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A. Synthetic Procedures 

4,7-Di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole 3: Prepared adapting an already reported procedure.[1] In a 

two-neck flask 4,7-dibromobenzo[c][1,2,5]thiadiazole 1 (1.17 g, 4.00 mmol) and PdCl2(PPh3)2 (84.3 mg, 0.12 

mmol, 3 mol%) were subjected to 3 vacuum/N2 cycles and dissolved in anhydrous THF (27 mL). Then 

tributyl(thiophen-2-yl)stannane 2 (2.8 mL, 8.8 mmol) was added and the reaction stirred overnight under 

reflux. Then the mixture was allowed to cool down, the solvent was removed under reduced pressure, and the 

product was recrystallized from EtOH to give pure 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole 3 as red 

needles (1.15 g, 88%). The NMR spectra is in agreement with already reported one.[1] 1H NMR (200 MHz, 

CDCl3): δ= 8.12 (dd, J = 3.7, 1.2 Hz, 2H), 7.87 (s, 2H), 7.46 (dd, J = 5.1, 1.2 Hz, 2H), 7.22 (dd, J = 5.1, 3.7 

Hz, 2H). 

 

Synthetic route for the dimethyl 4,4'-oxalyldibenzoate 4b[2] 

 

 

Dimethyl 4,4′-(1-hydroxy-2-oxoethane-1,2-diyl)dibenzoate S2 

Thiamine hydrochloride (0.24 g, 0.71 mmol, 5.8 mol%) was dissolved in a H2O:MeOH = 1:3 mixture (8.7 mL) 

and a 2.0 M solution of aqueous NaOH (0.6 mL) was added dropwise at 0 °C. The colorless solution turned 

bright yellow, and methyl 4-formylbenzoate (2.00 g, 12.2 mmol, 1 equiv.) was added. The suspension was 

heated to 80 °C and stirred for 1 h. The reaction mixture was cooled down to r.t. and quenched with H2O (6 

mL) to precipitate the product (S2) as a white solid, which was filtered and washed with H2O and MeOH (1.56 

g, 78% yield). 1H–NMR (400 MHz, CDCl3, 25 °C, ppm) δ = 8.01 (d, J = 8.4 Hz, 2H), 7.94 (d, J = 8.3 Hz, 2H), 

7.90 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.3 Hz, 2H), 6.00 (s, 1H), 4.60 (bs, 1H), 3.87 (s, 3H), 3.83 (s, 3H); 13C–

NMR (100 MHz, CDCl3, 25 °C, ppm) δ = 198.3, 166.4, 165.8, 143.1, 136.7, 134.7, 130.5, 129.9, 129.0, 127.8, 

76.2, 52.6, 52.3. 

 

Dimethyl 4,4′-oxalyldibenzoate 4b 

In a round-bottom flask equipped with a reflux condenser, dimethyl 4,4′-(1-hydroxy-2-oxoethane-1,2-

diyl)dibenzoate S2 (1.56 g, 4.75 mmol, 1 equiv.) was dissolved in DMSO (26.7 mL), and HBr 48% (9.34 mL, 

8.25 mmol, 1.7 equiv.) was added. The yellow solution was stirred for 16 h at 55 °C, and the reaction progress 

was controlled via TLC (petroleum ether:EtOAc, 1:1). The bright yellow suspension was cooled down to r.t., 

quenched with H2O (50 mL), and filtered. The bright yellow precipitate was suspended in H2O and filtered 

again to afford product 4b (1.53 g, 99% yield), with no need for further purification. 1H–NMR (400 MHz, 
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CDCl3, 25 °C, ppm) δ = 8.18 (d, J = 7.5 Hz, 4H), 8.05 (d, J = 7.4 Hz, 4H), 3.96 (s, 6H); 13C–NMR (100 MHz, 

CDCl3, 25 °C, ppm) δ = 193.0, 166.0, 135.9, 135.7, 130.3, 130.0, 52.8. 

 

General Procedure A for the synthesis of 5,8-di(thiophen-2-yl)quinoxaline acceptors 5: The procedure 

was adapted from an already reported one.[3] In a round bottom flask, 4,7-di(thiophen-2-

yl)benzo[c][1,2,5]thiadiazole 3 (1 equiv.) and zinc dust (20 equiv.) were suspended in acetic acid glacial (65 

mM). The mixture was vigorously stirred at 80°C for 2 h to obtain a complete conversion of the starting 

material as assessed by TLC (petroleum ether:DCM, 8:2). The mixture was filtered through a celite pad 

washing with an aqueous NaOH solution (1 M, 400 mL) and diethyl ether (150 mL). The filtrate was poured 

into an extraction funnel, the organic phase was separated and the aqueous phase was extracted with fresh 

diethyl ether (2x150 mL). The reunited organic phases were dried over anhydrous Na2SO4, filtered and the 

solvent evaporated under reduced pressure. The crude was dissolved in ethanol (0.2 M) and 1,2-diketone 4 (1 

equiv.) was added. The mixture was vigorously stirred at 80 °C for the required time, then was allowed to cool 

down to room temperature and the solvent evaporated under reduced pressure. Unless otherwise stated, the 

crude was directly purified by flash chromatography to obtain pure 5. 

 

2,3-Diphenyl-5,8-di(thiophen-2-yl)quinoxaline 5a:  

Prepared following the General Procedure A using 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole 3 (300 mg, 

1.00 mmol) and zinc dust (1.3 g, 20 mmol) in acetic acid glacial (15 mL). After the work-up, the crude was 

redissolved in ethanol (5 mL) and benzil 4a (210 mg, 1.00 mmol) was added. The mixture was vigorously 

stirred at 80 °C for 20 h. The crude was first purified by flash chromatography (petroleum ether:DCM, 7:3) 

and then suspended in Et2O (10 mL) and centrifuged (4000 rpm, 5 °C, 5 min) to remove soluble impurities, 

obtaining pure 5a as a yellow solid (333 mg, 74% over 2 steps). The 1H NMR spectrum is in agreement with 

the already reported one.[3] 1H NMR (200 MHz, CDCl3, 25°C, ppm): δ= 8.16 (s, 2H), 7.89 (dd, J = 3.8, 1.2 Hz, 

2H), 7.81 – 7.69 (m, 4H), 7.53 (dd, J = 5.1, 1.2 Hz, 2H), 7.39 (dd, J = 5.0, 1.8 Hz, 6H), 7.19 (dd, J = 5.2, 3.8 

Hz, 2H). 

