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1. Materials and methods 

All reagents were purchased from Shanghai Titan Scientific Co. Ltd. (Adamas-beta® regents), 

Energy Chemical Co. Ltd., Bide Pharmatech Ltd., TCI (Shanghai) Development Co. Ltd. Chloroform-

d was purchased from J&K Scientific Co. Ltd. Solvents were further purified by standard methods 

recorded in Purification of Laboratory Chemicals.S1 Trichlorophosphane is used after re-distilling 

under moisture- and oxygen-free conditions. Except specially instructed above, all reagents are used 

as-received. All reactions and manipulations involving moisture- or oxygen-sensitive compounds were 

performed using standard Schlenk techniques under dry nitrogen atmosphere or in a nitrogen 

atmosphere glovebox with O2<0.5 ppm and H2O<0.02 ppm. 

Solution-state nuclear magnetic resonance (NMR) spectroscopy: 1H-NMR, 13C{1H}-NMR, 
31P{1H}-NMR and 19F{1H}-NMR were recorded on Bruker AVANCE NEO 400 or AVANCE III HD 

500 MHz spectrometers at 25 °C. Tetramethylsilane (TMS) or the peaks of solvents in the deuterated 

reagent were used as internal standards for 1H-NMR and 13C-NMR spectra. 85% phosphoric acid was 

used as external standard for 31P-NMR. Quantitative 31P{1H}-NMR spectra were recorded by a zgig 

pulse sequence with a recycle delay of 10 s. Triphenylphosphine oxide (O=PPh3, 0.02783 g, 0.1 mmol) 

was added to serve as an internal standard and about 1 mg Cr(acac)3 was added to serve as a relaxation 

regent to ensure all excited nucleus relaxed completely. 

Solid-state nuclear magnetic resonance (ssNMR) spectroscopy: All ssNMR experiments were 

performed on a Bruker wide-bore 9.4 T (ν0(1H)=400 MHz) NMR spectrometer equipped with a Bruker 

Avance III HD console and a Bruker 3.2 broadband HX MAS probe. All samples were prepared for 

NMR measurement by packing into a 3.2 mm Bruker zirconia rotor with Kel-F turbine caps in a 

nitrogen atmosphere glovebox (O2<0.5 ppm and H2O<0.02 ppm). Magic angle spinning (MAS) was 

used to collect high-resolution NMR spectra at 15 kHz spinning rate for all experiments. The 1H-13C 

cross-polarization (CP) experiment was used in all 13C NMR experiment. An initial 1H π/2 excitation 

pulse of 3.12 μs, a Hartmann-Hahn contact period of 5 ms and a recycle delay of 2 s were used 

throughout. All 13C chemical shifts were referenced to the primary reference of TMS via the secondary 

reference of solid adamantane at 29.9 ppm. For 31P NMR experiments, a high-power decoupling 

(HPDEC) experiment was used employing a 31P π/2 excitation pulse of 2.27 μs and a recycle delay of 

10 s. All 31P chemical shifts are referenced to ammonium dihydrogen phosphate (ADP) solid at 0.81 

ppm. 19F NMR spectra were acquired using a single-pulse experiment, and 19F chemical shifts are 

referenced to trifluoroacetic acid at 76.2 ppm. All spectra were analyzed or simulated using the Bruker 

Topspin 4.1.1 software.  

Fourier transform infrared (FT-IR) spectroscopy: The FT-IR spectra were recorded on the Perkin 

Elmer Spectrum Frontier with attenuated total reflection (ATR) accessories. 

X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Thermo Fisher 

Scientific ESCALAB 250Xi spectrometer. Samples were loaded into alumina crucibles in a glovebox 

(O2<0.5 ppm and H2O<0.02 ppm) and transferred using a portable sample transfer chamber. Data was 

analyzed using Advantage software. 

Thermogravimetric analysis (TGA): The TGA were carried out on a Perkin Elmer TGA 4000 

under 100 mL/min N2 flow, ramping at 10 °C/min from 30 °C to 800 °C. Ultrahigh-purity-grade N2 

was used for TGA measurements. 

UV-Vis diffuse reflectance spectroscopy (DRS) spectra were acquired using an Agilent Cary 5000 
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UV-Vis-NIR spectrometer with an integrating sphere annex. Samples were measured in solid state. 

Mott-Schottky curves were obtained using a Zahner electrochemical workstation in a three-

electrode system. A Pt plate and an Ag/AgCl electrode (saturated KCl) were used as a counter and 

reference electrode, respectively. 0.2 M Na2SO4 solution (pH = 6.8) was chosen as electrolyte, which 

was purged with Ar flow for 30 min before testing. The working electrode was prepared by dropcasting 

method. Typically, 3 mg sample powder was dispersed in i-PrOH and dropped on a clean FTO glass 

(1 mg/cm2) as a work electrode. Mott-Schottky curves were obtained under dark condition at a 

frequency of 1 kHz, 5 kHz and 10 kHz with an AC amplitude of 5 mV. The evaluated flat-band potential 

(Efb) was regarded as Fermi level (EF) of the semiconductor sample. 

Static water contact angles were measured with the sessile drop method using a drop-shape 

analysis apparatus at room temperature on a KRÜSS DSA25 instrument. The samples were measured 

using pressed pellets. The contact angles were fitted by an ellipse fitting method. 

The photocatalytic hydrogen production experiments were carried out in a Pyrex vessel connected 

to a closed glass circulation system (Beijing Perfectlight, Labsolar-6A) under top irradiation from a 

300 W Xe lamp (R300-3J) equipped with a chilled mirror and a cut-off filter (HOYA L-42, λ > 420 

nm). For a typical trial, 20 mg catalyst was ultrasonicated to be well dispersed in 100 mL 0.1 M 

ascorbic acid aqueous solution. 2 wt % Pt was photo-deposited as co-catalyst from H2PtCl6 solution. 

The system was evacuated several times to completely remove the air at first and then appropriate 

amount of Ar gas was introduced into system, keeping the background pressure at 5 kPa. The 

temperature of reaction suspension was maintained at 288 K by circulated cooling water. The amounts 

of evolved gases were measured by an on-line gas chromatograph (SHIMADZU, GC-2014C with a 

TCD detector, JN. 5Å columns and Ar carrier gas). 
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2. Preparation of substrates 

2.1. Trimethyl(thiophen-2-yl)stannane 

 
Scheme S1. Synthesis of trimethyl(thiophen-2-yl)stannane. 

Trimethyl(thiophen-2-yl)stannane was synthesized according to the previously reported 

literatureS2 with slight modification. To a solution of 2-bromothiophene (8.67 g, 53.1 mmol) in Et2O 

(140 mL) was added n-butyllithium (1.6 M in hexane, 36.5 mL, 58.5 mmol) dropwise at -78 °C. After 

the resulting mixture was stirred at -78 °C for 0.5 h, chlorotrimethylstannane (12.71 g, 63.8 mmol) 

dissolved in Et2O (10 mL) was slowly added to the reaction at -78 °C. The resulting solution was 

slowly warmed to room temperature and stirred overnight. The mixture was washed with water and 

extracted with DCM. The organic layer was dried with Na2SO4. The organic solvent was removed 

under vacuum. Distillation under reduced pressure gave a colorless liquid (10.81 g, 82 % yield). 1H 

NMR (400 MHz, CDCl3) δ 7.66 (d, J = 4.4 Hz, 1H), 7.26 (dd, J = 3.3, 4.5 Hz, 1H), 7.23 (dd, J = 0.8, 

3.3 Hz, 1H), 0.38 (s, 9H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 137.3, 135.1, 130.9, 128.1, -8.1 

ppm. 

