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EXPERIMENTAL SECTION

Materials. Diethyl 2,2'-(thieno[3,2-b]thiophene-2,5-diyl)dibenzoate (1),S1 (4-hexylphenyl)magnesium 

bromide,S2 butyl 4-(7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)benzoate,S3 and diethyl 

2,5-dichlorothieno[3,2-b]thiophene-3,6-dicarboxylate (5)S4 were prepared according to the literature 

procedures. Amberlyst 15, copper(II) bromide (CuBr2), bis(4-(hexyloxy)phenyl)amine, 

tris(dibenzylideneacetone)dipalladium (Pd2(dba)3), tri-tert-butylphosphine tetrafluoroborate 

(P(t-Bu)3·HBF4), sodium tert-butoxide (NaOt-Bu), N-bromosuccinimide (NBS), cesium carbonate 

(Cs2CO3), potassium hydroxide (KOH), phosphoric acid, naphthalen-1-ylboronic acid (4), 

palladium(II) acetate (Pd(OAc)2), 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl (Sphos), 

potassium phosphate (K3PO4), 1-ethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 

(EMITFSI), decamethylferrocene (DMFc), ferrocene (Fc), lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI), and 4-tert-butylpyridine (TBP) were purchased from Energy Chemical and used without 

further purification. Toluene, tetrahydrofuran (THF), dichloromethane (DCM), 1,4-dioxane, 

acetonitrile (MeCN), ethanol, and chloroform were dried and distilled before use.

General Instrumentation. 1H NMR and 13C NMR spectra were recorded with an AVANCE III 500 

spectrometer. High resolution mass spectra were measured with a Bruker Ultraflex MALDI-TOF 

spectrometer. Cyclic voltammetric (CV) measurements of dye molecules dissolved in THF were 

performed on a CHI660C electrochemical workstation by use of a three-electrode electrolytic cell, 

consisting of a platinum gauze counter electrode, a silver wire auxiliary electrode, and a glassy 

carbon working electrode. DMFc was added as the internal reference and all potentials were 

reported with respect to Fc. A slow potential scan rate of 5 mV s1 was used and the iR drop was 

compensated. The steady UV-Vis spectra were measured with a G1103A spectrometer (Agilent). The 

static fluorescence spectra were recorded on a QEPro spectrometer (Ocean Optics). Femtosecond 

fluorescence traces were recorded with a time-resolved fluorescence spectrometer (Halcyone Fire, 

Ultrafast). The details on femtosecond fluorescence up-conversion and transient absorption 

measurements were depicted in our previous paper.S5

Theoretical Calculations. We performed DFT and TD-DFT calculations with Gaussian 09 program 

suite, by use of the 6-311G(d,p) basis set for all atoms. The ground state geometries of dye molecules 

were optimized with the Becke’s three-parameter hybrid exchange functional and the Lee-Yang-Parr 

correlation functional (B3LYP).S6 The TD-MPW1K hybrid functional with 42% of Hartree-Fock 
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exchange was used for the calculation of vertical electron transition and excited state.S7,S8 The 

conductor-like polarizable continuum model (C-PCM) was employed to simulate the solvent effect.S9

Synthesis. Photosensitizing dyes U3, U4, and U5 can be prepared according to the synthetic route 

outlined in Scheme S1. The preparation details are described as follows.
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Scheme S1. Synthetic routes of dyes U3, U4, and U5. Reagents and conditions: (i) 

(4-hexylphenyl)magnesium bromide, THF, reflux, 6 h; (ii) Amberlyst 15, toluene, reflux, 6 h; (iii) 

CuBr2, CHCl3, reflux, overnight; (iv) bis(4-(hexyloxy)phenyl)amine, Pd2(dba)3, P(t-Bu)3·HBF4, 

NaOt-Bu, toluene, reflux, overnight; (v) NBS, THF, R.T., 10h; (vi) butyl 

4-(7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)benzoate, Pd2(dba)3, P(t-Bu)3·HBF4, Cs2CO3, 1,4-dioxane, 

reflux, 8 h; (vii) KOH, THF/H2O (v/v, 3/1), reflux, 8 h; then phosphoric acid; (viii) Pd(OAc)2, Sphos, 

K3PO4, 1,4-dioxane/H2O (v/v, 5/1), reflux, 15 h; (ix) (4-hexylphenyl)magnesium bromide, THF, reflux, 

6 h; (x) Amberlyst 15, toluene, reflux, 6 h; (xi) CuBr2, CHCl3, reflux, overnight; (xii) 

bis(4-(hexyloxy)phenyl)amine, Pd2(dba)3, P(t-Bu)3·HBF4, NaOt-Bu, toluene, reflux, overnight; (xiii) 

NBS, THF, R.T., 1 h; (xiv) butyl 4-(7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)benzoate, Pd2(dba)3, 

P(t-Bu)3·HBF4, Cs2CO3, 1,4-dioxane, reflux, 8 h; (xv) KOH, THF/H2O (v/v, 3/1), reflux, 8 h; then 

phosphoric acid; (xvi) CuBr2, CHCl3, reflux, overnight; (xvii) bis(4-(hexyloxy)phenyl)amine, 

Pd2(dba)3, P(t-Bu)3·HBF4, NaOt-Bu, toluene, reflux, overnight; (xviii) NBS, THF, R.T., 1 h; (xix) butyl 

4-(7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)benzoate, Pd2(dba)3, P(t-Bu)3·HBF4, Cs2CO3, 1,4-dioxane, 

reflux, 8 h; (xx) KOH, THF/H2O (v/v, 3/1), reflux, 8 h; then phosphoric acid.

6,6,12,12-Tetrakis(4-hexylphenyl)-6,12-dihydroindeno[1,2-b]indeno[2',1':4,5]thieno[2,3-d]thiophen

e (2). A flame dried round bottom flask was charged with 1 (1.5 g, 3.44 mmol), 
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(4-hexylphenyl)magnesium bromide (8 mL, 2 M in THF), and anhydrous THF (25 mL). The reaction 

was refluxed for 6 h, cooled to room temperature and then carefully quenched with water. The resultant 

mixture was poured into cold 1 M hydrochloric acid solution, followed by extraction with chloroform. 

The combined organic extracts were washed with water and dried over anhydrous sodium sulfate. After 

solvent removal under reduced pressure, the prepared tertiary alcohol was used for next reaction 

directly. To a solution of the intermediate in toluene (25 mL) was added Amberlyst 15 (1.8 g) and the 

mixture was stirred at reflux for 6 h. After cooling, the mixture was filtered and the filtrate was 

concentrated under reduced pressure. The residue was purified by column chromatography 

(toluene/petroleum ether 6090 °C, v/v, 1/3) on silica gel to yield a beige soild as the desired product 

(2.96 g, 90% yield). 1H NMR (500 MHz, CDCl3) δ: 7.41 (d, J = 7.6 Hz, 2H), 7.35 (d, J = 7.5 Hz, 2H), 

7.26 (d, J = 7.4 Hz, 2H), 7.177.14 (m, 10H), 7.077.06 (m, 8H), 2.54 (t, J = 7.7 Hz, 8H), 1.601.54 

(m, 8H), 1.351.26 (m, 24H), and 0.870.85 (m, 12H) ppm. 13C NMR (125 MHz, CDCl3) δ: 153.39, 

146.97, 142.87, 141.87, 140.67, 138.08, 136.29, 128.57, 128.24, 127.72, 126.15, 125.88, 119.12, 63.45, 

35.80, 31.92, 31.48, 29.37. 22.80, and 14.30 ppm. HR-MS (MALDI-TOF) m/z Calcd. for C68H76S2: 

956.5388. Found: 956.5383 (M+). Anal. Calcd. for C68H76S2: C, 85.30%; H, 8.00%. Found: C, 85.32%; 

H, 7.97%.

