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Abstract

Both [CoII(qpy)(H2O)2]
2+ and [FeII(qpy)(H2O)2]

2+ (with qpy = 2,2′:6′,2′′:6′′,2′′′-

quaterpyridine) are efficient homogeneous electrocatalysts and photoelectrocatalysts

for the reduction of CO2 to CO. The Co catalyst is more efficient in the electrochemical

reduction while the Fe catalyst is an excellent photoelectrocatalyst (ACS Catal. 2018,8,

3411–3417). This work uses density functional theory to shed light on the contrasting

catalytic pathways.
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While both catalysts experience primarily ligand-based reductions, the second re-

duction in the Co catalyst is delocalized onto the metal via a metal-ligand bonding

interaction, causing a spin transition and distorted ligand framework. This orbital

interaction explains the experimentally observed mild reduction potential and slow ki-

netics of the second reduction. The decreased hardness and doubly occupied dz2-orbital

facilitate a σ-bond with the CO2-π∗ in an η1-κC binding mode. CO2 binding is only

possible after two reductions resulting in an EEC mechanism (E=electron transfer,

C=chemical reaction), and the second protonation is rate-limiting.

In contrast, the Fe catalyst maintains a Lewis acidic metal center throughout the

reduction process because the metal orbitals do not strongly mix with the qpy-π∗ or-

bitals. This allows to bind the activated CO2 in an η2 binding mode. This interaction

stabilizes the activated CO2 via a π-type interaction of a Fe-t2g orbital and the CO2-π∗

and a dative bond of the oxygen lone pair. This facilitates CO2 binding to a singly

reduced catalyst resulting in an ECE mechanism. The barrier for CO2 addition and

the second protonation are higher than those for the Co catalyst and rate-limiting.

Introduction

The electrochemical reduction of CO2 to CO is a promising pathway for sustainable fuel

production via artificial photosynthesis.1–3 The resulting carbon monoxide can be further

transformed into hydrocarbons using the Fischer-Tropsch process,4 making it one of the most

economically viable products of CO2 reduction out of a variety of possible products.5 Carbon

dioxide is typically electrochemically inert, so proton coupled reductions are necessary to

operate at moderate potentials. Unfortunately, the two-electron two-proton CO2 reduction

reaction (CO2RR) to CO operates at a potential similar to the less desirable hydrogen

evolution reaction (HER).6,7 Consequently, catalysts are required which are ideally efficient

(low overpotential), fast (high turnover frequency (TOF)), substrate selective (CO2RR vs

HER), and cheap (earth abundant materials).
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The main catalytic6 approaches are molecular,8–12 heterogeneous13,14 and biological.15

Heterogeneous catalysts reduce CO2 with high current densities,16 but often suffer from

poisoning and poor substrate selectivity.6,13,14,17 For example, copper is able to reduce CO2

with a high current density but produces a variety of C1 and C2 products with ethylene and

ethanol as the main products,13,18 making mechanistic studies difficult.19,20

Homogeneous catalysts can facilitate electron transfer to CO2 yielding lower overpoten-

tials. Furthermore, the catalyst can stabilize various intermediates and transition states

to accelerate the transformation of CO2. Molecular catalysts yield good TOF, a very high

selectivity (over 90%), and are highly tunable.21–23 The activity of the molecular catalyst

can be dramatically improved by a novel flow cell design. Berlinguette et al. designed a

zero-gap membrane flow reactor which produced CO (from CO2) using a cobalt phthalo-

cyanine catalyst, achieving a current density comparable to a heterogeneous catalyst and a

selectivity of over 95%.24 Alternatively, activity can be improved by incorporating the cata-

lyst into metal/covalent organic frameworks25–28 or attaching the molecular catalyst onto a

surface.29–34

Mechanistic insights in the catalytic pathway are invaluable for rational catalyst design

as they illuminate the origin of activity and selectivity, as well as the cause of any intrinsic

limitations. Both spectroscopic methods and computational chemistry should be employed

to identify possible intermediates, steps in the reaction pathway, activation barriers, and rate

limiting steps. Experimental tools include cyclic voltammetry (CV),35,36 Mössbauer, EPR,37

X-ray spectroscopy/ crystallography,38,39 spectroelectrochemistry,40 and stopped-flow rapid

mixing and transient absorption41 (see references [42] & [10] for a detailed overview). Com-

putational methods such as density functional theory43–46 (DFT) can provide structural and

spectroscopic information on intermediates along with complete catalytic pathways by com-

puting reaction free energies, reduction potentials, pKa values, and barrier heights among

many examples. Detailed computational studies providing mechanistic insights were con-

ducted, for example, by Ye et al. for the nickel cyclam system47 and Carter et al. for the
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rhenium/manganese tricarbonyl-bipyridine system.48–50

The most prominent molecular catalysts for the electrochemical reduction of CO2 to CO

are nickel cyclam,51–54 rhenium/manganese tricarbonyl-bipyridine 55–64 and iron porphyrins

such as FeTPP (TPP = tetraphenylporphyrin) and its derivatives .65–69 Both iron and cobalt

catalysts are especially desirable due to the natural abundance of the central metal, and

notable iron70,71 and cobalt72 based catalysts were developed recently. This makes iron73

and cobalt74 quaterpyridine complexes especially attractive as both complexes are active

CO2 reduction catalysts with an identical ligand framework. Both catalysts are efficient and

selective, meaning both catalysts (or their derivatives) find application in electrochemical75–77

and photoelectrochemical78 reduction of CO2 to various products, even to CH4 (albeit with

a low Faradaic efficiency);79 furthermore, hybrid systems are able to operate efficiently in

water.30,80

Robert et al.75 reported a detailed experimental mechanistic study to investigate the

catalytic pathways of both Fe and Co systems. Interestingly, they proposed distinct pathways

despite an identical ligand framework (see figures 1 (a) and (b)). Therefore, this system

provides a unique opportunity to understand the role of the central metal for each step

throughout a catalytic pathway. In this work, we provide a computational study where we

propose detailed catalytic pathways for both metals in line with the experimental findings of

reference [75] (compare figures 1 (a) and (b) with figures 3 and 9). Furthermore, we provide

an in-depth analysis of the electronic structure of important intermediates to understand the

origin of the different pathways and reactivities, and predict the effect of ligand substituent

groups on the key steps.

Experimental Findings

Robert et al.75 reported two selective and efficient catalysts for the electrochemical reduction

of CO2 to CO: [CoII(qpy)(H2O)2]
2+ and [FeII(qpy)(H2O)2]

2+ with qpy = 2,2′:6′,2′′:6′′,2′′′-

quaterpyridine. The cobalt catalyst shows fast turnover rates (500–33000 s–1). Both are
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extremely selective for CO2RR over HER (>95%) and operate at low overpotentials (140–

240 mV). Furthermore, both are also highly selective and active catalysts for the photo-

chemical conversion of CO2 to CO with selectivity and turnover numbers up to 2600.78

Interestingly, experimental evidence suggests that the two catalysts exhibit different path-

ways despite the identical ligand framework. The experimentally suggested pathway for

[CoII(qpy)(H2O)2]
2+ is as follows: (i) two reductions to form a [Co(qpy)]0 intermediate; (ii)

binding of CO2 resulting in a [Co(qpy)CO2]
0 intermediate; (iii) two protonation steps involv-

ing the C−O bond cleavage and CO release to close the cycle (see figure 1 (a)). The suggested

pathway for [FeII(qpy)(H2O)2]
2+ differs: (i) initial reduction resulting in an [Fe(qpy)]+ in-

termediate; (ii) binding of CO2 to form a [Fe(qpy)CO2]
+ intermediate; (iii) two protonation

and reduction events cleaving one C−O bond of CO2 to form H2O and a singly reduced

[Fe(qpy)CO]+ adduct; (iv) release of CO to close the cycle (see figure 1 (b)). The experi-

mental evidence is summarized in the following paragraphs (potentials were reported versus

SCE but are converted in this work against ferrocene/ferrocenium couple (Fc+/Fc) for con-

sistency using −380 mV81).
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Figure 1: Proposed catalytic pathways by Robert et al.75 for both (a) [FeII(qpy)(H2O)2]
2+

and (b) [CoII(qpy)(H2O)2]
2+ based on experimental observations; the red colored molecular

moiety indicates localization of the excess electrons.

The cobalt based catalyst [CoII(qpy)(H2O)2]
2+ exhibits two reduction waves at −0.95 V
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and −1.18 V vs Fc+/Fc. The first reduction wave is reversible, but the second wave is only

observable at low scan rates, suggesting that a slow water loss occurs before the second

reduction. The addition of phenol during the CV experiments results in coordination of

the acid to the metal center which shifts the second reduction wave to −1.66 V vs Fc+/Fc.