 

2.2. Furan-2-yltrimethylstannane 

 
Scheme S2. Synthesis of furan-2-yltrimethylstannane. 

Furan-2-yltrimethylstannane was synthesized according to the previously reported literatureS3 

with slight modification. To a solution of furan (1.934 g, 28.4 mmol) in THF (60 mL) was added n-

butyllithium (1.6 M in hexane, 18.7 mL, 18.7 mmol) dropwise at -78 °C. After the resulting mixture 

was stirred at -78 °C for 0.5 h, the mixture was slowly warmed to room temperature for another 1 h. 

Then chlorotrimethylstannane (6.23 g, 31.3 mmol) dissolved in THF (10 mL) was slowly added to the 

reaction at -78 °C. The resulting solution was slowly warmed to room temperature and stirred overnight. 

The mixture was washed with water and extracted with DCM. The organic layer was dried with 

Na2SO4. The organic solvent was removed under vacuum. Distillation under reduced pressure gave a 

colorless liquid (4.92 g, 75 % yield). 1H NMR (400 MHz, CDCl3) δ 7.72 (d, J = 1.7 Hz, 1H), 6.58 (t, 

J = 3.2 Hz, 1H), 6.42 (dd, J = 1.7, 3.1 Hz, 1H), 0.33 (s, 9H). 13C{1H} NMR (101 MHz, CDCl3) δ 160.7, 

147.1, 120.8, 109.3, 109.2, 77.5, 77.2, 76.8, -9.1 ppm. 
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2.3. 1-methyl-2-(trimethylstannyl)-1H-pyrrole 

 
Scheme S3. Synthesis of 1-methyl-2-(trimethylstannyl)-1H-pyrrole. 

1-methyl-2-(trimethylstannyl)-1H-pyrrolewas synthesized according to the previously reported 

literatureS4 with slight modification. To a solution of 1-methyl-1H-pyrrole (0.92 g, 11.4 mmol) in THF 

(50 mL) was added n-butyllithium (1.6 M in hexane, 7.5 mL, 11.9 mmol) dropwise at -78° C. After 

the resulting mixture was warmed up to room temperature for an hour and placed into -78°C again. 

Then chlorotrimethylstannane (2.49 g, 12.5 mmol) dissolved in THF (10 mL) was slowly added. Then 

the solution was warmed slowly to room temperature and stirred overnight. The mixture was washed 

with water and extracted with DCM. After that the organic layer was dried with Na2SO4. The solution 

was filtered, and the solvent was removed under vacuum. Distillation under reduced pressure gave a 

colorless liquid (1.07 g, 39 % yield). 1H NMR (400 MHz, CDCl3) δ 6.86 (t, J = 1.6 Hz, 1H), 6.29 (dd, 

J = 1.5, 3.3 Hz, 1H), 6.23 (t, J = 3.2 Hz, 1H), 3.71 (s, 3H), 0.32 (s, 9H) ppm. 13C{1H} NMR (101 MHz, 

CDCl3) δ 132.8, 126.0, 119.0, 108.7, 38.0, -8.6 ppm. 

 

2.4. Benzofuran-2-yltrimethylstannane 

 
Scheme S4. Synthesis of benzofuran-2-yltrimethylstannane. 

Benzofuran-2-yltrimethylstannane was synthesized according to the previously reported 

literatureS5 with slight modification. To a solution of benzofuran (1.06 g, 9.0 mmol) in THF (50 mL) 

was added n-butyllithium (1.6 M in hexane, 6.2 mL, 9.9 mmol) dropwise at -78 °C. After the resulting 

mixture was warmed up to room temperature for an hour and placed into -78°C again. Then 

chlorotrimethylstannane (2.2 g, 10.8 mmol) dissolved in THF (15 mL) was slowly added. Then the 

solution was warmed slowly to room temperature and stirred overnight. The mixture was washed with 

water and extracted with DCM. After that the organic layer was dried with Na2SO4. The solution was 

filtered, and the solvent was removed under vacuum. Distillation under reduced pressure gave a 

colorless liquid (2.9 g, 91 % yield). 1H NMR (400 MHz, CDCl3) δ 7.56 (dd, J = 0.9, 7.5 Hz, 1H), 7.50 

(dd, J = 1.1, 8.0 Hz, 1H), 7.23 (td, J = 1.4, 8.1 Hz, 1H), 7.19 (td, J = 1.2, 7.3 Hz, 1H), 6.93 (d, J = 0.7 

Hz, 1H), 0.41 (s, 9H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 165.2, 158.7, 128.1, 123.7, 122.3, 

120.5, 117.7, 111.1, -9.1 ppm. 
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2.5.  Benzo[b]thiophen-2-yltrimethylstannane 

 
Scheme S5. Synthesis of benzo[b]thiophen-2-yltrimethylstannane. 

Benzo[b]thiophen-2-yltrimethylstannane was synthesized according to the previously reported 

literatureS6 with slight modification. To a solution of benzo[b]thiophene (1.94 g, 14.5 mmol) in THF 

(60 mL) was added n-butyllithium (1.6 M in hexane, 10.0 mL, 16.0 mmol) dropwise at -78 °C. After 

the resulting mixture was warmed up to room temperature for an hour and placed into -78 °C again. 

Then chlorotrimethylstannane (3.47 g, 17.4 mmol) dissolved in THF (15 mL) was slowly added. Then 

the solution was warmed slowly to room temperature and stirred overnight. The mixture was washed 

with water and extracted with DCM. After that the organic layer was dried with Na2SO4. The solution 

was filtered, and the solvent was removed in vacuo, leaving a yellow liquid. Distillation under reduced 

pressure gave a colorless liquid (4.09 g, 95 % yield). 1H NMR (400 MHz, CDCl3) δ 7.90 (d, J = 8.3 

Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.44 (s, 1H), 7.34 (ddd, J = 1.3, 7.1, 7.9 Hz, 1H), 7.29 (ddd, J = 1.4, 

7.1, 8.3 Hz, 1H), 0.44 (s, 9H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 144.3, 141.1, 140.5, 132.03, 

124.0, 123.7, 122.9, 122.1, -8.2 ppm. 

 

2.6.  2-(trimethylstannyl)pyridine 

 
Scheme S6. Synthesis of 2-(trimethylstannyl)pyridine. 

2-(trimethylstannyl)pyridine was synthesized according to the previously reported literatureS6 

with slight modification. To a solution of 2-bromopyridine (0.99 g, 6.3 mmol) in THF (50 mL) was 

added n-butyllithium (1.6 M in hexane, 4.15 mL, 6.64 mmol) dropwise at -78 °C. After the resulting 

mixture had been stirred for 1 h at -78 °C, chlorotrimethylstannane (1.39 g, 7.0 mmol) dissolved in 

THF (10 mL) was slowly added. Then the solution was warmed slowly to room temperature and stirred 

overnight. The mixture was washed with water and extracted with DCM. After that the organic layer 

was dried with Na2SO4. The solution was filtered, and the organic solvent was removed under vacuum. 