N,N-Bis(4-(hexyloxy)phenyl)-6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihydroindeno[1,2-b]indeno[2',

1':4,5]thieno[2,3-d]thiophen-2-amine (3). To a solution of 2 (584 mg, 0.61 mmol) in chloroform was 

added CuBr2 (163 mg, 0.73 mmol). The mixture was stirred at reflux overnight under argon. After 

coolingthe mixture was filtered, washed with brine and water in turn, and dried over anhydrous sodium 

sulfate. The solvent was removed under vaccum to afford a crude intermediate, which was used for 

next reaction directly. A dried Schlenk flask was charged with the intermediate, 

bis(4-(hexyloxy)phenyl)amine (225 mg, 0.61 mmol), NaOt-Bu (176 mg, 1.83 mmol), and Pd2(dba)3 (23 

mg, 0.024 mmol), P(t-Bu)3·HBF4 (11 mg, 0.036 mmol), and toluene (30 mL). The reaction was 

refluxed overnight under argon. After cooling, water (50 mL) was added, and the mixture was extracted 

three times with chloroform. The combined organic phase was washed by water and dried over 

anhydrous sodium sulfate. After solvent removal under reduced pressure, the residue was purified by 

column chromatography (toluene/petroleum ether 6090 °C, v/v, 1/4) on silica gel to yield a yellow 

solid as the desired product (493 mg, 61%). 1H NMR (500 MHz, THF-d8) δ: 7.41 (d, J = 7.6 Hz, 1H), 

7.38 (d, J = 7.6 Hz, 1H), 7.24 (t, J = 7.6 Hz, 1H), 7.18 (d, J = 8.4Hz, 1H), 7.147.13 (m, 5H), 
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7.117.08 (m, 5H), 7.05−7.03 (m, 5H), 6.976.95 (m, 4H), 6.786.75 (m, 5H), 3.91 (t, J = 6.4 Hz, 4H), 

2.562.52 (m, 8H), 1.781.74 (m, 4H), 1.611.54 (m, 8H), 1.501.45 (m, 4H), 1.371.29 (m, 28H), 

and 0.940.86 (m, 18H) ppm. 13C NMR (125 MHz, THF-d8) δ: 156.73, 155.71, 154.27, 148.36, 148.02, 

146.18, 144.20, 142.61, 142.47, 142.36, 141.90, 141.82, 141.76, 139.02, 137.52, 135.92, 131.30, 

129.26, 129.22, 129.09, 128.53, 127.23, 126.96, 126.44, 120.54, 121.10, 119.79, 119.57, 116.02, 68.86, 

64.39, 36.58, 36.57, 32.86, 32.83, 32.76, 32.59, 32.57, 30.49, 30.30, 30.27, 26.92, 23.71, 23.65, 23.63, 

14.65, 14.63, and 14.61 ppm. HR-MS (MALDI-TOF) m/z Calcd. for C92H109NO2S2: 1324.9854. Found: 

1324.5042 (M+). Anal. Calcd. for C92H109NO2S2: C, 83.40%; H, 8.29%; N, 1.06%. Found: C, 83.34%; 

H, 8.28%; N, 1.09%.

4-(7-((8-(Bis(4-(hexyloxy)phenyl)amino)-6,6,12,12-tetrakis(4-hexylphenyl)-6,12-dihydroindeno[1,2-

b]indeno[2',1':4,5]thieno[2,3-d]thiophen-2-yl)ethynyl)benzo[c][1,2,5]thiadiazol-4-yl)benzoic Acid 

(U3). To a solution of 3 (280 mg, 0.21 mmol) in THF (10 mL) at 0 °C was added NBS (178 mg, 0.26 

mmol).The reaction was stirred at room temperature for 2 h before the addition of water (20 mL). The 

mixture was extracted three times with chloroform. The combined organic phase was washed by water 

and dried over anhydrous sodium sulfate. After solvent removal under reduced pressure, the residue 

was purified by column chromatography (toluene/petroleum ether 60−90 °C, v/v, 1/2) on silica gel to 

afford the intermediate, which was used for next reaction directly. A dried Schlenk flask was charged 

with the bromide, butyl 4-(7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)benzoate (108 mg, 0.33 mmol), 

Cs2CO3 (79 mg, 0.24 mmol), Pd2(dba)3 (13 mg, 0.013 mmol), P(t-Bu)3·HBF4 (8 mg, 0.026 mmol), and 

1,4-dioxane (25 mL). The reaction was refluxed for 12 h under argon. After cooling, water (50 mL) 

was added, and the mixture was extracted three times with chloroform. The combined organic phase 

was washed by water and dried over anhydrous sodium sulfate. After solvent removal under reduced 

pressure, the crude product was purified by column chromatography (toluene/petroleum ether 

6090 °C, 2/1, v/v) on silica gel to yield a black powder as the desired butyl ester. The butyl ester and 

KOH (124 mg, 2.10 mmol) were dissolved in a mixture of THF (21 mL) and H2O (7 mL). The reaction 

was refluxed for 8 h under argon. After cooling, chloroform was added before the organic layer was 

washed with 0.1 M phosphoric acid and deionized water in turn and dried over anhydrous sodium 

sulfate. After solvent removal under reduced pressure, the crude mixture purified by column 

chromatography on silica gel (chloroform/CH3OH, v/v, 20/1) to give a black solid as the desired 

product (276 mg, 82%). 1H NMR (500 MHz, THF-d8) δ: 8.16−8.12 (m, 4H), 7.78 (d, J = 7.4 Hz, 2H), 
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7.59 (br, 1H), 7.46−7.42 (m, 2H), 7.32 (d, J = 7.4 Hz, 2H), 7.29−7.26 (m, 1H), 7.17−7.13 (m, 9H), 

7.05−7.03 (m, 8H), 6.94−6.93 (m, 4H), 6.69−6.97 (m, 4H), 3.83−3.81 (m, 4H), 2.58−2.52 (m, 8H), 

1.70−1.67 (m, 4H), 1.59−1.54 (m, 8H), 1.42−1.30 (m, 36H), and 0.89−0.85 (m, 18H) ppm. 13C NMR 

(125 MHz, THF-d8) δ: 167.51, 156.61, 156.26, 156.09, 154.41, 153.94, 149.02, 148.00, 147.60, 143.56, 

142.91, 142.67, 142.59, 142.15, 141.78, 141.39, 138.91, 137.33, 137.21, 134.08, 133.62, 131.76, 

130.72, 130.07, 129.41, 129.37, 129.13, 128.92, 128.59, 127.03, 126.71, 125.77, 125.61, 119.79, 

119.11, 118.24, 115.81, 96.30, 93.13, 68.93, 64.64, 64.52, 36.62, 32.85, 32.78, 32.61, 30.89, 30.81, 

30.73, 30.65, 30.49, 30.38, 30.34, 28.19, 26.93, 25.49, 23.70, 14.63, and 14.57 ppm. HR-MS 

(MALDI-TOF) m/z Calcd. for C107H115N3O4S3: 1603.2707. Found: 1603.2401 (M+). Anal. Calcd. for 

C107H115N3O4S3: C, 80.16%; H, 7.23%; N, 2.12%. Found: C, 80.11%; H, 7.22%; N, 2.15%.

Diethyl 2,5-di(naphthalen-1-yl)thieno[3,2-b]thiophene-3,6-dicarboxylate (6). A two-necked round 

bottom flask was charged with 4 (1.0 g, 5.81 mmol), 5 (822 mg, 2.33 mmol), K3PO4 (2.4 g, 11.65 

mmol), Pd(OAc)2 (27 mg, 0.12 mmol), Sphos (48 mg, 0.12 mmol), 1,4-dioxane (25 mL), and H2O (5 

mL). The reaction mixture was refluxed for 5 h under argon. After cooling, water (50 mL) was added, 

and the mixture was extracted three times with chloroform. The combined organice phase was washed 

by water and dried over anhydrous sodium sulfate. After solvent removal under reduced pressure, the 

residue was purified by column chromatography (toluene/petroleum ether 60−90 °C, v/v, 2/1) on silica 

gel to give a gray solid as the desired product (1.25 g, 83%). 1H NMR (500 MHz, CDCl3) δ: 7.95 (d, J 

= 8.2 Hz, 2H), 7.91 (d, J = 8.0 Hz, 2H), 7.80 (s, 2H), 7.61 (d, J = 6.8 Hz, 2H), 7.57−7.54 (m, 2H), 

7.52−7.49 (m, 2H), 7.47−7.44 (m, 2H), 4.01-3.96 (m, 4H), and 0.74 (t, J = 7.1 Hz, 6H) ppm. 13C NMR 

(125 MHz, CDCl3) δ: 162.05, 151.53, 1.37.58, 133.44, 132.81, 131.73, 128.41, 126.76, 125.95, 125.01, 

60.98, and 13.58 ppm. HR-MS (MALDI-TOF) m/z Calcd. for C32H24O4S2: 536.1116. Found: 536.1111 

(M+). Anal. Calcd. for C32H24O4S2: C, 71.62%; H, 4.51%. Found: C, 71.57%; H, 4.54%.