 

Dimethyl 4,4'-(5,8-di(thiophen-2-yl)quinoxaline-2,3-diyl)dibenzoate 5b: Prepared following the General 

Procedure A using 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole 3 (390 mg, 1.30 mmol) and zinc dust (1.7 

g, 26 mmol) in acetic acid glacial (20 mL). After work-up, the crude was redissolved in ethanol (6.5 mL) and 

dimethyl 4,4'-oxalyldibenzoate 4b (424 mg, 1.30 mmol) was added. The mixture was vigorously stirred at 80 

°C for 1 h. The crude was purified by flash chromatography (toluene:EtOAc, 50:1) to obtain pure 5b as a 

bright orange solid (423 mg, 58% over 2 steps). 1H NMR (200 MHz, CDCl3, 25°C, ppm): δ= 8.20 (s, 2H), 

8.11 – 8.03 (m, 4H), 7.87 (dd, J = 3.8, 1.2 Hz, 2H), 7.83 – 7.75 (m, 4H), 7.54 (dd, J = 5.2, 1.2 Hz, 2H), 7.20 

(dd, J = 5.2, 3.8 Hz, 2H), 3.95 (s, 6H). 13C NMR (101 MHz, CDCl3, 25°C, ppm): δ= 166.7, 150.4, 142.6, 138.3, 

137.2, 131.3, 130.6, 130.5, 129.6, 129.3, 127.5, 126.7, 126.6, 52.4. 
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2,3-Bis(4-methoxyphenyl)-5,8-di(thiophen-2-yl)quinoxaline 5c: General Procedure A using 4,7-

di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole 3 (220 mg, 0.73 mmol) and zinc dust (960 mg, 14.7 mmol) in 

acetic acid glacial (11 mL). After work-up, the crude was redissolved in ethanol (3.7 mL), then 1,2-bis(4-

methoxyphenyl)ethane-1,2-dione 4c (197.3 mg, 0.73 mmol) and p-toluenesulfonic acid monohydrate (27.8 

mg, 0.15 mmol) were added. The mixture was vigorously stirred at 80 °C for 16 h. The crude was purified by 

flash chromatography (toluene 100%) to obtain pure 5c as a bright yellow solid (247 mg, 67% over 2 steps). 

1H NMR (400 MHz, CDCl3, 25°C, ppm): δ= 8.10 (s, 2H), 7.86 (dd, J = 3.7, 1.1 Hz, 2H), 7.77 – 7.71 (m, 4H), 

7.52 (dd, J = 5.1, 1.0 Hz, 2H), 7.18 (dd, J = 5.1, 3.7 Hz, 2H), 6.96 – 6.88 (m, 4H), 3.87 (s, 6H). 13C NMR (101 

MHz, CDCl3, 25°C, ppm): δ= 160.5, 151.3, 139.0, 137.1, 132.0, 131.5, 131.1, 128.9, 126.7, 126.7, 126.3, 

113.8, 55.4. 

 
Synthetic route for the 4-bromo-N,N-bis(4-methoxyphenyl)aniline 6c.[4] 

 

 

4-methoxy-N-(4-methoxyphenyl)-N-phenylaniline S1 

In a two-neck flask tBu3P•HBF4 (87 mg, 0.3 mmol, 6 mol%) and Pd(OAc)2 (34 mg, 0.15 mmol, 3 mol%) were 

subjected to 3 vacuum/N2 cycles and then dissolved in anhydrous toluene (6.2 mL). Then 4-bromoanisole (1.4 

mL, 11.6 mmol, 2.3 equiv.), aniline (450 L, 5 mmol, 1 equiv.), and NaOtBu (1.44 g, 15.0 mmol, 3 equiv.) 

were added in the order. Then the mixture was stirred vigorously under reflux (oil bath at 140 °C) for 18 h. 

Then the crude was allowed to reach room temperature and extracted from H2O (50 mL) with EtOAc (3x20 

mL). The reunited organic phases were dried over anhydrous Na2SO4, filtered, and the solvent removed under 

reduced pressure. The crude was then purified by flash chromatography (gradient from petroleum 

ether:EtOAc, 100:1 to 20:1) to obtain pure S1 (1.33 g, 87%) as a pale yellow solid. The 1H NMR spectrum is 

in agreement with the previously reported one.[4] 1H NMR (200 MHz, CD2Cl2, 25 °C, ppm): δ= 7.22 – 7.09 

(m, 2H), 7.08 – 6.98 (m, 4H), 6.93 – 6.78 (m, 7H), 3.77 (s, 6H). 

 

4-bromo-N,N-bis(4-methoxyphenyl)aniline 6c 

In a round bottom flask 4-methoxy-N-(4-methoxyphenyl)-N-phenylaniline S1 (1.33 g, 4.35 mmol, 1 equiv.) 

was dissolved in anhydrous DMF (9 mL) and NBS (850 mg, 4.79 mmol, 1.1 equiv.) was then added in two 

portions. The reaction was shielded from light and stirred at room temperature over the weekend. Then a 

saturated NaHCO3 aqueous solution (50 mL) was added and the product was extracted with DCM (3x 20 mL). 

The reunited organic phases were dried over anhydrous Na2SO4, filtered, and the solvent removed under 

reduced pressure. The crude was then purified by flash chromatography (petroleum ether:DCM, 8:2) to obtain 
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pure 6c (1.67 g, quant.) as a pale pink solid. The 1H NMR spectrum is in agreement with the previously reported 

one.[4] 1H NMR (200 MHz, CD2Cl2, 25 °C, ppm): δ= 7.30 – 7.16 (m, 2H), 7.10 – 6.97 (m, 4H), 6.90 – 6.71 (m, 

6H), 3.78 (s, 6H). 