Distillation under reduced pressure gave a colorless liquid (1.26 g, 83 % yield). 1H NMR (400 MHz, 

CDCl3) δ 8.74 (ddd, J = 1.1, 1.9, 5.0 Hz, 1H), 7.52 (td, J = 1.8, 7.5 Hz, 1H), 7.45 (dt, J = 1.4, 7.5 Hz, 

1H), 7.14 (ddd, J = 1.5, 4.9, 7.5 Hz, 1H), 0.34 (s, 9H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 173.7, 

150.7, 133.7, 131.8, 122.5, -9.3 ppm. 
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2.7. N,N-dimethyl-4-(trimethylstannyl)aniline 

 
Scheme S7. Synthesis of N,N-dimethyl-4-(trimethylstannyl)aniline. 

N,N-dimethyl-4-(trimethylstannyl)aniline was synthesized according to the previously reported 

literature with slight modification. To a solution of 4-bromo-N,N-dimethylaniline (0.50 g, 2.5 mmol) 

in THF (30 mL) was added n-butyllithium (1.6 M in hexane, 1.65 mL, 2.6 mmol) dropwise at -78 °C. 

After the resulting mixture had been stirred for 1 h at -78 °C, chlorotrimethylstannane (0.5480 g, 2.75 

mmol) dissolved in THF (10 mL) was slowly added. Then the solution was warmed slowly to room 

temperature and stirred overnight. The mixture was washed with water and extracted with DCM. After 

that the organic layer was dried with Na2SO4. The solution was filtered, and the organic solvent was 

removed under vacuum. Distillation under reduced pressure gave a colorless liquid (0.57 g, 81 % yield). 
1H NMR (400 MHz, CDCl3) δ 7.36 (d, J = 8.5 Hz, 2H), 6.76 (d, J = 8.5 Hz, 2H), 2.94 (s, 6H), 0.24 (s, 

9H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 150.9, 136.7, 127.0, 112.9, 40.5, -9.4 ppm. 

 

2.8. Trimethyl(phenyl)stannane 

 
Scheme S8. Synthesis of trimethyl(phenyl)stannane. 

Trimethyl(phenyl)stannane was synthesized according to the previously reported literatureS7 with 

slight modification. Bromobenzene (3.11 g, 20 mmol) was added dropwise to magnesium metal (0.53 

g, 22 mmol) in dry THF (5 mL), initiated by a grain of iodine. After vigorously stirred at room 

temperature for 2 h, chlorotrimethylstannane (4.34 g, 22 mmol) dissolved in THF (10 mL) was slowly 

added and stirred overnight. Then the mixture was treated with saturated NH4Cl and extracted with 

DCM. After that the organic layer was dried with Na2SO4, the solution was filtered, and the solvent 

was removed in vacuo. Distillation under reduced pressure gave a colorless liquid (4.38 g, 76 % yield). 
1H NMR (400 MHz, CDCl3) δ 7.50 (dd, J = 1.9, 7.4 Hz, 2H), 7.38 – 7.29 (m, 3H), 0.29 (s, 9H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ 142.5, 136.0, 128.4, 128.2, -9.5 ppm. 

 

2.9. (4-fluorophenyl)trimethylstannane 

 
Scheme S9. Synthesis of (4-fluorophenyl)trimethylstannane. 

(4-fluorophenyl)trimethylstannane was synthesized according to the previously reported 

literatureS8 with slight modification. 1-bromo-4-fluorobenzene (1.65 mL, 15 mmol) was added 
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dropwise to magnesium metal (0.40 g, 16.5 mmol) in dry THF (5 mL), initiated by a grain of iodine. 

After vigorously stirred at room temperature for 2 h, chlorotrimethylstannane (3.29 g, 16.5 mmol) 

dissolved in THF (10 mL) was slowly added and stirred overnight. Then the mixture was treated with 

saturated NH4Cl and extracted with DCM. After that the organic layer was dried with Na2SO4, the 

solution was filtered, and the solvent was removed in vacuo. Distillation under reduced pressure gave 

a colorless liquid (2.37 g, 61 % yield). 1H NMR (400 MHz, CDCl3) δ 7.44 (dd, J = 6.4, 8.3 Hz, 2H), 

7.05 (dd, J = 8.4, 9.6 Hz, 2H), 0.29 (s, 9H). 13C{1H} NMR (101 MHz, CDCl3) δ 163.5 (d, J = 246.5 

Hz), 137.4 (d, J = 6.6 Hz), 137.3, 115.3 (d, J = 19.1 Hz), -9.3 ppm. 19F{1H} NMR (376 MHz, CDCl3) 

δ -113.3 ppm. 

 

2.10. (4-methoxyphenyl)trimethylstannane 

 
Scheme S10. Synthesis of (4-methoxyphenyl)trimethylstannane. 

(4-methoxyphenyl)trimethylstannane was synthesized according to the previously reported 

literatureS7 with slight modification. 1-bromo-4-methoxybenzene (1.25 mL, 10 mmol) was added 

dropwise to magnesium metal (2.19 g, 11 mmol) in dry THF (5 mL), initiated by a grain of iodine. 

After vigorously stirred at room temperature for 2 h, chlorotrimethylstannane (2.19 g, 11 mmol) 

dissolved in THF (10 mL) was slowly added and stirred overnight. Then the mixture was treated with 

saturated NH4Cl and extracted with DCM. After that the organic layer was dried with Na2SO4, the 

solution was filtered, and the solvent was removed in vacuo. Distillation under reduced pressure gave 

a colorless liquid (2.32 g, 86 % yield). 1H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 8.6 Hz, 2H), 6.93 

(d, J = 8.5 Hz, 1H), 3.81 (s, 3H), 0.27 (s, 9H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 160.1, 137.3, 

137.0, 136.8, 132.6, 114.4, 114.2, 113.9, 55.2, -9.4 ppm. 

 

2.11. (2-methoxyphenyl)trimethylstannane 

 
Scheme S11. Synthesis of (2-methoxyphenyl)trimethylstannane. 

(2-methoxyphenyl)trimethylstannane was synthesized according to the previously reported 

literatureS9 with slight modification. 1-bromo-2-methoxybenzene (1.87 mL, 15 mmol) was added 

dropwise to magnesium metal (0.40 g, 16.5 mmol) in dry THF (5 mL), initiated by a grain of iodine. 

After vigorously stirred at room temperature for 2 h, chlorotrimethylstannane (3.29 g, 16.5 mmol) 

dissolved in THF (10 mL) was slowly added and stirred overnight. Then the mixture was treated with 

saturated NH4Cl and extracted with DCM. After that the organic layer was dried with Na2SO4, the 

solution was filtered, and the solvent was removed in vacuo. Distillation under reduced pressure gave 

a colorless liquid (3.37 g, 83 % yield). 1H NMR (400 MHz, CDCl3) δ 7.38 (dd, J = 1.8, 7.0 Hz, 1H), 
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7.32 (ddd, J = 1.8, 7.4, 8.3 Hz, 1H), 6.98 (td, J = 0.9, 7.2 Hz, 1H), 6.83 (d, J = 8.4 Hz, 1H), 3.79 (s, 

3H), 0.26 (s, 9H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 164.0, 136.5, 130.4, 130.2, 121.1, 109.4, 

55.5, -9.1 ppm. 