The presence of CO2 does not induce a shift of the first reduction wave. This indicates

no binding of CO2 after only one reduction which is in contrast to the iron system. Con-

trolled potential electrolysis (CPE) at −1.5 V in wet acetonitrile (2% water) with electrolyte

ions and 3 M PhOH showed high selectivity (96% CO and 4% H2) and a high Faradaic

efficiency (FE) of 94%. [CoII(qpy)(H2O)2]
2+ ranks among the fastest homogeneous CO2

reduction catalysts reported to date with a TOFmax up to 33000 s–1 and an overpoten-

tial of 300 mV. This can be compared to the fastest molecular catalyst for CO2 to CO

reduction: Fe-o-TMA, a tetra-TMA substituted FeTPP derivative (TMA = trimethylam-

monio, −NMe +
3 ), with a TOFmax of up to 10 6 s–1 at an overpotential of 220 mV.69 A

second top performing system is [Mn(mesbpy)(CO)3(MCN)]+ (mesbpy = dimesityl-2,2′-

bipyridine) with a TOFmax 630 s–1 at an overpotential of 300 mV.82 It is important to

point out that both the FeTPP39,65–69,83–86 and Mn/Re(bpy)(CO)3 48–50,55–64,82 systems were

extensively studied and thus have optimized ligand frameworks and reaction conditions un-

like the [CoII(qpy)(H2O)2]
2+ and [FeII(qpy)(H2O)2]

2+ systems; see references[69],[75] and[82]

for benchmarking Tafel plots including more (less active) catalysts. A second study76 on

[CoII(qpy)(H2O)2]
2+ revealed that an alternative pathway for CO2RR under different condi-

tions is feasible: at lower acid concentrations (0.1 M PhOH) and a higher applied potential

(−1.98 V vs Fc+/Fc), a second pathway via a triply reduced catalyst is accessible. However,

both FE (77%) and selectivity against HER (77% CO and 20% H2) are decreased.

[FeII(qpy)(H2O)2]
2+ exhibits a reversible first reduction wave at −1.39 V vs Fc+/Fc and

a second reversible reduction at −1.60 V vs Fc+/Fc under argon atmosphere. The first re-

duction wave is positively shifted by 0.021 V and becomes irreversible upon saturation with

CO2. This suggests an EC mechanism: electron transfer (E) followed by the chemical (C)
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addition of CO2 to the iron catalyst. The rate constant was estimated as 82 s–1M–1 based

on the scan rate dependence of the shift (assuming pure kinetic conditions). This corre-

sponds to an activation energy of ∼15 kcal/mol (using transition state theory). Catalysis is

observed after the second reduction at approximately −1.60 V vs Fc+/Fc and is enhanced

with an acid (phenol). On the backward scan an oxidation wave at −1.09 V vs Fc+/Fc was

observed. The shift to more anodic potentials is attributed to a singly reduced carbonyl

species [Fe(qpy)CO]+. The presence of this carbonyl species is further established by CV

experiments under CO atmosphere where a reversible reduction wave at −1.17 V vs Fc+/Fc

is observed, suggesting an EC sequence. In addition, a second reduction wave is observed at

−1.42 V vs Fc+/Fc which corresponds to the reduction of the singly reduced [Fe(qpy)CO]+

species. CPE at −1.6 V vs Fc+/Fc (240 mV overpotential) in wet acetonitrile (2% water)

and 1 M PhOH showed that the catalyst produces CO with over 99% selectivity but with

a low Faradaic efficiency of 48%. However, the FE can be improved to 70% by irradiation

with visible light during the electrolysis. It is conjectured that light promotes CO release

from the [Fe(qpy)CO]+ intermediate over further reduction to [Fe(qpy)CO]0.

Computational Model

All quantum chemical calculations were performed with the Q-Chem package87 (version

5.2.0) using the ωB97X-D88 density functional for all Fe compounds and the B3LYP-D389–92

density functional for all Co compounds. All DFT calculations use a (75, 302) grid (75

radial shells with 302 Lebedev points on each) for the integration of the exchange-correlation

functional. The reason for choosing different functionals is to ensure that the predicted

reduction potentials are in good agreement with the experimentally reported values (see

below for further discussion). Minima and transition state (TS) geometries were verified as

stationary points by harmonic vibrational frequencies.

The geometry optimization and frequency calculations employed a mixed basis (def2-
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SVP for N,C,H, def2-SVPD for O and def2-TZVP basis set for Fe and Co).93 Single point

calculations were performed with the larger def2-TZVPPD basis93 to decrease the basis set

incompleteness errors, consistent with best practices.45

The solvation energies were calculated using the C-PCM model (acetonitrile, ε = 35.88)

as implemented in Q-Chem.94 All molecular orbitals (MOs) were plotted using an isovalue

of 0.03 (blue: positive, red: negative values) and spin densities were visualized using an

isovalue of 0.005 (green: α spin density, gold: β spin density).

The reaction free energies (∆RG), activation energies (∆G‡), reduction potentials, and

pKa values were calculated based on the standard thermodynamic cycles.47 The Gibbs free

energies include enthalpic contributions from the zero-point energy correction and the en-

tropic contribution, which is calculated from the vibrational frequencies at T = 298 K. Sol-

vation energies were approximated using single point calculations with the implicit C-PCM

solvent model.

The gas phase rigid rotor and harmonic oscillator approximations were used for the

entropic contribution to the free energies of CO2 binding. It is known that this approach

can overestimate entropies for species in solution because both translational and rotational

degrees of freedom are reduced by surrounding solvent molecules. The comparison with

experimental entropies (obtained via Henry’s Law) indicate differences of up to 9 kcal/mol

for the free energy of CO2 in solution.95,96 This implies that calculated CO2 binding free

energies are too endergonic.

The calculation of accurate free energies for protonation reactions is difficult due to the

poor description of the solvation energy of protons by implicit solvent models. Therefore, the

experimental value based on the Sackur-Tetrode equation and an estimated solvation energy

of Gsolv(H
+) = −264.6 kcal/mol in acetonitrile was used.97,98 Studies found deviations of

this approach versus experimental values of ± 3 pKA units.99 We tested our computational

protocol for phenol: B3LYP yielded a pKa of 24.8 and ωB97X-D 24.6 which are 4-5 units

lower than the experimental value of 29.1 in acetonitrile.100 In spite of this systematic com-
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putational error, calculated relative pKa values are more reliable because of favorable error

cancellation by removing the experimental free energy of the proton. Thus, calculated pKa

values should mainly be compared against each other. It is important to point out that the

implicit solvation model corresponds to a pure solution of acetonitrile. However, electrolysis

experiments were conducted in a solution of 3 M phenol in acetonitrile, saturated with 1 atm

of CO2, not in pure acetonitrile. Therefore, the actual pKa of possible intermediates under

the experimental conditions should be lower than the calculated values due to several factors:

first, experimental pKa values of acids in mixtures of acetonitrile and water are lower than

in pure acetonitrile.100,101 This decrease in pKa is not accounted for by the implicit solvent

model used in our calculations. Second, the introduction of CO2 to the water-acetonitrile-

phenol mixture lowers the effective pKa of the solution. This occurs via the direct formation

of carbonic acid or complexation between CO2 and OH– . For reference, the experimental

pKa of water-acetonitrile mixtures saturated with carbon dioxide is estimated to be 11.102

Therefore, we report not only the pKa value of the protonation steps but also the free energy

of the protonation reaction coupled to carbonic acid. This is in line with experimental ap-

proaches of determining the overpotential which also use carbonic acid as the proton source.

Even if it is assumed that phenol is involved in the rate limiting barriers (vide supra), the

conjugated base phenolate is reprotonated by the strongest acid in the solution which is

carbonic acid or aqueous CO2.69

We use phenol as the main proton source for calculating reaction barriers involving pro-

tonation reactions as it was added to the reaction mixture in the CPE experiments.75 The

concentration of other proton sources (H+ and H2CO3) is negligible.47 Nonetheless, we also

present the reaction barriers with H2CO3 for the Fe system. These kinetic barriers do not

reflect the experimental conditions. We include them here to illustrate how barriers for the

protonation steps decrease with a stronger acid. The calculated pKa in acetonitrile of H2CO3

(13) is significantly lower than phenol (25). We note that implicit solvation models poorly

describe the solvation of anions where the charge is concentrated, e.g. PhO– . The augmen-
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tation of implicit solvent calculations with explicit water molecules improves the accuracy

as it helps to account for strong short-range hydrogen bonding interactions between the an-

ion and the solvent.103 Hence, adding an explicit water molecule in the pKa calculations to

stabilize the conjugate base PhO– decreases the pKa to 22.

