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I.	Additional	experimental	details	

Synthesis	of	prototype	molecules	

We’ve designed a series of molecules in this report to provide systematic experimental 
support for the HAAM concept, as well as to demonstrate the capability of the HAAM concept 
in creating highly efficient POPs. The synthetic scheme of 10-methyl-10H-phenothiazine (S-
N) and 10-methyl-10H-phenoselenazine (Se-N) were adopted and modified from ref 1. The 
scheme of 10-mesityl-10H-dibenzo[b,e][1,4]thiaborinine (S-B) and 10-mesityl-10H-
dibenzo[b,e][1,4]selenaborinine (Se-B) were adopted and modified from ref 2. The scheme of 
phenoxaselenine (Se-O) was adopted from ref 3. Phenoxathiine (S-O, 98.0+%) and 9H-
thioxanthen-9-one (S-CO, 98.0+%) were purchased from TCI America and used without 
further purification. 9H-selenoxanthen-9-one (Se-CO) was purchased form Millipore Sigma 
and used without purification. 

 (Se‐N,	1)	10‐methyl‐10H‐phenoselenazine	

 

The synthetic route for 10H-phenoselenazine was described in ref 4. 

10H-phenoselenazine (98 mg, 0.4 mmol, 1 eq.) and potassium tert-butoxide (67 mg, 0.6 mmol, 
1.5 eq.) were dissolved in anhydrous THF (3 mL) at 0 °C. After stirring for 20 min, methyl 
iodide (142 mg, 1 mmol, 2.5 eq.) was added to the solution. The mixture was stirred at room 
temperature overnight. Then, the reaction was quenched with water and the resulting 
mixture was extracted with CH2Cl2. The combined organic layers were washed with brine, 
dried over Na2SO4, filtered and evaporated to dryness under vacuum. The crude product was 
further purified with flash column chromatography (Hexane/CH2Cl2) to afford 10-methyl-
10H-phenoselenazine (Se-N, 1) as a white solid (17.0 mg, 16.4% yield). 1H NMR (500 MHz, 
Chloroform-d) δ 7.32 (dd, J = 7.5, 1.4 Hz, 2H), 7.22 (td, J = 8.2, 1.4 Hz, 2H), 6.97 – 6.90 (m, 4H), 
3.44 (s, 3H). 

 

 (S‐N,	2)	10‐methyl‐10H‐phenothiazine	

N
H

S

N

S
KOtBu, CH3I

THF, r.t.

S-N (2)
10H-phenothiazine

 

10H-phenothiazine (1 g, 5 mmol, 1 eq.) and potassium tert-butoxide (0.845 g, 7.5 mmol, 
1.5 eq.) were dissolved in anhydrous THF (10 mL) at 0 °C. After stirring for 20 min, methyl 
iodide (0.623 mL or 1.42 g, 10 mmol, 2 eq.) was added to the solution. The mixture was stirred 
at room temperature overnight. Then, the reaction was quenched with water, and the 
resulting mixture was extracted with CH2Cl2. The combined organic layers were washed with 
brine, dried over Na2SO4, filtered and evaporated to dryness under vacuum. The crude 
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product was further purified with flash column chromatography (Hexane/CH2Cl2) to afford 
the pure 10-methyl-10H-phenothiazine (S-N, 2) as a white solid (992.2 mg, 92.69% yield). 1H 
NMR (401 MHz, Chloroform-d) δ 7.21 – 7.10 (m, 4H), 6.98 – 6.88 (m, 2H), 6.82 (d, J = 8.1 Hz, 
2H), 3.38 (s, 3H). 

 

 Dimethyl	mesitylboronate,	or	MesB(OMe)2	

 

(adopted	and	modified	from	ref	5,6.)	

Mesityl magnesium bromide was prepared from 2-bromomesitylene (10.0 g, 50.23 mmol), 
magnesium turnings (1.343 g, 55.25 mmol, 1.1 eq.), and a small iodine crystal (127 mg, 
0.5023 mmol, 0.01 eq.) in anhydrous THF (100 mL).  After cloudiness appeared from the 
original clear solution, the mixture was refluxed for 2 hours at 80 oC or until all the 
magnesium disappeared, air-cooled to room temperature, and then slowly cooled to -78 oC 
using a liquid nitrogen/ethyl acetate bath. Trimethyl borate (6.440 mL, 57.76 mmol, 1.15 eq.) 
was added quickly and the solution was slowly warmed to room temperature overnight. 
Afterwards, solvent was removed in vacuo and the residue was extracted with Ar-degassed 
hexanes. Solvent was completely removed from the crude mixture under reduced pressure 
to get an opaque oil which was distilled in vacuo (10-3 mbar, 130-200 °C) to obtain 
MesB(OMe)2 as a colorless, transparent oil (4.069 g, 42.2% yield), which was stored in 
dessicator in vacuum. 1H NMR (400 MHz, Chloroform-d) δ 6.81 (s, 2H), 3.56 (s, 5H), 2.32 – 
2.20 (m, 9H). 11B NMR (128 MHz, Chloroform-d) δ 31.30. 

