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General Methods and Materials.

Manipulations of air- and moisture-sensitive materials were performed under
nitrogen gas using standard Schlenk line techniques. All reagents used in this work were
purchased from commercial suppliers and were used without further purification unless
otherwise noted. All solvents used in the experiments were reagent grades. Dry solvents,
including acetonitrile, tetrahydrofuran, diethyl ether, dichloromethane, and chloroform
were purified by passage through activated alumina. Dimethylformamide (DMF) was
refluxed over CaH: and was distilled under reduced pressure. Fe porphyrins were
synthesized according the reported procedures.!> 'TH NMR spectra were recorded using
a JEOL 400 MHz spectrometer. High-resolution mass spectrometry (HRMS)
experiments were carried out by using a Briikker MAXIS. The samples were dissolved
in methanol for mass spectrometry. UV-vis spectra were obtained using a Hitachi U-
3900H spectrophotometer. The CO and H2 gas generated during electrolysis was

analyzed by Shimadzu gas chromatograph (GC-2014).

Electrochemical Measurements.

All electrochemical experiments were carried out using a CH Instruments (model
CHI 660E Electrochemical Analyzer) at 20 °C. The solution was bubbled with argon or
CO: for at least 30 min before analysis. Cyclic voltammograms (CVs) were acquired
in 0.1 M BusN(PF¢) dry DMF or acetonitrile with a three-compartment cell using a 0.07
cm? glassy carbon (GC) electrode as the working electrode, Ag/AgNOs as the reference

electrode (BASi, 10 mM AgNOs, 0.1 M BuaN(PFs) in acetonitrile), and graphite rod as



the auxiliary electrode. The GC electrode was polished with a-Al2O3 (50 nm) and
washed with distilled H20 and absolute ethanol. Ferrocene was added at the end of the
measurement as an external standard. All potentials reported in this work are referenced
to ferrocene. Electrolysis was performed in a gas-tight electrochemical cell under CO2
with stirring. The 7-mL DMF solution contains 0.1 M BusN(PF¢), and the headspace is
approximately 14 mL. A graphite rod was used as the counter electrode, an Ag/AgNO3
was used as the reference electrode, and a glassy carbon slice (1.0 cm? area) was used
as the working electrode. Before electrolysis, the cell was degassed by bubbling CO2
gas for at least 30 min. The glassy carbon slice was polished with a-Al2O3 powders (50
nm) and rinsed with deionized water and absolute ethanol. After electrolysis, 400 puL of
gas in the cell headspace was sampled by a gas-tight syringe and then analyzed by gas
chromatograph (GC-2014) equipped with a thermal conductivity detector.
FE (%) = (nNF/Q) x 100%

in which # is the mole of product, N is the number of electrons transferred for a specific
product (2 for CO and H2), F is the Faraday constant, and Q is the total charges of

passed during electrolysis.

Details for the measurement of CO; binding constant (Kco,):
CVs were recorded in 0.1 M NBu4(PFs) in dry DMF, first under an atmosphere of
argon and then upon saturation with COz. A fast scan rate (2 V/s) was necessary to

1/0

achieve reversible Fe”” couples under COa. Proton sources (other than adventitious

water) were omitted to prevent subsequent catalytic turnover. Kco, was calculated



based on the difference between the standard potentials under argon and CO2, AE, using

the equation below:

e(f"‘AE)_l

K =
€92 [COo,]

in which /= F/RT = 38.94 V! and [CO2] (for CO2-saturated DMF) is 0.23 M.

Computational Details.