 

2.12. Trimethyl(phenylethynyl)stannane 

 
Scheme S12. Synthesis of trimethyl(phenylethynyl)stannane. 

Trimethyl(phenylethynyl)stannane was synthesized according to the previously reported 

literatureS10 with slight modification. To a solution of ethynylbenzene (1.02 g, 10 mmol) in THF (25 

mL) was added n-butyllithium (1.6 M in hexane, 10.5 mL, 6.6 mmol) dropwise at -78 °C. After the 

resulting mixture was stirred at -78 °C for 1 h, chlorotrimethylstannane (2.19 g, 11 mmol) dissolved 

in THF (5 mL) was slowly added to the reaction at -78 °C. The resulting solution was slowly warmed 

to room temperature and stirred overnight. The mixture was washed with water and extracted with 

DCM. The organic layer was dried with Na2SO4. The organic solvent was removed under vacuum. 

Distillation under reduced pressure to give a colorless liquid (2.13 g, 80 % yield). 1H NMR (400 MHz, 

CDCl3) δ 7.50 – 7.41 (m, 2H), 7.33 – 7.26 (m, 3H), 0.36 (s, 9H) ppm. 13C{1H} NMR (101 MHz, CDCl3) 

δ 132.1, 128.3, 128.2, 123.7, 109.1, 93.5, -7.5 ppm. 

 

2.13. 2,5-bis(trimethylstannyl)thiophene (B1) 

 
Scheme S13. Synthesis of B1. 

2,5-bis(trimethylstannyl)thiophene (B1) was synthesized according to the previously reported 

literatureS11 with slight modification. To a solution of 2,5-dibromothiophene (3.98 g, 16.4 mmol) in 

THF (120 mL) was added n-butyllithium (1.6 M in hexane, 21.6 mL, 34.6 mmol) dropwise at -78 °C. 

After the resulting mixture was stirred at -78 °C for 1.5 h. Then chlorotrimethylstannane (7.26 g, 36.43 

mmol) dissolved in THF (10 mL) was slowly added to the reaction at -78 °C. The resulting solution 

was slowly warmed to room temperature and stirred overnight. The mixture was poured into water and 

extracted with DCM. The organic layer was dried with Na2SO4. The organic solvent was removed 

under vacuum. The crude product was further washed by large amount of water to provide pale-white 

solid (6.30 g, 93 % yield). 1H NMR (400 MHz, CDCl3) δ 7.38 (s, 2H), 0.37 (s, 18H) ppm. 13C NMR 

(101 MHz, CDCl3) δ 143.2, 136.0, -8.0 ppm. 
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2.14. 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (B2) 

 
Scheme S14. Synthesis B2. 

5,5'-bis(trimethylstannyl)-2,2'-bithiophene (B2) was synthesized according to the previously 

reported literatureS11 with slight modification. To a solution of 2,2'-bithiophene (2.49 g, 15 mmol) in 

THF (60 mL) was added n-butyllithium (1.6 M in hexane, 21.5 mL, 34.5 mmol) dropwise at -78 °C. 

After the resulting mixture was stirred at -78 °C for 0.5 h, the mixture was slowly warmed to room 

temperature for another 2 h. Then chlorotrimethylstannane (7.47 g, 37.5 mmol) dissolved in THF (10 

mL) was slowly added to the reaction at -78 °C. The resulting solution was slowly warmed to room 

temperature and stirred overnight. The mixture was washed with water and extracted with DCM. The 

organic layer was dried with Na2SO4. The organic solvent was removed under vacuum. The crude 

product was further washed by large amount of water to provide white solid. (6.99 g, 95 % yield). 1H 

NMR (400 MHz, CDCl3) δ 7.27 (d, J = 3.3 Hz, 2H), 7.08 (d, J = 3.4 Hz, 2H), 0.38 (s, 18H) ppm.13C{1H} 

NMR (101 MHz, CDCl3) δ 143.2, 137.2, 136.0, 125.0, -8.1 ppm. 

 

2.15. 5,5''-bis(trimethylstannyl)-2,2':5',2''-terthiophene (B3) 

 
Scheme S15. Synthesis of B3. 

5,5''-bis(trimethylstannyl)-2,2':5',2''-terthiophene (B3) was synthesized according to the previously 

reported literatureS12 with slight modification. To a solution of 2,2':5',2''-terthiophene (2.48 g, 10 mmol) 

in THF (80 mL) was added n-butyllithium (1.6 M in hexane, 15.6 mL, 25 mmol) dropwise at -78 °C. 

After 0.5 h, the resulting mixture was warmed up to room temperature for 2 h. Then 

chlorotrimethylstannane (5.98 g, 30 mmol) dissolved in THF (20 mL) was slowly added. Then the 

solution was slowly warmed to room temperature and stirred overnight. The mixture was washed with 

water and extracted with DCM. After that the organic layer was dried with Na2SO4. The solution was 

filtered, and the solvent was removed under vacuum. The crude product was further washed by 

methanol to provide light yellow solid. (5.08 g, 88 % yield). 1H NMR (400 MHz, CDCl3) δ 7.27 (d, 

2H), 7.09 (d, J = 3.4 Hz, 2H), 7.06 (s, 2H), 0.39 (s, 18H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 

142.9, 137.7, 136.2, 136.1, 124.9, 124.3, -8.1 ppm. 
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3. Reaction condition optimization 

 

General procedure for reaction condition optimization: 

0.5 mL toluene (Tol) was added to a 20 mL oven-dried Schlenk tube to dissolve catalyst (0.025 

mmol, 5 mol%). Then trichlorophosphane (0.44 mL 10 times diluted in Tol, 0.5 mmol, 1 eqv.) was 

added. Then trimethyl(thiophen-2-yl)stannane (0.463 g, 1.875 mmol, 3.75 eqv.) in 0.5 mL Tol was 

added. The reaction was placed to oil bath under corresponding temperature. After 24 h, the reaction 

was cooled to room temperature. The crude product was purified by silica gel chromatography with 

petroleum ether (PE) as eluent to afford colorless liquid. The NMR spectra of compound are in good 

agreement with the literatureS13. 1H NMR (400 MHz, CDCl3) δ 7.58 (dd, J = 1.1, 5.0 Hz, 1H), 7.36 

(ddd, J = 1.1, 3.5, 6.3 Hz, 1H), 7.09 (ddd, J = 1.4, 3.5, 4.9 Hz, 1H) ppm. 13C{1H} NMR (101 MHz, 

CDCl3) δ 135.5 (d, J = 27.6 Hz), 132.0, 128.1 (d, J = 8.3 Hz) ppm. 31P{1H} NMR (162 MHz, CDCl3) 

δ -46.3 ppm. 
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4. Substrate scopes of P-C coupling reactions 

 

General procedure: 

 0.5 mL Tol was added to a 20 mL oven-dried Schlenk tube to dissolve Pd(OAc)2 (0.0056 g, 0.025 

mmol, 0.05 eqv.) Then trichlorophosphane (0.44 mL 10 times diluted in Tol, 0.5 mmol, 1 eqv.) was 

added. Then arylstannane (1.87 mmol, 3.75 eqv.) in 0.5 mL Tol was added. The reaction was placed to 

100 °C oil bath. After 24 h, the reaction was cooled to room temperature. The crude product was 

isolated by silica gel column. 

