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Experimental Section 
Photophysical measurements: UV/Vis absorption spectra were recorded on an HP/Agilent 8453 UV-Vis 

spectrophotometer using 10 mm path-length quartz cuvettes at room temperature. In measurement of absorption 

spectra of FTO|TiO2|BPTI dye sensitized electrode, the FTO|TiO2 in pH 8.0, KPi (0.2 M) buffer solution was 

set as blank.  

 
Electrochemical measurements: The electrochemical measurements were recorded with a 

potentiostat/galvanostat MacLab model ML160 controlled by NOVA software (version 1.8 for Windows) using 

a three-electrode cell system. A platinum electrode was used as the working electrode, a silver wire was used 

as reference electrode, and a platinum wire served as the counter electrode. All measurements in deaerated 

dichloromethane were carried out with freshly distilled solvent with a solute concentration of ca. 1.0 mM in the 

presence of tetrabutylammonium hexafluorophosphate, NBu4PF6 (0.1 M) as supporting electrolyte and a scan 

rate of 100 mVs-1 cyclic voltammetry and 5 mV s-1 in differential pulse voltammetry. All solutions were purged 

with nitrogen gas prior to electrochemical measurements. Ferrocene was added at the end of the experiment as 

internal standard for calibrating redox potentials. The ferrocene/ferrocenium redox couple (Fc/Fc+) has a half-

wave potential E1/2 = 0.690 V vs. NHE in CH2Cl2. For the cyclic voltammetry measurements in aqueous solution, 

a three-electrode cell setup was used with FTO|TiO2|BPTIDCNP-1 or FTO|TiO2|BPTIPy as working electrode, 

platinum wire counter electrode and Ag/AgCl, 3 M KCl reference electrode and converted to NHE potentials 

by using E(NHE) = E(Ag/AgCl) + 0.197 V. The aqueous solution of KH2PO4/K2HPO4 (0.2 M, pH 8.0) was the 

supporting electrolyte.  

 

Preparation of FTO|TiO2|BPTI electrode:  

The FTO/nanostructured TiO2 electrode was purchased from Solaronix (ref. 73101). The FTO/TiO2 electrode 

with ~3 cm × 0.7 cm area was sensitized by soaking in a 1.0 mM solution of BPTIDCNP-1, BPTIDCNP-2 in 

THF or BPTIPy in chloroform solution overnight at room temperature. Following sensitization, the dye-

sensitized electrodes were rinsed with dichloromethane solution and dried at room temperature.  

The estimated surface coverage Γ of BPTI derivatives on FTO|TiO2 in mol/cm2 was calculated from UV-visible 

measurements by Beer’s Law and the equation: Γ = A(λ) / (103 × ε(λ)), with A(λ) and ε(λ) the absorbance and 

molar absorption coefficients at λ.  

Using ε = 6.41 × 104 cm-1M-1 for BPTIDCNP-1 at 467 nm, the Γ  on FTO|TiO2| BPTIDCNP-1 electrode with a 

value of 1.73 × 10-8 mol cm-2 was obtained.  

Using ε = 6.36 × 104 cm-1M-1 for BPTIDCNP-2 at 467 nm, the Γ  on FTO|TiO2| BPTIDCNP-2 electrode with a 

value of 0.47 × 10-8 mol cm-2 was obtained.  

Using ε = 6.26 × 104 cm-1M-1 for BPTIPy at 467 nm, the Γ  on FTO|TiO2| BPTIPy electrode with a value of 1.45 

× 10-8 mol cm-2 was obtained.  

