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Procedures for the synthesis of the conjugated polymers 

 

Synthesis of P1 

1,4-Dibromobenzene (1.18 g, 5.0 mmol), 1,4-benzene diboronic acid (0.829 g, 5.0 mmol), 

tetrakis(triphenylphosphine)palladium(0) (38 mg, 0.7 mol%), N,N’-dimethylformamide (75 mL) and aqueous potassium 

carbonate solution (2.0 M, 15 mL) were added and refluxed at 150 °C under nitrogen for 72 hours. The mixture was 

then cooled to room temperature and poured into water (100 mL). The solid was collected by gravitational filtration and 

washed with MeOH. After a Soxhlet extraction with THF overnight, the product was obtained as a grey powder (588 

mg, 77%). 

 

Synthesis of P7 

To a 100 mL two-necked round-bottomed flask, 1,4-dibromobenzene (235.9 mg, 1 mmol), 3,7-bis(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)dibenzo[b,d]thiophene sulfone (468.2 mg, 1 mmol) and potassium carbonate (691.0 mg, 5 

mmol) were added with a stirring bar. The reagents were evacuated under vacuum and purged with nitrogen in three 

cycles. Tetrakis(triphenylphosphine)palladium(0) (3.46 mg, 0.0030 mmol, 0.3 mol%) was then added and the reagents 

were evacuated and purged three times as described above. Degassed N,N’-dimethylformamide (20 mL) and degassed 

water from a milli-Q water purification system (5 mL) was added. The mixture was left to stir and reflux at 150 °C 

under nitrogen for 72 hours. The mixture was then cooled to room temperature and poured into water (100 mL). The 

solid was collected by gravitational filtration and washed with MeOH. Further purification was performed by Soxhlet 

extraction overnight with CHCl3 to extract low molecular weight byproducts. The solid product was dried under reduced 

pressure in a vacuum oven and obtained as a yellow powder (290.4 mg, 99%). 

 

Synthesis of P10 
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To a 100 mL two-necked round-bottomed flask, 3,7-dibromodibenzo[b,d]thiophene sulfone (187.3 mg, 0.5 mmol), 3,7-

bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)dibenzo[b,d]thiophene sulfone (234.0 mg, 0.5 mmol) and potassium 

carbonate (345.5 mg, 2.5 mmol) were added with a stirring bar. The reagents were evacuated under vacuum and purged 

with nitrogen in three cycles. Tetrakis(triphenylphosphine)palladium(0) (1.73 mg, 0.0015 mmol, 0.3 mol%) was then 

added and the reagents were evacuated and purged three times as described above. Degassed N,N’-dimethylformamide  

(10 mL) and degassed water from a milli-Q water purification system (2.5 mL) was added. The mixture was left to stir 

and reflux at 150 °C under nitrogen for 72 hours. The mixture was then cooled to room temperature and poured into 

water (100 mL). The solid was collected by gravitational filtration and washed with MeOH. Further purification was 

performed by Soxhlet extraction overnight with CHCl3 to extract low molecular weight byproducts. The solid product 

was dried under reduced pressure in a vacuum oven and obtained as a yellow powder (169.1 mg, 78%). 

 

Synthesis of P28 

To a 100 mL two-necked round-bottomed flask, 2,5-dibromopyrazine (237.9 mg, 1 mmol), benzene-1,4-diboronic acid 

(165.8 mg, 1 mmol) and potassium carbonate (691.0 mg, 5 mmol) were added with a stirring bar. The reagents were 

evacuated under vacuum and purged with nitrogen in three cycles. Tetrakis(triphenylphosphine)palladium(0) (3.46 mg, 

0.003 mmol, 0.3 mol%) was then added and the reagents were evacuated and purged three times as described above. 