 

 Bis(2‐bromophenyl)selane	

 

(adopted	and	modified	from	ref	7.)	

2-bromophenyl)hydrazine (2 g, 10.69 mmol, 1 eq.) was dissolved in acetonitrile (25 mL) and 
added to a stirred suspension of selenium dioxide (1.78 g, 16.04 mmol, 1.5 eq.) in acetonitrile 
(25 mL). The suspension turned orange and then orange-red after bubble formation, and was 
then stirred at 60 oC for 1 h. Desired product was observed on TLC after 1 h and the resulting 
mixture was extracted with hexane to afford a red solution. After concentration under 
reduced pressure, the crude product was further purified with flash column chromatography 
(hexane) to afford bis(2-bromophenyl)selane as a yellow-orange solid (344.2 mg, 16.5% 
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yield). 1H NMR (500 MHz, Chloroform-d) δ 7.63 (dd, J = 7.6, 1.6 Hz, 2H), 7.25 (dd, J = 7.6, 1.9 
Hz, 2H), 7.23 – 7.13 (m, 4H). 77Se NMR (95 MHz, Chloroform-d) δ 462.71. 

 

 (Se‐B,	5)	10‐mesityl‐10H‐dibenzo[b,e][1,4]selenaborinine	

 
tBuLi (1.9M pentane solution, 0.303 mL, 0.5766 mmol, 4.42 eq.) was added to a solution of 
bis(2-bromophenyl)selane (51 mg, 0.1304 mmol, 1 eq.) in diethyl ether (3 mL) at -78 oC. After 
stirring for 30 min at -78 oC, MesB(OMe)2 (37.58 mg, 0.1957 µmol, 1.40 eq.) in diethyl ether 
(1.5 mL)  was added to the reaction mixture. The mixture was warmed up to room 
temperature and stirred overnight before quenched with water. The organic layer was 
extracted with CHCl3 and dried over anhydrous Na2SO4. After removal of the solvent under 
reduced pressure, the residue was purified with flash column chromatography (hexane) to 
afford 10-mesityl-10H-dibenzo[b,e][1,4]selenaborinine (Se-B, 5) as a yellow solid (19.85 mg, 
42.1% yield). 1H NMR (401 MHz, DMSO-d6) δ 8.01 (d, J = 7.6 Hz, 1H), 7.72 (dd, J = 7.7, 1.3 Hz, 
1H), 7.69 – 7.61 (m, 1H), 7.41 – 7.34 (m, 1H), 6.92 (s, 1H), 2.33 (s, 2H), 1.83 (s, 3H). 11B NMR 
(128 MHz, Chloroform-d) δ 61.79. 77Se NMR (95 MHz, Chloroform-d) δ 409.75. 

 

 Bis(2‐bromophenyl)sulfane	

 

(adopted	and	modified	from	ref	8.)	

CuI (38.5 mg, 0.202 mmol, 0.2 eq.), K2CO3 (279 mg, 2.02 mmol, 2 eq.), Na2S (291 mg, 1.21 
mmol, 1.2 eq.) and 1-bromo-2-iodobenzene (572 mg, 2.02 mmol, 2 eq.) were mixed in DMF 
(4 mL). The mixture was heated at 120oC overnight and allowed to cool to room temperature. 
The resulting mixture was extracted with ethyl acetate. The combined organic layers were 
dried over Na2SO4 and then concentrated under reduced pressure. The crude product was 
purified with flash column chromatography (hexane) to afford bis(2-bromophenyl)sulfane 
as white powder (126.4 mg, 36.3% yield). 1H NMR (401 MHz, Chloroform-d) δ 7.65 (dd, J = 
7.8, 1.2 Hz, 2H), 7.24 (dd, J = 7.6, 1.4 Hz, 2H), 7.18 – 7.11 (m, 4H). 
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 (S‐B,	6)	10‐mesityl‐10H‐dibenzo[b,e][1,4]thiaborinine	

S

Br

Br

S
MesB(OMe)2

tBuLi, Et2O

S-B (6)

B

bis(2-bromophenyl)sulfane

 
tBuLi (1.9m pentane solution, 0.667 mL, 1.267mmol, 4.36 eq.) was added to a solution of 
bis(2-bromophenyl)sulfane (100mg, 0.2906 mmol, 1 eq.) in Et2O (2 mL) at -78oC. After 
stirring for 30 min at -78oC, MesB(OMe)2 (77mg, 0.4011mmol, 1.38 eq.) in Et2O (3 mL) was 
added to the reaction mixture. The reaction mixture was stirred at r.t. overnight and the 
reaction was quenched with water.  