 

Tri(furan-2-yl)phosphane (2) 

 

NMR yield was calculated to be 75% (tri(furan-2-yl)phosphine oxide included) according to 

quantitative 31P{1H}-NMR spectrum with O=PPh3 (0.0278 g, 0.1 mmol) as an internal standard. The 

crude product was purified by silica gel chromatography with PE as eluent to afford white solid (0.156 

g, 73 % yield). The NMR spectra of compound are in good agreement with the literatureS14. 1H NMR 

(400 MHz, CDCl3) δ 7.66 (d, J = 1.7 Hz, 3H), 6.80 (ddd, J = 0.7, 1.9, 3.1 Hz, 3H), 6.41 (dt, J = 1.8, 

3.4 Hz, 3H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 98.0, 97.7, 90.0 (d, J = 7.5 Hz), 87.0 (d, J = 1.9 

Hz) ppm. 31P{1H} NMR (162 MHz, CDCl3) δ -77.8 ppm. 

 

Tris(1-methyl-1H-pyrrol-2-yl)phosphane (3) 

 

NMR yield was calculated to be 44% according to quantitative 31P{1H}-NMR spectrum with 

O=PPh3 (0.0278 g, 0.1 mmol) as an internal standard. The crude product was purified by silica gel 

chromatography with PE:DCM (dichloromethane) =3:1 as eluent to afford white solid (0.042 g, 31 % 

yield). The NMR spectra of compound are in good agreement with the literatureS15. 1H NMR (400 

MHz, CDCl3) δ 6.82 (q, J = 2.4 Hz, 3H), 6.14 (ddd, J = 1.0, 2.6, 3.6 Hz, 3H), 5.98 (ddd, J = 0.9, 1.8, 

3.6 Hz, 3H), 3.62 (s, 9H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 126.6 (d, J = 3.0 Hz), 125.6 (d, J 

= 10.2 Hz), 118.3 (d, J = 5.0 Hz), 108.5 (d, J = 3.7 Hz), 35.2 (d, J = 12.3 Hz) ppm. 31P{1H} NMR (162 

MHz, CDCl3) δ -73.0 ppm. 
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Triphenylphosphine (4) 

 

The target compound was observed in the crude product, which is consistent with NMR spectra 

reported in the literatureS16. NMR yield was calculated to be 0.4 % according to quantitative 31P{1H}-

NMR spectrum with O=PPh3 (0.0278 g, 0.1 mmol) as an internal standard. 

 

Tris(4-fluorophenyl)phosphane (5) 

 

NMR yield was calculated to be 12 % according to quantitative 31P{1H}-NMR spectrum with 

O=PPh3 (0.0278 g, 0.1 mmol) as an internal standard. The crude product was purified by silica gel 

chromatography with PE as eluent to afford white solid (0.0099 g, 6 % yield). The NMR spectra of 

compound are in good agreement with the literatureS16. 1H NMR (400 MHz, CDCl3) δ 7.25 (ddt, 6H), 

7.06 (ddt, J = 8.9, 6.8, 1.8 Hz, 6H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 163.6 (d, J = 249.4 Hz), 

135.6 (dd, J = 21.3, 8.1 Hz), 132.6 (d, J = 11.4 Hz), 116.1 (dd, J = 20.9, 7.7 Hz) ppm. 31P{1H} NMR 

(162 MHz, CDCl3) δ -9.1 (d, J = 5.2 Hz) ppm. 19F{1H} NMR (376 MHz, CDCl3) δ -111.9 (d, J = 4.7 

Hz) ppm. 

 

Tri(pyridin-2-yl)phosphane (6) 

 

NMR yield was calculated to be 56 % according to quantitative 31P{1H}-NMR spectrum with 

O=PPh3 (0.0278 g, 0.1 mmol) as an internal standard. The crude product was purified by silica gel 

chromatography with DCM:MeOH=20:1 as eluent to afford white solid (0.0747 g, 56 % yield). The 

NMR spectra of compound are in good agreement with the literatureS17. 1H NMR (400 MHz, CDCl3) 

δ 8.72 (dt, J = 1.4, 4.8 Hz, 3H), 7.62 (tt, J = 2.0, 7.7 Hz, 3H), 7.41 (ddt, J = 1.1, 2.1, 7.8 Hz, 3H), 7.22 

(ddt, J = 1.2, 4.8, 7.5 Hz, 3H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 162.0, 150.6 (d, J = 11.9 Hz), 

136.1, 129.4 (d, J = 20.0 Hz), 123.0 ppm. 31P{1H} NMR (162 MHz, CDCl3) δ -0.7 ppm. 
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Tris(benzo[b]thiophen-2-yl)phosphane (7) 

 

NMR yield was calculated to be 70 % according to quantitative 31P{1H}-NMR spectrum with 

O=PPh3 (0.0278 g, 0.1 mmol) as an internal standard. The crude product was purified by silica gel 

chromatography with PE as eluent to afford white solid (0.1561 g, 73 % yield). The NMR spectra of 

compound are in good agreement with the literatureS18. 1H NMR (400 MHz, CDCl3) δ 7.87 – 7.74 (m, 

6H), 7.70 (dd, J = 7.3, 0.8 Hz, 3H), 7.42 – 7.30 (m, 6H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 

144.0, 140.1 (d, J = 9.4 Hz), 138.8 (d, J = 23.7 Hz), 133.3 (d, J = 28.2 Hz), 125.4, 124.7, 124.3, 122.5 

ppm. 31P{1H} NMR (162 MHz, CDCl3) δ -38.7 ppm. 

 

Tris(4-methoxyphenyl)phosphane (8) 

 

NMR yield was calculated to be 12 % according to quantitative 31P{1H}-NMR spectrum with 

O=PPh3 (0.0278 g, 0.1 mmol) as an internal standard. The crude product was purified by silica gel 

chromatography with PE as eluent to afford white solid (0.0171 g, 10 % yield). The NMR spectra of 

compound are in good agreement with the literatureS16. 1H NMR (400 MHz, CDCl3) δ 7.23 (dd, J = 

8.7, 1.4 Hz, 6H), 6.88 (dd, J = 8.7, 1.0 Hz, 6H), 3.80 (s, 9H) ppm. 13C{1H} NMR (101 MHz, CDCl3) 

δ 160.2, 135.8 (d, J = 20.8 Hz), 128.9, 114.3 (d, J = 7.7 Hz), 55.3 ppm. 31P{1H} NMR (162 MHz, 

CDCl3) δ -10.2 ppm. 