Reduction potentials are reported with an isodesmic scheme against the ferrocene/ferrocenium

couple used as an internal standard.104,105 This methods allows accurate predictions even at

a modest level of theory with reported accuracy of ∼ 100 mV to experimental values.105

We used different functionals for the Fe (ωB97X-D) and Co (B3LYP) complexes as these

functionals provided the best match between predicted and experimentally reported reduc-

tion potentials; see tables S2 and S3 in the supporting information (SI). Unfortunately,

many properties106 of transition metal systems like energetics of ligand dissociation,107,108

adiabatic spin gaps (high spin–low spin)109,110 or reduction potentials111 are sensitive to lim-

itations of approximate Kohn-Sham DFT functionals. In particular, many observables are

quite sensitive to the amount of “exact” exchange (Hartee-Fock exchange), as this parame-

ter strongly affects the extent to which the charge delocalization error (often also described

as self-interaction error) affects a given system-functional pair.112 Thus, a separate choice

of functional for each transition metal complex was necessary to accurately reproduce the

experimental findings. However, our main findings like relative barrier heights (see tables

S4–S9), key MOs (see figure S19), localization of electrons upon reduction (ligand centered

vs. metal centered; see figures S13–S18) and CO2 binding modes (see figure S20 and S21)

are robust to a broad spectrum of suitable functionals unless otherwise noted in the main

text.

Results

We employ a naming scheme which encodes the spin multiplicity (2S+1), the total charge,

the coordination number (CN), a consecutive number X for each intermediate step (1: initial
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complex, 2: CO2 adduct, ...) and an element symbol M (M = Co, Fe) to indicate the central

metal: multiplicity[XM(CN)]charge (see figure 2). As an example, 4[1Co(6)]2+ describes the

initial hexacoordinated diaqua complex [CoII(qpy)(H2O)2]
2+ in the quartet spin state and

overall charge 2+.

NN
CoII

L

C

NN

OO

NN
CoII

L

L

NN
X = 1 NN

CoII

L

C

NN

O

(2S+1) = Multiplicity
 Q        = Charge
 X        = Intermediate Num.
 M       = Co/Fe 
 CN     = Coord. Num.

NN
CoII

L

C

NN

OHO

X = 2 X = 3 X = 4

(2S+1)[XM(CN)]Q

Figure 2: Naming scheme for intermediates used throughout the manuscript.
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Figure 3: Proposed mechanism for the selective CO2 to CO reduction using [Co(qpy)L2]
2+;

the red colored molecular moiety indicates localization of the excess electrons; reaction and
activation energies in kcal/mol; reduction potentials against Fc/Fc+; L = H2O; see figure 2
for the naming conventions.

The proposed catalytic cycle for the electrochemical reduction of CO2 to CO with added
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phenol (3 M) catalyzed by [Co(qpy)(H2O)2]
2+ is depicted in figure 3 (see figure S9 for a more

detailed cycle including a possible third reduction). The first reduction of [Co(qpy)(H2O)2]
2+

(4[1Co(6)]2+, figure 4 (a)) is a ligand based reduction in the low-lying π∗ orbital of the non-

innocent qpy moiety and accompanied by the loss of one aqua ligand forming [Co(qpy)(H2O)]+

(3[1Co(5)]+). The reduction is further stabilized by an antiferromagnetic (afm) coupling to

the high-spin d7 Co(II) center, which rationalizes the low reduction potential. The elec-

tronic structure is illustrated with a schematic MO diagram in figure 6 (a). The calculated

reduction potential is −0.78 V (vs Fc+/Fc), which is in acceptable agreement with the ex-

perimentally measured potential (−0.95 V). The electronic structure is illustrated by the

spin density plot of 3[1Co(5)]+ in figure 4 (c) and can be compared to the spin density of

4[1Co(6)]2+ in figure 4 (b) where the spin density is localized solely on the metal center.

The ligand loss reduces the negative charge on the central metal and allows a stronger afm

coupling. This seems to compensate for the weaker d orbital splitting, maintaining the high

spin state.
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(a) (b)

(c) (d)

Figure 4: (a) Geometry of the unreduced [CoII(qpy)(H2O)2]
2+ (4[1Co(6)]2+); (b) Spin density

of 4[1Co(6)]2+; (c) Spin density of the singly reduced intermediate 3[1Co(5)]+; (d) Spin
density of the doubly reduced intermediate 2[1Co(4)]0. Green and gold colors indicate excess
of α or β spin electron density, respectively.
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The second reduction step is accompanied by the dissociation of the second aqua lig-

and to form [Co(qpy)]0 (2[1Co(4)]0) with a distorted square planar coordination geometry.

Counterintuitively, the weaker d orbital splitting accompanies a spin transition to a low spin

Co resulting in a doublet metal center with a singly occupied dxz type orbital and an empty

dx2−y2 . This surprising result can be explained by a bonding interaction between the metal

and qpy ligand, which stabilizes the second excess electron. The bonding occurs due to the

stabilization of the dxz orbital by coupling with the qpy π∗ orbital. Analysis of the electronic

structure reveals that the second excess electron is strongly delocalized between metal and

ligand. It can be understood as a formally doubly reduced qpy moiety (triplet π∗) and a

doublet CoII (dxz) coupling to an overall doublet with a weak π type metal ligand bond. The

HOMO in the α space is a solely qpy based π∗, but the HOMO−1 exhibits significant metal

contribution (46%) and a π type bonding character between the dyz (which is empty in the

α space) and a qpy π∗. The electronic structure is illustrated in a schematic MO diagram

in figure 6 (b) and the spin density plot in figure 4 (d). Thus, the second electron is highly

delocalized between the metal and the qpy moiety and the reduction cannot be classified as

metal or ligand based. Further evidence for the significant metal contribution in the second

reduction is shown by the comparison of the doublet 2[1Co(4)]0 to the corresponding quartet

4[1Co(4)]0 (uncoupled metal doublet and ligand triplet), which localizes both excess elec-

trons in the qpy ligand. The partial Mulliken charges on Co change by 0.4 from the quartet

state to the doublet state. (The spin contamination of this broken symmetry solution is mild

(〈S2〉 =0.92) which also confirms small contributions of the quartet spin state and a bonding

character between the Co dxz and qpy π∗). Thus, the energetics and overlap of Co dxz and

qpy π∗ allows for an efficient delocalization of the electron over both metal and ligand. The

formation of this bonding interaction significantly shortens Co-N bond distances to 1.93 Å

(from 2.14 Å in 3[1Co(5)]+) which results in a distortion of the qpy framework to avoid

repulsion of two hydrogen atoms (see figure S1 (b)). In contrast, the first reduction from

4[1Co(6)]2+ to 3[1Co(5)]+ does not change the bond distance significantly (2.16 to 2.14 Å).
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The stabilization of the second excess electron via the metal-ligand bond rationalizes the

mild second reduction potential. The calculated reduction potential is −1.13 V (vs Fc/Fc+),

which is in excellent agreement with the experimentally measured potential (−1.18 V). It

is noteworthy that a ligand centered first reduction was also observed in all other possible

spin states; furthermore, these findings are robust with respect to different DFT functionals

(for all possible spin states as well). The doubly reduced doublet species (2[1Co(4)]0) was

also identified as the most stable isomer among all possible doubly reduced isomers, but

the degree of metal-ligand delocalization varied among different density functionals (see

table S1). However, the metal-ligand delocalization observed with the B3LYP functional is

similar to multi-reference active space (CASSCF) calculations (see table S1 and SI section

CASSCF).

Experimentally, the first reduction wave is reversible, but the second one is irreversible

and only visible at slow scan rates. Because of this, Robert et al.75 assign the first reduction

to be metal centered and the second reduction as ligand centered, with a slow loss of H2O

which was also hypothesized by Che et al.74 This is in contrast to our calculations, in which

the first reduction is mainly ligand based and the loss of the first aqua ligand does not change

the spin at the Co center. Thus, the reorganization energy is small, and the electron transfer

is fast. In contrast, the second reduction has significant metal character and also induces

a spin transition from high spin to low spin. Consequently, the reorganization energy is

significantly larger and the kinetics of the electron transfer more sluggish. Thus, we provide

an alternative interpretation of the experimental observations. Further CV experiments

with phenol revealed a binding of phenol to the complex after the first reduction and a

significant shift in the second reduction wave to −1.66 V vs Fc+/Fc (from −1.18 V). This

can be compared to the calculated reduction potential of the second reduction without an

allowed water loss: −1.72 V vs Fc+/Fc from 3[1Co(5)]+ to 4[1Co(5)]0 (assuming the effect of

H2O and PhOH on the d orbital splitting is similar). This highlights the importance of the

ligand loss and the spin transition in order to access the stable doubly reduced intermediate

15



2[1Co(4)]0.

It is noteworthy that a similar reduction pathway was observed by some of us with

experimental evidence for the reduced intermediates in an iron complex with a terpyridine

ligand scaffold.37 Both reductions are ligand based, but the second reduction is accompanied

by the loss of an acetonitrile ligand and a spin transition from a low spin to intermediate spin

iron (S = 2). The metal d orbital mixes strongly with the terpyridine π∗ orbitals, similarly

resulting in a mild reduction potential. The π∗ orbitals of the qpy moiety are even lower

in energy than the terpyridine moiety, which rationalizes that these orbitals are involved in

both reduction steps of [Co(qpy)(H2O)2]
2+.

