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General information 

All reactions were carried out in an argon filled glove box or using standard Schlenk techniques 
under nitrogen. All copolymerizations were performed in a 300-mL stainless steel autoclave. 
Ethylene (>99.9%) was purchased from Air Liquide (Shanghai) Compressed Gas Co., Ltd. and used 
as received. Anhydrous toluene was purchased from Adamas and distilled over sodium. Anhydrous 
DMF was purchased from Adamas and used as received. N,N-Diisopropylethylamine was 
purchased from Energy Chemical and distilled over calcium hydride. Sodium and calcium 
hydride were purchased from Sinopharm Chemical Reagent Co., Ltd. 1,3-
Bis(diphenylphosphino)propane (dppp) was purchased from Bidepharm and stored in an argon 
filled glovebox. Benzenesulfonic acid was purchased from Energy Chemical and stored in an argon 
filled glovebox. PdMeCl(cod) and [Ru(Bpy)3]Cl2 were purchased from Innochem and stored in an 
argon filled glovebox. Triethanolamine (TEOA), 2-bromoanisole, dimethoxybenzene, 
chlorodiisopropylphosphine, chlorodicyclohexylphosphane, trichlorophosphane, DL-menthol, 2,6-
lutidine were purchased from Tansoole and used as recived. 1,3-Dimethyl-2-phenyl-2,3-dihydro-
1H-benzo[d]-imidazole (BIH),[1] RuCl2(CO)2(Bpy),[2] [Ru(CO)2(Bpy)2](PF6)2,[3] [Pd]-1,[4] [Pd]-
2,[5] [Pd]-3,[4] [Pd]-4,[4] [Pd]-5,[4] and [Pd]-6[6] was prepared according to literature procedures. 
NMR spectra were recorded on a Quantum-I Plus (1H: 400 MHz, 13C: 101 MHz) NMR spectrometer 
at ambient temperature unless otherwise noted. Chemical shift values for protons are referenced to 
the residual proton resonance of 1,1,2,2-tetrachloroethane-d2 (C2D2Cl4, δ: 6.00). Chemical shift 
values for carbons are referenced to the carbon resonances of 1,1,2,2-tetrachloroethane (C2D2Cl4, δ: 
74.0 ppm). 1H NMR analyses of polymers were performed on ca. 5 wt % solutions of the polymers 
in C2D2Cl4 at 120 °C using a relaxation time of 5.0 s. 13C{1H} NMR analyses of polymers were 
performed on ca. 15 weight% solutions of the polymers and ca. 0.05 M Cr(acac)3 as a relaxation 
agent in 1,1,2,2-tetrachloroethane unlocked at 120 °C. The gas mixture in the headspace was 
analyzed by a Shimadzu GC-2014C gas chromatograph. The gas analysis of the 13C labeling 
experiment was analyzed by an Agilent 7890B-5977B gas chromatographic mass spectrometer 
(GC-MS). Size exclusion chromatography (SEC) analyses were carried out with an EcoSEC (HLC-
8321GPC/HT) and Agilent (PLgel MIXED-B) equipped with refractive index (RI) detector by 
eluting the columns with 1,2-dichlorobenzene at 1.0 mL/min at 145 °C Molecular weights were 
determined using narrow polystyrene standards. Differential scanning calorimetry (DSC) 
measurements of polymers were performed on a DSC 2500 analyzer at a heating and cooling rate 
of 10 °C/min. Thermo-gravimetric analyses of the resulted polymers were measured on TGA8000, 
and the sample was heated at a rate of 10 °C/min. ATR-IR spectra of polymers were measured on a 
Thermo Fisher Nicolet 6700.  
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Experimental procedures 
A representative procedure for photocatalytic CO2 reduction of a CO2/ethylene mixture 
(Table 1, entry 1): A 300 mL stainless steel autoclave with a quartz window and a 30 mL glass 
tube were dried in an oven at 120 °C, and then allowed to cool inside a glovebox. The glass tube 
was charged with [Ru(bpy)3]Cl2 (20 μmol), BIH (500 μmol), 1 mL TEOA, 10 mL DMF, and then 
placed in the autoclave. The autoclave was then sealed, charged with carbon dioxide (0.5 MPa) and 
ethylene (3.0 MPa) and then stirred in an isothermal heating block at 60 °C under radiation of 455 
nm Blue LEDs (10 W) for 3 h. After cooling the autoclave to room temperature, the gas mixture in 
the headspace were analyzed and quantified by a Shimadzu GC-2014C gas chromatograph. The 
column temperature was set to 40 ℃. The carrier gas was argon which was supplied at a flow rate 
of 15.0 mL min-1. A 2.0 m P-N column and a 2.0 m 13-X column were utilized within the gas 
chromatograph. Both a flame ionization detector (FID) equipped with a methanizer and a thermal 
conductivity detector (TCD) were used for gas component quantification (Figure S1). Hydrogen 
was supplied to the FID from a hydrogen generator at a flow rate of 40 mL min-1. Air was also 
supplied to the FID at a flow rate of 300 mL min-1. The standard curve of CO content with integral 
area of FID GC spectra was determined by using the standard gas with 0.01%, 0.02%, 0.04%, 0.06%, 
0.08%, 0.10% CO contents (Figure S2). The CO content in the photocatalytic CO2 reduction 
reaction was quantified according to standard curve. A control experiment in the absence of CO2 
was carried out and no CO was detected by GC after the reaction (Figure S14). 