 

General Procedure B for the synthesis of DQ-Th dyes: 2,3-Diaryl-5,8-di(thiophen-2-yl)quinoxaline 5 (1 

equiv.), triarylbromide 6 (3 equiv.), and potassium carbonate (3 equiv.) were added to a Schlenk tube and put 

under inert atmosphere by performing three vacuum-nitrogen cycles. The solids were dissolved in dry DMF 

and a solution of Pd(OAc)2 (5 mol%), tricyclohexylphosphonium tetrafluoroborate (10 mol%) and pivalic acid 

(30 mol%) in dry DMF was added, reaching a final concentration of 70 mM. The reaction was stirred at 100°C 

for 24 h, then was allowed to cool down to room temperature, water (30 mL) was added, and the mixture was 

extracted with DCM (3x15 mL). Reunited organic phases were dried over anhydrous Na2SO4, the solution was 

filtered, and the solvent was evaporated under reduced pressure. When required, the crude was resuspended 

and centrifuged to remove soluble impurities. The solid was then purified by flash chromatography to give the 

corresponding DQ-Th dye. 

 

4,4'-(5,5'-(2,3-diphenylquinoxaline-5,8-diyl)bis(thiophene-5,2-diyl))bis(N,N-diphenylaniline) (DQ-Th1): 

Prepared following the General Procedure B using 2,3-diphenyl-5,8-di(thiophen-2-yl)quinoxaline 5a (22.3 

mg, 50.0 µmol), 4-bromo-N,N-diphenylaniline 6a (48.6 mg, 150 µmol), potassium carbonate (20.8 mg, 150 

µmol), Pd(OAc)2 (0.56 mg, 2.50 µmol), tricyclohexylphosphonium tetrafluoroborate (1.84 mg, 5.00 µmol) 

and pivalic acid (1.54 mg, 15.0 µmol) in DMF (720 µL). The reaction crude was suspended in petroleum 

ether:DCM, 9:1 mixture (10 mL) and centrifuged (4000 rpm, 5 °C, 5 min) to remove soluble impurities. Then 

the residue was purified by flash chromatography (gradient: from petroleum ether 70% - DCM 30%, to 

petroleum ether 30% - DCM 70%) to give compound DQ-Th1 as a purple solid (44.8 mg, 96%.). 1H NMR 

(400 MHz, THF-d8, 25°C, ppm): δ= 8.29 (s, 2H), 7.97 (d, J = 4.0 Hz, 2H), 7.83 – 7.79 (m, 4H), 7.66 – 7.60 

(m, 4H), 7.42 – 7.36 (m, 8H), 7.30 – 7.23 (m, 8H), 7.13 – 7.05 (m, 12H), 7.05 – 6.99 (tt, J = 7.3, 1.5 Hz, 4H). 

13C NMR (100 MHz, THF-d8, 25°C, ppm): δ= 152.3, 148.4, 148.1, 147.7, 139.6, 137.8, 137.8, 131.6, 131.3, 

129.9, 129.9, 129.6, 128.7, 128.2, 126.9, 126.8, 125.2, 124.4, 123.7, 122.6. HRMS (ESI): m/z calcd for 

C94H66N4S+: 1282.50027 [M]+; found: 1282.49963. 

 

4,4'-(5,5'-(2,3-diphenylquinoxaline-5,8-diyl)bis(thiophene-5,2-diyl))bis(N-phenyl-N-(4-(1,2,2-

triphenylvinyl)phenyl)aniline) (DQ-Th2): Prepared following the General Procedure B using 2,3-diphenyl-

5,8-di(thiophen-2-yl)quinoxaline 5a (22.3 mg, 50.0 µmol), 4-bromo-N-phenyl-N-(4-(1,2,2-

triphenylvinyl)phenyl)aniline 6b (86.8 mg, 150 µmol), potassium carbonate (20.8 mg, 150 µmol), Pd(OAc)2 

(0.56 mg, 2.50 µmol), tricyclohexylphosphonium tetrafluoroborate (1.84 mg, 5.00 µmol) and pivalic acid (1.54 

mg, 15.0 µmol) in DMF (720 µL). The reaction crude was suspended in petroleum ether:DCM, 9:1 mixture 

(10 mL) and centrifuged (4000 rpm, 5 °C, 5 min) to remove soluble impurities. Then the residue was purified 

by flash chromatography (gradient: from petroleum ether 90% - DCM 10%, to petroleum ether 60% - DCM 
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40%) to give compound DQ-Th2 as a purple solid (66.7 mg, 93%). 1H NMR (400 MHz, THF-d8, 25°C, ppm): 

δ= 8.27 (s, 2H), 7.96 (d, J = 4.0 Hz, 2H), 7.84 – 7.78 (m, 4H), 7.60 (d, J = 8.6 Hz, 4H), 7.43 – 7.38 (m, 6H), 

7.37 (d, J = 4.0 Hz, 2H), 7.25 (t, J = 7.8 Hz, 4H), 7.19 – 6.97 (m, 40H), 6.92 (d, J = 8.5 Hz, 4H), 6.83 (d, J = 

8.6 Hz, 4H). 13C NMR (100 MHz, THF-d8, 25°C, ppm; two signals are overlapped): δ= 152.3, 148.2, 147.8, 

147.6, 146.6, 144.9, 144.5, 144.3, 141.6, 141.5, 139.7, 139.2, 137.9, 137.8, 132.9, 132.0, 132.0, 131.6, 131.3, 

129.9, 129.9, 129.6, 128.7, 128.3, 128.2, 128.2, 127.0, 127.0, 126.9, 126.9, 126.8, 125.2, 124.5, 123.8, 123.7, 

122.7. HRMS (ESI): m/z calcd for C104H72N4S2
+: 1440.51929 [M]+; found: 1440,51904. 

 