 

Tris(2-methoxyphenyl)phosphane (9) 

 

No targeted product was observed in quantitative 31P{1H}-NMR spectrum with O=PPh3 (0.0278 

g, 0.1 mmol) as an internal standard. No target compound was isolated. 
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Tri(benzofuran-2-yl)phosphane (10) 

 

NMR yield was calculated to be 55 % according to quantitative 31P{1H}-NMR spectrum with 

O=PPh3 (0.0278 g, 0.1 mmol) as an internal standard. The crude product was purified by silica gel 

chromatography with PE as eluent to afford white solid (0.0985 g, 52 % yield). The NMR spectra of 

compound are in good agreement with the literatureS14. 1H NMR (500 MHz, CDCl3) δ 7.58 (dd, J = 

1.2, 7.7 Hz, 3H), 7.54 (d, J = 8.3 Hz, 3H), 7.33 (ddd, J = 1.3, 7.1, 8.4 Hz, 3H), 7.28 – 7.26 (m, 3H), 

7.24 (t, J = 7.4 Hz, 3H) ppm. 13C{1H} NMR (126 MHz, CDCl3) δ 158.3 (d, J = 3.2 Hz), 151.0 (d, J = 

4.8 Hz), 128.0 (d, J = 6.5 Hz), 125.7, 123.2, 121.6, 118.5 (d, J = 22.6 Hz), 111.9 ppm. 31P{1H} NMR 

(202 MHz, CDCl3) δ -67.7 ppm. 

 

Tris(phenylethynyl)phosphane (11) 

 

NMR yield was calculated to be 63 % according to quantitative 31P{1H}-NMR spectrum with 

O=PPh3 (0.0278 g, 0.1 mmol) as an internal standard. The crude product was purified by silica gel 

chromatography with PE as eluent to afford white solid (0.1039 g, 62 % yield). The NMR spectra of 

compound are in good agreement with the literatureS20. 1H NMR (400 MHz, CDCl3) δ 7.59 – 7.53 (m, 

6H), 7.40 – 7.30 (m, 9H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 132.3 (d, J = 2.0 Hz), 129.6, 128.5, 

122.2, 105.8 (d, J = 11.4 Hz), 79.5 (d, J = 6.7 Hz) ppm. 31P{1H} NMR (162 MHz, CDCl3) δ -88.3 ppm. 

 

Tris(4-(dimethylamino)phenyl)phosphine (12) 

 

NMR yield was calculated to be 16% according to quantitative 31P{1H}-NMR spectrum with 

O=PPh3 (0.0278 g, 0.1 mmol) as an internal standard. The target compound was observed in the crude 

product according to the 31P chemical shift reported in the literatureS21. The crude product was oxide 

during purification. Oxide compound tris(4-(dimethylamino)phenyl)phosphine oxide was obtained as 

white solid by silica gel chromatography with DCM:MeOH=20:1 as eluent. The NMR spectra of 

compound are in good agreement with the literatureS21. 1H NMR (400 MHz, CDCl3) δ 7.47 (dd, J = 

11.3, 8.9 Hz, 6H), 6.67 (dd, J = 8.9, 2.2 Hz, 6H), 2.98 (s, 18H) ppm. 13C{1H} NMR (101 MHz, CDCl3) 
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δ 152.2, 133.5 (d, J = 11.1 Hz), 119.5 (d, J = 114.7 Hz), 111.3 (d, J = 12.7 Hz), 40.2 ppm. 31P{1H} 

NMR (162 MHz, CDCl3) δ 30.5 ppm. 

 

Synthesis of polymers 

4.1. Synthesis of P1 

   

Scheme S16. Synthesis of P1. 

 Pd(OAc)2 (0.02 g, 0.1 mmol) in 10 mL o-DCB (1,2-dichlorobenzene) was added to a 100 mL 

Schlenk tube charged with trichlorophosphane (0.18 mL, 2 mmol) and 2,5-

bis(trimethylstannyl)thiophene (B1) (1.27 g, 3.1 mmol) in 30 mL o-DCB. The reaction was placed into 

160 °C oil bath. After 3 days, the mixture was filtered in the glovebox and wash with DCM until no 

other impurity peaks were observed in liquid 1H-NMR spectrum. Brown solid (0.289 g, 109 % yield) 

was finally obtained after drying under high vacuum at room temperature. 

 

4.2. Synthesis of P2 

   
Scheme S17. Synthesis of P2. 

Pd(OAc)2 (0.02 g, 0.1 mmol) in 10 mL o-DCB was added to a 100 mL Schlenk tube charged with 

trichlorophosphane (0.18 mL, 2 mmol) and 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (B2) (1.52 g, 

3.1 mmol) in 30 mL o-DCB. The reaction solution was placed to 160 °C oil bath. After 3 days, the 

mixture was filtered in the glovebox and wash with DCM until no other impurity peaks were observed 

in liquid 1H-NMR spectrum. Orange solid (0.54 g, 98% yield) was finally obtained after drying under 

high vacuum at room temperature. 
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4.3. Synthesis of P3 

 

Scheme S18. Synthesis of P3. 

 Pd(OAc)2 (0.01 g, 0.05 mmol) in 5 mL o-DCB was added to a 100 mL Schlenk tube charged with 

trichlorophosphane (0.09 mL, 1 mmol) and 5,5''-bis(trimethylstannyl)-2,2':5',2''-terthiophene (B3) 

(0.89 g, 1.55 mmol) in 15 mL o-DCB. The reaction was placed into 160 °C oil bath. After 3 days, the 

mixture was filtered in the glovebox and wash with DCM until no other impurity peaks were observed 

in liquid 1H-NMR spectrum. Brown solid (0.42 g, 105% yield) was finally obtained after drying under 

high vacuum at room temperature. 

 

4.4. Synthesis of P1Me 

   

Scheme S19. Synthesis of P1Me. 

The P1 solid (0.08 g, 0.55 mmol P atoms in theory) was dispersed in 5 mL DCM and then 

trifluoromethanesulfonate (MeOTf) (0.23 mL, 2 mmol) was added. The mixture was stirred at at room 

temperature for 3 days, then 50 °C for 30 days. After that, the mixture was filtered and washed with 

DCM until no other impurity peaks were observed in liquid 1H-NMR spectrum. Yellow solid (0.1694 

g, 91% yield) was finally obtained after drying under high vacuum at room temperature. 

 

4.5. Synthesis of P2Me 

   

Scheme S20. Synthesis of P2Me. 

The P2 solid (0.14 g, 0.5 mmol P atoms in theory) was dispersed in 5 mL DCM and then 
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trifluoromethanesulfonate (MeOTf) (0.23 mL, 2 mmol) was added. The mixture was stirred at room 

temperature for 3 days. After that, the mixture was filtered and washed with DCM until no other 

impurity peaks were observed in liquid 1H-NMR spectrum. Brown solid (0.20 g, 89% yield) was 

finally obtained after drying under high vacuum at room temperature. 

 

4.6. Synthesis of P3Me 

   

Scheme S21. Synthesis of P3Me. 

The P3 solid (0.19 g, 0.47 mmol P atoms in theory) was dispersed in 5 mL DCM and then 

trifluoromethanesulfonate (MeOTf) (0.23 mL, 2 mmol) was added. The mixture was stirred at room 

temperature for 3 days. After that, the mixture was filtered and washed with DCM until no other 

impurity peaks were observed in liquid 1H-NMR spectrum. Orange solid (0.26 g, 97% yield) was 

finally obtained after drying under high vacuum at room temperature. 

 

4.7. Synthesis of P2O 

   

Scheme S22. Synthesis of P2O. 

The P2 solid (0.18 g, 0.5 mmol P atoms in theory) was diffused in 5 mL DCM and then 5 drops 

of H2O2 (33%, excess) were added. The mixture was stirred at room temperature. After 24 h, the 

mixture was filtered and washed with DCM until no other impurity peaks were observed in liquid 1H-

NMR spectrum. Orange solid (0.19 g, 99% yield) was finally obtained after drying under high vacuum 

at room temperature. 