 

Figure S1. (a) GC-TCD spectra of standard gas (red line, 5 % H2, 5 % CO, 5 % CH4 in Ar) and gas sample for Table 
1, entry 1 (blue line); (b) GC-FID spectra of standard gas (red line, 5 % H2, 5 % CO, 5 % CH4 in Ar) and gas sample 
for Table 1, entry 1 (blueline). 

 

Figure S2. (a) GC spectra of 50 μL standard samples with 0.10%, 0.08%, 0.06%, 0.04%, 0.02% and 0.01% CO 
content, respectively; (b) Standard curve of CO content with integral area of GC spectra (FID). 
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Procedure for a 13C labeling experiment for photocatalytic CO2 reduction: A 20 mL optical 
reactor was charged with [Ru(bpy)3]Cl2 (20 μmol), BIH (50 mM) TEOA (1.0 mL) and DMF (10 
mL), then evacuated and purged with 13CO2 (1 bar). The mixture was stirred at 60 ℃and irradiated 
under 455 nm Blue LEDs (10 W) for 3 h. After cooling to room temperature, the gas products were 
analyzed by an Agilent 7890B-5977B gas chromatographic mass spectrometer. The values of m/z 
were detected as 45 (Figure S3b) and 29 (Figure S3d) according to the gas chromatographic mass 
spectra, which belong to 13CO2 and 13CO, respectively (Figure S3). This experiment indicated that 
CO was derived from in situ CO2 photoreduction. 

 

Figure S3. GC spectrum (a) and relative mass spectrum (b) of 13CO2 from the headspace of reactor after 3 h 
photocatalytic reaction; GC spectrum(c) and relative mass spectrum (d) of 13CO from the headspace of reactor after 
3 h photocatalytic reaction. 

A representative procedure for copolymerization of ethylene and carbon dioxide (Table 2, 
entry 1): A 300 mL stainless steel autoclave with a quartz window and two 30 mL glass tubes were 
dried in an oven at 120 °C, and then allowed to cool inside a glovebox. One glass tube was charged 
with [Ru(bpy)3]Cl2 (20 μmol), BIH (500 μmol), 1 mL TEOA and 10 mL DMF; while the other glass 
tube was charged with [Pd]-1 (10 μmol) and 10 mL toluene. Both of the tubes were then placed in 
the autoclave. The autoclave was then sealed, charged with CO2 (0.5 MPa) and ethylene (3.0 MPa) 
and then stirred in an isothermal heating block at 60 °C under radiation of 455 nm Blue LEDs (10 
W) for 3 h. After cooling the autoclave to room temperature, the excess gas pressure was carefully 
vented in a well ventilated fumehood. The polymerization reaction was quenched by addition of 
methanol (ca. 80 mL). The formed precipitate was filtered and washed with methanol. The obtained 
solid was dried under vacuum at 100 °C for 4 hours. The molecular weight and polydispersity were 
determined by size exclusion chromatography. CO incorporation ratio (i. r.) in mol% from the 1H 
NMR spectra by the integration of the signals for isolated ketone unit (B, 2.42 ppm), alternating 
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copolymer unit (H, 2.70 ppm; F, 2.46 ppm; B = F) and those not adjacent to carbonyl groups. 
Assuming that there is no accumulating alternating ketone unit due to low CO incorporation, 
Isolated carbonyls/Alternating carbonyls (I/A) = (B+F-H)/2H, CO i. r. (%) = 
(B+F+H)/(a+c+d+e+f+g+h+j+n+i+b+2k+m+2o+2p+q+C+G+2B+2F+2H)×100%. 

 

Figure S4. Reaction setup for the copolymer synthesis from CO2 and ethylene. 

Experimental procedure for copolymerization of ethylene with low pressure CO (Table 1, 
entry 6): A 45 mL stainless steel autoclave along with a 30 mL glass tube were dried in an oven at 
120 °C, and then allowed to cool inside a glovebox. The glass tube was charged with [Pd]-1 (10 
μmol), toluene (10.0 mL) and then placed in the autoclave. The autoclave was then sealed, charged 
with CO (2.0 MPa, 10:1), released to atmosphere pressure, and charged with ethylene (3.5 MPa), 
then released to atmosphere pressure, and finally charged with ethylene (3.0 MPa). The autoclave 
was stirred in an isothermal heating block at 60 °C for 3 h. After cooling the autoclave to room 
temperature, the excess gas pressure was carefully vented in a well ventilated fumehood. The 
reaction was quenched by addition of methanol (ca. 80 mL). The formed precipitate was filtered 
and washed with methanol. The obtained solid was dried under vacuum for at 100 °C 4 hours. The 
molecular weight and polydispersity were determined by size exclusion chromatography. CO i. r. 
and I/A selectivity were determined by 1H NMR analysis. 
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Copies of GC spectra of the photocatalytic CO2 reduction 