7,7,15,15-Tetrakis(4-hexylphenyl)-7,15-dihydrobenzo[6',7']indeno[2',1':4,5]thieno[3,2-b]benzo[6,7]

indeno[2,1-d]thiophene (7) and 

7,7,15,15-Tetrakis(4-hexylphenyl)-7,15-dihydrophenaleno[1,2-b]phenaleno[2',1':4,5]thieno[2,3-d]thio

phene (8). A flame dried round bottom flask was charged with compound 6 (1.04 g, 1.94 mmol), 

(4-hexylphenyl)magnesium bromide (16 mL, 2 M in THF), and dry THF (25 mL). The reaction was 

refluxed for 6 h under argon, cooled to room temperature, and then carefully quenched with water. The 

resultant mixture was poured into cold 1 M hydrochloric acid solution, followed by extraction with 
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chloroform. The combined organic extracts were washed with water and dried over anhydrous sodium 

sulfate. After solvent removal under reduced pressure, the prepared tertiary alcohol was used for next 

reaction directly. To a solution of the intermediate in toluene (25 mL) was added Amberlyst 15 (0.2 g), 

and the mixture was stirred at reflux for 6 h. After cooling, the mixture was filtered and the filtrate was 

concentrated under reduced pressure. The residue was purified by column chromatography 

(toluene/petroleum ether 60−90 °C, v/v, 1/20) on silica gel to give yellow solid as the desired product 7 

(821 mg, 40%). 1H NMR (500 MHz, THF-d8) δ: 8.18 (d, J = 8.3 Hz, 2H), 7.91 (d, J = 8.2 Hz, 2H), 7.73 

(d, J = 8.4 Hz, 2H), 7.63 (d, J = 8.4 Hz, 2H), 7.61−7.58 (m, 2H), 7.52−7.49 (m, 2H), 7.24−7.21 (m, 

8H), 7.10−7.08 (m, 8H), 2.56−2.53 (m, 8H), 1.60−1.54 (m, 8H), 1.35−1.28 (m, 24H), and 0.87−0.84 

(m, 12H) ppm. 13C NMR (125 MHz, THF-d8) δ: 152.19, 148.78, 142.84, 142.55, 141.05, 137.91, 

135.08, 134.60, 129.67, 129.46, 129.18, 127.24, 125.45, 124.84, 64.89, 36.59, 32.83, 32.59, 30.30, 

23.62, and 14.57 ppm. HR-MS (MALDI-TOF) m/z Calcd. for C76H80S2: 1056.5701. Found: 1056.5696. 

Anal. Calcd. for C76H80S2: C, 86.31%; H, 7.62%. Found: C, 86.27%; H, 7.65%. Another yellow solid 

was isolated as the desired isomer 8 (616 mg, 30%). 1H NMR (500 MHz, THF-d8) δ:7.72−7.68 (m, 

4H), 7.42−7.39 (m, 2H), 7.34−7.30 (m, 4H), 7.25 (d, J = 7.3 Hz, 2H), 7.11−7.10 (m, 8H), 7.06−7.04 

(m, 8H), 2.58−2.55 (m, 8H), 1.62−1.56 (m, 8H), 1.35−1.29 (m, 24H), and 0.88−0.85 (m, 12H) ppm. 

13C NMR (125 MHz, THF-d8) δ: 144.57, 143.64, 142.28, 140.12, 139.07, 136.73, 134.50, 131.00, 

129.93, 129.34, 128.91, 128.60, 127.60, 127.51, 126.90, 126.77, 119.63, 58.22, 36.44, 32.87, 32.49, 

30.16, 25.49, 23.65, and 14.62 ppm. HR-MS (MALDI-TOF) m/z Calcd. for C76H80S2: 1056.5701. 

Found: 1056.5696 (M+). Anal. Calcd. for C76H80S2: C, 86.31%; H, 7.62%. Found: C, 86.29%; H, 

7.63%. 

N,N-Bis(4-(hexyloxy)phenyl)-7,7,15,15-tetrakis(4-hexylphenyl)-7,15-dihydrobenzo[6',7']indeno 

[2',1':4,5]thieno[3,2-b]benzo[6,7]indeno[2,1-d]thiophen-5-amine (9). To a solution of 7 (667 mg, 0.63 

mmol) in chloroform was added CuBr2 (170 mg, 0.76 mmol). The mixture was refluxed overnight 

under argon. After cooling, the mixture was filtered, washed with brine and water in turn, and dried 

over anhydrous sodium sulfate. The solvent was removed underd vaccum to afford a crude 

intermediate, which was used for next reaction directly. A dried Schlenk flask was charged with the 

intermediate, bis(4-(hexyloxy)phenyl)amine (466 mg, 1.26 mmol), NaOt-Bu (182 mg, 1.89 mmol), 

Pd2(dba)3 (23 mg, 0.024 mmol), P(t-Bu)3·HBF4 (11 mg, 0.036 mmol), and toluene (30 mL). The 

reaction was refluxed overnight under argon. After cooling, water (50 mL) was added, and the mixture 
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was extracted three times with chloroform. The combined organic phase was washed by water and 

dried over anhydrous sodium sulfate. After solvent removal under reduced pressure, the residue was 

purified by column chromatography (toluene/petroleum ether 60−90 °C, v/v, 1/4) on silica gel to yield a 

yellow solid as the desired product (566 mg, 63%). 1H NMR (500 MHz, THF-d8) δ: 8.16 (d, J = 8.3 Hz, 

2H), 8.01 (d, J = 8.6 Hz, 1H), 7.91 (d, J = 8.2 Hz, 1H), 7.72 (d, J = 8.4 Hz, 1H), 7.64 (d, J = 8.4 Hz, 

1H), 7.60−7.57 (m, 1H), 7.55−7.50 (m, 1H), 7.42 (s, 1H), 7.34−7.31 (m, 1H), 7.24−7.22 (m, 4H), 

7.16−7.14 (m, 4H), 7.10−7.09 (m, 4H), 7.05−7.04 (m, 4H), 6.86−6.84 (m, 4H), 6.71−6.69 (m, 4H), 

3.87 (t, J = 6.4 Hz, 4H), 2.57−2.52 (m, 8H), 1.76−1.70 (m, 4H), 1.60−1.53 (m, 8H), 1.50−1.44 (m, 4H), 

1.36−1.27 (m, 32H), 0.92−0.90 (m, 6H), and 0.87−0.85 (m, 12H) ppm. 13C NMR (125 MHz, THF-d8) 

δ: 155.63, 152.71, 152.11, 148.83, 148.26, 144.53, 143.66, 143.83, 143.73, 142.25, 141.08,. 140.97, 

138.15, 137.37, 135.15, 134.61, 132.30, 131.43, 129.66, 129.40, 129.20, 129.12, 127.66, 127.42, 

126.99, 126.80, 126.61, 126.00, 125.45, 125.14, 124.83, 124.33, 115.89, 68.89, 64.94, 64.87, 36.59, 

36.58, 32.83, 32.78, 32.60, 32.54, 30.53, 30.30, 26.93, 25.49, 23.70, 23.64, 23.63, 14.59, and 14.57 

ppm. HR-MS (MALDI-TOF) m/z Calcd. for C100H113NO2S2: 1423.8246. Found: 1423.8263 (M+). Anal. 

Calcd. for C100H113NO2S2: C, 84.28%; H, 7.99%; N, 0.98%. Found: C, 84.25%; H, 7.98%; N, 1.01%. 

4-(7-((13-(Bis(4-(hexyloxy)phenyl)amino)-7,7,15,15-tetrakis(4-hexylphenyl)-7,15-dihydrobenzo[6',7'

]indeno[2',1':4,5]thieno[3,2-b]benzo[6,7]indeno[2,1-d]thiophen-5-yl)ethynyl)benzo[c][1,2,5]thiadiazo

l-4-yl)benzoic Acid (U4). To a solution of 9 (310 mg, 0.22 mmol) in THF (10 mL) at 0 C was added 

NBS (47 mg, 0.26 mmol). The reaction was stirred at room temperature for 2 h before the addition of 

water (20 mL). The mixture was extracted three times with chloroform. The combined organic phase 

was washed by water and dried over anhydrous sodium sulfate. After solvent removal under reduced 

pressure, the residue was purified by column chromatography (toluene/petroleum ether 60−90 °C, v/v, 

1/4) on silica gel to afford a crude intermediate, which was used for next reaction directly. A dried 

Schlenk flask was charged with the intermediate, butyl 

4-(7-ethynylbenzo[c][1,2,5]thiadiazol-4-yl)benzoate (112 mg, 0.33 mmol), Cs2CO3 (79 mg, 0.24 

mmol), Pd2(dba)3 (13 mg, 0.013 mmol) , P(t-Bu)3·HBF4 (8 mg, 0.026 mmol), and 1,4-dioxane (25 mL). 

