fundamental pulse from an amplifier. To generate the
broadband probe pulse (450—750 nm), a 3 mm-thick sapphire crystal was employed. A
PC-controlled mechanical delay stage was utilized to adjust the time delay between the
pump and probe pulses. The probe pulse that passed through the sample films was dis-
persed using a polychromator (JASCO, CT-10, 300 grooves/500 nm), and the resulting
spectra were recorded by a multichannel detection system equipped with a CMOS sensor
(UNISOKU, USP-PSMM-NP). The collected data was analyzed using a homemade Py-
thon-based program.

For nsTA, the broadband probe pulse was generated by the same setup as fsTA. The
sample was pumped by the third harmonic of Nd: YAG laser (EKSPLA, NT242, pulse

duration: 6 ns, repetition rate: 1 kHz, wavelength: 355 nm).
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Figure S13. nsTA spectra of 1a. No spectral change was observed in the timescale.
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Global Analysis
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Figure S14. Complete global analysis of the TAS of 1a in cyclohexane solution. (a) Se-
lected comparison of the experimentally observed time courses of the TA and the result
of the global fitting assuming sequential model with three states. (b) Evolution associated
spectra. The first component with structureless interference pattern is assigned to the co-
herent artefact, the second and the third components are assignable to the S; and T state.

(c) Temporal profiles of three species (coherent artefact: C. A., S1 and Th).
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Figure S15. (a) TAS spectra obtained from a cyclohexane solution of 1b upon excitation
at 400 nm. (b) Temporal evolution of the TA signal at the selected wavelength: 590 nm
(blue) and 641 nm (orange). The fitting curve of the time trace at 590 nm using double

exponential function is also shown.
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Time-resolved infrared spectroscopy (TRIR)

TRIR spectra were acquired by a purpose-built system based on the pump-probe method,
using a femtosecond Ti:sapphire chirped pulse amplifier (Spectra-Physics, Spitfire Ace,
pulse duration: 120 fs, repetition rate: 1 kHz, pulse energy: 4 mJ/pulse, wavelength: 800
nm). The pump pulse (wavelength: 267 nm, fluence at sample position = 7 mJ/cm?) was
generated using the third harmonic generation of part of the amplifier output. The tunable
probe pulse (wavenumber range = 1000—-4000 cm*, bandwidth = 150 cm ™) was obtained
by an optical parametric amplifier equipped with a crystal for difference frequency gen-
eration (Lighconversion, TOPAS-Prime). The pump and probe pulses were irradiated on
an infrared flow cell with BaF> windows (optical path length: 0.1). The polarizations of
the pump and probe pulses on the flow cell were set to the magic angle using half-wave
plates for visible and mid-infrared wavelengths to avoid the effect of rotational relaxation.
The spectrum of each probe pulse after passing through the flow cell was recorded by a
mercury—cadmium—tellurium (MCT) infrared linear array system equipped with a 19 cm
polychromator (Infrared Systems Development FpAS-64166-D). TR- IR spectra were ob-
tained by averaging the difference between those with and without the pump pulse using
an optical chopper synchronized with the pump pulse. All measurements were carried out
at room temperature.
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Figure S16. (a) TRIR spectra obtained from a cyclohexane solution of 1b upon excitation
at 267 nm. (b) Temporal evolution of the TRIR signal at 1597 cm™'. The fitting curve of

the time trace at 1597 cm™' is also shown.
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Figure S17. The comparison of the experimentally obtained TRIR spectra of 1b (black)
and quantum chemical calculations of 1b assuming the TP conformer in the T; state and
a skew conformer in the Sy state (red). Because of the strong IR absorption of the solvent
(cyclohaxane) causing no transmission of the probe IR pulse, the TRIR data could not be
detected at around ~1250 cm ! and ~1450 cm™!. Note that the TP conformer was 6.9 kcal
mol~! more stable than the skew conformer at the Ti-minima, while was 0.79 kcal mol™!
less stable at the So-minima. The calculations were based on density functional theory
(B3LYP-D3/6-311G(d)). The scaling factor was set to 0.97.