Density functional theory (DFT) calculations were conducted using the Gaussian
16 program.* Geometrical optimizations were performed employing the BP86
functional in conjunction with Grimme’s D3 dispersion correction,””’ utilizing basis
sets of 6-311G(d, p) (for C, N, H, F, O) and Lanl2dz (for Fe).®? Vibrational analyses
were carried out at the same level of theory to validate local minima and assess Gibbs
free energy at room temperature. The polarizable continuum model (PCM) approach

t,lO’”

was applied to account for the solvent environmen employing a dielectric constant

of € = 37.2 for the solution of DMF.
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Fig. S1 '"H NMR spectrum of the porphyrin ligand of FeTPP in CDCls. The solvent

residue peak is labelled (*).
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Fig. S2 "H NMR spectrum of the porphyrin ligand of FeF1oTPP in CDCls. The solvent

residue peak is labelled (*).
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Fig. S3 '"H NMR spectrum of the porphyrin ligand of FeF2oTPP in CDCls. The solvent

residue peak is labelled (*).
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Fig. S4 HRMS of FeTPP in methanol, showing a peak at 668.1646.
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Fig. SS HRMS of FeF19TPP in methanol, showing a peak at 848.0709.
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Fig. S6 HRMS of FeF2oTPP in methanol, showing a peak at 1027.9770.
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Fig. S7 (a) CVs of 0.5 mM FeTPP under argon with different scan rates in DMF. (b)

Plot of the Fe'"! reduction peak current of FeTPP versus the square root of scan rates.

Conditions: 0.1 M BuaN(PFs), GC working electrode, 20°C.
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Fig. S8 (a) CVs of 0.5 mM FeF1oTPP under argon with different scan rates in DMF.

(b) Plot of the Fe'"! reduction peak current of FeF19TPP versus the square root of scan

rates. Conditions: 0.1 M BusN(PFs), GC working electrode, 20°C.
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Fig. S9 (a) CVs of 0.5 mM FeF2TPP under argon with different scan rates in DMF.

(b) Plot of the Fe'"! reduction peak current of FeF29TPP versus the square root of scan

rates. Conditions: 0.1 M BusN(PFs), GC working electrode, 20 °C.
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Fig. S10 TOF plots of FeTPP and FeF1oTPP for CO2RR as determined using the foot-

of-the-wave analysis.
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Fig. S11 CV of 0.5 mM FeTPP in acetonitrile. Conditions: 0.1 M BuaN(PF¢), 100 mV

s ! scan rate.
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Fig. S12 (a) Electrolysis of 0.5 mM FeTPP at —2.10 V with 10 mM phenol under CO2

in DMF. (b) UV-vis spectra of FeTPP before and after electrolysis in DMF.



—
(3]
T

— no catalyst

Current (pA)

A
(3]
T

-2.5 -2.0 -1.5 -1.0 -0.5 0
E (V vs ferrocene)

Fig. S13 CV of the GC electrode after electrolysis measured in a COz-saturated DMF

with phenol but without catalysts. Conditions: 0.1 M BusN(PFs), 100 mV s! scan rate.



80

= theoretical
e experimental

n., (Mmol)
3 3

N
o
T

0 1 1 1 1
0 1000 2000 3000 4000 5000
Time (s)

Fig. S14 Gas chromatography detection of evolved CO during the electrolysis with

FeTPP, giving a Faradaic efficiency of 98% for the CO production.
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Fig. S15 (a) Electrolysis of 0.5 mM FeF1oTPP at —1.90 V with 10 mM phenol under

COz2 in DMF. (b) UV-vis spectra of FeF19TPP before and after electrolysis in DMF.
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Fig. S16 Gas chromatography detection of evolved CO during the electrolysis with

FeF10TPP, giving a Faradaic efficiency of 94% for the CO production.
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Fig. S17 Spin density map of [FeTPP]*", [FeF19TPP]*, and [FeF2TPP]*.



Table S1 Reduction potentials of FeTPP, FeF1oTPP, and FeF2TPP in DMF.