The reaction was refluxed for 12 h under argon. After cooling, water (50 mL) was added, and the 

mixture was extracted three times with chloroform. The combined organic phase was washed by water 

and dried over anhydrous sodium sulfate. After solvent removal under reduced pressure, the crude 

product was purified by column chromatography (toluene/petroleum ether 6090 °C, 2/1, v/v) on silica 

javascript:;
javascript:;
javascript:;
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gel to yield a black powder as the desired butyl ester. The butyl ester, KOH (124 mg, 2.20 mmol) were 

dissolved in a mixture of THF (30 mL) and H2O (10 mL). The reaction was refluxed for 8 h under 

argon. After cooling , chloroform was added before the organic layer was washed with 0.1 M 

phosphoric acid and deionized water in turn and then dried over anhydrous sodium sulfate. After 

solvent removal under reduced pressure, the crude mixture was purified by column chromatography on 

silica gel (chloroform/CH3OH, v/v, 20/1) to give a black solid as the desired product (293 mg, 78 %). 

1H NMR (500 MHz, THF-d8) δ: 8.93 (d, J = 8.4 Hz, 1H), 8.26 (d, J = 7.9 Hz, 1H), 8.21−8.16 (m, 5H), 

8.03−8.00 (m, 3H), 7.97−7.95 (m, 1H), 7.77−7.70 (m, 2H), 7.56−7.54 (m, 1H), 7.42 (s, 1H), 7.36−7.30 

(m, 5H), 7.18−7.14 (m, 8H), 7.07−7.05 (m, 4H), 6.87−6.85 (m, 4H), 6.71−6.70 (m, 4H), 3.87 (t, J = 6.4 

Hz, 4H), 2.59−2.53 (m, 8H), 1.76−1.75 (m, 4H), 1.62−1.54 (m, 8H), 1.50−1.46 (m, 4H), 1.36−1.29 (m, 

32H), and 0.93−0.84 (m, 18H) ppm. 13C NMR (125 MHz, THF-d8) δ: 167.54, 156.67, 155.69, 154.14, 

152.96, 151.48, 150.37, 148.21, 144.89, 143.79, 143.63, 143.12, 142.82, 142.08, 141.67, 140.86, 

140.55, 139.11, 137.26, 137.03, 134.83, 134.11, 133.16, 132.06, 131.87, 131.38, 130.77, 130.70, 

130.17, 129.66, 129.59, 129.46, 129.36, 129.22, 129.11, 128.48, 128.45, 128.22, 127.59, 127.47, 

126.87, 126.69, 126.04, 125.98, 125.01, 124.41, 119.03, 117.99, 115.89, 96.82, 92.71, 68.88, 64.95, 

64.91, 36.62, 36.59, 32.84, 32.79, 32.61, 32.56, 30.90, 30.81, 30.73, 30.63, 30.53, 30.46, 30.41, 30.33, 

28.19, 26.94, 23.72, 23.65, 23.63, and 14.59 ppm. HR-MS (MALDI-TOF) m/z Calcd. for 

C115H119N3O4S3: 1702.8396. Found: 1702.8435 (M+). Anal. Calcd. for C115H119N3O4S3: C, 81.09%; H, 

7.04%; N, 2.47%. Found: C, 81.06%; H, 7.05%; N, 2.50%.

N,N-Bis(4-(hexyloxy)phenyl)-7,7,15,15-tetrakis(4-hexylphenyl)-7,15-dihydrophenaleno[1,2-b]phenal

eno[2',1':4,5]thieno[2,3-d]thiophen-3-amine (10). To a solution of 8 (776 mg, 0.74 mmol) in 

chloroform was added CuBr2 (246 mg, 1.11 mmol). The mixture was stirred at reflux overnight under 

argon. After cooling, the mixture was filtered, washed with brine and water in turn, and dried over 

anhydrous sodium sulfate. The solvent was removed under vaccum to afford a crude intermediate, 

which was used for next reaction directly. A dried Schlenk flask was charged with the intermediate, 

bis(4-(hexyloxy)phenyl)amine (547 mg, 1.48 mmol), NaOt-Bu (213 mg, 2.22 mmol), Pd2(dba)3 (28 

mg, 0.034mmol), P(t-Bu)3·HBF4 (22 mg, 0.051 mmol), and toluene (30 mL). The reaction was refluxed 

overnight under argon. After cooling, water (50 mL) was added, and the mixture was extracted three 

times with chloroform. The combined organic phase was washed by water and dried over anhydrous 

sodium sulfate. After solvent removal under reduced pressure, the residue was purified by column 

javascript:;
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chromatography (toluene/petroleum ether 60−90 °C, v/v, 1/4) on silica gel to yield a yellow solid as the 

desired product (709 mg, 63%). 1H NMR (500 MHz, THF-d8) δ: 7.88−7.86 (m, 1H), 7.71−7.67 (m, 

2H), 7.41−7.38 (m, 1H), 7.33−7.30 (m, 2H), 7.25−7.22 (m, 4H), 7.12-7.10 (m, 8H), 7.07−7.04 (m, 9H), 

6.85 (br, 4H), 6.72−6.71 (m, 4H), 3.87 (t, J = 5.8Hz, 4H), 2.58−2.54 (m, 8H), 1.75−1.72 (m, 4H), 

1.63−1.56 (m, 8H), 1.49−1.43 (m, 4H), 1.35−1.27 (m, 32H), and 0.92−0.83 (m, 18H) ppm. 13C NMR 

(125 MHz, THF-d8) δ: 155.82, 144.60, 144.10, 143.63, 142.27, 134.51, 131.01, 130.21, 129.92, 129.38, 

129.07, 128.89, 128.50, 127.59, 127.53, 126.87, 126.77, 126.63, 124.67, 124.47, 120.27, 119.55, 

115.93, 68.85, 58.83, 36.46, 32.87, 32.76, 32.49, 32.47, 30.51, 30.17, 26.91, 25.49, 23.70, 23.65, 14.62, 

and 14.57 ppm. HR-MS (MALDI-TOF) m/z Calcd. for C100H113NO2S2: 1423.8246. Found: 1423.8207 

(M+). Anal. Calcd. for C100H113NO2S2: C, 84.28%; H, 7.99%; N, 0.98%. Found: C, 84.32%; H, 7.98%; 

N, 0.99%.

4-(7-((11-(Bis(4-(hexyloxy)phenyl)amino)-7,7,15,15-tetrakis(4-hexylphenyl)-7,15-dihydrophenaleno[

1,2-b]phenaleno[2',1':4,5]thieno[2,3-d]thiophen-3-yl)ethynyl)benzo[c][1,2,5]thiadiazol-4-yl)benzoic 

Acid (U5). Photosensitizing dyes U5 was synthesized from 10 by following a similar procedure as U4. 

1H NMR (500 MHz, THF-d8) δ: 8.73 (d, J = 8.4 Hz, 1H), 8.20−8.16 (m, 4H), 8.01 (d, J = 7.4 Hz, 1H), 

7.96 (d, J = 7.4 Hz, 1H), 7.89−7.87 (m, 1H), 7.75 (d, J = 7.5 Hz, 1H), 7.65−7.62 (m, 1H), 7.38−7.35 

(m, 2H), 7.28 (d, J = 7.8 Hz, 1H), 7.26−7.23 (m, 2H), 7.14−7.11 (m, 8H), 7.08−7.07 (m, 8H), 7.03 (d, J 

= 7.7 Hz, 1H), 6.87−6.85 (m, 4H), 6.73−6.71 (m, 4H), 3.87 (t, J = 6.4 Hz, 4H), 2.59−2.55 (m, 8H), 

1.62-1.56 (m, 8H), 1.47−1.43 (m, 4H), 1.36−1.30 (m, 32H), and 0.92−0.83 (m, 18H) ppm. 13C NMR 

(125 MHz, THF-d8) δ: 156.69, 155.86, 154.14, 146.24, 144.59, 144.30, 144.20, 144.02, 143.78, 142.50, 

142.37, 142.08, 141.16, 140.03, 139.94, 138.30, 138.24, 136.03, 134.43, 134.18, 133.20, 131.89, 

131.47, 131.00, 130.79, 130.70, 130.30, 130.19, 129.35, 129.10, 129.02, 128.98, 127.94, 127.32, 

126.69, 126.39, 126.34, 126.17, 124.80, 124.55, 120.54, 120.48, 119.12, 117.99, 115.93, 96.43, 92.66, 

68.84, 59.05, 58.82, 36.46, 32.88, 32.76, 32.50, 30.81, 30.65, 30.52, 30.20, 30.18, 28.19, 26.92, 23.71, 

23.68, 23.66, 14.63, and 14.57 ppm. HR-MS (MALDI-TOF) m/z Calcd. for C115H119N3O4S3: 

1702.8396. Found: 1702.8435 (M+). Anal. Calcd. for C115H119N3O4S3: C, 81.09%; H, 7.04%; N, 2.47%. 

Found: C, 81.06%; H, 7.03%; N, 2.49%.