 

4.8. Synthesis of model compounds 

Tri(thiophen-2-yl)phosphine was synthesized in the reaction condition optimization section. 1H 

NMR (400 MHz, CDCl3) δ 7.58 (dd, J = 1.1, 5.0 Hz, 1H), 7.36 (ddd, J = 1.1, 3.5, 6.3 Hz, 1H), 7.09 

(ddd, J = 1.4, 3.5, 4.9 Hz, 1H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 135.5 (d, J = 27.6 Hz), 132.0, 

128.1 (d, J = 8.3 Hz) ppm. 31P{1H} NMR (162 MHz, CDCl3) δ -46.3 ppm. 



S19 

 

Tri(thiophen-2-yl)phosphine oxide was obtained by treating tri(thiophen-2-yl)phosphine with 

hydrogen peroxide. The compound data was in good agreement with the literatureS22. 1H NMR (400 

MHz, CDCl3) δ 7.77 (dt, J = 4.7, 2.9 Hz, 3H), 7.61 (dd, J = 8.0, 3.6 Hz, 3H), 7.21 (ddd, J = 5.4, 3.5, 

2.0 Hz, 3H) ppm. 13C{1H} NMR (101 MHz, CDCl3) δ 137.1 (d, J = 11.2 Hz), 134.6 (d, J = 128.2 Hz), 

134.5 (d, J = 5.9 Hz), 128.5 (d, J = 15.2 Hz) ppm. 31P{1H} NMR (162 MHz, CDCl3) δ 6.8 ppm. 

 

Methyl-tri(2-thienyl)phosphonium triflate was obtained by treating tri(thiophen-2-yl)phosphine 

with stoichiometric methyl triflate. 1H NMR (400 MHz, CDCl3) δ 8.14 (td, J = 4.9, 1.1 Hz, 3H), 7.98 

(ddd, J = 8.7, 3.9, 1.1 Hz, 3H), 7.42 (ddd, J = 4.9, 3.8, 2.3 Hz, 3H), 2.99 (d, J = 14.0 Hz, 3H) ppm. 
13C{1H} NMR (101 MHz, CDCl3) δ 142.0 (d, J = 12.7 Hz), 139.8 (d, J = 6.4 Hz), 130.9 (d, J = 16.2 

Hz), 120.9 (q, J = 319.6 Hz), 119.0 (d, J = 112.6 Hz), 15.0 (d, J = 63.6 Hz) ppm. 31P{1H} NMR (162 

MHz, CDCl3) δ 3.1 ppm. 19F{1H} NMR (376 MHz, CDCl3) δ -78.2 ppm. 
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5. Theoretical calculation 

All density functional theory (DFT) calculations were performed using Gaussian09 packagesS23 

supported by supercomputer cluster in HPC platform of ShanghaiTech University. Geometry 

optimizations were carried out with B3LYP/g-31g(d) levelS24-S26 in gas-phase, using the SDD 

(Stuttgart/Dresden)S27-S28 effective core potential for Pd and Sn, and the double-ζ quality plus 

polarization 6-31G(d) basis set for all other elements.  

Single-point calculations on the gas-phase-optimized geometries were performed to estimate the 

change in the Gibbs energies in the presence of toluene as solvent using the triple-ζ quality 6-311+G(d) 

basis set including the SDD for Pd and Sn. Solvents effects were taken into account using the solvation 

model based on density (SMD). Gibbs free energies were calculated by Shermo software.S29 

Frequency analysis was also performed at the same level of theory as geometry optimization to 

confirm optimized stationary points were either local minimum or transition state, as well as to evaluate 

zero-point vibrational energies and thermal corrections for enthalpies and free energies at 298.15 K. 

The intrinsic reaction coordinate (IRC) calculations were performed for all transition states at the same 

level to confirm that each transition state links the corresponding reactant and product well. 

For models molecules, all the calculations were performed using Gaussian09 PackagesS23 by 

supercomputer cluster supported by HPC Platform of ShanghaiTech University. Geometry 

optimizations were carried out with RCAM-B3LYP/g-31g(d) level. Single point calculations at TD 

RCAM-B3LYP/6-31(g) scrf = (solvent = dichloromethane) level were performed to reevaluate the 

energy of optimized structures. Structures were generated using GaussView 6.0S24 program. 

  

 

Table S3. TD-DFT data of model molecules at the level of rcam-b3lyp/6-3l+g(d) 

scrf=(solvent=dichloromethane). 

Compound 
LUMO 

[eV] 

HOMO 

[eV] 

S0-S1 

Wavelength (nm) 

Energy gap (eV) 

S0-S1 

Oscillator strength 

M -0.37 -6.83 
310.2 nm 

4.00 eV 
1.07 

MO -0.48 -7.25 
301.3 nm 

4.11 eV 
1.11 

MMe -3.43 -9.78 
320.6 nm 

3.88 eV 
1.15 

M2 -0.63 -6.76 
330.6 nm 

3.75 eV 
1.98 

M2O -0.85 -7.26 
313.1 nm 

3.96 eV 
2.02 

M2Me -2.21 -8.00 
329.9 nm 

3.76 eV 
0.01 
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6. Solid state NMR (ssNMR) characterization of polymers 

 

 

Figure S1. 13C{1H} CP/MAS NMR spectra (101 MHz, 298 K) of P1 and P1Me. 

 

 

 

Figure S2. 13C{1H} CP/MAS NMR spectra (101 MHz, 298 K) of P2, P2Me and P2O. 
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Figure S3. 13C{1H} CP/MAS NMR spectra (101 MHz, 298 K) of P3 and P3Me. 

 

 

 

Figure S4. 19F MAS NMR spectra (376 MHz, 298 K) of P1Me, P2Me and P3Me. 
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7. Fourier transform infrared (FT-IR) spectra of polymers 
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Figure S5. FT-IR spectra of P1, P2 and P3. 
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Figure S6. FT-IR spectra of P1Me, P2Me and P3Me. 
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Figure S7. FT-IR spectra of P2, P2Me and P2O. 

 

 

 

 



S25 

 

 

Figure S8. (a) 31P HPDEC/MAS NMR spectra, (b) 13C{1H} CP/MAS NMR spectra (101 MHz, 298 

K), and (c) FT-IR spectra of P2 and P2’. (d) Time course for photocatalytic H2 evolution under full-

arc and (b)  > 420 nm light illumination using 20 mg photocatalysts of P2 and P2’. 
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8. XPS data of polymers 

 

Table S4. Element ratio of polymers. 