4,4'-(5,5'-(2,3-diphenylquinoxaline-5,8-diyl)bis(thiophene-5,2-diyl))bis(N,N-bis(4-

methoxyphenyl)aniline) (DQ-Th3): Prepared following the General Procedure B using 2,3-diphenyl-5,8-

di(thiophen-2-yl)quinoxaline 5a (44.6 mg, 0.10 mmol), 4-bromo-N,N-bis(4-methoxyphenyl)aniline 6c (115 

mg, 0.30 mmol), potassium carbonate (41.6 mg, 0.30 mmol), Pd(OAc)2 (1.1 mg, 5.0 µmol), 

tricyclohexylphosphonium tetrafluoroborate (3.7 mg, 10 µmol) and pivalic acid (3.1 mg, 30 µmol) in DMF 

(1.5 mL). The reaction crude was purified by flash chromatography (a first separation with gradient from 

petroleum ether 80% - DCM 20%, to DCM 100% followed by a second one with petroleum ether 30% - toluene 

70%) to give compound DQ-Th3 as a purple solid (73.7 mg, 70 %). 1H NMR (400 MHz, THF-d8, 25°C, ppm): 

δ= 8.25 (s, 2H), 7.94 (d, J = 4.0 Hz, 2H), 7.83 – 7.78 (m, 4H), 7.56 – 7.49 (m, 4H), 7.41 – 7.35 (m, 6H), 7.31 

(d, J = 4.0 Hz, 2H), 7.10 – 7.02 (m, 8H), 6.94 – 6.89 (m, 4H), 6.89 – 6.83 (m, 8H), 3.77 (s, 12H). 13C NMR 

(100 MHz, THF-d8, 25°C, ppm): δ= 157.2, 152.2, 149.2, 148.1, 141.4, 139.7, 137.8, 137.3, 131.6, 131.3, 129.6, 

128.7, 128.2, 127.7, 127.3, 126.8, 126.6, 122.0, 121.1, 115.3, 55.4. HRMS (ESI): m/z calcd for C68H52N4O4S2
+: 

1052,34245 [M]+; found: 1052,34125. 

 

Dimethyl 4,4'-(5,8-bis(5-(4-(diphenylamino)phenyl)thiophen-2-yl)quinoxaline-2,3-diyl)dibenzoate (DQ-

Th4): Prepared following the General Procedure B using dimethyl 4,4'-(5,8-di(thiophen-2-yl)quinoxaline-2,3-

diyl)dibenzoate 5b (56.3 mg, 0.10 mmol), 4-bromo-N,N-diphenylaniline 6a (97.3 mg, 0.30 mmol), potassium 

carbonate (41.6 mg, 0.30 mmol), Pd(OAc)2 (1.1 mg, 5.0 µmol), tricyclohexylphosphonium tetrafluoroborate 

(3.7 mg, 10 µmol) and pivalic acid (3.1 mg, 30 µmol) in DMF (1.5 mL). The reaction crude was purified by 

flash chromatography (gradient from toluene 99% - EtOAc 1%, to toluene 90% - EtOAc 10%) to give 

compound DQ-Th4 as a purple solid (101.3 mg, 97 %). 1H NMR (400 MHz, THF-d8, 25°C, ppm): δ= 8.28 (s, 

2H), 8.03 (d, J = 8.5 Hz, 4H), 7.95 (d, J = 4.0 Hz, 2H), 7.85 (d, J = 8.4 Hz, 4H), 7.64 – 7.58 (m, 4H), 7.38 (d, 

J = 4.0 Hz, 2H), 7.30 – 7.23 (m, 8H), 7.14 – 7.06 (m, 12H), 7.05 – 6.99 (m, 4H), 3.85 (s, 6H). 13C NMR (100 

MHz, THF-d8, 25°C, ppm): δ= 166.4, 151.4, 148.4, 148.2, 147.9, 143.5, 137.9, 137.6, 131.8, 131.5, 131.3, 

130.0, 129.6, 128.6, 127.5, 127.0, 125.2, 124.4, 123.8, 122.8, 109.5, 52.1. HRMS (ESI): m/z calcd for 

C68H48N4O4S2
+: 1048,31115 [M]+; found: 1048,31055. 

 

Dimethyl 4,4'-(5,8-bis(5-(4-(bis(4-methoxyphenyl)amino)phenyl)thiophen-2-yl)quinoxaline-2,3-

diyl)dibenzoate (DQ-Th5): Prepared following the General Procedure B using dimethyl 4,4'-(5,8-
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di(thiophen-2-yl)quinoxaline-2,3-diyl)dibenzoate 5b (56.3 mg, 0.10 mmol), 4-bromo-N,N-bis(4-

methoxyphenyl)aniline 6c (115 mg, 0.30 mmol), potassium carbonate (41.6 mg, 0.30 mmol), Pd(OAc)2 (1.1 

mg, 5.0 µmol), tricyclohexylphosphonium tetrafluoroborate (3.7 mg, 10 µmol) and pivalic acid (3.1 mg, 30 

µmol) in DMF (1.5 mL). The reaction crude was purified by flash chromatography (gradient from toluene 

98% - EtOAc 2%, to toluene 97% - EtOAc 3%) to give compound DQ-Th5 as a purple solid (64.0 mg, 55%). 

1H NMR (400 MHz, THF-d8, 25°C, ppm): δ= 8.11 (s, 2H), 7.98 (d, J = 8.2 Hz, 4H), 7.83 (d, J = 4.0 Hz, 2H), 

7.77 (d, J = 8.3 Hz, 4H), 7.48 (d, J = 8.6 Hz, 4H), 7.24 (d, J = 3.9 Hz, 2H), 7.09 – 7.01 (m, 8H), 6.91 (d, J = 

8.6 Hz, 4H), 6.88 – 6.83 (m, 8H), 3.85 (s, 6H), 3.77 (s, 12H). 13C NMR (100 MHz, THF-d8, 25°C, ppm; one 

signal is overlapped): δ= 166.5, 157.2, 151.0, 149.3, 148.2, 143.5, 141.4, 137.8, 137.0, 131.6, 131.4, 131.2, 

129.9, 128.5, 127.5, 127.4, 126.7, 122.2, 121.1, 115.3, 55.4, 52.0. HRMS (ESI): m/z calcd for C72H56N4O8S2
+: 

1168,35341 [M]+; found: 1168,35303. 