Franck—Condon analysis of the emission spectra.
The emission spectra of 1a, 1b, 2a, and 2b were fitted using a Franck—Condon expression

assuming one vibronic mode using the following equation:'¢

(o]

~ EOO _th(l)m )4 S.;:lm ﬁ_EOO +th(l)m 2
(V) = z < Eoy 1) €xpP 41n2 Av1 . (SD)

m
Vm=0

where (V) is the emission intensity at energy, Ey, is the energy of the zero-zero tran-
sition, v 1s the quantum number of the vibrational mode, Aw,, is the quantum spacing
for the averaged vibrational modes governing nonradiative decay, S,, is the Huang—
Rhys factor,'” and A7, /2 18 the full-width-at-half-maximum (FWHM) for an individual
vibronic line. The summation was carried out over three or six vibrational levels. The
photon numbers for the emission spectra were corrected using a wavenumber scale by the
equation: I(¥) = I(A) x A2.'8 The fitting results for 1b and 2b are shown in Figure S18.
The optimized parameters are shown in Table S3. To evaluate color purity of the spectra
that accompany vibronic bands, we have calculated the area ratio of the largest vibronic
band to the whole spectrum, and included in the table.
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According to the spacing, the normal mode involved in the transition was assigned
to the stretching vibration of the 1,2-dicarbonyl moiety (Figure S19). This mode hardly
involves triisopropylsilyl substituents, resulting in the similar FWHM for 1a and 1b.

B o
@ A~ o ) (b) N s
SIS CI >‘Si v M
— $7si A e
o] — 7/
Br 2b
1b
~— \ — Exp. ~
s o NS Z
£ | HR factor: £ | HR factor:
£ 0.50 e 239

" 714000 16000 18000 20000 22000
Wavenumber / cm™!
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Figure S18. Franck—Condon analyses of the PL spectra of diketone 1b and aldehyde 2b

in cyclohexane.

Table S3. The Optimized Parameters of Emission Spectra Fitting and Area Ratio.

HR factor Spacing /cm! Foo /em™! FWHM /cm'  Area ratio”
la 0.51 1568.2 17816.9 985.6 71
2a 2.22 1432.7 213423 1702.4 30
1b 0.50 1552.3 17548.8 1023.9 72
2b 2.39 1271.4 20899.0 1439.3 30

“The ratio of the largest vibronic band to the whole spectrum.

1a 1b
(#50, 1581.63 cm™) (#190, 1581.91 cm™)

Figure S19. Stretching vibrations of 1a and 1b vibronically coupled to phosphorescence.

Obtained by So-state frequency calculations at T1-minimum geometries.
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Evaluating steady-state PL spectrum, @, and 7 of the diketone@polymer films

Typically, 1a (4.7 mg) and PMMA (Aldrich #182230, 90.0 mg) were dissolved into
CHCIs (3 mL, spectral-grade). The solution (100 pL) was dropped onto a 10 x 10 mm?
quartz substrate and spin-coated at 100 rpm for 10 sec and then at 1000 rpm for 200 sec.
The film was dried under vacuum at RT overnight. Source of other polymers are:
ZEONEX® 480R, Zeon co.; polystyrene (PS), Aldrich #182427; polyvinylformal (PVF),
TCIP0641; poly(D,L-lactide) (PLA), Aldrich #719951; polyvinylpyrrolidone (PVP), TCI
P0472.The PL spectra were measured using a JASCO FP-8200 spectrofluorometer with
a L37 sharp cut filter (HOYA, long pass, >370 nm). For PMMA and zeonex films, a U340
band pass filter (HOYA) was used. @, of the films were determined using a Hamamatsu
photonics C11347-01 or C9920-02 spectrometer with an integrating sphere.

The PL decay curves were measured using a HORIBA DeltaFlex multichannel scal-
ing system using DeltaDiode for excitation (368 nm) for 1c@PMMA or a HORIBA

Fluorolog3-211 spectrometer for others.

T =107.8 £ 0.65 ps

Intensity (Counts)
1

I I I I I
0.1 0.2 0.3 04 0.5
Delay Time (ms)
Figure S20. PL decay curve of PMMA film doped with 5 wt% of 1a at RT in air. The red
line denotes the single-exponential fit to the curve. The PL intensity at 550 nm was rec-

orded (Aex =365 nm).
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Figure S21. PL decay curve of PMMA film doped with 5 wt% of 1¢ at RT in air. The red

line denotes the double-exponential fit to the curve. The PL intensity at 570 nm was rec-

orded (Aex = 368 nm).
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Figure S22. Steady-state PL spectra of PMMA film doped with 5 wt% of 1¢ at RT in air
(black) and in water (red). Aex = 368 nm.
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Figure S23. Steady-state PL spectra of various polymer film doped with 5 wt% of 1b at
RT in air (Aex = 300 nm).
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Figure S24. PL decay curves of various polymer films doped with 5 wt% of 1b at RT in

air. The red lines denote the single-exponential fit to the curves.