The catalyst state which binds CO2 is most likely the doubly reduced complex 2[1Co(4)]0

(or 4[1Co(5)]0) because it was not possible to converge a singly reduced CO2 adduct. This

suggests that the catalytic pathway follows an EEC mechanism. CO2 binds to 2[1Co(4)]0 in

the η1-κC binding mode to form [Co(qpy)(CO2−κC)]0 (2[2Co(5)]0) and the binding induces

bending of the CO2 ∠(OCO) angle of 146◦, which indicates the transfer of nearly one electron

into the CO2 moiety as the ∠(OCO) is 134◦ for free CO ·–
2 (see figure 7 (a)). It was not

possible to obtain either an η2 or η1-κO isomer. The spin density plot of 2[2Co(5)]0 shows

little spin polarization on both Co and CO2 and one electron still occupies the qpy π∗ (see

figure 7 (b)). This is also confirmed by the Mulliken spin population which is approximately

0.2 for both Co and CO2. Analysis of the MOs suggests a Co(I) in a d8 configuration

forming a dative σ bond with CO2 via the doubly occupied dz2 and the CO2-LUMO, see

figure 6 (c). The hybrid dz2 + CO2-π∗ MO has ∼ 70% dz2 character. The oxidation state

is confirmed by a localized orbital bonding analysis113 which localizes 3 orbitals with over

90% Co d-character and one d orbital with over 70% Co d-character. The binding is slightly

endergonic but barrierless (∆G = 2.8 kcal/mol). The lowered oxidation state makes Co a

good Lewis base, and the low coordination number stabilizes the dz2 orbital; both factors

seem to facilitate CO2 binding. We probed the effect of adding a single explicit water to

stabilize the reduced CO2 in 2[2Co(5)]0. The structure is depicted in S2 (a) and shows a
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more activated CO2 as the ∠(OCO) slightly decreases. However, the stabilizing effect on

thermodynamics is small as the formation of this complex is thermodynamically neutral.

The CO2 addition becomes significantly more exergonic (−10.7 kcal/mol) under higher acid

concentration and a more negative potential for CPE as this implies a pathway via the

less stable doubly reduced 4[1Co(4)]0. This is in line with the experimental finding that a

potential of −1.5 V vs Fc/Fc+ is required to observe significant catalysis. Our calculation

suggest that additional thermodynamic driving force is necessary as the subsequent reaction

steps (protonation) are endergonic (vide infra).

The subsequent protonation of the CO2 adduct 2[2Co(5)]0 is also barrierless using PhOH

as the proton source with a pKa of 11 and is slightly endergonic coupled to the deprotonation

of H2CO3 (1.9 kcal/mol). Upon proton transfer, both excess electrons localize on the CO2

moiety as the CO2 angle of 121◦ indicates (see figure 8 (a)). The resulting anionic carboxy

intermediate [Co(qpy)(COOH)]+ (2[3Co(5)]+) is stabilized by a dative bond to a low spin

Co(II) central metal. Thus, the addition of a proton source leads to the second reduction

of CO2 via a push-pull mechanism, where the initial reduction of CO2 is achieved by a

“push” from the metal center and the second reduction arises from “pulling” of the acid

associated with the first protonation.114 If phenol is assumed to be the proton source, the

catalytic cycle proceeds most likely via a phenoxide–2[3Co(5)]+ complex. The phenoxide is

then either reprotonated via the reaction with water and CO2 yielding phenol and HCO –
3

or stabilized by a counter-ion (e.g. electrolyte). The free energy for the formation of this

complex is estimated to be 10.6 kcal/mol (see figure S3). Hence, this reaction step could

become slow during long electrolysis experiments when the pH of the reaction increases as

the concentration of CO2 decreases.

The second protonation yields the carbonyl intermediate [Co(qpy)(H2O)(CO)]2+ (2[4Co(6)]2+)

and water with a pKa of 12 which is thermodynamically neutral when coupled to the de-

protonation of H2CO3 (0.2 kcal/mol). The protonation process is coupled to the C−O bond

cleavage; the transition state exhibits a stretched C−O bond (2.12 Å) and is depicted in fig-

17



ure 8. The activation barrier for the reaction is 11.6 kcal/mol, constituting the rate limiting

step in the cycle (corresponding to a rate of ∼20000 s–1). 2[4Co(6)]2+ is not stable since

the high oxidation state of the central metal allows only for a weak backbonding interaction

with CO. Consequently, the dissociation of CO and regeneration of [Co(qpy)(H2O)2]
2+ is

thermodynamically favorable (∆RG = −1.9 kcal/mol). In total, the pathway via 2[1Co(4)]0

exhibits three consecutive endergonic reaction steps and is overall endergonic by 3 kcal/mol.

This could explain why no catalysis is observed at −1.13 V vs Fc/Fc+. Instead at higher

acid concentration and more negative potential the less stable doubly reduced intermediate

4[1Co(5)]0 is accessed which makes CO2 addition, and the whole pathway, exergonic.
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Figure 5: Proposed mechanism for CO2 to CO reduction using [Co(qpy)L2]
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Increasing the applied potential to −1.98 V vs Fc+/Fc enables CO2 reduction at lower

acid concentrations (0.1 M PhOH), albeit with a lower selectivity since a significant amount

of H2 is produced as well (vide infra).76 A possible mechanism at this more negative applied

potential is depicted in figure 5. The third reduction of the initial complex leads to 1[1Co(4)]-

in a singlet ground state with a doubly reduced qpy ligand (in the same orbital) and a d8

Co(I) center. The computed reduction potential is −1.93 V vs Fc/Fc+, which is in excellent

agreement with the experimentally76 predicted reduction potential (−1.89 V vs Fc/Fc+). The

subsequent CO2 addition is exergonic (−5.2 kcal/mol) and has a small barrier of 2.4 kcal/mol.

The adduct binds CO2 also in a κC binding mode (1[2Co(5)]-). This suggests an EEEC

mechanism for CO2 binding. The subsequent first protonation yielding 3[3Co(5)]0 is bar-

rierless and thermodynamically neutral when coupled to deprotonation of H2CO3 with a

pKa of 13. The second protonation yielding the carbonyl complex, 1[4Co(5)]+, is barrierless
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(0.7 kcal/mol) using phenol as the proton source. The process is strongly exergonic with a

pKa of 38 and free energy of −34.5 kcal/mol (when coupled to deprotonation of H2CO3).

The barrier remains low (11.2 kcal/mol) even with water as the proton source which explains

the experimentally observed high activity without the addition of a proton source or at low

phenol concentrations. In this case the main proton source is most likely water. The driving

force for the second protonation is the very stable singly reduced carbonyl which entails an

extremely endergonic CO release (16.8 kcal/mol) to regenerate 3[1Co(5)]+. Thus, the CO

release is slow, the rate limiting step in this alternative pathway and 1[4Co(5)]+ a persistent

intermediate. The carbonyl 1[4Co(5)]+ is likely to accumulate during catalysis which in-

creases the possibility for a further reduction to 2[4Co(5)]0 at −1.28 V vs Fc/Fc+. Then, the

regeneration of the catalyst is significantly less exergonic (12.5 kcal/mol). In addition, the

low solubility of CO and the negative applied potential should further shift the equilibrium

and facilitate the release.

In summary, an alternative pathway involving a third (and fourth reduction) is able

to drive CO2 reduction at a lower acid concentration (0.1 M versus 3 M) but a higher

applied potential (1.98 V versus 1.5 V vs Fc/Fc+). The second protonation and the CO

release are the rate limiting processes. The stability of the carbonyl intermediate allows to

drive the reaction efficiently even with water as the proton source (see figure S11(a)–(c) for

the transition states). Therefore, this catalyst is able to operate efficiently under different

experimental conditions by proceeding via a second mechanism. In both proposed cycles, the

rate-limiting barriers are similar which is in line with the similar experimentally measured

rates despite the distinct conditions.75,76

A connection to the third reduction pathway is accessible at all intermediates as the

reduction of the CO2, CO2H and CO intermediates is possible at potentials lower than

−1.72 V vs Fc/Fc+ (the second reduction at high acid concentration, see figure S9 for a

detailed cycle including a third reduction for every intermediate). Thus, triply reduced

intermediates could accumulate and could be responsible for the generation of H2 as the
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selectivity in the three electron pathway is significantly lower. However, the first protonation

process is barrierless, the barrier for the second protonation barrier is low and the CO release

is barrierless. Therefore, it is unlikely for both 2[4Co(6)]2+ and 2[3Co(5)]+ to persist long

enough in order to get further reduced. This is also in line with experimental observations

as FE for CO2 to CO conversion is 94%.