Degassed N,N’-dimethylformamide (20 mL) and degassed water from a milli-Q water purification system (5 mL) was 

added. The mixture was left to stir and reflux at 150 °C under nitrogen for 72 hours. The mixture was then cooled to 

room temperature and poured into water (100 mL). The solid was collected by gravitational filtration and washed with 

MeOH. Further purification was performed by Soxhlet extraction overnight with CHCl3 to extract low molecular weight 

byproducts. The solid product was dried under reduced pressure in a vacuum oven and obtained as a yellow powder 

(133.3 mg, 85%).  
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Details of the computational calculations 

The ionization potential (IP) and electron affinity (EA) of the polymers in DMA were predicted by DDFT calculations 

following a previously developed approach.1, 2 In this approach the polymer is described as a single polymer strand 

embedded in a continuum dielectric with the dielectric permittivity of the (major component of the) reaction mixture, 

here DMA (er 37.8). The use of a continuum solvation model allows for the description of the dielectric screening of 

charges in the low dielectric polymer by the typically higher dielectric permittivity reaction mixture. Moreover, when 

using a dielectric permittivity value of 2 instead, roughly the value expected for an organic material, this approach 

reproduces IP and EA values measured experimentally for conjugated polymers by photoelectron spectroscopy,2, 3 in 

which the polymer particles/film is measured in vacuum and there is no solvent/reaction mixture present. 

The potentials of solution reactions, e.g., the reduction of CO2 to formic acid or the reduction of protons to 

hydrogen, were calculated using a similar previously reported approach.2, 3 In this case, just as for the polymer 

calculations, the solvent was assumed to be pure DMA. Moreover, in these solution potential calculations all soluble 

species are assumed to have a concentration of 1 mol/L, all gaseous species a pressure of 1 bar, and protons treated as 

adducts of a proton and the triethanolamine sacrificial electron donor ([H:TEAOH]+). 

All DFT calculations used the B3LYP density functional4-7 in combination with the DZP8 basis-set and were 

performed using Turbomole 7.5..9, 10 Solvation effects in the DFT calculations were described using the COSMO11 

implicit continuum solvation model and the DMA dielectric permittivity value discussed above. 

All predicted potentials were converted from the vacuum scale to the standard hydrogen electrode (SHE) scale 

by subtracting 4.44 V, the absolute value of the standard hydrogen electrode potential, of the vacuum scale value. 

Approximate values of the predicted potentials vs. Fc were obtained by adding +0.6 V to the SHE values based on 

values reported in a literature12 for MeCN, which has a similar dielectric constant as DMA. 

The difference between the fundamental gap, itself the difference between the EA and IP (predicted by the DFT 

calculation to be 3.1 eV for P10) and the optical gap (experimentally measured to be 2.64 eV, Figure S1) can likely be 

rationalized by the strong exciton binding energy predicted for conjugated polymers. For instance, the experimentally 

measured exciton binding energies of many inorganic semiconductors are on the order of tens of meV, whilst the 
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magnitude of exciton binding energies for conjugated polymers are typically predicted to range from hundreds to 

thousands of meV.13 The observed difference between the predicted fundamental gap and the observed optical gap of 

the polymers is consistent with this rationale. 
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Table S1 Predicted potentials for the conjugated polymers in DMA vs. SHE in V and in between parentheses their 
estimated approximate values vs. ferrocene. 

 IP EA 

P1 0.92 (0.3) -2.34 (-2.9) 

P7 1.28 (0.7) -1.82 (-2.4) 

P10 1.46 (0.9) -1.61 (-2.2) 

P28 1.19 (0.6) -1.61 (-2.2) 

 

Table S2 Predicted solution reaction potentials in DMA vs. SHE in V and in between parentheses their estimated 
approximate values vs. ferrocene. 

Half reaction E 

TEAOH:H+ + e- -> ½ H2 -0.70 (-1.3) 

CO2 + 2 TEAOH:H+ + 2 e- -> HCOOH+ 2 TEAOH -0.88 (-1.5) 

TEAOHR1 + TEAOH:H+ + e- -> 2 TEAOH 0.65 (0.1) 

1 TEAOHR is N(CH2CH2OH)2CHCH2OH 
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Figure S1 FT-IR spectra of (a) P1, (b) P7, (c) P10 and (d) P28. 
 