 

Spectroelectrochemistry of FTO|TiO2|BPTIDCNP-1 electrode:  Uv-vis spectroelectrochemistry was 

performed in a three-electrode cell setup with FTO|TiO2|BPTIDCNP-1 as working electrode, platinum wire 
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counter electrode and Ag/AgCl, 3 M KCl reference electrode. The FTO|TiO2|BPTIDCNP-1 working electrode 

was placed in a 10 mm path-length quartz cuvette. The steady state absorption spectra were recorded on an 

HP/Agilent 8453 UV-Vis spectrophotometer in the course of the cyclic voltammetry scanning process (v = 5 

mV s−1) under the applied voltage from + 0 to–0.6 V vs. Ag/AgCl, KCl (3 M) and controlled by a MacLab 

potentiostat with NOVA software. The electrolyte aqueous solution of KH2PO4/K2HPO4 (0.2 M, pH = 8.0) was 

used. 

 

Electrochromic FTO|TiO2|BPTICNP-2 electrode:  

The set-up is same as that of the above spectroelectrochemistry measurement. The chronoamperometric with 

alternative cycles (30 s ‒ 30 s) is setting with stepping potentials between + 0.20 to– 0.8 V vs. 

Ag/AgCl, KCl (3M). In the other words, the potential is stepped between +0.40 V and –0.60 V vs. NHE.  

 

The kinetics of BPTI radical anion of FTO|TiO2|BPTIDCNP-1 and FTO|TiO2|BPTIPy electrodes in 

aqueous solution:  

The lifetimes of the radical anions of FTO|TiO2|BPTIs electrodes in air saturated phosphate buffer solution were 

investigated by time-resolved UV-visible absorption spectroscopy. The radical anions of BPTIs in aqueous 

solution were prepared by immersing the FTO|TiO2|BPTIs electrodes with 0.5 mM Na2S2O4 in pH 8.0, KPi (0.2 

M) buffer solution. After the reaction with Na2S2O4 for 10 minutes, the steady and saturated absorbance of the 

radical anion of BPTIDCNP-1 or BPTIPy can be observed in the UV/Visible absorption spectra. The 

FTO|TiO2|BPTIs electrodes were then immediately transferred to a UV/Visible cuvette with 4 ml of air 

saturated pH 8.0, KPi (0.2 M) buffer solution not containing Na2S2O4 and the spectral evolution was monitored 

with 5 seconds difference for each spectrum.  
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Synthesis:  

 
Figure S1. Synthesis routes of BPTI derivatives 

 
All PDI derivatives (PDI-1, PDI-2, PDI-3 and PDI-4) were obtained by the conventional approach in the 

literature:  

N1,N2-bis-(3-pentyl)-perylene-3,4:9,10-tetracarboxylic diimide  PDI-1(Ref. S1) 

N1,N2-bis(1-dodecyl)perylene-3,4,9,10-tetracarboxylic diimide  PDI-2 (Ref. S1) 

 

All BPDI derivatives (BPDI-1,BPDI-2, BPDI-3 and BPDI-4) were obtained following the same reaction 

conditions:  

N1,N2-bis(3-pentyl)benzo[ghi]-perylene-2,3,8,9,11,12-hexacarboxylic-2,3;8,9-bisimide-11,12-anhydride 

BPDI-1 

N1,N2-bis(1-dodecyl)benzo[ghi]-perylene-2,3,8,9,11,12-hexacarboxylic-2,3;8,9-bisimide-11,12-anhydride 

BPDI-2 

The preparations of BPDI-1 and BPDI-2 have been reported previously, see Ref. S2. 
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N1,N2-bis(1-dodecyl)-N3-(3,4-dicyanophenyl)-benzo[ghi]-perylene-2,3,8,9,11,12-hexacarboxylic triimide 

BPTIDCNP-1 

A mixture of BPDI-2 (800 mg, 0.98 mmol) and excess 4-aminophthalonitrile (210 mg, 1.50 mmol) in DMF 

(120 mL) was heated to 140 °C for 18 h under N2 atmosphere. The solution was cooled and the reaction mixture 

was concentrated under reduced pressure. The yellow product was precipitated by addition of methanol (100 

mL). The precipitate was filtered and washed with methanol. The resultant residue was dissolved in chloroform 

and purified by column chromatography on silica gel with chloroform/acetone (20:1) to afford BPTICNP-1 