 

4,4'-(5,5'-(2,3-bis(4-methoxyphenyl)quinoxaline-5,8-diyl)bis(thiophene-5,2-diyl))bis(N,N-

diphenylaniline) (DQ-Th6): Prepared following the General Procedure B using 2,3-bis(4-methoxyphenyl)-

5,8-di(thiophen-2-yl)quinoxaline 5c (50.7 mg, 0.10 mmol), 4-bromo-N,N-diphenylaniline 6a (97.3 mg, 0.30 

mmol), potassium carbonate (41.6 mg, 0.30 mmol), Pd(OAc)2 (1.1 mg, 5.0 µmol), tricyclohexylphosphonium 

tetrafluoroborate (3.7 mg, 10 µmol) and pivalic acid (3.1 mg, 30 µmol) in DMF (1.5 mL). After 20 h we 

confirmed by TLC analysis (toluene 100%) the formation of the product along with the presence of the mono-

arylated intermediate, and the almost complete consumption of the bromo arene 6a. As the mono-arylated 

intermediate cannot be separated from the product DQ-Th6, a second portion of bromide 6a (64.8 mg, 0.20 

mmol) was added along with Pd(OAc)2 (1.1 mg, 5.0 µmol) and the mixture stirred for 20h to achieve full 

conversion of the mono-arylated intermediate. The reaction crude was first purified by flash chromatography 

(gradient from petroleum ether 50% - toluene 50%, to toluene 100%), then the eluted fractions were collected, 

the solvent evaporated and the solid residue was centrifuged twice (4000 rpm, 5 °C, 5 min) from a petroleum 

ether 80% - DCM 20% mixture (10 mL) to remove soluble impurities, giving compound DQ-Th6 as a reddish 

solid (80.4 mg, 81%). 1H NMR (400 MHz, THF-d8, 25°C, ppm): δ= 8.17 (s, 2H), 7.91 (d, J = 4.0 Hz, 2H), 

7.80 – 7.74 (m, 4H), 7.66 – 7.60 (m, 4H), 7.36 (d, J = 4.0 Hz, 2H), 7.29 – 7.22 (m, 8H), 7.14 – 7.06 (m, 12H), 

7.02 (t, J = 7.3 Hz, 4H), 6.97 – 6.91 (m, 4H), 3.79 (s, 6H). 13C NMR (100 MHz, THF-d8, 25°C, ppm): δ= 

161.5, 151.9, 148.5, 148.1, 147.5, 138.1, 137.5, 132.6, 132.1, 131.4, 129.99, 129.9, 128.0, 126.9, 126.4, 125.1, 

124.5, 123.7, 122.6, 114.2, 55.3. HRMS (ESI): m/z calcd for C66H48N4O2S2
+: 992,32132 [M]+; found: 

992,32041. 

 

4,4'-(5,5'-(2,3-bis(4-methoxyphenyl)quinoxaline-5,8-diyl)bis(thiophene-5,2-diyl))bis(N,N-bis(4-

methoxyphenyl)aniline) (DQ-Th7): Prepared following the General Procedure B using 2,3-bis(4-

methoxyphenyl)-5,8-di(thiophen-2-yl)quinoxaline 5c (50.7 mg, 0.10 mmol), 4-bromo-N,N-bis(4-

methoxyphenyl)aniline 6c (115 mg, 0.30 mmol), potassium carbonate (41.6 mg, 0.30 mmol), Pd(OAc)2 (1.1 

mg, 5.0 µmol), tricyclohexylphosphonium tetrafluoroborate (3.7 mg, 10 µmol) and pivalic acid (3.1 mg, 30 
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µmol) in DMF (1.5 mL). The reaction crude was purified by flash chromatography (toluene 100%) to give 

compound DQ-Th7 as a purple solid (56.5 mg, 51%). 1H NMR (400 MHz, THF-d8, 25°C, ppm): δ= 8.18 (s, 

2H), 7.92 (d, J = 4.0 Hz, 2H), 7.81 – 7.75 (m, 4H), 7.57 – 7.51 (m, 4H), 7.30 (d, J = 4.0 Hz, 2H), 7.10 – 7.03 

(m, 8H), 6.98 – 6.90 (m, 8H), 6.89 – 6.82 (m, 8H), 3.80 (s, 6H), 3.77 (s, 12H). 13C NMR (100 MHz, THF-d8, 

25°C, ppm): δ= 161.4, 157.1, 151.7, 149.1, 147.8, 141.4, 137.6, 137.5, 132.6, 132.1, 131.3, 128.0, 127.8, 127.3, 

126.7, 126.3, 122.0, 121.2, 115.3, 114.2, 55.4, 55.3. HRMS (ESI): m/z calcd for C70H56N4O6S2
+: 1112,36358 

[M]+; found: 1112,36157. 

 

B. UV-Vis Absorption and Emission Spectra from DCM Solution 

Table S1. Photophysical characterization of DQ-Th1-7 dyes in solution of DCM. 