 

 

 
Figure S5. GC spectrum of the gas mixture obtained in Table 1, entry 1. 
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Figure S6. GC spectrum of the gas mixture obtained in Table 1, entry 2. 
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Figure S7. GC spectrum of the gas mixture obtained in Table 1, entry 3. 
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Figure S8. GC spectrum of the gas mixture obtained in Table 1, entry 4. 
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Figure S9. GC spectrum of the gas mixture obtained in Table 1, entry 5. 
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Figure S10. GC spectrum of the gas mixture obtained in Table 1, entry 6. 
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Figure S11. GC spectrum of the gas mixture obtained in Table 1, entry 7. 
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Figure S12. GC spectrum of the gas mixture obtained in Table 1, entry 8. 
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Figure S13. GC spectrum of the gas mixture obtained in Table 1, entry 9. 
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Figure S14. GC spectrum of the gas mixture for photoreduction in the absence of CO2. 
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Copies of NMR spectra of the polymers 
 

 
Figure S15. 1H NMR spectrum of the polymer obtained in Table 2, entry 1 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC). 

 

 
Figure S16. Quantitative 13C NMR spectrum of the polymer obtained in Table 2, entry 1 (1,1,2,2-tetrachloroethane-

d2, 101 MHz, 120 oC).  
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Figure S17. 1H NMR spectrum of the polymer obtained in Table 2, entry 2 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC). 

 

 
Figure S18. 1H NMR spectrum of the polymer obtained in Table 2, entry 3 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC).  
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Figure S19. 1H NMR spectrum of the polymer obtained in Table 2, entry 4 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC). 

 

 
Figure S20. 1H NMR spectrum of the polymer obtained in Table 2, entry 5 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC).  
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Figure S21. 1H NMR spectrum of the polymer obtained in Table 2, entry 7 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC). 

 

 
Figure S22. 1H NMR spectrum of the polymer obtained in Table 2, entry 8 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC). 
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Figure S23. 1H NMR spectrum of the polymer obtained in Table 2, entry 9 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC). 

 
Figure S24. 1H NMR spectrum of the polymer obtained in Table 2, entry 10 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC). 
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Figure S25. 1H NMR spectrum of the polymer obtained in Table 2, entry 11 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC). 

 
Figure S26. 1H NMR spectrum of the polymer obtained in Table 2, entry 12 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC).  
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Figure S27. 1H NMR spectrum of the polymer obtained in Table 2, entry 13 (1,1,2,2-tetrachloroethane-d2, 400 MHz, 

120 oC). 
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Copies of ATR-IR Spectra 

 
Figure S28. IR spectrum of the polymer obtained in Table 2, entry 1. 

 

 

 

Figure S29. IR spectrum of the polymer obtained in Table 2, entry 2. 
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Figure S30. IR spectrum of the polymer obtained in Table 2, entry 3. 

 

 

 
Figure S31. IR spectrum of the polymer obtained in Table 2, entry 4. 

  



S25 

 
Figure S32. IR spectrum of the polymer obtained in Table 2, entry 5. 

 

 

 
Figure S33. IR spectrum of the polymer obtained in Table 2, entry 7. 
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Figure S34. IR spectrum of the polymer obtained in Table 2, entry 8. 

 

 

 
Figure S35. IR spectrum of the polymer obtained in Table 2, entry 9. 
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Figure S36. IR spectrum of the polymer obtained in Table 2, entry 10. 

 

Figure S37. IR spectrum of the polymer obtained in Table 2, entry 11. 
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Figure S38. IR spectrum of the polymer obtained in Table 2, entry 12. 

 
 

 
Figure S39. IR spectrum of the polymer obtained in Table 2, entry 13. 
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TGA curve and DSC Trace 

 

 

 
Figure S40. TGA curve (a) and DSC Trace (b) of the polymer obtained in Table 2, entry 1. 

 

 

 

 
Figure S41. TGA curve (a) and DSC Trace (b) of the polymer obtained in Table 2, entry 11. 
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Copies of SEC Charts 

 

 

 

 
Figure S42. SEC chart of the polymer obtained in Table 2, entry 1. 
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Figure S43. SEC chart of the polymer obtained in Table 2, entry 2. 
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Figure S44. SEC chart of the polymer obtained in Table 2, entry 3. 

  



S33 

 
 
 
 
 

 
Figure S45. SEC chart of the polymer obtained in Table 2, entry 4. 
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Figure S46. SEC chart of the polymer obtained in Table 2, entry 5. 
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Figure S47. SEC chart of the polymer obtained in Table 2, entry 7. 
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Figure S48. SEC chart of the polymer obtained in Table 2, entry 8. 
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Figure S49. SEC chart of the polymer obtained in Table 2, entry 9. 
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Figure S50. SEC chart of the polymer obtained in Table 2, entry10. 
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Figure S51. SEC chart of the polymer obtained in Table 2, entry 11. 
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Figure S52. SEC chart of the polymer obtained in Table 2, entry 12. 
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Figure S53. SEC chart of the polymer obtained in Table 2, entry 12. 
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