Cell Fabrication. A 4-μm-thick, highly transparent mesoporous titania film was screen-printed onto a 

fluorine doped tin oxide (FTO) glass (1.6 mm, white glass, NSG), which was used as the negative 

electrode of a transparent DSSC. Dye-loading was performed by immersing a titania film into a 150 
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μM dye solution (5 mL) for 16 h. For U3, U4, and U5, the dye-bath solvent is a mixture of toluene and 

ethanol (v/v, 1/9); for R6 it is mixture of chloroform and ethanol (v/v, 3/7). A dyed titania electrode and 

a platinized FTO electrode were assembled under a certain mechanical pressure using a Surlyn O-ring 

(thickness: 25 μm) at 130 oC. The composition of Co-bpy electrolyte used in this work is as follows: 

0.25 M tris(2,2′-bipyridine)cobalt(II) di[bis(trifluoromethanesulfonyl)imide], 0.10 M 

tris(2,2′-bipyridine)cobalt(III) tris[bis(trifluoromethanesulfonyl)imide], 0.1 M LiTFSI, and 0.1 M TBP 

in acetonitrile. For the details on cell fabrication, see our previous paper.S5

EQE Measurement. An Omni-300 monochromator (Zolix, China) collocated with a 150 W xenon 

lamp (Zolix, China) was used for the supply of monochromatic light for EQE measurements, at a 

wavelength interval of 10 nm. A Keithley 2400 source meter under full computer control with Labview 

14.0 was used to short-circuit a solar cell and meanwhile measure the current at a current sampling time 

of 1 s. A Hamamatsu S1337-1010BQ silicon diode calibrated at the National Institute of Metrology, 

China was used to measure the intensities of monochromatic lights.

JV Measurement. JV characteristic of a DSSC was measured by applying a series of potential bias 

and measuring the corresponding current, with a Keithley 2400 source meter under full computer 

control using Labview 14.0. A Sirius-SS150A solar simulator (Zolix, China) was used to supply an 

irradiance of 100 mW cm−2. The light intensity was tested with a calibrated monocrystalline silicon 

solar cell (Model HG-SS20, No. L0013, Beijing Henggong Instrument Co. Ltd., China). A black metal 

mask with an aperture area of 0.16 cm2 was covered on a testing cell during all measurements.

TPD, CE, and IS Measurements. These experiments were performed on an Autolab-PGSTAT302N 

electrochemical workstation with the ADC10M high-speed module. The static and perturbing lights 

were supplied with home-made white and red light-emitting diode arrays. We employed a red light to 

generate a photovoltage perturbation near the open-circuit photovoltage of a testing cell under the 

irradiation of a certain white light and measured the voltage decay thereafter. The modulated 

photovoltage by the red pulse of a testing cell was below 5 mV and the transient signals follow a 

mono-exponential decay. Fitting an exponential function to the photovoltage decay can produce the 

electron lifetime. The electron density was estimated by the charge extraction method. We first 

maintained a testing cell at open circuit under a white light and then changed it to short circuit upon 

switching off the light to record the concomitant current transients. Further calculation with integral of 

the current trace can generate the electron density. With an Autolab-PGSTAT302N electrochemical 
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workstation, we performed electrical impedance measurements under illumination of a red 

light-emitting diode. We selected a frequency range from 50 mHz to 100 kHz and a potential 

modulation of 20 mV. To meet the zero current condition, a potential bias (V) equal the open-circuit 

photovoltage ( ) was applied to the illuminated cell. The measured impedance spectra were further OCV

fitted using the Z-view software (v2.80, Scribner Associates Inc.).
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Figure S1. (A) Chemical structures of IT2 (green), BIT2 (magenta), PT2 (red), and BPT2 (blue) as 

well as their relationships. (B) Optimized geometries of IT2, BIT2, PT2, and BPT2 and isodensity 

surface plots of LUMOs and HOMOs. Geometries are optimized with toluene as the solvent and the 

isodensity surface value is set at 0.03. (C) Theoretical LUMO energy levels (values above color bars), 

HOMO energy levels (values under color bars), and HOMO/LUMO energy gaps ( ).DFT
H/LE
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Figure S2. (A) Chemical structures, optimized geometries, LUMOs, and HOMOs of HPIT2, HPBIT2, 

HPPT2, and HPBPT2 with four hexylphenyl substituent groups in contrast to IT2 (green), BIT2 

(magenta), PT2 (red), and BPT2 (blue). Geometries are optimized with toluene as the solvent and the 

isodensity surface value is set at 0.03. (B) Theoretical LUMO energy levels (values above color bars), 

HOMO energy levels (values under color bars), and HOMO/LUMO energy gaps ( ).DFT
H/LE



S16

Figure S3. (A) Chemical structures of electron-donors U3D, U4D, U5D, and R6D characteristic of IT2 

(green), BIT2 (magenta), PT2 (red), and BPT2 (blue). (b) Optimized geometries and isodensity surface 

plots of LUMOs and HOMOs. Geometries are optimized with toluene as the solvent and the isodensity 

value is set at 0.03. (c) Theoretical LUMO energy levels (values above color bars), HOMO energy 

levels (values under color bars), and HOMO/LUMO energy gaps ( ).DFT
H/LE
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Figure S4. Cyclic voltamograms (CVs) recorded with a glassy carbon disk electrode for dyes dissolved 

in dichloromethane. EMITFSI (0.1 M) was used as the supporting electrolyte. The scan rate is at 5 mV 

s1. We calibrated the potentials with Fc/Fc+ as reference, by using DMFc as an internal reference in 

our measurements. Note that the redox potential of Fc is 568 mV higher than that of DMFc.
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Table S1. Absorption Maximum, Transition Assigment, Energy Level, and Energy Gap a

Dye

TDDFT
a

[nm]
Transition

DFT
HE

[eV]

DFT
LE

[eV]

DFT
H/LE

[eV]

CV/THF
HE

[eV]

CV/DCM
HE

[eV]

U3 506
HL (70.0%); H1L (17.5%);

HL+1 (8.2%); H2L (4.3%)
4.79 2.90 1.89 5.21 5.24

U4 552
HL (69.7%); H1L (15.6%);

HL+1 (11.8%); H2L (2.9%);
4.81 2.95 1.86 5.19 5.16

U5 530
HL (60.9%); H1L (23.9%);

HL+1 (12.4%); H2L (2.8%);
4.86 2.96 1.90 5.22 5.22

R6 650
HL (78.1%); H1L (11.2%);

HL+1 (10.7%)
4.80 3.06 1.74 5.28 5.20

a Theoretical absorption maximum ( ) is calculated at the TD-MPW1K/6-311G(d,p) level of TDDFT
a

theory for a dye molecule in toluene. Energy levels (  and ) and energy gap ( ) are DFT
HE DFT

LE DFT
H/LE

derived from DFT calculation of a dye molecule in toluene at the B3LYP/6-311G(d,p) level of theory. 

