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Figure S1. (a) UV-visible spectra of 50 uM [Ru(tpy)(bpy)(S)I*" 1 in H,O (red line, as

[Ru(tpy)(bpy)(H,0)]*"), CH3;CN (blue line, as [Ru(tpy)(bpy)(NCCH3)]*"), and 10% (v/v)
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H,O/CH3;CN (green line, as [Ru(tpy)(bpy)(NCCH3)]*"). Note the blue and green lines are

overlaid. (b) as in (a) with [Ru(tpy)(Mebim-py)(S)]*" 2.

100

. 80 .
30+ Seo .
& 150,740 = (a) «— (b)
= 20| ou® / = 60+ N\
) 100]  %oz0304050" / N Q) |
S 20 — V2 (mvwz/suz) ’/’\/ / J\/\/ \‘//\\ S . / "“\//r\\
EEY 72 NN ) £ 2 /an
i - i / /,' > / 2 40 1= / / /
W / / = / / /
= 1 ~ [/ /
- /7 / - {11/ /\/
/] ey
3 L/ 10 mvis 2 204 ]/ /—tomvs
N / £ 20 mvis N ‘ ——20mVis
= f 50 mV/s = -1 50 mV/s
© /" ——100 mVis © J —— 100 mV/s
S 200 mV/s e > 200 mV/s
o ——— 500 mV/s s O- — ?ggomr:‘/\//s/s
< e Z —sonmis
T T T 1 T T T 1
0.0 -0.5 -1.0 -1.5 -2.0 0.0 -0.5 -1.0 -1.5 -2.0

E (V vs. NHE) E (V vs. NHE)

Figure S2. Scan rate normalized (i/v""?) cyclic voltammograms of 1 mM 1 (a) and 2 (b) in 0.1 M
"BusNPF¢/CH3CN under CO, at different scan rates. Insets (without normalization) as in the
main figures but under Ar, and plots of i4 for the first reduction peak current vs the square root of

the scan rate (v"?). Electrode, glassy carbon.

The behavior of complexes 1 and 2 under Ar is governed by Randles-Sevcik equation, ig =
0.4463nFA[Ru](anDRu/RT)m. From the plots of iy vs »'? in the insets and Randles-Sevcik

equation, Dg,, the catalyst diffusion coefficient, was calculated to be ~5.2 x 10°° cm?/s.
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Figure S3. Cyclic voltammograms of 1 mM catalyst 1 (a) and 2 (b) in 0.1 M "BusNPF¢/CH;CN

with increasing concentrations of CO, in COy/Ar mixtures. Insets show plots of ic,” at the

catalytic peak potential at E,. =

Electrode, glassy carbon; scan rate, 100 mV/s.
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—1.52 V (a) and —1.46 V (b ) vs [CO;] in CO,/Ar mixtures.

Figure S4. FT-IR spectra of 1 (black line, as [(tpy)(bpy)Ru"(S)]*"), doubly reduced 1 (blue line,

as [(tpy )(bpy )Ru'(S)]”), and doubly reduced 1 followed by addition of CO, (red line, as

[(tpy)(bpy)Ru'(CO,)* 1°). Doubly reduced 1 was generated by electrolysis at a vitreous carbon

electrode with potential held at —1.34 V vs NHE (0.1 M "BuyNPFs, CH;CN) under Ar
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atmosphere. Upon generation of doubly reduced 1, the headspace of the electrolysis cell was
gently purged with CO,. The appearance of a v(COO") stretch at 1675 cm ' in the spectrum

shown in red is

consistent with formation of the metallocarboxylate intermediate
[(tpy)(bpy)RuH(Cozzf)]O formed by addition of CO, to doubly reduced 1. For comparison,

addition of CO; to a solution of 1, green spectrum, results in no spectral difference.
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Figure S5. Cyclic voltammograms at different concentration of 1 (a) and 2 (b) in 0.1 M
"BusNPF¢/CH;CN under CO,. Insets show plots of i at the catalytic peak potential at E, = —

1.52 V (a) and —1.46 V (b) vs [Ru]. Electrode, glassy carbon; scan rate, 100 mV/s.
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Figure S6. As in Figure 3, plot of 1/kcst vs 1/[COz]. kot Was calculated from eq 3a. According to

eq 5b, from the intercept (1/kp), kp =9 s ' and from the intercept-to-slope ratio (kcox/kp), kcor/k-

p=40 M.
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Figure S7. (a) Controlled potential electrolysis of 1 mM 2 in 0.1 M "BusNPF¢/CH;CN
(unstirred) with increasing concentrations of CO; in CO,/Ar mixtures at a glassy carbon
electrode (0.071cm?) at —1.46 V. (b) Plot of i’ (background current subtracted) vs [CO,] in

COy/Ar mixtures. (¢) Plot of 1/key vs 1/[CO2]. ket was calculated from eq 3a. According to eq
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5b, from the intercept (1/kp), kp = 26 s and from the intercept-to-slope ratio (kco/k-p), kco/k-p

=43 M.
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Figure S8. (a) Controlled potential electrolysis of 1 mM 1 at —1.52 V in CO, saturated 0.1 M
"BusNPF¢/CH;CN at a glassy carbon electrode (0.071 cm?). The solution was stirred during
electrolysis. Inset shows UV-visible spectra of 1 before (blue line) and after (red line)
electrolysis and after addition of acid at the end of the electrolysis period (green line). Note the
slight decrease at 455 nm and increase at 485-600 nm in the red line consistent with possible
anation in the shift of the lowest energy MLCT absorption to lower energy. (b) The
corresponding gas chromatogram after electrolysis. The inset shows a magnified view in the

initial 3 min.