A possible HER mechanism is depicted in figure S7, starting with a direct protonation

of 2[1Co(4)]0. The formation of a hydride has a pKa of 12 similarly to both protonation

steps in the CO2RR cycle and is thermodynamically neutral (0.2 kcal/mol). However, it

was not possible to find a transition state for the direct formation of a hydride with phenol.

The acid prefers to coordinate to the metal via a dative bond (via O) which can lead to

a possible protonation of a pyridine. This could either be a possible degradation pathway

or HER proceeds via an unconventional pathway which is most likely not competitive with

the barrierless CO2 addition. This is in line with experimental findings as CPE experiments

with the addition of phenol yield over 96% CO. The exact nature of the (minority) HER

mechanism, however, is beyond the scope of this work. The formation of a hydride after three

reductions via 1[1Co(4)]- is exergonic with a pKa of 18 and −7.3 kcal/mol. Furthermore, the

process is barrierless (using phenol as the proton source) which can explain the significant

amount of H2 produced by this pathway.

The in-depth analysis of possible catalytic pathways is a basis for modifications to improve

the catalyst by optimizing the metal-ligand interaction for 2[1Co(4)]0. Performance could

be altered by modifying the energy of the qpy π∗ orbitals by introducing electron donating or

withdrawing substituents. Table 1 shows the effect of three substituents (−NH2, −F, −CN)

on both the reduction potentials and the barrier of the (rate limiting) transition state. We

assume that the introduction of the substituents do not alter the proposed mechanism.

The substituent is introduced twice at the 4′′ and 4′′′ positions (para positions of the two

inner pyridines). We probe both a positive mesomeric effect with −NH2 and a negative

mesomeric effect with −CN. The amino group raises the qpy π∗ orbital energy and this
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consequently increases the reduction potentials significantly. Conversely, the nitrile group

lowers the qpy π∗ orbital energy which reduces the reduction potentials. The first reduction

is more affected since it is mainly ligand based. The effect on the barriers is reversed: the

amino group decreases the barrier whereas the nitrile increases the barrier. Interestingly,

the fluoride group has a weak positive mesomeric effect and negative inductive effect which

decreases both overpotential and the barrier mildly. Furthermore, a fluoride substituent

would increase the solubility in aqueous solutions.

The amino-qpy could both decrease overpotential and increase catalytic activity more

significantly by altering the pathway. The analysis of the unsubstituted complex’s catalytic

pathway suggested that the less stable doubly reduced 4[1Co(5)]0 is accessed under high

acid concentrations and higher applied potentials as these conditions provide important

thermodynamic driving forces for the subsequent reaction steps (vide infra). In case of the

amino-qpy, the increase of the second reduction potential could provide enough thermody-

namic driving force to drive catalysis via the four coordinated doubly reduced intermediate

3[1Co(4)]0 at less negative potential than the unsubstituted complex (via 4[1Co(5)]0). In

addition, the amino substituent decreases the barrier of the rate limiting step substantially.

Hence, the amino group could reduce both the overpotential and increase the rate.

Table 1: Effect of introducing a substituent at the 4′′ and 4′′′ position of the qpy on both
reduction potentials and the barrier of the second protonation (rate limiting step). Reduction
potential in V versus Fc/Fc+, activation energy in kcal/mol using phenol as the proton source.

Substituent E1 E2 ∆G‡

−H −0.78 −1.13 11.6
−NH2 −1.11 −1.31 7.9
−CN −0.24 −0.79 17.7
−F −0.71 −1.08 10.9
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Figure 6: Schematic MO diagram of the important intermediates in the cycle: a) the singly
reduced complex [Co(qpy)(H2O)]+ (3[1Co(5)]+), b) the doubly reduced complex [Co(qpy)]0

(2[1Co(4)]0) and c) the CO2 adduct [Co(qpy)(CO2−κC)]0 (2[2Co(5)]0). The green arrows
indicate the extra electrons due to reduction. The MO in (b) illustrates the delocalized
π type metal (dxz) ligand (π∗) bond to stabilize the excess electron; the MO in panel (c)
illustrates the σ type interaction of the Co-dz2 orbital and the CO2 LUMO leading to the η1
binding mode in [Co(qpy)(CO2−κC)]0.

(a) (b)

Figure 7: (a) Geometrical parameters of [Co(qpy)(CO2)]
0 (2[2Co(5)]0), the doubly reduced

complex that binds CO2, with emphasis on the structural features of the CO2 ligand; (b)
Spin density of the complex, showing most spin density remains on the qpy ligand.
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(a) (b)

Figure 8: (a) Geometrical parameters pertaining to [Co(qpy)(CO2H)]
+ (2[3Co(5)]+), high-

lighting the CO2H ligand and (b) transition state for the second protonation step of
[Co(qpy)(CO2H)], with phenol as the proton donor, emphasizing the structural changes
of the involved species.
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Figure 9: Proposed mechanism for the selective CO2 to CO reduction using [Fe(qpy)L2]
2+;

the red colored molecular moiety indicates localization of the excess electrons; grey arrows
indicate alternative competitive pathways; reaction and activation energies in kcal/mol; re-
duction potentials against Fc/Fc+; L = H2O; see figure 2 for the naming conventions.

The proposed catalytic cycle for the electrochemical reduction of CO2 using [Fe
II(qpy)(H2O)2]

2+

is depicted in figure 9 (a more detailed cycle including a possible third reduction at every in-

termediate step can be found in figure S10). The initial first reduction of [Fe(qpy)(H2O)2]
2+

(5[1Fe(6)]2+) to [Fe(qpy)(H2O)]+ (4[1Fe(5)]+) is a ligand based reduction in the low-lying

π∗ orbital of the non-innocent qpy moiety which is accompanied by the loss of one aqua

ligand (see figure 10 (a)). The electronic structure is illustrated by the spin density plot of

4[1Fe(5)]+ in figure 10 (c) which exhibits an unpaired electron in the π∗ of the qpy ligand

framework antiferromagnetically coupled to the high spin metal (in contrast to the spin den-

sity of 5[1Fe(6)]2+ in figure 10 (b)). The electronic structure is illustrated by the schematic

MO diagram in figure 11 (a). The calculated reduction potential is −1.25 V vs Fc/Fc+ which

is in good agreement with the experimentally measured potential (−1.39 V) but slightly less
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negative. This could suggest that the DFT calculation slightly overestimate the stabiliza-

tion by the afm coupling. It is noteworthy that the potential of the solely ligand based

reduction to the (uncoupled) sextet is −1.41 V, which is in even better agreement with the

experimental potential.

The second reduction is also accompanied by a ligand loss to form [Fe(qpy)]0 (1[1Fe(4)]0).

The square planar coordination geometry induces a spin transition on the Fe(II) from high

spin (S = 2) to intermediate spin (S = 1). Unlike the cobalt catalyst, the second reduction

is ligand based in a second qpy π∗ orbital. The Fe contribution to both qpy π∗ orbitals is

small (5% & 11%). The electronic structure is best described as intermediate spin triplet

Fe(II) coupled to a triplet doubly reduced qpy ligand. The electronic structure is illustrated

by the spin density in figure 10 (d) and a schematic MO-scheme in figure 11 (b). This is

also confirmed by CASSCF calculations as the metal ligand bonding is weaker in 1[1Fe(4)]0

in comparison to 2[1Co(4)]0 (see SI section CASSCF). The computed reduction potential of

−1.58 V vs Fc/Fc+ is in very good agreement with the experimentally measured potential

(−1.60 V75). It is noteworthy, that ligand based reductions were also observed in all other

possible spin states for both reduction events. Furthermore, these findings are robust with

respect to different exchange-correlation functionals (see figures S16–S18).

Experimentally both reduction potentials are reversible with fast kinetics which suggests

minimal structural reorganization. Our computational results show that both reductions are

ligand based with little mixing between the iron d orbitals and qpy π∗ which could explain

the fast kinetics of both reductions. Hence, the Fe d orbitals are not suited to mix strongly

with the π∗ orbitals yielding ligand centered reductions.