(720 mg, 78 % yield) as a red orange powder. 1H NMR (400 MHz, CDCl3): δ(ppm) = 10.19 (s, 2H), 9.12(d, 2H, 
J = 8.0 Hz), 9.01(d, 2H, J = 8.0 Hz), 8.46(s, 1H), 8.35(d, 1H, J = 8.0 Hz), 8.14(d, 1H, J = 8.0 Hz), 4.34 (t, 4H, 
J = 8.0 Hz), 1.92−1.82 (m, 4H), 1.45−1.20 (m, 36H), 0.85(t, 6H, J = 4.0 Hz)  

FD-MS (10 kV): m/z calcd 945.4465 for C60H59N5O6, found 945.4497. 

 

N1,N2-bis(3-pentyl)-N3-(3,4-dicyanophenyl)-benzo[ghi]-perylene-2,3,8,9,11,12-hexacarboxylic triimide 

BPTIDCNP-2 

A mixture of BPDI-1 (600 mg, 0.96 mmol) and excess 4-aminophthalonitrile (210 mg, 1.44 mmol) in DMF 

(110 mL) was heated to 140 °C for 12 h under N2 atmosphere. The solution was cooled and the reaction mixture 

was concentrated under reduced pressure. The yellow product was precipitated by addition of methanol (150 

mL). The precipitate was filtered and washed with methanol. The resultant residue was dissolved in chloroform 

and purified by column chromatography on silica gel with chloroform/acetone (20:1) to afford BPTICNP-2 

(510 mg, 71 % yield) as an orange powder. 1H NMR (400 MHz, CDCl3): δ(ppm) = 10.13 (d, 2H, J = 8 Hz), 

9.15−9.06 (m, 4H), 8.49(s, 1H), 8.37(d, 1H, J = 8.0 Hz), 8.14(d, 1H, J = 8.0 Hz), 5.22−5.14 (m, 2H), 2.44−2.32 

(m, 4H), 2.12−2.03 (m, 4H), 1.07−1.03 (m, 12H). 13C NMR (400 MHz, CDCl3): δ(ppm) = 165.24, 135.40, 

133.25, 132.33, 127.67, 127.41, 127.14, 126.26, 125.31, 123.90, 122.60, 118.56, 115.81, 112.13, 58.70, 25.3, 

11.82 FD-MS (10 kV): m/z calcd 749.2274 for C46H31N5O6, found 749.2215. 

 

N1,N2-bis(1-dodecyl)-N3-(4-pyridine)-benzo[ghi]-perylene-2,3,8,9,11,12-hexacarboxylic triimide BPTIPy 

A mixture of BPDI-2 (600 g, 0.73 mmol) and excess 4-aminopyridine (140 mg, 1.46 mmol) in DMF (150 mL) 

was heated to 140 °C for 8 h under N2 atmosphere. The solution was cooled and the reaction mixture was 

concentrated under reduced pressure. The yellow product was precipitated by addition of methanol (100 mL). 

The precipitate was filtered and washed with methanol. The resultant residue was dissolved in chloroform and 

purified by column chromatography on silica gel with chloroform to afford BPTIPy (520 mg, 80 % yield) as a 

yellow powder. 
1H NMR (400 MHz, CDCl3): δ(ppm) = 9.16−9.10 (m, 4H), 9.04−8.96 (m, 4H), 8.85(d, 2H, J = 8 Hz), 4.34 (t, 

4H, J = 8.0 Hz), 1.87−1.75 (m, 4H), 1.41−1.20 (m, 36H), 0.87−0.83 (m, 6H).  

FD-MS (10 kV): m/z calcd 896.4513 for C57H60N4O6, found 896.4512.  
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Figure S2. UV/Vis absorption spectra of BPTI derivatives in CHCl3. 