Over extended electrolysis periods, as HCO3; /COs*" builds up in solution, the electrolysis
current gradually falls due to the buildup of a precipitate on the electrode with the solution color
gradually turning to purple. These observations are consistent with precipitation of the catalyst as
the CO5” salt and coordination of HCO; /CO5> to give the carbonate or bicarbonate complexes
possibly as [Ru(tpy)(bpy)(OC(0)0)]° or [Ru(tpy)(bpy)(OC(O)OH)]". Addition of dilute HCIO,
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or HNOs regenerates the UV-visible spectrum of the catalyst quantitatively, Figure S8a inset,

and restores electrocatalytic activity.
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Figure S9. (a) C NMR spectrum showing resonances for CO;> /HCO; and HCOO™ as co-

products after electrolysis under CO, (Note that normal CO; and not 13C enriched CO, was used

in the?C NMR experiment.). In a control experiment, there was no evidence in °C spectra for

CO5* /HCOs~ or HCOO™ resonances before electrolysis under the same experimental conditions.

(b) "H NMR spectrum showing the HCOO™ resonance obtained after electrolysis under CO,. A
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vitreous carbon electrode was used for the electrolysis at —1.52 V vs NHE in solution 1 mM in 1

in0.1 M nBU.4NPF6/CH3CN.
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Figure S10. Cyclic voltammograms of 1 mM [Ru(tpy)(bpy)(C1)]” (Inset shows its structure) in
0.1 M "BusyNPF¢/CH;3CN under Ar (red line) and CO, (blue line). The dotted lines are the CVs of
[Ru(tpy)(bpy)(NCCH;)]*" under the same conditions for comparison. Electrode, glassy carbon;
scan rate, 100 mV/s. Under Ar, E, for the first tpy reduction of [Ru(tpy)(bpy)(C1)]" is shifted by
—0.18 V relative to [Ru(tpy)(bpy)(NCCH3)]*" largely due to the decrease in charge. Following
tpy reduction, the bpy-based reduction occurs at the same potential as in

[Ru(tpy)(bpy)(NCCH3)]*" pointing to loss of CI” and substitution by CH3CN solvent.
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Figure S11. Cyclic voltammograms of 1 mM [Ru(Mebimpy)(bpy)(S)]*" (Inset shows its
structure) in 0.1 M "BuyNPF¢/CH;CN under Ar (red line) and CO, (blue line, 10 successive scan

cycles). Electrode, glassy carbon; scan rate, 100 mV/s.
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Figure S12. Cyclic voltammograms of 1 mM 1 in 0.1 M "Bu4yNPF¢/PC under Ar (red line) and

CO; (blue line, 25 successive scan cycles). Electrode, glassy carbon; scan rate, 100 mV/s.
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DFT calculations: The geometric optimization and electronic structures were obtained at the

ub3lyp/lan]2dz level with the Gaussian 03 (G03) program package.'

Figure DFT1. Singly occupied molecular orbital (SOMO) (left) and total spin density (TSD)
(right) for le” reduced [Ru(tpy)(bpy)(NCCH3)]". Both SOMO and TSD are mainly spread over

the tpy ring, indicating that the first reduction occurs at the tpy ligand.

Figure DFT2. HOMO-1(left), HOMO (middle) orbitals, and TSD (right) for the 2e” reduced
complex *[Ru(tpy)(bpy)(CH3CN)]’. The 2e¢ reduced [Ru(tpy)(bpy)(CH3CN)]° complex has two
possible electronic configurations: (1)The two added electrons are paired and both are distributed
over the tpy ring, i.e., the complex is in the singlet state, '[Ru(tpy)(bpy)(CHsCN)]°. (2) The
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second electronis added to the bpy ring, i.e., the complex is in the triplet state,
*[Ru(tpy)(bpy)(CH3CN)]’. The calculated energy for the electron-paired singlet complex is ~85.1
kcal/mol higher than the triplet favoring the triplet as the ground state. The electronic structures
here indicate that, upon two electron reduction, the electrons enter ©* orbitals of the tpy ring and
the bpy ring, respectively. Accordingly, the spin density of *[Ru(tpy)(bpy)(CH;CN)]° is

distributed on both tpy and bpy rings.

Figure DFT3. HOMO for [Ru(tpy)(bpy)(CO,)]’. In contrast to [Ru(tpy)(bpy)(NCCHs)]’
complex, the singlet state of the 2e” reduced [Ru(tpy)(bpy)(CO,)]° complex is more stable than
the triplet by ~9 kcal/mol. The HOMO for [Ru(tpy)(bpy)(COz)]O is located at the coordinated
CO,, consistent with the formulation [Ru'(tpy)(bpy)(CO,>)]’ and the internal 2¢” transfer
reaction shown in eq 1c with internal electron from the tpy and bpy ligands to the coordinated

CO; when CH;CN is substituted by CO; in the 2e” reduced complex.
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Figure DFT4. The electrostatic potential mapped on the surface of molecular electron density
(isodensity, 0.004 ¢) of twice reduced Ru-NCCH; (left) and Ru-CO, (right) complexes.
Electrons are distributed on tpy and bpy rings (red area) of Ru-NCCHj (left), but when the
CH;CN ligand is replaced by CO, (right), the electrostatic potential became negative on the CO,
ligand, indicating the electron move from the tpy and bpy rings to CO; after the substitution of

CH;CN by CO..
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