Energy levels ( ) are obtained from cyclic voltammograms presented in the main text equation CV
HE

, where  is the elementary charge,   and  are the anodic and CV
H pa pc= 5.1 ( 2E e E E   ) / e paE paE

cathodic peak potentials.
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Figure S5. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for U3 

in toluene (150 M). Red solid lines are fittings via eqn. . FL
1

exp( ) IRF
n

i i
i

I A t 


  

Excitation wavelength: 530 nm.
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Table S2. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of U3 in 

Toluenea

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]5 5A  [ps]

600 0.8 0.69 1.5 0.29 6.98 0.02 180 0 840 0 1.5

620 0.8 0.10 1.5 0.88 6.98 0.11 180 0.01 840 0 5.3

640 0.5 0.53 1.5 0.63 6.98 0.31 180 0.04 840 0.02 26

660 0.5 0.45 1.5 0.27 6.98 0.55 180 0.11 840 0.07 82

680 0.5 0.61 1.5 0.11 6.98 0.46 180 0.23 840 0.19 206

700 0.5 0.27 1.5 0.22 6.98 0.40 180 0.32 840 0.28 299

720 0.5 0.12 1.5 0.45 6.98 0.21 180 0.36 840 0.43 426

740 0.5 0.00 1.5 0.41 6.98 0.03 180 0.39 840 0.61 582

760 0.5 2.04 1.5 0.00 6.98 0.31 180 0.30 840 0.70 640

780 0.5 0.54 1.5 0.00 6.98 0.47 180 0.18 840 0.82 723

800 0.5 0.39 1.5 0.12 6.98 0.47 180 0.15 840 0.85 744

820 0.5 0.22 1.5 0.20 6.98 0.46 180 0.05 840 0.95 804

840 0.5 0.31 1.5 0.69 6.98 0.44 180 0.01 840 1 840

860 0.5 0.00 1.5 1.24 6.98 0.42 180 0.23 840 1 840

880 0.5 0.00 1.5 0.17 6.98 0.63 180 0.04 840 1 840

900 0.5 0.00 1.5 0.31 6.98 0.56 180 0.07 840 1 840

920 0.5 0.00 1.5 0.11 6.98 0.61 180 0.09 840 1 840

940 0.5 0.00 1.5 -1.09 6.98 0.43 180 0.28 840 1 840

a The average fluorescence lifetime ( ) at a certain wavelength was calculated with eqn.: 

 .
n

1 1
/ , 

n

i i i
i i

A A 
 

   0iA 
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Figure S6. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for U4 

in toluene (150 M). Red solid lines are fittings via eqn. . FL
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Excitation wavelength: 530 nm.
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Table S3. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of U4 in 

Toluene a

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]5 5A  [ps]

560 0.8 0.91 4.4 0.09 24.1 0 454 0 1180 0 4.3

580 0.8 0.49 4.4 0.49 24.1 0 454 0.02 1180 0 11.5

600 0.8 0.09 4.4 0.74 24.1 0.09 454 0.06 1180 0.03 65

620 0.8 0.13 4.4 0.53 24.1 0.22 454 0.15 1180 0.10 193

640 0.8 0.28 4.4 0.25 24.1 0.17 454 0.31 1180 0.27 458

660 0.8 0.24 4.4 0.04 24.1 0.10 454 0.41 1180 0.45 724

680 0.8 0.33 4.4 0.12 24.1 0.08 454 0.55 1180 0.46 786

700 0.8 0.26 4.4 0.18 24.1 0.14 454 0.38 1180 0.62 818

720 0.8 0.18 4.4 0.21 24.1 0.31 454 0.48 1180 0.52 834

740 0.8 0.02 4.4 0.43 24.1 0.25 454 0.46 1180 0.53 844

760 0.8 0.09 4.4 0.27 24.1 0.37 454 0.47 1180 0.53 885

780 0.8 0.08 4.4 0.34 24.1 0.35 454 0.33 1180 0.67 925

800 0.8 0.05 4.4 0.39 24.1 0.35 454 0.31 1180 0.69 958

820 0.8 0.05 4.4 0.35 24.1 0.41 454 0.25 1180 0.75 976

840 0.8 0.01 4.4 0.34 24.1 0.48 454 0.31 1180 0.69 1019

860 0.8 0.00 4.4 0.32 24.1 0.39 454 0 1180 1 1068

880 0.8 0.00 4.4 0.35 24.1 0.57 454 0.12 1180 0.88 1152

900 0.8 0.00 4.4 0.30 24.1 0.62 454 0.07 1180 0.93 1152

920 0.8 0.10 4.4 0.29 24.1 0.65 454 0.04 1180 0.96 1152

940 0.8 0.00 4.4 0.55 24.1 0.57 454 0 1180 1 1152

a The average fluorescence lifetime ( ) at each wavelength is calculated with eqn. 
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Figure S7. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for U5 

in toluene (150 M). Red solid lines are fittings via eqn. . FL
1

exp( ) IRF
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Excitation wavelength: 530 nm. 
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Table S4. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of U5 in 

Toluenea

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]5 5A  [ps]

580 0.3 0 2.7 0.76 17.1 0.14 700 0.04 1000 0 31

600 0.3 0.34 2.7 0.44 17.1 0.35 700 0.21 1000 0.01 162

620 0.3 0.21 2.7 0.16 17.1 0.34 700 0.40 1000 0.10 385

640 0.3 0.40 2.7 0.00 17.1 0.17 700 0.61 1000 0.22 651

660 0.3 0.29 2.7 0.22 17.1 0 700 0.86 1000 0.13 740

680 0.3 0.10 2.7 0.31 17.1 0.15 700 0.72 1000 0.28 783

700 0.3 0.08 2.7 0.33 17.1 0.26 700 0.68 1000 0.32 795

720 0.3 0.21 2.7 0.27 17.1 0.37 700 0.60 1000 0.40 821

740 0.3 0 2.7 0.39 17.1 0.46 700 0.55 1000 0.45 834

760 0.3 0.09 2.7 0.20 17.1 0.48 700 0.46 1000 0.54 863

780 0.3 0.12 2.7 0.19 17.1 0.54 700 0.37 1000 0.63 889

800 0.3 0.09 2.7 0.17 17.1 0.60 700 0.29 1000 0.71 912

820 0.3 0.09 2.7 0.17 17.1 0.62 700 0.22 1000 0.78 935

840 0.3 0.14 2.7 0.16 17.1 0.70 700 0.10 1000 0.90 971

860 0.3 0.03 2.7 0.09 17.1 0.22 700 0.63 1000 1 1000

880 0.3 0.02 2.7 0.10 17.1 0.35 700 0.48 1000 0.98 1000

900 0.3 0.20 2.7 0.08 17.1 0.45 700 0.20 1000 0.80 1000

920 0.3 0.48 2.7 0.07 17.1 0.59 700 0.26 1000 1 1000

940 0.3 0.01 2.7 0.07 17.1 0.33 700 0.53 1000 0.96 1000

a The average fluorescence lifetime ( ) at each wavelength is calculated with eqn. 
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Figure S8. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for R6 

in toluene (150 M). Red solid lines are fittings via eqn. . FL
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Excitation wavelength: 530 nm. 
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Table S5. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of R6 in 

Toluene a

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]5 5A  [ps]

640 0.4 0.61 3.8 0.32 14.8 0.02 130 0 270 0.05 16

660 0.4 0.21 3.8 0.55 14.8 0.10 130 0.08 270 0.05 28

680 0.4 0.37 3.8 0.29 14.8 0.20 130 0.33 270 0.19 99

700 0.4 0.31 3.8 0.01 14.8 0.02 130 0.67 270 0.53 205

720 0.4 0.34 3.8 0.06 14.8 0.23 130 0.40 270 0.60 215

740 0.4 0.22 3.8 0.11 14.8 0.26 130 0.37 270 0.63 218

760 0.4 0.22 3.8 0 14.8 0.38 130 0.32 270 0.68 226

780 0.4 0.24 3.8 0 14.8 0.42 130 0.28 270 0.72 231

800 0.4 0.22 3.8 0.07 14.8 0.42 130 0.25 270 0.75 235

820 0.4 0.13 3.8 0.13 14.8 0.43 130 0.18 270 0.82 245

840 0.4 0.20 3.8 0.06 14.8 0.52 130 0.10 270 0.90 257

860 0.4 0.11 3.8 0.19 14.8 0.32 130 0.05 270 0.95 263

880 0.4 0.28 3.8 0.05 14.8 0.57 130 0.01 270 0.99 268

900 0.4 0.15 3.8 0.12 14.8 0.52 130 0.01 270 0.99 269

920 0.4 0.28 3.8 0 14.8 0.57 130 0 270 1 270

940 0.4 0.12 3.8 0.10 14.8 0.38 130 0 270 1 270

960 0.4 0 3.8 0.12 14.8 0.30 130 0 270 1 270

a The average fluorescence lifetime ( ) at each wavelength is calculated with eqn. 
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Figure S9. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for a U3 

grafted alumina film with a Co-bpy electrolyte. Red solid lines are fittings via eqn. 