S23



Table S4. Summary of Photophysical Properties of the Polymer Films

1b c-Hex (Air)
c-Hex (Ar)
PMMA
Zeonex
PS
PVF
PLA

PVP

la PMMA
1c PMMA

FWHM /nm

32
32
36
33
35
38
37

34

35
36

ﬂema /nm

570
570
563
567
567
563
568

570

555
563

" (%)

2.5¢
24.6¢
48 (45)
24

19

38

18

18
54 (44)
40 (39)

7’ /ps
5.05
49.3

116.3
83.9
77.4

115.2
77.6

63.4

107.8
87.8°

c°/us
+0.0084
+0.0288
+0.65
+0.44
+0.47
+0.63
+0.72

+0.51

+0.65
+1.2°

“Emission maxima. ’Absolute quantum yields measured using an integrating sphere. Av-

erages of three to five films are given in parentheses. “Phosphorescence lifetimes and their

standard deviations obtained by a single exponential fit to the decay curves using the igor

software. “Relative quantum yields. “Area-weighted averaged lifetime and its standard

deviation obtained by a double exponential fit to the decay curves using a HORIBA

EzTime software.
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Procedure for evaluating steady-state PL spectrum, @, and 7, of 1c crystal

To a CHCIs solution of 1¢ was added large excess of MeOH, and the solution was cooled
in an ice bath and kept for 3 h to obtain the crystal of 1¢. The steady-state PL spectrum
and @, of 1c crystal at RT in air was obtained using a Hamamatsu photonics C9920-02
spectrometer with an integrating sphere (Aex = 368 nm). The @, was determined to be
50.5% as an average of four measurements. PL decay curve at 570 nm at RT in air was
acquired using a HORIBA DeltaFlex multichannel scaling system using DeltaDiode for
excitation (368 nm). 7, was obtained as 79.24+0.16 ps from a single-exponential fit to the

decay curve using a HORIBA EzTime software.

100000

10000
1000 r
!

100

+ crystal —Fit

Lifetime Counts

10

1
0 200 400 600 800 1000 1200 1400

Time / us
Figure S25. PL decay curve of 1c crystal at RT in air (dex = 368 nm). The red line is the
single-exponential fit to the curve. PL intensity was recorded at 570 nm.
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5. Theoretical Calculations

All geometry optimizations and frequency calculations at So and T states were performed
using density functional theory (DFT) method at the (u)B3LYP-D3/6-311G(d) level of
theory as implemented in Gaussian 16 program package.!® Likewise, all geometry opti-
mizations and frequency calculations at S; states were performed using time-dependent
DFT (TDDFT) method at the B3LYP-D3/6-311G(d) level of theory. None of the opti-
mized structures had imaginary frequencies.

Single-point calculations of energy levels, transition dipole moments between S,
and So states sq-so, and spin—orbit coupling matrix elements between S, and T states
<SuHso|T1> or Si and T, states <Si|Hso|T»> were conducted using the Tamm—Dancoff
approximation (TDA) of time-dependent DFT (TDDFT) method at the uCAM-B3LYP-
D3BJ/6-311G(d) level of theory as implemented in ORCA program package.?® The use
of coulomb-attenuated functional coupled with TDA was reported as a powerful approach
to calculate triplet excitation energies.?! For natural transition orbital (NTO) analysis, sin-

gle-point TDDFT calculations were also performed using Gaussian 16 program.
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T4 3.32eV 0.0cm- T4 322 eV 0.0 ecm™
30 A 30 A
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25 4 - - —_ 25 —_—
> 2.62 eV T, 257ev  0.0cm™ - 2.59 v T, 249ev  00cm*
~ — o _—
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Figure S26. Energy diagrams, <Si|Hso|T»>, and selected NTOs (for the Si and T3 states)
of 1a (a) and 1b (b) at the Si-optimized TP geometry.
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Table SS. Factors of Intensity Borrowing Scheme for kp Calculated at the Ti-Opti-

mized Geometry

AFsymi/ <SyHsg[Ti>  mixing |tsnso] M7 10° AFsp11/ <Sy|Hso|Ti>  mixing |smsal  |m"] <107
eV /em”! coeff. (%)  /Debye / Debye eV /cm! coeff. (%) /Debye  /Debye

1a S 048 1 0.02 001 00 [1b s 047 1 0.02 0.05 0.0

S 167 0 000 000 0.0 s: 166 [Ae T s38 1 sae

S: 174 167 119 468 557 | S; 168 0 0.00 0.00 0.0

S, 188 0 000 000 00 S, 182 0 0.00 0.00 0.0

S5 2.04 0 000 000 0.0 S5 194 0 0.00 0.00 0.0

e 223 12 007 468 32 S, 208 16 o0 BN s
2a s 125 51 0.51 0.08 04 [2b s 129 49 047 0.08 04