The subsequent CO2 binding is possible after either a single reduction event yielding the

CO2 adduct [Fe(qpy)(H2O)(η2−CO2)]
+ (4[2Fe(6)]+) or after two reduction events yielding

[Fe(qpy)(η2−CO2)]
0 (3[2Fe(5)]0). In both cases CO2 binds in an η2 binding mode; no η1-κC

isomer could be located as a minimum structure, and the η1-κO isomers were significantly

higher in energy (first reduction: ∼6 kcal/mol and second reduction: ∼13 kcal/mol). The
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(a) (b)

(c) (d)

Figure 10: (a) Geometry of the unreduced [FeII(qpy)(H2O)2]
2+ (5[1Fe(6)]2+); (b) Spin den-

sity of 5[1Fe(6)]2+; (c) Spin density of the singly reduced intermediate 4[1Fe(5)]+; (d) Spin
density of the doubly reduced intermediate 1[1Fe(4)]0. Green and gold colors indicate excess
of α or β spin electron density, respectively.
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Figure 11: Schematic MO diagram of the important intermediates in the cycle: a) the singly
reduced complex [Fe(qpy)(H2O)]+ (4[1Fe(5)]0), b) the doubly reduced complex [Fe(qpy)]0

(1[1Co(4)]0) and c) the CO2 adduct [Fe(qpy)(η2−CO2]
0 (3[2Fe(5)]0). The green arrows

indicate the extra electrons due reduction. The MOs in (b) illustrate the mainly ligand
based character of the two reductions; the MO in panel (c) illustrate the π type CO2 LUMO
Fe-dyz bond in [Fe(qpy)(η2−CO2)]

0.

binding of CO2 induces a bending of the CO2 angle to 147◦, and the Fe−O bond distance is

slightly elongated in comparison to the Fe−C bond (see figure 12 (a) & (c)).

The electronic structure analysis of 4[2Fe(6)]+ reveals a high spin (quartet) Fe center and

a singly reduced CO ·–
2 radical moiety (see figure 12 (b)). This indicates a charge transfer

from the π∗ orbital of the qpy into the π∗ orbital of the CO2 upon binding. The CO ·–
2

moiety is stabilized by two pathways: first, by delocalizing some electron density from the

CO2-π∗ into the unoccupied (in the β-space) Fe-dxz via a π-type metal ligand bond; second,

by a dative bond of the oxygen lone pair. This bonding situation is illustrated in the MO

scheme in figure 11 (c) (see also figure 17 (b) for the MO of the dative bond). Furthermore,

this binding mode was also observed both experimentally for a nickel complex115 and in

a computational study of a similar iron based catalyst by some of us.71 The η2 binding

mode benefits from a Lewis acidic metal center due to the additional dative bond from the

CO2-oxygen and is able to stabilize the CO ·–
2 moiety after a single reduction event. By

contrast, iron-porphyrin based catalysts are only able to form a CO2 adduct after multiple
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reductions.35,69

The electronic structure of the doubly reduced CO2 adduct 3[2Fe(5)]0 is similar to the

singly reduced 4[2Fe(6)]+ –high spin Fe center and stabilized CO ·–
2 moiety– as indicated by

the similar O−C−O angle, Fe−C and Fe−O bond distances (see figure 12 (c)). The second

excess electron is localized in the qpy ligand framework, and stabilized by afm coupling.

Interestingly, the afm coupling to the reduced qpy ligand moiety decreases the Lewis-acidity

of the Fe center. This weakens the dative bond from the CO2 oxygen lone pair illustrated by

the elongation of the Fe−O bond from 2.19 Å in 4[2Fe(6)]+ to 2.25 Å in 3[2Fe(5)]0 despite

the loss of the water ligand. We gauged the effect of adding an explicit water to stabilize

the activated CO2 for both CO2 adducts (see figures S2 (b) and (c)). The effect is similar

in both cases: the CO2 angle decreases further indicating a more activated CO2 moiety.

The existence of a stable singly and doubly reduced CO2 adduct yields two conceiv-

able pathways: either reduction-CO2-binding-reduction (ECE mechanism) or reduction-

reduction-CO2 binding (EEC mechanism). The binding of CO2 is thermodynamically more

favorable after the first reduction (5.5 kcal/mol versus 8.2 kcal/mol) but endergonic in both

cases. However, binding after a single reduction (ECE) overcomes a significantly lower bar-

rier (by 8.4 kcal/mol) which translates to a reaction rate that is seven orders of magnitude

faster. Both transition states show similar levels of CO2 activation with an O−C−O angle

of 157◦ and a Fe−C bond distance of 2.3 Å. The weaker dative bond for the doubly reduced

adduct 3[2Fe(5)]0 translates also to the TS: the key difference is the much shorter Fe−O

bond distance in the transition state after a single reduction (see figures 13 (a) & (b)) and

could explain the lower barrier after a single reduction. The free energy for CO2 binding

is most likely lower than the reported one due to the overestimation of the calculated en-

tropic contribution of CO2 (see the Computational Model section). The computed reduction

potential of 4[2Fe(6)]+ to 3[2Fe(5)]0 is −1.63 V. This is 0.05 V higher than the predicted

second reduction of the initial complex 1Fe and should therefore be accessible.

Hence, CO2 binding most likely occurs after a single reduction event (ECE mechanism).
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This is in line with experimental findings as CV experiments under CO2 atmosphere lead to

a positive shift and loss of reversibility in the first reduction wave. This suggests a chemical

reaction step after the first reduction. Scan rate dependence studies showed a rate constant

of 82 s–1M–1 which corresponds to a barrier of ∼15 kcal/mol similar to the computed barrier

of 13.9 kcal/mol.

The subsequent protonation of the CO2 adduct 3[2Fe(5)]0 yields the carboxy adduct

[Fe(qpy)(COOH)]+ (5[3Fe(5)]+), the protonation of the singly reduced adduct 4[2Fe(6)]+

is thermodynamically unfavorable. The protonation induces charge transfer of the second

excess electron from the qpy π∗ orbital into the CO2H moiety which also causes a change

in the binding mode from η2 to η1-κC and decreases the O−C−O binding angle to 118◦.

The spin density is localized solely on the Fe-center which implies a doubly reduced CO2H
–

moiety acting as a ligand through the carbon lone pair to a high spin Fe center. The reaction

is thermodynamically favorable by −13.6 kcal/mol (coupled to H2CO3) as indicated by the

high pKa (25), where the main driving force is to restore aromaticity in the qpy ligand.

The activation energy of 1.7 kcal/mol makes this process almost barrierless; the transition

state is depicted in figure 14 (b). The addition of a water molecule is essential to facilitate

a fast protonation step. In the transition state a water molecule significantly facilitates

the protonation as it stabilizes both the conjugate base and the electron localization in the

CO2 moiety. In contrast when the water molecule acts as a sixth ligand, the corresponding

transition state geometry changes significantly (see figure S4) and is higher in energy (over

10 kcal/mol).

The second protonation is accompanied by the cleavage of the C−O bond to form the

carbonyl intermediate [Fe(qpy)(H2O)(CO)]2+(2[4Fe(6)]+) and water. The process is exer-

gonic by −1.4 kcal/mol (coupled to H2CO3), but the pKa is significantly lower (9 units) than

the first protonation. The barrier is the highest in the cycle at 17.9 kcal/mol, making this

step rate limiting. The transition state involves a weak interaction of the phenol with the

metal center resulting in significant distortion in the complex (see figure 14 (c)). The high
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oxidation state results in a weak Fe-CO interaction making the CO release and regeneration

of the catalyst exergonic and barrierless. The protonation steps are summarized in table 2.

The barrier for the second protonation using the stronger acid H2CO3 is 13.2 kcal/mol

which is 4.7 kcal/mol lower than the barrier with phenol (see table 2 and see figure S6 (b)

for the structure of the TS). Consequently, the stronger acid should significantly increase the

catalytic activity. Therefore, a stronger acid could drive the second protonation efficiently

without a further third reduction (vide infra).

Table 2: Possible pathways for the protonation processes in the catalytic cycle for
[FeII(qpy)(H2O)2]

2+. Activation energies (∆G‡ ) are reported in kcal/mol and use phe-
nol as a proton source; ∆G‡ reported in parenthesis correspond to activation energies with
carbonic acid as a proton source.

Reaction pKa ∆G‡

1 st protonation: 3[2Fe(5)]0 +H+ −−→ 5[3Fe(5)]+ 25 1.7
2 nd protonation: 5[3Fe(5)]+ +H+ +L −−→ 1[4Fe(6)]2+ +H2O 16 17.9 (13.2)
2 nd protonation: 4[3Fe(5)]0 +H+ −−→ 2[4Fe(5)]1+ +H2O 24 15.6

The uptake of a third electron is possible for the doubly reduced CO2, CO2H or CO

intermediates. All discussed pathways for a third reduction are summarized in table 3. The

reduction of the CO2 adduct 3[2Fe(5)]0 (resulting in 6[2Fe(5)]-) is unlikely as the computed

reduction potential is more negative than −1.8 V. In contrast, the reduction of the carboxy

intermediate 5[3Fe(5)]+ to 4[3Fe(5)]0 appears at a milder potential with a computed reduc-

tion potential of −1.47 V. This is 110 mV less than the potential required for the second

reduction. The mild potential is readily rationalized as the qpy π∗ orbitals in 5[3Fe(5)]+

are not occupied. In addition, both forward and backward reaction barriers are high (rate

limiting) and consequently the 5[3Fe(5)]+ should accumulate and have a significant lifetime,

making a reduction after a single protonation likely. At last, the third reduction can also

occur for the carbonyl intermediate 1[4Fe(6)]2+ to 2[4Fe(5)]+ at a mild reduction poten-

tial of −0.97 V vs Fc+/Fc which is in good agreement with the experimentally observed

re-oxidation peak at −1.09 V. The additional electron strengthens the backbonding of the
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π acidic carbonyl ligand. However, CO release is exergonic and barrierless for the doubly

reduced carbonyl intermediate 2[4Fe(6)]+; consequently, reduction at that stage is unlikely.