 

 
Figure S3. Cyclic voltammograms (a) and differential pulse voltammograms (b) of 1.0 mM BPTIDCNP-1 and 
BPTIDCNP-2. (c) DPV of 0.2 mM BPTIPy. All measurement in deaerated CH2Cl2 solution with 0.1 M TBAP 
electrolyte. Sweep rate: 100 mVs-1 in CV and 5 mVs-1 in DPV. Fc/Fc+ used as internal standard, NHE = Fc/Fc+ 
+ 0.69 V.  
 

 

 

 

 

 

 

 

 

 

 

 
Figure S4. UV/Vis absorption spectra of FTO|TiO2|BPTIDCNP-2 electrode after soaking in aqueous 
pH 8.0, KPi (0.2 M) for 1hr and 24 hr.  
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Figure S5. Cyclic voltammogram of FTO|TiO2 electrode and FTO|TiO2|BPTI electrodes in aqueous pH 8.0, 
KPi (0.2 M) and scan rate 20 mVs-1.  
 

 

 

 
Figure S6. UV/Vis spectral changes in the first-electron reduction of FTO|TiO2|BPTIDCNP-1 in aqueous pH 
8.0, KPi (0.2 M) by increasing the applied voltage.  
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Figure S7. UV/Vis spectral changes of (a) FTO|TiO2|BPTIDCNP-1 and (b) FTO|TiO2|BPTIPy electrodes 
with 0.5 mM Na2S2O4 in pH 8.0, KPi (0.1 M) buffer solution. Time increment 5 s between successive spectra.  
 
 
 

 
 
Figure S8. (a) Time-resolved absorption spectra of BPTIPy radical anion on FTO|TiO2|BPTIPy electrode in 
Na2S2O4 free and pH 8.0, KPi (0.2 M) buffer solution. (b) Time-profile ln(A/A0) of BPTIPy radical anion at 666 
nm. From the fit a half-life time of 26 s was obtained. 
 
 
The oxidation reaction of BPTIDCNP-1 or BPTIPy radical anion on electrodes with dissolved O2 in water can 
be described as  

 

or  

  

At 25 0C and 1 atm, [O2] = 253.8 nmol/ml in water. This means that the amount of dissolved O2 is 1.02 × 10-6 

mol in a 4 ml UV/Visible cuvette. This value is much higher than the loading of BPTIDCNP-1 on the electrode, 

which is 1.73 × 10-8 mol cm-2  × 3 cm × 2.1 cm = 3.63 × 10-8 mol. Moreover, the oxidation reaction was 

performed open to air. Thus, it is reasonable to assume [O2] as a constant in the whole reaction. 

Consequently, the oxidation reaction can be considered as a first-order reaction.  

 

Figure 3 (b) in the main text shows the time-profile ln(A/A0) of BPTIDCNP-1 radical anion at 666 nm. 
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Therefore, the rate constants 1.92 ×10-2 s-1 was obtained, respectively. This result shows that BPTIDCNP-1 

radical anion on the electrode has a half-life of 36 seconds in air saturated phosphate buffer solution. 

 

Figure S8 shows the time-profile ln(A/A0) of BPTIPy radical anion at 666 nm. A rate constant of 2.66 × 10-2 s-

1 and corresponding half-life of 26 seconds were obtained in air saturated phosphate buffer solution. 

 

 
Figure S9. UV-Vis spectra of FTO|TiO2|BPTIDCNP-1 taken initially and after repeated reaction with 1.0 
mM Na2S2O4 (0.7 mg) in pH 8.0, KPi (0.1 M, 4 ml) buffer solution every 12 hours under air for five days.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S10. Repeated scanning cyclic voltammograms of FTO|TiO2|BPTIPy with 100 mVs-1 scanning 
rate in air saturated phosphate buffer solution (pH 8.0, 0.2 M). 
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Figure S11. UV-Vis spectra taken initially and after repeatedly scanning cyclic voltammograms (250 cycles) 
of (a) FTO|TiO2|BPTIDCNP-1 (b) FTO|TiO2|BPTIPy in air saturated phosphate buffer solution (pH 8.0, 0.2 M). 
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