Compound 𝝀𝒎𝒂𝒙
𝒂𝒃𝒔  (nm) ε (104 M-1 cm-1) 𝝀𝒎𝒂𝒙

𝒆𝒎𝒊  (nm)a E0-0 (eV) 
Stokes shift 

(nm[eV]) 
Φf (%)b 

DQ-Th1 
514 

[370] 

27.4 

[48.2] 
693 2.06 

179 

[0.62] 
33 

DQ-Th2 
517 

[363] 

29.0 

[65.8] 
693 2.05 

176 

[0.61] 
30 

DQ-Th3 
529 

[373] 

27.9 

[49.0] 
737 1.99 

208 

[0.66] 
14 

DQ-Th4 
532 

[370] 

22.0 

[50.9] 
737 1.98 

205 

[0.65] 
11 

DQ-Th5 
548 

[375] 

21.8 

[49.2] 
775 1.91 

227 

[0.66] 
2 

DQ-Th6 
508 

[369] 

28.2 

[51.7] 
675 2.09 

167 

[0.60] 
39 

DQ-Th7 
522 

[373] 

31.8 

[59.0] 
708 2.03 

186 

[0.62] 
23 

a Spectral correction has been applied for all emission spectra. 
b Fluorescent quantum yield f calculated irradiating at the 𝝀𝒎𝒂𝒙

𝒂𝒃𝒔  of the most red-shifted absorption peak

 

 

Figure S1. A) UV-vis absorption and B) normalized absorption and emission spectra of DQ-Th1-7 dyes in DCM solution. 

  

A. 

B. 
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C. Computational Data 

Compounds DQ-Th1-7 show absorption maxima in DCM between 509 and 548 nm, corresponding to 2.44-

2.26 eV (Table S2), which are associated to transitions involving HOMO->LUMO orbitals (Figure S2). The 

experimental absorption maxima are in very good agreement with the computed values, with energy 

differences ≤ to 0.02 eV. Additionally, higher energy vertical excitations are present, and they fall in the 355-

372 nm range (3.49-3.33 eV), involving HOMOs→LUMOs orbitals (Figure S6). Even these computed values 

are in very good agreement with the experimental ones, with energy differences ≤ to 0.13 eV. 

The computed emission maxima in DCM fall in the 670-722 nm range, corresponding to 1.85-1.72 eV (Table 

S3). The experimental emission maxima are also in good accordance with the computed vertical S1→S0 

emission energies, as the energy difference is ≤ to 0.12 eV. The calculated Stokes shifts values are 0.57, 0.57, 

0.55, 0.57, 0.54, 0.59, and 0.56 eV in DCM, respectively for compounds DQ-Th1-7. 

The ground- and excited-states energies of frontier molecular orbitals (FMOs) in DCM are reported in Tables 

S5 and S7, respectively.   

 

 

Figure S2. DFT-B3LYP/6-31G* HOMO and LUMO ground-state electron density distributions in DCM. Solvent effects 

have been included by using the polarizable continuum model (PCM). 
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Table S2. TD-MPW1K/6-311+G(2d,p) absorption maxima (𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  in nm), excitation energies (Eexc in eV), oscillator 

strengths (f) and contributions (%) to ground state to excited states transitions in DCM of DQ-Th1-7 compounds.  

Molecule Excited State 𝝀𝒎𝒂𝒙
𝒂𝒃𝒔  (nm) Eexc (eV) f Contribution (%) 

DQ-Th1 

1 518 2.39 1.38 89% H→L 

3 359 3.45 0.99 56% H→L+2 

DQ-Th2 

1 519 2.39 1.58 83% H→L 

3 371 3.34 1.07 40% H-2→L 

DQ-Th3 

1 533 2.33 1.41 86% H→L 

3 371 3.34 0.32 65% H-2→L 

DQ-Th4 

1 534 2.32 1.17 88% H→L 

4 368 3.37 1.20 55% H→L+2 

DQ-Th5 

1 548 2.26 1.12 84% H→L 

5 370 3.35 1.36 67% H→L+2 

DQ-Th6 

1 509 2.44 1.41 89% H→L 

4 356 3.48 1.01 42% H→L+1 

DQ-Th7 

1 523 2.37 1.44 85% H→L 

4 367 3.38 0.37 48% H-2→L 

Table S3. TD-MPW1K/6-311+G(2d,p) emission maxima (𝜆𝑚𝑎𝑥
𝑒𝑚𝑖  in nm), emission energies (Eemi in eV), oscillator 

strengths (f) and contributions (%) to the S1→S0 transition in DCM of DQ-Th1-7 compounds. 

Molecule 𝝀𝒎𝒂𝒙
𝒆𝒎𝒊  (nm) Eexc (eV) f Contribution (%) 

DQ-Th1 682 1.82 1.43 96% L→H 

DQ-Th2 682 1.82 1.60 95% L→H 

DQ-Th3 698 1.78 1.45 95% L→H 

DQ-Th4 710 1.75 1.25 95% L→H 

DQ-Th5 722 1.72 1.18 94% L→H 

DQ-Th6 670 1.85 1.48 96% L→H 

DQ-Th7 687 1.81 1.50 95% L→H 
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Figure S3. Bond lengths (Å) and dihedral angles (degrees) of S0 and S1* optimized geometries of compounds DQ-Th1-

7. (S1*) optimized geometries in DCM; [S1*] optimized geometries in toluene. 

 

Table S4. DFT-B3LYP/6-31G* frontier molecular orbital energies (FMOs) in eV of the ground-state of compounds DQ-

Th1-7 computed in toluene (using PCM).  

Molecule HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 

DQ-Th1 -5.434 -4.961 -4.687 -2.344 -1.306 -1.217 

DQ-Th2 -5.243 -4.860 -4.666 -2.360 -1.353 -1.344 

DQ-Th3 -5.233 -4.690 -4.489 -2.286 -1.263 -1.136 

DQ-Th4 -5.473 -4.946 -4.717 -2.502 -1.908 -1.542 

DQ-Th5 -5.269 -4.678 -4.512 -2.466 -1.911 -1.411 

DQ-Th6 -5.398 -4.946 -4.662 -2.256 -1.160 -1.147 

DQ-Th7 -5.197 -4.676 -4.467 -2.200 -1.108 -1.068 
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Table S5. DFT-B3LYP/6-31G* frontier molecular orbital energies (FMOs) in eV of the ground-state of compounds DQ-

Th1-7 computed in DCM (using PCM).  