The organic layer was extracted with CHCl3 and dried over anhydrous Na2SO4. After removal 
of the solvent under reduced pressure, the residue was purified with flash column 
chromatography (hexane) to afford 10-mesityl-10H-dibenzo[b,e][1,4]thiaborinine (S-B, 6) as 
a pale yellow solid (45.67 mg, 43.51% yield). 1H NMR (400 MHz, Chloroform-d) δ 7.88 (d, J = 
7.7 Hz, 1H), 7.78 (d, J = 8.1 Hz, 1H), 7.62 (t, J = 7.5 Hz, 1H), 7.30 (t, J = 7.4 Hz, 1H), 6.95 (s, 1H), 
2.41 (s, 2H), 1.93 (s, 3H). 

 

 1,2‐bis(2‐phenoxyphenyl)diselane	

O

1. nBuLi, Hexane 
2. Se, THF 
3. H2O/O2

O

Se

Se

O

oxydibenzene

1,2-bis(2-phenoxyphenyl)diselane 	

1. To a solution of oxydibenzene (1.532 g, 9 mmol, 1eq.) in anhydrous hexane (25 mL), a 2.5 
M solution of n-BuLi (9 mmol, 3.7 mL) in hexane was added dropwise at 0 oC and the reaction 
mixture was kept at this temperature for about 3 h with stirring. The reaction mixture was 
slowly warmed up to room temperature and it was left under stirring overnight.  

2. The solvent was removed in vacuum and the remaining oil was dissolved in THF (20 mL). 
Afterwards, the stoichiometric amount of Se (710.64 mg, 9 mmol, 1eq.) was added and the 
solution became deep brown. 

3. The reaction mixture was stirred for additional 2 h and then water was added (under argon) 
and subsequently the solution was exposed to air. The solvent was removed in vacuo and the 
remaining solid was dissolved in DCM (25 mL). The organic phase was washed with water 
and dried over anhydrous Na2SO4 to afford 1,2-bis(2-phenoxyphenyl)diselane as a red oil 
which turned into a solid after storage in freezer (2.076 g, 92.93% yield). 1H NMR (700 MHz, 
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Chloroform-d) δ 7.69 (d, J = 7.9 Hz, 2H), 7.34 (t, J = 7.5 Hz, 4H), 7.18 (t, J = 7.7 Hz, 2H), 7.12 (t, 
J = 7.4 Hz, 2H), 7.02 (dd, J = 21.5, 8.0 Hz, 6H), 6.83 (d, J = 8.1 Hz, 2H). 

 

 (Se‐O,	3)	Phenoxaselenine	

 

1. To a solution of 1,2-bis(2-phenoxyphenyl)diselane (0.335 g, 0.675 mmol) in anhydrous 
DCM (10 mL), a 1 M solution of SO2Cl2 in CH2Cl2 (0.675 mL, 0.675 mmol) was added dropwise 
and the solution grew from light yellow to brown. The solution was left stirred for 2 days, and 
the color gradually changed back to yellow. After removal of all volatiles at reduced pressure, 
the remaining intermediate solid was washed with anhydrous hexane and dried. 

2. To a solution of the intermediate in DCM (15 mL), Na2SO3 (0.0206 g, 0.16 mmol) in H2O (15 
mL) was added. The solution was stirred for 3 h. The organic phase was separated and dried 
over anhydrous Na2SO4, filtered, and concentrated at reduced pressure to afford 
phenoxaselenine (Se-O, 3) as a white solid (135 mg, 31.5% yield).  

1H NMR (500 MHz, Chloroform-d) δ 7.30 (d, J = 7.6 Hz, 2H), 7.20 (t, J = 7.7 Hz, 2H), 7.12 (d, J = 
8.0 Hz, 2H), 7.04 (t, J = 7.4 Hz, 2H). 77Se NMR (134 MHz, Chloroform-d) δ 256.69. 
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II.	Computational	Details	

The RAS-SF method is programmed in the Q-Chem 5.0 software package,9 and the SOC 
computations are implemented in a development version of Q-Chem. All RAS-SF calculations 
were performed with the polarized, triple-zeta def2-TZVP basis set10,11 and the RIMP2-cc-
pVTZ auxiliary basis.11 RAS-SF hole, particle calculations with 4 electron in 4 orbital active 
spaces were carried out with RAS1 and RAS3 subspaces including all occupied and virtual 
orbitals, respectively. Unless otherwise stated, the core electrons were kept frozen. Reference 
orbitals for RAS-SF were obtained from restricted open-shell density functional theory 
(RODFT) using the B3LYP functional in the triplet state. Geometries of the molecules were 
optimized at the ground state using ωB97X-D functional12,13 and the def2-TZVP basis set10,11. 
Calculations of SOC constants utilize general libraries developed for SOC calculations within 
EOM-CC.14 Spin-orbit NTOs were computed and analyzed using the libwfa library.15 The NTOs 
with the largest singular values, for each compound, were plotted using Gabedit program.16 
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III.	Reduced	SOCME	in	the	selected	orientations	