E1 (V vs ferrocene)

complex
Felll/ll Fell/l Fel/ﬂ
FeTPP —-0.59 -1.51 -2.13
FeF10,TPP —0.49 -1.38 -1.94
FeF2TPP -0.42 -1.24 -1.81




Table S2 Summary of the electrochemical properties of FeTPP, FeF 0 TPP, and

FeF29TPP in DMF.
complex TOFmax (s71) Kco: (M) FEco(%)
FeTPP 124 2.07 98
FeF TPP 8.38 1.14 94
FeF2oTPP - 0.26 3




Table S3 The electronic energies of the singlet and triplet spin states (Es and E1) and

the singlet-triplet splitting energies (AEs.t = Es - Er) at the Fe’ state of FeTPP,

FeF19TPP, and FeF»TPP.

Catalysts (at Fe? state) Es (a.u.) Er (a.u.) AEs-T (kcal mol ™)
FeTPP —2036.4535 —2036.4599 4.0
FeF10,TPP -3029.1611 -3029.1672 3.8
FeF20TPP —4021.8656 —4021.8731 4.7




Table S4 The free energy change of COz-binding at the Fe® state (AG+co,) of FeTPP,

FeF19TPP, and FeF»TPP.

Catalysts FeTPP FeF1,TPP FeF,TPP

AG+co, (kcal mol™) -5.6 —4.3 -2.0




Cartesian coordinates of calculated structures

[FeTPP]*

N 1.809 0.867 -0.097 C 7.372  -2.561 0.168 C -3.043 -0.226 -0.252
N -0.860 1.793  0.016 H 8406 -2913 0.218 C 1.643  4.682 -0.042
C -1.643 -4.682 -0.042 C 5.143 -2.685 -0.798 C -2.637 -5.084 0.877
CcC -2229 2075 0.161 C 1.610 6.975 -0.910 H -3.037 -4.344 1.576
C -3440 -2.424 -0.638 C -3.105 -6.404 0.909 C 1.139  3.281 -0.064
H -3903 -3.383 -0.861 C 2638 5084 0878 Fe 0.000 0.000 -0.042
C 1.145 5.653 -0.940 H 3.037 4344 1.576 C -6.935 1.518 1.003
H 0.385 5.355 -1.667 C 6.935 -1.518 1.003 C -4.680 1.644  0.042
C -2592 -7358 0.014 H 7.628 -1.061 1.715 Cc -7372  2.561 0.168
C -1.145 -5.652 -0.940 N 0860 -1.793 0.016 H -8406 2913 0.218
H -0385 -5354 -1.667 N -1.809 -0.867 -0.097 C -5.612 1.068  0.938
C -1.139 -3.281 -0.064 C 3.105 6.403 0.909 C -6.466 3.141 -0.732
C -1.610 -6975 -0911 CcC 2592 7357 0014 H -6.795 3946 -1.396
C -0.215 3.042 0.142 C -1.180 4.065 0484 C -5143 2685 -0.798
C 3.043 0.226 -0.252 H -0.937 5106 0.690 H -4.447 3.132 -1.513
C 1.180 -4.065 0.483 C 2080 2232 -0.285 H 1.209  7.707 -1.617
H 0937 -5.106 0.689 C -3274 1.166 -0.016 H 2958 8388 0.038
C -2.080 -2.232 -0.285 C 4.045 1.164 -0.618 H 3.867  6.692 1.639
C -4.045 -1.164 -0.618 H 5.085 0923 -0.829 H -5277 0.260 1.594
H -5085 -0.923 -0.829 C 3.440 2424 -0.638 H -7.628 1.061 1.715
C 6.467 -3.141 -0.732 H 3903 3383 -0.861 H -3867 -6.692 1.639
C 4680 -1.644 0.042 C 2412 -3472 0499 H -2957 -8.388 0.037
C -2412 3472 0499 H 3370 -3.937 0.724 H -1209 -7.706 -1.619
H -3370 3937 0.725 C 5.612 -1.068  0.938 H 4447 -3.132 -1.513
C 3274 -1.167 -0.016 H 5277 -0.260 1.594 H 6.795 -3.946 -1.396
C 2229 -2.075 0.161 C 0.215 -3.042 0.142
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