Table 3: Possible pathways for the third reduction in the catalytic cycle for
[FeII(qpy)(H2O)2]

2+. Reduction potential are reported in V against the Fc+/Fc couple. For
reference: the computed second reduction of [FeII(qpy)(H2O)2]

2+ is −1.58 V (from 4[1Fe(5)]+

to 1[1Fe(4)]0)

(Half)-Reaction E0

CO2 intermediate: 3[2Fe(5)]0 +e– −−→ 6[2Fe(5)]- −1.85
CO2H intermediate: 5[3Fe(5)]+ +e– −−→ 4[3Fe(5)]0 −1.47
CO intermediate: 1[4Fe(6)]2+ +e– −−→ 2[4Fe(5)]+ +L −0.97

.

The subsequent second protonation of the triply reduced 4[3Fe(5)]0 is both faster (with

a barrier of 15.6 kcal/mol) and thermodynamically more favorable (with a pKa of 24) than

the second protonation after only two reductions (pKa = 16, barrier: 17.9 kcal/mol) as the

reduction not only destabilizes the reactant, but also stabilizes the product. CO release from

2[4Fe(5)]+ becomes endergonic (2.0 kcal/mol), but barrierless. Thus, the reduction of the

carboxy intermediate 5[3Fe(5)]+ facilitates the second protonation step both kinetically and

thermodynamically (see table 2) albeit at the cost of an endergonic CO release. In addition, a

second reduction (fourth overall) of the carbonyl species 2[4Fe(5)]+ has a calculated potential

of −1.45 V vs Fc+/Fc which is lower than the second reduction of the initial complex,

1Fe. The accumulation of 2[4Fe(5)]+ is observed experimentally by a reoxidation peak

in the CV experiments and is likely to contribute to the low FE of that catalyst (vide

infra). The FE was improved experimentally by irradiation with UV-light which induces a

low to high spin transition and facilitates the CO release versus a further reduction of the

carbonyl intermediate. These findings agree with the CV experiments under CO, where a

further reduction of the singly reduced carbonyl intermediate was observed at −1.42 V to

yield 1[4Fe(5)]0. The calculated free energy for CO dissociation from the doubly reduced

carbonyl 1[4Fe(5)]0 is 5.0 kcal/mol which does not justify the experimental observations that
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(a) (b)

144.2°2.25

2.08

(c)

Figure 12: Geometrical parameters of both possible CO2 adduct intermediates of the Iron
catalyst (a) after one reduction yielding 4[2Fe(6)]+; (b) Spin density of 4[2Fe(6)]+ which
indicates the formation of a CO ·–

2 , (c) after two reductions yielding 3[2Fe(5)]0.

(a) (b)

Figure 13: Geometrical parameters of both transition states yielding the corresponding CO2
adducts of the iron catalyst after (a) one reduction and (b) two reductions.
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1[4Fe(5)]0 poisons the catalyst. However, we find that if the CO release would proceed via

a spin transition on the triplet surface, the minimum energy crossing point of the singlet

and triplet surfaces along the Fe−C bond is over 20 kcal/mol higher in energy (at a Fe−C

bond distance of ∼2.2 Å, see figure S12 (a)). We further note, that 1[4Fe(5)]0 could be

the starting point of a more sophisticated degradation pathway. This was observed for the

nickel cyclam system, where the formation of a NiCO4 was detected and the addition of CO

scavengers increased the activity.54 Another possibility would be the decomposition of the

catalyst yielding metallic iron on the electrode. Further experimental insights are necessary

to determine the exact degradation pathway. We investigated possible intermediates and

found that upon binding of a second carbonyl, a partial dissociation of the qpy is observed

(see figure S12 (b)).

The analysis of a large variety of intermediates showed that two steps in the the catalytic

mechanism can proceed via different channels: (i) the binding of CO2 can occur after one or

two reductions (ECE vs EEC mechanism) – our calculations indicate that the ECE mech-

anism is preferred – (ii) the second protonation can occur after two reductions or after a

third reduction where the latter results in a lower barrier and better thermodynamics at the

cost of an endergonic CO release. The population of both channels depends on the lifetime

of the carboxy intermediate 5[3Fe(5)]+, which should be significant due to the large barriers

for both protonation steps. Hence, a third reduction at this step seems likely for 5[3Fe(5)]+.

The rate limiting step is the second protonation. Similar barrier heights were reported by

Carter et al.48 for the [Re(bpy)(CO)3Cl] catalyst using a comparable computational set-up

and methanol as proton source.

An important aspect of a good CO2 reduction catalyst is the selectivity for CO2RR over

HER. A possible HER mechanism is depicted in the appendix in figure S8. The formation of

a hydride from the proposed active species of the catalyst 6[2Fe(5)]+ is thermodynamically

not favorable as the pKa for this step is negative. If it is assumed that the CO2RR mechanism

proceeds mainly via the ECE channel, then the formation of a hydride should not be possible
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(a)

1.10
1.76

1.35

(b)

(c)

1.76

2.39

1.27
1.12

(d)

Figure 14: Geometrical parameters of (a) the protonated carboxy intermediate 5[3Fe(5)]2+;
(b) the transition state for the first protonation step (quintet surface); (c) the transition
state for the second protonation step using phenol as the proton source after two reduction
steps (quintet surface); (d) the transition state for the second protonation step using phenol
as the proton source after a third reduction (quartet surface).
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and the catalyst can operate even in very acidic conditions with high selectivity. These

findings can be related to the fact that the reductions are mainly ligand based for the Fe

catalyst (vide supra) which yields a Lewis acidic metal center. Hence, the formation of a

hydride is unfavorable. These findings are in line with the experimentally observed high

selectivity of over 99% CO in the CPE experiments.75

The in-depth analysis of possible catalytic pathways, side reactions, and degradation

pathways allows us to rationalize modifications to improve the activity: First, further facili-

tating the endergonic CO2 binding after the first reduction will provide not only more driving

force for CO2 addition but also should result in a high selectivity vs HER even in acidic con-

ditions. Thus, a modification of the ligand framework to stabilize the bound CO2 either via

a well-positioned hydrogen bonding donor,70,71,116 or through electrostatic interactions69 in

the secondary coordination sphere would be beneficial. This concept is well established in

bio-inspired catalyst design to enhance catalytic activity.21,23,117–120 Secondly, to achieve a

higher FE, a singly reduced carbonyl intermediate must be avoided. However, our analysis

shows that a third reduction at the carboxy intermediate is necessary to improve both ki-

netics and thermodynamics of the second protonation step. Alternatively, our calculations

indicate that a stronger acid (e.g. H2CO3) is also capable of driving the second protonation

efficiently without a third reduction; thus, avoiding the accumulation of a reduced carbonyl

intermediate which deactivates a degradation pathway and increases FE.
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Comparison and Discussion

After the in-depth analysis of each system, the Co and Fe catalysts can be compared step-wise

and an energetic diagram comparing the most likely pathways of both catalyst is depicted

in figure 15:

Figure 15: Free energy landscape of the most likely CO2RR pathways of both Coqpy and
Feqpy; for the reduction steps, a potential of −1.6 V vs Fc+/Fc is applied; for the protonation
steps, phenol is used to estimate barriers and carbonic acid for free energies (see main text
for justification); solid lines correspond to intermediate states and dashed lines to transition
states; the energy difference for the total reaction energy in the two cycles stems from using
different functionals as the pKa of H2CO3 is 12.6 with B3LYP-D3 and 14.7 with ωB97X-D.

Reduction: The [CoIIqpy(H2O)2]
2+ catalyst exhibits a ligand-based first reduction and

a highly delocalized second reduction. The second excess electron is stabilized by a π type

metal ligand bond (with significant metal contribution) between a Co t2g type d orbital

and a qpy π∗ orbital (see figure 16 (a)). The second reduction is accompanied by a ligand

loss which induces a spin transition to a low spin state and notable rearrangement of the

ligand framework (twist). These two factors could explain the experimentally observed slow

kinetics for this reduction.

37



The reduction process for the Fe catalyst is markedly different: The [FeIIqpy(H2O)2]
2+

catalyst exhibits two ligand based reductions in the low-lying qpy π∗ orbitals (see fig-

ure 16 (b)). The iron d orbitals are less suitable for mixing with the qpy π∗ orbitals which

results in little metal contribution to the singly and doubly reduced states. This leads to

significantly more negative reduction potentials but faster kinetics. The doubly reduced in-

termediates of both cycles 2[1Co(4)]0 and 3[1Fe(4)]0 are contrasted in the MO diagram in

figure 16.