Molecule HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 

DQ-Th1 -5.513 -5.030 -4.770 -2.437 -1.387 -1.314 

DQ-Th2 -5.322 -4.930 -4.745 -2.448 -1.425 -1.417 

DQ-Th3 -5.338 -4.776 -4.588 -2.404 -1.364 -1.259 

DQ-Th4 -5.547 -5.035 -4.793 -2.570 -1.975 -1.531 

DQ-Th5 -5.365 -4.771 -4.611 -2.547 -1.979 -1.499 

DQ-Th6 -5.487 -5.021 -4.757 -2.368 -1.263 -1.259 

DQ-Th7 -5.312 -4.767 -4.577 -2.336 -1.230 -1.206 

 

Table S6. TD-CAM-B3LYP/6-31G* FMOs energies (in eV) of the first excited-state of compounds DQ-Th1-7 computed 

in toluene (using PCM). 

Molecule HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 

DQ-Th1 -6.667 -6.118 -5.497 -1.599 -0.096 -0.045 

DQ-Th2 -6.447 -6.032 -5.496 -1.609 -0.139 -0.114 

DQ-Th3 -6.420 -5.878 -5.363 -1.542 -0.049 0.028 

DQ-Th4 -6.689 6.119 -5.533 -1.730 -0.702 -0.290 

DQ-Th5 -6.425 -5.871 -5.422 -1.686 -0.714 -0.248 

DQ-Th6 -6.642 -6.101 -5.466 -1.538 0.009 0.026 

DQ-Th7 -6.395 -5.863 -5.334 -1.480 0.075 0.097 

 
Table S7. TD-CAM-B3LYP/6-31G* FMOs energies (in eV) of the first excited-state of compounds DQ-Th1-7 computed 

in DCM (using PCM). 

Molecule HOMO-2 HOMO-1 HOMO LUMO LUMO+1 LUMO+2 

DQ-Th1 -6.754 -6.196 -5.571 -1.710 -0.180 -0.147 

DQ-Th2 -6.539 -6.118 -5.572 -1.718 -0.219 -0.196 

DQ-Th3 -6.533 -5.985 -5.459 -1.672 -0.149 -0.092 

DQ-Th4 -6.775 -6.201 -5.598 -1.815 -0.755 -0.371 

DQ-Th5 -6.535 -5.987 -5.508 -1.779 -0.753 -0.330 

DQ-Th6 -6.736 -6.186 -5.552 -1.665 -0.098 -0.089 

DQ-Th7 -6.514 -5.975 -5.440 -1.627 -0.051 -0.039 
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Figure S4. DFT-B3LYP/6-31G* FMOs ground-state electron density distributions in toluene of compounds DQ-Th1-7 

(using PCM).  
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Figure S5. TD-CAM-B3LYP/6-31G* HOMO and LUMO electron density distributions of the first excited-state in DCM 

and toluene (using PCM) of compounds DQ-Th1-7.  
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Figure S6. DFT-B3LYP/6-31G* FMOs ground-state electron density distributions in DCM of compounds DQ-Th1-7 

(using PCM).  

  

D. Preparation and Spectroscopic Characterization of Dyes Dispersed into Polymeric Films  

D.1. Preparation of fluorophore containing PMMA films 

Fluorophore/PMMA thin films were prepared by drop casting according to the following procedure. 

Chloroform solutions (1.5 mL) containing 60 mg of the polymer and the proper amount of the fluorophore to 

obtain concentrations in the range 0.2−2.0 wt % were poured on a 50 × 50 × 3 mm3 optically pure glass 

substrate (Edmund Optics Ltd. BOROFLOAT window 50 × 50 TS). The glass slides were cleaned with 

chloroform and immersed in 6 M HCl for at least 12 h, and were then rinsed with water, acetone, and 

isopropanol. The resulting LSCs were stored for 24 h to allow the solvent to evaporate completely. The film 

thickness was measured by a Starrett micrometer to be 25±5μm. After LSC characterization, the polymer films 

were carefully detached from the glass surface by immersing the LSC in water, stored in a desiccator, and then 

analyzed by means of absorption and emission spectroscopies. UV/vis spectra were recorded on polymer films 

at room temperature with a Cary 5000 UV−Vis−NIR spectrophotometer (Agilent). The fluorescence spectra 
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were measured on polymer films at room temperature with a Fluorolog-3 spectrofluorometer (Horiba Jobin-

Yvon, Horiba Italy) equipped with a 450 W Xenon arc lamp and double-grating excitation and single-grating 

emission monochromators. Quantum yield measurements were carried out using an external integration sphere 

(Quanta-φ F-3029, Horiba), equipped with solid or liquid sample holder, and connected to the 

spectrofluorometer by optical fibers and a fiber-optics adaptor (FL-3000, Horiba). 

 

D.2. UV-Vis absorption and emission spectra from PMMA matrix 

DQ-Th1 

 

 

DQ-Th2 

 

 

DQ-Th3 

 

 



S17 
 

DQ-Th4 

 

 

 
DQ-Th5 

 

 

DQ-Th6 

 

 

DQ-Th7 

 

 

 
Figure S7. UV-vis absorption and emission spectra of DQ-Th1-7 dyes in PMMA films.  
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D.3. Calculation of the Weighted Transmittance (WT%) 

Calculation of the weighted transparency (WT%) parameter was carried out according to the following 

equation:  

𝑊𝑇(%) = 
∫  T(λ)I(λ)a(λ)dλ  

∫  I(λ)a(λ)dλ
 × 100  (Eq. S1) 

where T(λ) is the transmission of the doped PMMA film, I(λ) is the AM 1.5 solar spectral irradiance, and a(λ) 

represents the action spectrum obtained from the combination of the normalized absorption spectra of 

chlorophyll a, chlorophyll b and -carotene, shown below in Figure S8.  

 

Figure S8. Normalized UV-vis absorption spectra of chlorophyll a, chlorophyll b, and -carotene in ethanol.  

 

E. Optical Efficiency Measurements 

Internal (ηint) and external (ηext) photon and device (ηdev) efficiencies were determined according to recently 

agreed protocols.[5] ηint and ηext were measured by using a commercially available system (Arkeo, Cicci 

research s.r.l., Grosseto, Italy) containing a complementary metal-oxide semiconductor (CMOS)-based 

spectrometer with a symmetric Czerny−Turner optical bench connected to an integrating sphere as reported in 

a recent publication.[6] As an illumination source, an ORIEL LCS-100 solar simulator 94011A S/N: 322 was 

utilized under controlled illumination (1 sun, AM 1.5G).  