(a) (b) 

(c) (d) 

P1 P7 

P10 P28 
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Figure S2 Tauc plot of (a) P1, (b) P7, (c) P10 and (d) P28. 
 

 

 
 

Figure S3 TEM images of (a) P10 and (b) Ag/P10 at 100 nm scale. 
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Figure S4 Transmission electron microscopy (TEM) images of P10 at (a) 100 nm and (b) 50 nm respectively, with the 
zoomed in regions highlighted by red circles. Regions marked EDS3 and EDS4 are circled with corresponding energy 
dispersive X-ray spectroscopy (EDS) data and atomic assignment (c) and (d) respectively. 
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Figure S5 Transmission electron microscopy (TEM) images of Ag/P10 at (a) 100 nm and (b) 50 nm respectively, with 
the zoomed in regions highlighted by red circles. Regions marked EDS1 and EDS2 are circled with corresponding 
energy dispersive X-ray spectroscopy (EDS) data and atomic assignment (c) and (d) respectively. 
 
 
 
 

 
 

Figure S6 EDS spectrum of Ag/P10 corresponding to the EDS mapping analysis in Figure 3. 
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Figure S7 FT-IR spectra of P10, Ag/P10 and RuRu'/Ag/P10, corresponding to Figure 4a. 
 
 
 
 

 
Figure S8 UV-diffuse reflectance spectra of (a) P1, (b) P7, (c) P10, (d) P28 and (e) carbon nitride, each 
overlaid with the UV-diffuse reflectance upon 1 wt.% silver loading and 0.4 μmol g−1 RuRu' adsorption. 
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Figure S9 N2 adsorption–desorption isotherm of P10 at 77 K. 

 
 
 
 

 
Figure S10 LED light spectra overlaid by spectra of P1, RuRu' and RuRu'/Ag/P1. 410 nm and 460 nm-LEDs were 
used for irradiation of RuRu'/Ag/P1 and RuRu'/Ag/carbon nitride.  
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Figure S11 Total product formation during the photocatalytic reaction after 24 hours of irradiation using (a) RuRu' 
/Ag/P1, (b) RuRu' /Ag/P7, (c) RuRu' /Ag/P28 and (d) RuRu' /Ag/C3N4. Hybrid photocatalysts (4 mg, 1 wt.% Ag and 
0.4 μmol g-1 RuRu' loading) were dispersed in 4 mL of DMA/TEOA (4:1), bubbled with CO2 and irradiated using LED 
at 460 nm (with 5 mW output). For RuRu'/Ag/P1 and RuRu' /Ag/carbon nitride, additional light at 410 nm (with 5 
mW output) was used. Note that the scale of the vertical axes are different amongst the graphs to aid the visibility. 
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Figure S12 1H NMR spectra of DMA/TEOA solutions after the photocatalysis using RuRu'/Ag/P10. The photocatalyst 
powders were removed by filtration before the measurement. The suspension of RuRu'/Ag/P10 was irradiated by 460 
nm LED for 24 hours under 640 mmHg of 13CO2 (red) and saturated unlabeled CO2 (black). 

 
 

 

Figure S13 Time courses of products during the photocatalytic reactions in CO2-saturated DMA solution (2 mL) 
containing dissolved RuRu' (0.05 mM) and BI(OH)H (0.2 M), which was irradiated using 460 nm-centered LED light 
source. 
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Figure S14 Characterization RuRu'/Ag/P10 before and after 12, 48 and 72 hours of light irradiation. (a) FTIR spectra. 
(b) UV-vis diffuse reflectance spectra. (c) Ag 3d XPS spectra before and after 72 hours light irradiation. For 
photocatalytic experiments, 1 mg of RuRu'/Ag/P10 was dispersed in 4 mL of 4:1 DMA/TEOA solution, thoroughly 
bubbled with CO2 and irradiated at λ = 460 nm using an LED light source with constant stirring. The hybrid photocatalyst 
was washed with acetone and dried to be analyzed as a powder. 
 