Sample 
Calculated element ratio 

C : P : S : (F : O) 

XPS found element ratio 

C : P : S : (F : O) : Pd 

P1 4 : 1 : 1 5.34 : 1 : 1.33 : 0.038 

P2 8 : 1 : 2 12.55 : 1 : 2.92 : 0.039 

P3 12 : 1 : 3 15.34 : 1 : 4.34 : 0.063 

P1Me 6 : 1 : 1 : (3 : 3) 6.57 : 1: 1.6 : (2.40 : 2.75) : 0.032 

P2Me 10 : 1: 3 : (3 : 3) 14.42 : 1 : 3.99 : (4.19 : 8.11) : 0.044 

P3Me 14 : 1 : 4 : (3 : 3) 18.32 : 1 : 5.35 : (3.54 : 3.42) : 0.047 

P2O 8 : 1 : 2 : (0 : 1) 9.76 : 1 : 2.45 : (0 : 1.99) : 0.029 
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Figure S9. XPS spectra of polymers in the region of (a) C 1s, (b) P 2p, and (c) S 2p. 
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Figure S1. XPS spectra of P1Me, P2Me, P3Me and P2O in the region of (a) F 1s and (b) O 1s. 
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Figure S11. XPS spectra of the residual Pd in polymers in the region of Pd 3d. 
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Table S5. XPS peak analysis results of polymers. 

Peak P1 P2 P3 P1Me P2Me P3Me P2O 

C 1s (CH) 284.30 284.33 284.35 285.28 284.88 284.61 284.46 

C 1s (CF3) - - - 292.09 291.81 291.53 - 

P 2p3 

(PR3) 
130.30 130.41 130.38 131.27 - - - 

P 2p1 

(PR3) 
131.20 131.51 131.28 132.17 - - - 

P 2p3 

(MePR3) 
- - - 133.20 132.73 132.56 - 

P 2p1 

(MePR3) 
- - - 134.10 133.63 133.46 - 

P 2p3 

(O=PR3) 
132.26 133.16 132.80 - - - 132.24 

P 2p1 

(O=PR3) 
133.16 134.24 133.90 - - - 133.14 

S 2p3 (Th) 163.59 163.53 163.58 164.65 164.18 163.92 163.94 

S 2p1 (Th) 164.69 164.74 164.67 165.75 165.33 165.02 165.09 

S 2p (SO3) - - - 168.12 167.84 167.50 - 

S 2p (SO3) - - - 169.31 169.04 168.62 - 

F 1s (CF3) - - - 688.27 688.11 687.77 - 

O 1s (SO3) - - - 531.91 532.07 531.28 - 

O 1s 

(P=O) 
- - - - - - 530.48 

Pd 3d5 337.22 336.58 336.71 338.27 337.62 337.65 337.62 

Pd 3d3 345.22 341.68 342.31 343.48 342.74 342.88 342.89 
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9. Mott–Schottky measurements 
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Figure S2. Mott–Schottky curves of (a) P2, (b) P2Me, (c) P2O and (d) comparison measured at 1 

kHz. 
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10. Thermogravimetric analysis (TGA) of polymers 
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Figure S3. TGA curves of polymers. 
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11. Contact angle measurements 

   

P2: 74.5°        P2Me: 39.5°        P2O: 60.7° 

Figure S4. Water contact angles for pressed pellets of (a) P2, (b) P2Me, and (c) P2O at room 

temperature in air. 
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12. NMR spectra 

 
Figure S15. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of trimethyl(thiophen-2-yl)stannane. 

 
Figure S16. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of trimethyl(thiophen-2-yl)stannane. 
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Figure S17. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of benzo[b]thiophen-2-

yltrimethylstannane. 

 
Figure S18. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of benzo[b]thiophen-2-

yltrimethylstannane. 



S34 

 

 

Figure S19. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of furan-2-yltrimethylstannane. 

 

Figure S20. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of furan-2-yltrimethylstannane. 



S35 

 

 

Figure S21. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of benzofuran-2-yltrimethylstannane. 

 

Figure S22. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of benzofuran-2-

yltrimethylstannane. 
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Figure S23. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 2-(trimethylstannyl)pyridine. 

 

Figure S24. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of 2-(trimethylstannyl)pyridine. 



S37 

 

 

Figure S25. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 1-methyl-2-(trimethylstannyl)-1H-

pyrrole. 

 

Figure S26. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of 1-methyl-2-(trimethylstannyl)-

1H-pyrrole. 
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Figure S27. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of trimethyl(phenyl)stannane. 

 

Figure S28. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of trimethyl(phenyl)stannane. 
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Figure S5. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of (4-fluorophenyl)trimethylstannane. 

 

Figure S30. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of (4-

fluorophenyl)trimethylstannane. 
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Figure S31. 19F{1H}-NMR spectrum (376 MHz, 298 K, CDCl3) of (4-

fluorophenyl)trimethylstannane. 

 

Figure S32. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of (4-methoxyphenyl)trimethylstannane. 
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Figure S33. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of (4-

methoxyphenyl)trimethylstannane. 

 

Figure S34. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of (2-methoxyphenyl)trimethylstannane. 
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Figure S35. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of (2-

methoxyphenyl)trimethylstannane. 

 

Figure S36. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of N,N-dimethyl-4-

(trimethylstannyl)aniline. 
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Figure S37. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of N,N-dimethyl-4-

(trimethylstannyl)aniline. 

 

Figure S38. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of trimethyl(phenylethynyl)stannane. 
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Figure S6. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of trimethyl(phenylethynyl)stannane. 

 

Figure S40. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of B1. 



S45 

 

 

Figure S41. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of B1. 

 

Figure S42. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of B2. 
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Figure S43. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of B2. 

 

Figure S44. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of B3. 
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Figure S45. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of B3. 

 

Figure S46. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 1. 
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Figure S47. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of 1. 

 
Figure S48. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of 1. 
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Figure S49. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 2. 

 

Figure S50. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of 2. 
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Figure S51. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of 2. 

 

Figure S52. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 3. 
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Figure S53. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of 3. 

 

Figure S54. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of 3. 
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Figure S55. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 5. 

 

Figure S56. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of 5. 
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Figure S7. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of 5. 

 

Figure S58. 19F{1H}-NMR spectrum (376 MHz, 298 K, CDCl3) of 5. 
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Figure S59. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 6. 

 

Figure S60. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of 6. 
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Figure S61. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of 6. 

 

Figure S62. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 7. 
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Figure S63. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of 7. 

 

Figure S64. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of 7. 
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Figure S65. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 8. 

 

Figure S8. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of 8. 
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Figure S67. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of 8. 

 

Figure S68. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 10. 
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Figure S9. 13C{1H}-NMR spectrum of 10. 

 

Figure S70. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of 10. 
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Figure S10. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 11. 

 

Figure S72. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of 11. 
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Figure S11. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of 11. 

 

Figure S74. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of 12 oxide. 
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Figure S75. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of 12 oxide. 

 

Figure S 76. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of 12 oxide. 
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Figure S77. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of tri(thiophen-2-yl)phosphine oxide. 

 

Figure S78. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of tri(thiophen-2-yl)phosphine 

oxide. 
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Figure S79. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of tri(thiophen-2-yl)phosphine 

oxide. 

 

Figure S80. 1H-NMR spectrum (400 MHz, 298 K, CDCl3) of methyl-tri(2-thienyl)phosphonium 

triflate. 



S65 

 

 

Figure S81. 13C{1H}-NMR spectrum (101 MHz, 298 K, CDCl3) of methyl-tri(2-

thienyl)phosphonium triflate. 

 

Figure S82. 31P{1H}-NMR spectrum (162 MHz, 298 K, CDCl3) of methyl-tri(2-thienyl)phosphonium 

triflate. 
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Figure S83. 19F{1H}-NMR spectrum (376 MHz, 298 K, CDCl3) of methyl-tri(2-thienyl)phosphonium 

triflate. 
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