CO2 Binding: In the cobalt system, the subsequent CO2 binding and activation is fast

(barrierless) and slightly endergonic. The doubly reduced catalyst 2[1Co(4)]0 binds CO2 in

an η1-κC binding mode where a low spin d8 Co(I) center interacts with CO2 via a σ type

bond from the doubly occupied metal dz2 to the CO2 LUMO. The binding of CO2 to a singly

reduced complex was not possible suggesting an EEC mechanism for CO2 binding.

In contrast, the Fe center remains Lewis acidic throughout the reduction process which

governs CO2 binding via an η2 binding mode. The CO ·–
2 moiety is stabilized by two path-

ways: first, by delocalizing some electron density from the CO2-π∗ orbital into the unoccupied

(in the β-space) Fe-dxz orbital via a π-type bond; second, by a dative bond from the oxygen

lone pair. This allows binding and activation of CO2 to a singly reduced catalyst which is

supported by experimental evidence. In both cases the binding and activation process is

endergonic with a significant barrier. However, CO2 binding to a doubly reduced catalyst

much slower. This can be explained by the weakened O−Fe (of the CO2) interaction upon

the second reduction which is already significant in the transition state. The computed

second reduction of the singly reduced CO2 adduct is at a similar potential as the second

reduction of the catalyst. All this taken into account, CO2 binding most likely proceeds via

reduction-CO2 binding-reduction (ECE) mechanism. Two factors can explain why the η2

binding mode is not observed in the Co catalyst: first, the softer Co metal center; second,

the additional d electron in Co (in comparison to Fe) yields doubly occupied t2g type orbitals

in all spin states, thus preventing a π type interaction of the CO2 LUMO and the Co. The
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key MOs for both the Co and Fe CO2 adducts are depicted in figure 17.

Protonation: In the Co system, the first protonation is barrierless yielding a doubly

reduced COOH moiety bound to an unreduced complex. The second protonation is coupled

to the C−O bond cleavage yielding a carbonyl complex and water. This step has a barrier

of 11.6 kcal/mol making it rate limiting (and only barrier) in the cycle.

In the Fe system, both protonation reactions have barriers of 1.7 and 17.9 kcal/mol. The

second protonation is concerted with the C−O bond cleavage and is the rate limiting step.

The barriers are significantly higher for the Fe catalyst, which is in line with the reported

difference in activity.

Regeneration: The subsequent CO release to regenerate the catalyst is exergonic and

barrierless due to the high oxidation state of the central complex in both cases. The Co cata-

lyst has overall only one low barrier (11.6 kcal/mol) which aligns with the high kcat observed

for this catalyst making it one of the fastest molecular CO2 to CO reduction catalysts. The

Fe catalyst on the other hand has two significant barriers, for CO2 addition (13.9 kcal/mol)

and the second protonation (15.6 kcal/mol) rationalizing the lower experimentally observed

kcat.

Possible Third Reduction: For the Co catalyst, an alternative three reduction path-

way (EEEC) is feasible at a more negative potential. In addition, a third reduction is feasible

for each intermediate species at lower potentials than the inital second reduction (see fig-

ure S9). This pathway is able to use water efficiently as the proton source but suffers from

a very endergonic CO release.

For the Fe catalyst, the barriers for both protonation steps result in an accumulation

of the carboxy intermediate which can be further reduced at a mild potential. The third

reduction facilitates the second protonation both thermodynamically and kinetically (barrier:

15.6 kcal/mol); however, the subsequent CO release is slightly endergonic which could lead

to another reduction of the carbonyl intermediate posing a dead end for catalysis. This

could explain the low Faradaic efficiency of the catalyst and the increase of FE due to UV
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irradiation.

Possible Improvements: Based on our proposed cycle for the Co system, further tuning

of the metal-ligand interaction for the doubly reduced intermediate via electron withdrawing

or releasing substituents can alter both the overpotential and catalytic activity: (i) a −F

group slightly decreases both rate limiting barrier and overpotential; (ii) a −NH2 group

markedly increases the reduction potential and also markedly decreases the rate limiting

barrier. This opens up the possibility of entering a pathway via the four coordinated doubly

reduced species (if a non coordinating acid is used). Thus, could increase kcat without an

increase of overpotential by proceeding via a different intermediate.

The ECE mechanism proposed for the Fe system makes it extremely robust against a

possible HER side reaction. The analysis of a possible HER pathway revealed that the

formation of a hydride intermediate from the singly reduced catalyst is only feasible under

extremely acidic conditions. This opens up the possibility to operate with stronger acids

without a loss in selectivity. Our calculations show that the barriers for the rate limiting

second protonation is significantly lower (13.2 kcal/mol); thus, a stronger acid could drive

the reaction effectively without a third reduction. This would increase both FE and max-

imum TOF by avoiding the accumulation of an carbonyl intermediate. Furthermore, the

modification of the ligand framework to incorporate a moiety in the second coordination

sphere could stabilize the bound CO2 (either via electrostatics or hydrogen bonding) and

should facilitate the endergonic CO2 addition.

Conclusion

In summary, we investigated the catalytic mechanisms of the experimentally reported Fe and

Co quaterpyridine molecular electrocatalysts for the two-electron, two-proton reduction of

CO2 to CO using electronic structure calculations (DFT). We report possible catalytic and

degradation pathways which are in line with the detailed experimental efforts of Robert et
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al.75 Furthermore, we provide an in-depth analysis of the electronic structure of intermediates

to understand what factors affect the different pathways of both catalysts.

The [CoIIqpy(H2O)2]
2+ catalyst exhibits a ligand-based first reduction and a highly de-

localized second reduction. The CO2 binding proceeds via η1-κC binding mode, is only

possible after two reductions, and is barrierless (EEC mechanism). The subsequent first

protonation is barrierless as well. The second protonation is rate limiting (11.6 kcal/mol)

followed by a barrierless CO release. The introduction of substituents on the qpy ligand can

decrease overpotential or increase the turnover rates. However, a fluorine substituent can

slightly improve both and could also increase solubility in aqueous solvents. The amino sub-

stituent could also decrease overpotential and turn over rates by proceeding via a different

intermediate.

The [FeIIqpy(H2O)2]
2+ catalyst exhibits two ligand based reductions in the low-lying qpy

π∗ orbitals and binds CO2 in an η2 binding mode. This interaction enables CO2 binding to a

singly and doubly reduced catalyst. The binding of CO2 after a single reduction is kinetically

preferred, suggesting an ECE mechanism. Both protonation steps have significantly higher

barriers than for the Co catalyst, and the second protonation is rate limiting (17.9 kcal/mol).

A third reduction is likely to happen for the carboxy intermediate and reduces the barrier for

the second protonation (15.6 kcal/mol) but results in an endergonic CO release. We show

that the Fe complex could be a more efficient catalyst with a stronger acid without decreased

selectivity towards CO2RR vs HER. This could prevent a third reduction and thus avoid a

possible degradation pathway.

Between the two metal systems, the key difference is the more favorable metal d or-

bital/qpy π∗ orbital interaction in the Co system. This becomes apparent when comparing

the metal character of the doubly reduced intermediates in figure 16. In the Co catalyst, this

leads to greater metal contribution in the first two reductions, resulting in milder reduction

potentials and a softer metal center. The subsequent binding and activation of CO2 relies

on a metal base binding to the nucleophilic carbon of the CO2 in an η1-κC binding mode.
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Binding to a singly reduced Co catalyst was not possible since the metal center is most

likely “stuck in the middle” in terms of Lewis acidity. In case of the Fe catalyst, the metal

center remains Lewis acidic with mainly ligand based reductions. This leads to a different

mechanism of binding and activating CO2 via an η2 binding mode which benefits from a

Lewis acidic metal center that can bind CO2 after a single reduction. The key MOs for both

the Co and Fe CO2 adducts are depicted in figure 17.

Figure 16: Schematic MO diagram of both doubly reduced intermediates a) 2[1Co(4)]0 and
b) 1[1Fe(4)]0. The green arrows indicate the extra electrons due to both reductions. The MO
shown in panel (a) illustrates the delocalized π type metal (dxz) ligand (π∗) bond to stabilize
the excess electron; the MOs in panel (b) illustrate the mainly ligand based character of the
two reductions.
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Figure 17: Schematic MO diagram of both doubly reduced CO2 adducts a) 2[1Co(4)]0 and
b) 3[1Fe(4)]0. The green arrows indicate the extra electrons due to both reductions. The
MO in panel (a) illustrates the σ type interaction of the Co-dz2 orbital and the CO2 LUMO
leading to the η1 binding mode in the Co system; the MOs in panel (b) illustrate the two
ways the CO2 is stabilized in an η2 binding mode in the Fe system: (i) by a π type CO2
LUMO Fe-dxz bond; (ii) by a dative O−Fe bond from the oxygen lone pair.
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