 
 
 

 

Figure S15 Temporal production of formic acid using RuRu'/Ag/P10 for photocatalytic CO2 reduction (red trace, same 
conditions as described for Figure 7a), overlaid with measurements obtained with further CO2 bubbling after 24 hours 
and 48 hours of photoirradiation (blue trace), and also overlaid with measurements obtained using fresh DMA/TEOA 
solution after 24 hours of photoirradiation (green trace). 
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Table S3. Apparent quantum yield (AQY) of hybrid photocatalysts composed of semiconductor and metal complexes 
reported thus far. 

Entry Hybrid photocatalysta 
Main 

product 

Reported 

"AQY"b / % 

Wavelength / 

nm 
A 

AQY (A = 

1) / % 
Reference 

1 RuRu'/Ag/P10 HCOOH 11.2 440 1 11.2 
This 

study 

2 Ru/C3N4 HCOOH 5.7 400 2 2.9 [14] 

3 RuRu'/Ag/C3N4 HCOOH 5.2 400 4 1.3 [15] 

4 Co/ZnSe CO 5.1 400 2 2.6 [16] 

5 Fe/C3N4 CO 4.2 400 2 2.1 [17] 

6 Ru/Ag/C3N4 HCOOH 4.2 400 2 2.1 [18] 

7 Ni/ZnSe-QD CO 3.4 400 2 1.7 [19] 

8 Zn/TiO2/Re CO 3.21 436 2 1.6 [20] 

9 Ru/Ag/CNU HCOOH 3.1 400 2 1.6 [21] 

10 RuRe/C3N4 CO 2.5 400 4 0.6 [22] 

11 Re/Dye/TiO2 CO 2.14 436 2 1.1 [23] 

12 Re/Zn-Porphyrinic-MOF CO 1.97 440 1 1.97 [24] 

13 Ru/N-Ta2O5 HCOOH 1.9 405 2 1.0 [25] 

14 Co/C3N4 CO 1.6 420 2 0.8 [26] 

15 RuRu'/Ag/C3N4 HCOOH 1.6 400 4 0.4 [27] 

16 Ru/C3N4 HCOOH 1.5 400 2 0.8 [28] 

17 Ru/C3N4 HCOOH 1.1 400 2 0.6 [29] 

18 RuRu'/Ag/GaN:ZnO HCOOH 1.0 400 4 0.3 [30] 

19 RuRe/TiO2/C3N4 CO 0.6 400 4 0.2 [31] 

20 Re/COF CO 0.5 420 2 0.3 [32] 

21 RuRu'/Ag/TaON HCOOH 0.48 400 1 0.48 [33] 

22 Re, Co/Dye/TiO2 CO 0.46 420–450 2 0.2 [34] 

23 Ru/Cz-bpy HCOOH 0.44 505 2 0.2 [35] 

24 Co/C3N4 CO 0.25 400 2 0.1 [36] 

25 Ni/CsPbBr3 CO, CH4 0.24 450 1 0.23 [37] 

26 Co/C3N4 CO 0.11 360 2 0.05 [38] 

27 Fe/C3N4 CO 0.10 460 2 0.05 [39] 

28 Re/Zn-Porphyrinic-MOF CO 0.10 450 2 0.05 [40] 
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a In the description of each hybrid photocatalyst, the metal complex catalyst is described in bold. b In many other 
reports, AQY is defined as follows: AQY = A×(total number of products) / (total number of incident photons).41 For 
two-electron CO2 reduction, A = 2 as the maximum AQY becomes 100%, which allows easy understanding of reaction 
efficiency of the photocatalytic system. However, when considering the initial meaning of quantum yield as a conversion 
efficiency of photons, A = 1 is suitable as a coefficient for quantum yield in these systems because of the complexities 
associated with the possible reaction mechanisms of photocatalytic CO2 reduction as described in detail in the Apparent 
quantum yield measurements section in Methods. Thus, the AQY values were recalculated using A =1, listed in this 
table as AQY (A = 1). 
 