. Excitation wavelength: 530 nm.FL
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Table S6. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of a U3 

Grafted Alumina Film with a Co-bpy Electrolytea

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]

620 0.5 0.88 6.5 0.12 137 0 505 0 2.0

640 0.5 0.76 6.5 0.23 137 0 505 0 4.3

660 0.5 0.62 6.5 0.35 137 0.03 505 0 6.8

680 0.5 0.47 6.5 0.47 137 0.06 505 0.01 12

700 0.5 0.36 6.5 0.52 137 0.12 505 0.03 21

720 0.5 0.15 6.5 0.63 137 0.22 505 0.02 34

740 0.5 0.07 6.5 0.56 137 0.37 505 0.01 55

760 0.5 0.03 6.5 0.53 137 0.39 505 0.04 79

780 0.5 0.11 6.5 0.25 137 0.74 505 0.01 108

800 0.5 0.17 6.5 0.20 137 0.72 505 0.08 141

820 0.5 0.69 6.5 0.30 137 0.49 505 0.21 176

840 0.5 0.72 6.5 0.40 137 0.25 505 0.34 210

860 0.5 0.44 6.5 0.14 137 0.71 505 0.29 245

880 0.5 0.82 6.5 0.11 137 0.56 505 0.44 300

900 0.5 0.67 6.5 0.16 137 0.56 505 0.44 300

920 0.5 0.43 6.5 0.22 137 0.56 505 0.44 300

a The average fluorescence lifetime ( ) at each wavelength is calculated with eqn. 
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Figure S10. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for a 

U3 Grafted titania film with a Co-bpy electrolyte. Red solid lines are fittings via eqn. 

. Excitation wavelength: 530 nm.FL
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Table S7. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of a U3 

Grafted Titania Film with a Co-bpy Electrolyte a

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]

640 0.3 0.77 2.3 0.21 13.3 0.02 150 0 1.2

660 0.3 0.59 2.3 0.37 13.3 0.04 150 0 2.4

680 0.3 0.30 2.3 0.57 13.3 0.12 150 0.01 4.4

700 0.3 0.09 2.3 0.66 13.3 0.24 150 0.01 6.7

720 0.3 0.22 2.3 0.49 13.3 0.26 150 0.03 9.6

740 0.3 0.33 2.3 0.57 13.3 0.38 150 0.05 14

760 0.3 0.18 2.3 0.71 13.3 0.19 150 0.11 20

780 0.3 0.33 2.3 0.78 13.3 0.07 150 0.16 26

800 0.3 0.05 2.3 0.27 13.3 0.49 150 0.19 36

820 0.3 0.30 2.3 0.59 13.3 0.14 150 0.27 44

840 0.3 0.29 2.3 0.13 13.3 0.55 150 0.32 56

860 0.3 0.59 2.3 0.02 13.3 0.60 150 0.40 68

880 0.3 0.27 2.3 0.19 13.3 0.26 150 0.47 74

900 0.3 0.36 2.3 0.25 13.3 0.56 150 0.44 74

920 0.3 0.50 2.3 0.27 13.3 0.56 150 0.44 74

a The average fluorescence lifetime ( ) at each wavelength is calculated with eqn. 
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Figure S11. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for a 

U4 grafted alumina film with a Co-bpy electrolyte. Red solid lines are fittings via eqn. 

. Excitation wavelength: 530 nm.FL
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Table S8. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of a U4 

Grafted Alumina Film with a Co-bpy Electrolyte a

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]

660 0.6 0.68 3 0.29 30 0.03 140 0 2.1

680 0.6 0.55 3 0.39 30 0.06 140 0 3.2

700 0.6 0.38 3 0.51 30 0.11 140 0 4.9

720 0.6 0.20 3 0.65 30 0.14 140 0 7.0

740 0.6 0.18 3 0.63 30 0.16 140 0.02 9.4

760 0.6 0.02 3 0.64 30 0.32 140 0.02 14

780 0.6 0.13 3 0.60 30 0.36 140 0.04 18

800 0.6 0.18 3 0.46 30 0.46 140 0.07 26

820 0.6 0.39 3 0.37 30 0.49 140 0.13 35

840 0.6 0.62 3 0.13 30 0.67 140 0.19 48

860 0.6 0.33 3 0 30 0.65 140 0.35 69

880 0.6 0.82 3 0 30 0.55 140 0.45 79

900 0.6 0.48 3 0.09 30 0.55 140 0.45 80

920 0.6 0.48 3 0.17 30 0.55 140 0.45 80

940 0.6 0.39 3 0.30 30 0.55 140 0.45 80

a The average fluorescence lifetime ( ) at each wavelength is calculated with eqn. 
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Figure S12. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for a 

U4 grafted titania film with a Co-bpy electrolyte. Red solid lines are fittings via eqn. 

. Excitation wavelength: 530 nm. FL
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Table S9. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of a U4 

Grafted Titania Film with a Co-bpy Electrolyte a

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]

660 0.3 0.61 1.1 0.37 3.5 0.03 25 0 0.7

680 0.3 0.38 1.1 0.56 3.5 0.05 25 0 1.0

700 0.3 0.05 1.1 0.87 3.5 0.07 25 0.01 1.4

720 0.3 0.05 1.1 0.84 3.5 0.15 25 0.01 1.7

740 0.3 0.05 1.1 0.82 3.5 0.17 25 0.02 1.9

760 0.3 0.32 1.1 0.79 3.5 0.17 25 0.04 2.3

780 0.3 0.35 1.1 0.65 3.5 0.32 25 0.03 2.6

800 0.3 0.32 1.1 0.59 3.5 0.35 25 0.06 3.3

820 0.3 0.39 1.1 0.52 3.5 0.39 25 0.08 3.9

840 0.3 0.14 1.1 0.28 3.5 0.62 25 0.09 4.6

860 0.3 0.78 1.1 0.40 3.5 0.45 25 0.15 5.7

880 0.3 0.47 1.1 0.17 3.5 0.68 25 0.15 6.3

900 0.3 0.62 1.1 0.19 3.5 0.66 25 0.15 6.3

920 0.3 0.02 1.1 0.22 3.5 0.87 25 0.13 6.3

940 0.3 0.60 1.1 0.02 3.5 0.86 25 0.14 6.3

a The average fluorescence lifetime ( ) at each wavelength is calculated with eqn. 
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Figure S13. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for a 

U5 grafted alumina film with a Co-bpy electrolyte. Red solid lines are fittings via eqn. 

. Excitation wavelength: 530 nm. FL
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Table S10. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of a U5 

Grafted Alumina Film with a Co-bpy Electrolyte a

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]

660 0.39 0.46 2.2 0.45 23 0.08 144 0 3.3

680 0.39 0.20 2.2 0.65 23 0.15 144 0 5

700 0.39 0.12 2.2 0.69 23 0.19 144 0 6.5

720 0.39 0.07 2.2 0.73 23 0.26 144 0.01 9.2

740 0.39 0 2.2 0.64 23 0.33 144 0.03 13

760 0.39 0.19 2.2 0.60 23 0.35 144 0.05 16

780 0.39 0.39 2.2 0.54 23 0.37 144 0.09 22

800 0.39 0.60 2.2 0.43 23 0.46 144 0.11 29

820 0.39 0.69 2.2 0.28 23 0.51 144 0.21 42

840 0.39 0.21 2.2 0.07 23 0.72 144 0.28 56

860 0.39 0.22 2.2 0 23 0.57 144 0.43 75

880 0.39 0.48 2.2 0.28 23 0.58 144 0.42 75

900 0.39 0.64 2.2 0.22 23 0.57 144 0.43 75

920 0.39 0.41 2.2 0.41 23 0.57 144 0.43 75

a The average fluorescence lifetime ( ) at each wavelength is calculated with eqn. 
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Figure S14. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for a 

U5 grafted titania film with a Co-bpy electrolyte. Red solid lines are fittings via eqn. 

. Excitation wavelength: 530 nm. FL
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Table S11. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of a U5 

Grafted Titania Film with a Co-bpy Electrolyte a

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]

660 0.52 0.44 1.3 0.51 3.4 0.04 22 0.01 1.2

680 0.52 0.10 1.3 0.85 3.4 0.03 22 0.02 1.6

700 0.52 0.18 1.3 0.75 3.4 0.05 22 0.02 1.8

720 0.52 0.03 1.3 0.78 3.4 0.16 22 0.02 2.1

740 0.52 0.03 1.3 0.67 3.4 0.29 22 0.04 2.7

760 0.52 0.07 1.3 0.71 3.4 0.24 22 0.05 2.9

780 0.52 0.07 1.3 0.54 3.4 0.32 22 0.07 3.5

800 0.52 0.39 1.3 0.63 3.4 0.27 22 0.10 3.9

820 0.52 0.39 1.3 0.40 3.4 0.48 22 0.12 4.8

840 0.52 0.41 1.3 0.61 3.4 0.22 22 0.17 5.3

860 0.52 0.35 1.3 0.42 3.4 0.41 22 0.17 5.6

880 0.52 0.36 1.3 0.34 3.4 0.50 22 0.16 5.6

900 0.52 0.45 1.3 0.27 3.4 0.57 22 0.15 5.6

920 0.52 0.45 1.3 0.23 3.4 0.62 22 0.15 5.6

a The average fluorescence lifetime ( ) at each wavelength is calculated with eqn. 
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Figure S15. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for a 

R6 grafted alumina film with a Co-bpy electrolyte. Red solid lines are fittings via eqn. 