Table	S1. Reduced SOCME in the selected orientations between S0 and T1 states 

Orientation 𝐿௫ or 𝐿ି 𝐿௭ or 𝐿଴ 𝐿௬ or 𝐿ା 

S-O 14.8229+2.0238i 0.00 14.8229-2.0238i 

Se-O 272.7789+45.2145i 0.00 272.7789-45.2145i 

S-N -10.50-6.02i 0.00 -10.50+6.02i 

Se-N -137.56+0.01i -78.77i -137.56-0.01i 

S-B -0.0390i 0.00 0.0399i 

Se-B -0.0002+0.0908i 0.00 -0.0002-0.0908i 

S-CO 0.00 0.0001i 0.00 

Se-CO 0.0001+0.0485i 0.00 0.0001-0.0485i 

 

Table	S2. Reduced SOCME in the selected orientations between S0 and T1 states, for Se-N with 
varying dihedral angle 

Orientation 𝐿௫ or 𝐿ି 𝐿௭ or 𝐿଴ 𝐿௬ or 𝐿ା 

10o 18.2431+0.0069i 3.8320i 18.2431-0.0069i 

20o -37.2080+0.2711i 13.2820i -37.2080-0.2711i 

30o -105.4036-0.0016i -38.6745i -105.4036+0.0016i 

40o 173.2978-0.0001i 113.4250i 173.2978+0.0001i 

50o 229.5948-0.0089i 223.7239i 229.5948+0.0089i 

60o -264.4984+0.0081i -372.0783i -264.4984-0.0081i 
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Figure	S1. Reduced SOCME in the selected orientations between S0 and T1 states, for Se-N 
with varying dihedral angle (showing the modulus). 
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IV.	Additional	photophysical	properties	

 

Figure	S2. The emission and excitation spectra of Se-N (1 wt% in atactic PMMA matrix) at 
298 K and 78 K measured in vacuum: steady state emission (red line), steady state excitation 
(blue line), and delayed emission (0.5-5 ms, red dot). 
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Figure	S3. The emission and excitation spectra of S-N (1 wt% in atactic PMMA matrix) at 298 
K and 78 K measured in vacuum: steady state emission (red line), steady state excitation (blue 
& yellow line), and delayed emission (0.5-5 ms, red dot). 

 

The emission peak at 440 nm could either come from prompt fluorescence or delayed 
fluorescence. 
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Figure	S4. The emission and excitation spectra of Se-O (1 wt% in atactic PMMA matrix) at 78 
K measured in vacuum: steady state emission (red line) and steady state excitation (blue line). 
The emission at 298 K was very weak, and thus it wasn’t shown here. 
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Figure	S5. The emission and excitation spectra of S-O (1 wt% in atactic PMMA matrix) at 298 
K and 78 K measured in vacuum: steady state emission (red line), steady state excitation (blue 
line), and delayed emission (0.5-5 ms, red dot). 
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Figure	S6. The emission and excitation spectra of Se-B (1 wt% in atactic PMMA matrix) at 
298 K and 78 K measured in vacuum: steady state emission (red line), steady state excitation 
(blue & yellow line), and delayed emission (0.5-5 ms, red dot). 

 

The emission peak at 433 nm (298 K) is from delayed fluorescence since it stayed the same 
relative intensity in the delayed spectrum, and disappeared at 78 K. 
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Figure	S7. The emission and excitation spectra of S-B (1 wt% in atactic PMMA matrix) at 298 
K and 78 K measured in vacuum: steady state emission (red line) and steady state excitation 
(blue line). 

 

The emission peak at 406 nm (298 K) or 403.5 nm (78K) should have certain delayed 
fluorescence character. 
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Figure	S8. The emission and excitation spectra of Se-CO (1 wt% in atactic PMMA matrix) at 
298 K and 78 K measured in vacuum: steady state emission (red line), steady state excitation 
(blue line), and delayed emission (0.5-5 ms, red dot). 
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Figure	S8. The emission and excitation spectra of Se-CO (1 wt% in atactic PMMA matrix) at 
298 K and 78 K measured in vacuum: steady state emission (red line), steady state excitation 
(blue & yellow line), and delayed emission (0.5-5 ms, red dot). 

 

The emission peak at 410 nm (298 K) should have certain delayed fluorescence character 
since it stayed the same relative intensity in the delayed spectrum, and disappeared at 78 K. 
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