 

E.1. Measurement of external (ηext) and internal (ηint) photon efficiency 

All measurements were performed by using a commercially available system (Arkeo, Cicci research s.r.l., 

Grosseto, Italy) containing a CMOS-based spectrometer with a symmetrical Czerny-Turner optical bench 

connected to an integrating sphere (Figure S9). 
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Figure S9. Photos of the experimental setup utilized for the ηint, ηext, and ηdev determination. 

The illumination source was an ORIEL® LCS-100 solar simulator 94011A S/N: 322 (1 sun, AM 1.5G). An 

integrating sphere of 5 cm of diameter and 1 cm of aperture was placed along the edge of the glass plate. To 

avoid the collection of the stray light, the sphere was covered by an opaque plastic holder with a rectangular 

aperture of 1 cm (the width of the sphere aperture) × 3 mm (i.e., the thickness of the LSC slab). The integrating 

sphere was moved along the side of the LSC until all the slab edge had been scanned. The spectrally-resolved 

edge output photon count was collected from the CMOS-based spectrometer and calibrated into optical power 

(W) and then in irradiance. Aimed at limiting reflections of unabsorbed light, an absorbing matte black 

background was placed in contact with the LSC rear side. The illumination source was kept close and 

perpendicular to the center of the LSC front surface to minimize the divergence of the excitation beam and to 

avoid the direct illumination of the integrating sphere. A series of 3-5 measurements were repeated to allow 

the integration sphere to collect the maximum single-edge output power. 

The optical performances of LSCs were evaluated in terms of the external (ηext) and internal (ηint) photon 

efficiency, calculated from equations S2 and S3, respectively: 

     (Eq. S2) 
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  (Eq. S3) 

Where: 

a) n = 4, λ1 = 300 nm and λ2 = 1100 nm; 

b) The number of edge-emitted photons was obtained from the sum of the output power spectra measured for 

each edge of the LSC; 

c) The total number of photons incident on the front surface of the LSC was obtained from the input power 

spectrum of the light source incident on the illuminated surface area of the LSC (Figure S10); 

d) The number of total absorbed photons was obtained by convoluting the absorption spectrum of the LSC and 

the input power spectrum of the light source incident on the illuminated surface area of the LSC. Such value 

was also obtained by the difference between the incident input power and the power transmitted by the LSC. 
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Figure S10. Input power density of the light source incident on the illuminated surface area of the LSC, Pin(λ). 

 

E.2. Measurement of device photovoltaic efficiency (ηdev) 

The LSC photovoltaic efficiency is determined by attaching two Si-PV cells connected in series to an edge of 

the thin-film LSCs by using silicone grease. The performance of the assembled LSC-PV systems is assessed 

under standard illumination conditions by measuring the power conversion efficiency of the resulting LSC 

device (ηdev), defined as the electrical power effectively extracted from the PV cells (Pout
el) relative to the 

luminous power hitting the top surface of the LSC (Pin
opt): 

η𝑑𝑒𝑣 =
𝑃𝑒𝑙

𝑜𝑢𝑡

𝑃𝑜𝑝𝑡
𝑖𝑛 =  

𝐼𝑆𝐶∙𝑉𝑂𝐶∙𝑓𝑓

𝑃𝑜𝑝𝑡
𝑖𝑛 ∙𝐴𝐿𝑆𝐶

     (Eq. S4) 
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where ISC, VOC and ff are the short-circuit current, open-circuit voltage and fill factor of the edge-mounted PV 

cells, respectively, ALSC is the front-illuminated area of the LSC device, and Pin
opt is the incident solar power 

density expressed in mW cm−2. 

For the determination of ηdev, two Si-PV cells IXYS KXOB25-12X1F (22 x 7 mm, Voc = 0.69 V, Isc = 46.7 

mA, ff > 70%, η = 25%) were connected in series (Figure S11 shows the I/V curve of the two cells assembly 

under direct simulated solar illumination). The current/voltage characteristics of the LSC-PV system were 

determined with a precision source/measure unit (Keysight Technologies B2900 Series). Silicon was used to 

grease the LSC edge. A black matte layer was placed beneath the LSC with an air gap of about 2.5 mm during 

the measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S11. I-V curve of the monocrystalline silicon solar cells (IXOLAR cells). 

 

F. Accelerated Photodegradation Test 

We have conducted accelerated photodegradation tests on LSCs based on the DQ-Th1 and DQ-Th3 dyes. The 

experiments were conducted for more than 400 minutes at a constant temperature of 70 °C on the samples. 

Wishing to comply with the ASTM G154 standard,[32] a home-made setup was used, which was composed of 

a LED tower (Cicci research s.r.l., Grosseto, Italy) as light source and an optical fiber connected to a 

spectroradiometer as the detector (CCARK.A.4.Spectroradiometer, Fiber Optic VIS/NIR spectrometer, 2048 

pixels, grating VA (360-1100nm), slit-50, OSC, DCL- UV/VIS), placed at a distance of < 1 cm from the 

polymer sample with a detection angle of ca. 35°. The sample was placed on a controllable hot stage (originally 

used to conduct spatially resolved photoluminescence tests with a thermal module) to adjust its temperature 

during the experiment. As incident light sources, two of the LEDs, named “Far UV” and “UV”, were selected 

(95% irradiation in the 361-406 nm range). Their emission was calibrated with an integrating sphere, which 
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was placed at the same distance from the source as that of the sample. After adjusting the LED intensity, the 

measurement thus took place at 1 Sun irradiation conditions. 

 

Figure S12. Photodegradation studies with time of UV irradiation (1 Sun) at 70 °C for LSC containing 1.2 wt% of DQ-

Th3 (black squares) and 0.4 wt% of DQ-Th1 (red circles).  
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H. NMR Spectra 
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