. Excitation wavelength: 530 nm.FL
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Table S12. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of a R6 

Grafted Alumina Film with a Co-bpy Electrolyte a

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]

680 1.3 0.80 11.2 0.17 85 0.02 186 0 5.0

700 1.3 0.68 11.2 0.28 85 0.03 186 0.01 8.3

720 1.3 0.43 11.2 0.46 85 0.09 186 0.01 16

740 1.3 0.24 11.2 0.60 85 0.12 186 0.04 24

760 1.3 0.25 11.2 0.48 85 0.25 186 0.02 30

780 1.3 0.18 11.2 0.55 85 0.21 186 0.06 35

800 1.3 0.05 11.2 0.60 85 0.26 186 0.09 45

820 1.3 0.04 11.2 0.49 85 0.34 186 0.13 59

840 1.3 0.27 11.2 0.47 85 0.33 186 0.20 70

860 1.3 0.05 11.2 0.28 85 0.45 186 0.26 91

880 1.3 0.12 11.2 0.10 85 0.56 186 0.34 112

900 1.3 0.29 11.2 0.07 85 0.48 186 0.52 138

920 1.3 0.37 11.2 0.05 85 0.48 186 0.52 138

940 1.3 0.29 11.2 0.19 85 0.47 186 0.53 138

a The average fluorescence lifetime ( ) at each wavelength is calculated with eqn. 
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Figure S16. Femtosecond fluorescence kinetic traces (blue dots) at different probe wavelengths for a 

R6 grafted titania film with a Co-bpy electrolyte. Red solid lines are fittings via eqn. 

. Excitation wavelength: 530 nm.FL
1

exp( ) IRF
n

i i
i

I A t 


  



S42

Table S13. Time Constants and Amplitudes Used to Fit Fluorescence Kinetic Traces of a R6 

Grafted Titania Film with a Co-bpy Electrolyte a

 [nm]  [ps]1 1A  [ps]2 2A  [ps]3 3A  [ps]4 4A  [ps]

680 0.38 0.71 2.9 0.27 7.6 0 32 0.02 1.8

700 0.38 0.54 2.9 0.42 7.6 0 32 0.04 2.7

720 0.38 0.21 2.9 0.63 7.6 0.09 32 0.08 5.0

740 0.38 0.06 2.9 061 7.6 0.23 32 0.11 7.0

760 0.38 0.25 2.9 0.53 7.6 0.35 32 0.12 8.0

780 0.38 0.50 2.9 0.54 7.6 0.30 32 0.16 8.9

800 0.38 0.42 2.9 0.29 7.6 0.55 32 0.16 10.2

820 0.38 0.57 2.9 0.20 7.6 0.61 32 0.19 11.2

840 0.38 0.68 2.9 0.32 7.6 0.44 32 0.24 12.0

860 0.38 0.63 2.9 0.07 7.6 0.74 32 0.26 14.0

880 0.38 0.49 2.9 0.25 7.6 0.65 32 0.34 16

900 0.38 0.49 2.9 0.32 7.6 0.66 32 0.34 16

920 0.38 0.47 2.9 0.38 7.6 0.65 32 0.35 16

a The average fluorescence lifetime ( ) at each wavelength is calculated with eqn. 
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Figure S17. Fluorescence spectra of dyes grafted on alumina (red lines) and titania (blue lines) films, 

which are also immersed with a cobalt electrolyte. Excitation wavelength: 475 nm.
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Figure S18. J-V of DSSCs with a scatting layer at an irradiance of the 100 mW cm−2, AM1.5G 

conditions.
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Table S14. Photovoltaic Parameters of Cells with Scattering Layer Measured under the AM1.5G 

Conditions

Cell  [mA cm−2]SCJ  [mV]OCV  [%]FF  [%]PCE

U3 9.40 ± 0.02 792 ± 5 77.3 ± 0.2 5.8 ± 0.1

U4 15.12 ± 0.03 874 ± 4 71.7 ± 0.3 9.5 ± 0.1

U5 13.22 ± 0.04 893 ± 6 74.7 ± 0.3 8.8 ± 0.1

R6 19.77 ± 0.02 858 ± 5 73.7 ± 0.2 12.5 ± 0.1
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Figure S19. Comparison of physical parameters of fresh cells and those aged under full sunlight 

soaking at 60 oC for 1,000 h. (AC) Plots of  against . (DF) Plots of  extracted from OCV SCJ CEQ

the titania layer against . (GI) Plots of  against .OCV TPD
1/2t CEQ
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Figure S20. (A, B) EQEs of fresh cells and those aged under full sunlight soaking at 60 oC for 1,000 h. 

(C, D) LHEs. (E, F) Fluorescence kinetic traces. (G, H) Transient absorption traces upon femtosecond 

laser pulse excitation. (I, J) Plots of  as a function of density of states (DOS). The black lines nL

represent the thickness (4 m) of a titania layer of DSSCs.
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Figure S21. (A, C, E, and G) Plots of electron diffusion coefficient  versus density of states n( )D

(DOS) of fresh cells and those aged under full sunlight soaking at 60 oC for 1,000 h. (B, D, F, and H) 

Plots of electron lifetime  versus density of states (DOS).n( )
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Appendix: 1H NMR Spectra, 13C NMR Spectra, Mass Spectra, and ATR-FTIR Spectra of New 

Compounds

Figure S22. 1H NMR (500 MHz) spectrum of 2 in CDCl3.

Figure S23. 13C NMR (125 MHz) spectrum of 2 in CDCl3.
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Figure S24. High resolution mass spectrum (MALDI-TOF) of 2.

Figure S25. ATR-FTIR spectrum of 2.
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Figure S26. 1H NMR (500 MHz) spectrum of 3 in THF-d8.

Figure S27. 13C NMR (125 MHz) spectrum of 3 in THF-d8.
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Figure S28. High resolution mass spectrum (MALDI-TOF) of 3.

Figure S29. ATR-FIIR spectrum of 3.
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Figure S30. 1H NMR (500 MHz) spectrum of U3 in THF-d8.

Figure S31. 13C NMR (125 MHz) spectrum of U3 in THF-d8.
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Figure S32. High resolution mass spectrum (MALDI-TOF) of U3.

Figure S33. ATR-FTIR spectrum of U3.
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Figure S34. 1H NMR (500 MHz) spectrum of 6 in CDCl3.

Figure S35. 13C NMR (125 MHz) spectrum of 6 in CDCl3.
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Figure S36. High resolution mass spectrum (MALDI-TOF) of 6.

Figure S37. ATR-FTIR spectrum of 6.
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Figure S38. 1H NMR (500 MHz) spectrum of 7 in THF-d8.

Figure S39. 13C NMR (125 MHz) spectrum of 7 in THF-d8.
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Figure S40. High resolution mass spectrum (MALDI-TOF) of 7.

Figure S41. The ATR-FTIR spectrum of 7.
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Figure S42. 1H NMR (500 MHz) spectrum of 8 in THF-d8.

Figure S43. 13C NMR (125 MHz) spectrum of 8 in THF-d8.
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Figure S44. High resolution mass spectrum (MALDI-TOF) of 8.

 

Figure S45. The ATR-FTIR spectrum of 8.
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Figure S46. 1H NMR (500 MHz) spectrum of 9 in THF-d8.

Figure S47. 13C NMR (125 MHz) spectrum of 9 in THF-d8.
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Figure S48. High resolution mass spectrum (MALDI-TOF) of 9.

Figure S49. ATR-FTIR spectrum of 9.
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Figure S50. 1H NMR (500 MHz) spectrum of 10 in THF-d8.

Figure S51. 13C NMR (125 MHz) spectrum of 10 in THF-d8.
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Figure S52. High resolution mass spectrum (MALDI-TOF) of 10.

 

Figure S53. ATR-FTIR spectrum of 10.



S65

Figure S54. 1H NMR (500 MHz) spectrum of U4 in THF-d8.

Figure S55. 13C NMR (125 MHz) spectrum of U4 in THF-d8.
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Figure S56. High resolution mass spectrum (MALDI-TOF) of U4.

 

Figure S57. ATR-FTIR spectrum of U4.



S67

Figure S58. 1H NMR (500 MHz) spectrum of U5 in THF-d8.

Figure S59. 13C NMR (125 MHz) spectrum of U5 in THF-d8.



S68

Figure S60. High resolution mass spectrum (MALDI-TOF) of U5.

Figure S61. ATR-FTIR spectrum of U5.