S; 232 0 000 | 436 00 S 215 1 000 | 436 02

S, 264 000 | 291 00 S, 254 1 0.00 291 0.1

S 315 73 029 023 07 S. 324 66 025 023 05

ss 340 247 o088 o 20 s 324 63 024 022 13

Se 395 49 016 003 0.0 Ss 339 75 0.27 0.03 34
3a 51 054 0.01 0.08 00 |[3b s 055 0 0,01 0.08 0.0

S, 182 6 004 050 02 S: 180 12 008 | 410 33

S, 196 23 015 [IEHEN  7s S, 180 17 012 [ 603 | 70

S: 198 000 015 00 S. 188 0 0.00 0.15 0.0

S 216 3 0.01 047 0.1 S 208 3 0.02 0.43 0.1

Se 222 12 0.07 3.02 2.1 Ss 212 16 0.10 246 24

The phosphorescence rate constants &, were numerically calculated with factors in

Table S5 following Equations S1, 2, and 3 (for n = 1-6; see main text for Equations 2-3):

64m* 3 2
kp = W(AETl_SO) |M,|"...(S1)

where 4 is Plank constant and c is the speed of light.
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Figure S27. Calculated and experimental &, values.
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Single-point calculations of aldehydes 2a and 2b and Br-free diketones 3a and 3b
were performed on the s-cis conformer, because those were more stable than the s-trans
conformers (Figure S28 and Figure S29). The elongation ratio (Figure 7¢) was obtained
as the ratio of bond length in the So- and Ti-minimum geometries (TP conformer for 1a

and s-cis conformer for 2a).

So-min T,-min

s-cis J\‘/J‘

(more stable) A

Side view

s-trans J\Q\/J \

(less stable)

Side view

Figure S28. So- and T1-optimized s-cis and s-trans geometries of 2a. s-cis conformers are
3.19 and 3.43 kcal mol™!' more stable than s-trans conformers at So and T states, respec-
tively. The s-frans geometry at T1 minimum is significantly bent likely due to the steric

repulsion between the oxygen and bromine atoms.

Figure S29. The optimized geometry of the most stable conformer of 3a at the T, state.
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Figure S31. The major NTOs of 3a calculated at TDA/uCAM-B3LYP-D3/6-311G(d)

level. Geometry was optimized at the T state.
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6. Single-Crystal X-ray Structure Analysis

Single-crystal of 1¢ suitable for the X-ray crystal structure analysis was obtained by cool-
ing (Mes3Si)20 solution. Data were collected on a Rigaku XtalLAB Synergy-R diffractom-
eter using multilayer mirror monochromated Mo K radiation (A = 0.71075 A) in the
scan mode. The crystal was cooled by a stream or cold N; gas. Collection, indexing, peak
integration, cell refinement, and scaling of the diffraction data were performed using the
CrysAlisPro software (Rigaku). The structure was solved by direct methods (SHELXT
2018) and refined by full-matrix least-square refinement on /2 (SHELXL 2018). The non-

hydrogen atoms were refined anisotropically. All hydrogen atoms were placed on the cal-

culated positions and refined using the riding model.

Table S6. Crystallographic Data for 1¢ (CCDC 2269866)

Empirical formula

FW

T/K

Crystal system
Space group
alA

b/ A

c/A

al®

ple

y/°

ViA3

Z

D (caled) / g-em™
Crystal size/mm?
GOF on F2

RI [I> 26 (D)]
wR2 (all data)

Largest diff. peak/hole / e A

C34Hs6Br2025:S12
776.90

123

triclinic

P-1

9.4163(4)
10.5452(5)
10.6006(5)
76.484(4)
77.312(4)
76.710(4)
980.61(8)

1

1.316
0.3x0.2x0.15
1.024

0.0254

0.0667
0.40/-0.36
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Figure S32. Single-crystal X-ray structure of 1¢. The intramolecular distances between
S...0 and O...Br are shorter than the sum of the van der Waals radii, which are 3.39 and

3.36 A for S...0 and O...Br, respectively.??
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Figure S33. (a) Comparison of chemical and single-crystal X-ray structures of 1a, 1b,

and 1c. (b) Crystal packing of 1a.

S32



—— Absorption in c-hexane

\
]
: \
g ' ===- Emission in c-hexane
~ \
. 1 —— Kubelka—Munk converted
o ] .
= \ diffuse reflectance of crytal
e \
S \
Z \
L | | .1 E——
280 340 400 460 520 580 640

Wavelength / nm

Figure S34. Kubelka—Munk converted diffuse reflectance spectrum of crystal 1a
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7. NMR Charts
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