 
 
 
 
 
 
 
 
 
 
 

 

Scheme S1. Ligand substitution by TEOA and CO2 capture into the Re(I) complex catalyst. Reproduced with 

permission from ref [42]. Copyright 2019 Royal Society of Chemistry. 

 
 



 

S-18 

 

 
 

Figure S16 Absorbance and Photoluminescence spectra of (a) P10 and (c) Ru(PS) and emission decays of (b) P10 and 
(d) Ru(PS) in DMA solution. Photoluminescence spectra were obtained by the excitation at 370 nm and 460 nm for 
P10 and Ru(PS), respectively. Emission decays are obtained by the excitation at 379 nm and emission at 410 nm for 
P10 and by the excitation at 456 nm and emission at 650 nm for Ru(PS). The emission decays are fitted by exponential 
fitting with lifetimes measured as 0.81 ns for P10 and 615 ns for Ru(PS). 
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Figure S17 Emission quenching studies of P10 and Ru(PS) by TEOA in DMA solution. Photoluminescence emission 
spectra and its quenching by TEOA for (a) P10 and (c) Ru(PS), emission decays corresponding to the emission 
quenching for (b) P10 and (d) Ru(PS), and (e) Stern-Volmer plots of P10 and Ru(PS) obtained from the emission 
quenching by TEOA. (f) The Stern-Volmer plot of P10 obtained from the emission lifetimes with TEOA was in good 
agreement with that obtained from the emission quenching. The excitation and emission wavelengths for the 
measurements were the same as those used in Figure S15. 
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Sample B1 τ1 (ns) B2 τ2 (ns) B3 τ3 (ns) χ2 
Average weighted 

fluorescence lifetime (ns) 

P10 

 

0.02471256 

(40.72%) 

2.575837 

 

0.002786022 

(16.56%) 

9.291161 

 

0.08837704 

(42.72%) 

0.7556359 1.180261 1.35 

Ag/P10 

 

0.02391391 

(40.45%) 

2.856008 

 

0.002620343 

(15.41%) 

9.92927 

 

0.08990866 

(44.13%) 

0.8285727 1.201916 1.45 

 
 
Figure S18 (a) Time resolved single photon counting (TRSPC) measurements of P10 (red) and (b) Ag/P10 (blue) in a 
sonicated suspension of DMA with the corresponding residuals plotted underneath. Emission lifetime decays are plotted 
along with the prompt and fitting. Initial excitation at 374 nm was used and emitted photons at 525 nm were detected in 
accordance with the emission spectrum. Estimated weighted average lifetimes of the excited states corresponding to 
P10 and Ag/P10 are also tabulated underneath. The emission lifetime was calculated using three exponentials by the 
following equation: B1 × exp(-i/τ1) + B2 × exp(-i/τ2) + B3 × exp(-i/τ3). Amplitudes (B1, B2 and B3) are estimated and 
iterated along with the lifetimes (τ1, τ2 and τ3) until a fit is found. The prompt was measured separately and used for 
deconvolution of the instrument response. 
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Figure S19 (a) Schematic illustration of the Iris-MG (CELL System Co.) light irradiation system with LEDs. Four LEDs 
with 460 nm and four LEDs with 410 nm are equipped. Sample tubes for photocatalytic experiments are set in the 
circular positions and the tubes are rotated around in a circle for uniform irradiation. The reaction solution was stirred 
continuously by a stirrer in the sample tube. (b) The relationship between the set values of LED output (Pset) and the 
light intensity of one LED measured on its surface (Pmeasured). One LED has the area of 2 cm2. The output values in the 
manuscript are described as LED output values (Pset). 
 
 

 
Figure S20 Counter titration plots for estimating saturated-CO2 concentration in DMA/TEOA (4:1, v/v). The counter 
titration plots were obtained both in Ar and CO2 atmosphere. The saturation concentration of CO2 in the solution was 
estimated from the difference in the titration points. 
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