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ABSTRACT: [Fe(tpyPY2Me)]2+ ([Fe]2+) is a homogeneous electrocatalyst for converting CO2 into CO featuring low overpoten-
tials of <100 mV, near-unity selectivity, and high activity with turnover frequencies faster than 100,000 s–1. To identify the 
origins of its exceptional performance and inform future catalyst design, we report a combined computational and experi-
mental study that establishes two distinct mechanistic pathways for electrochemical CO2 reduction catalyzed by [Fe]2+ as a 
function of applied overpotential. Electrochemical data shows the formation of two catalytic regimes at low (TOF/2 of 160 mV) 
and high (TOF/2 of 590 mV) overpotential plateaus. We propose that at low overpotentials [Fe]2+ undergoes a two-electron 
reduction, two-proton transfer mechanism (electrochemical-electrochemical-chemical-chemical, EECC), where turnover oc-
curs through the dicationic iron complex, [Fe]2+. Computational analysis supports the importance of the singlet ground state 
electronic structure for CO2 binding and that the rate-limiting step is the second protonation in this low-overpotential regime. 
When more negative potentials are applied, an additional electron transfer event occurs through either a stepwise or proton-
coupled electron transfer (PCET) pathway, enabling catalytic turnover from the monocationic iron complex ([Fe]+) via an 
electrochemical-chemical-electrochemical-chemical (ECEC) mechanism. Comparison of experimental kinetic data obtained 
from variable controlled potential electrolysis (CPE) experiments with direct product detection with calculated rates obtained 
from the energetic span model support the PCET pathway as the most likely mechanism. Moreover, we build upon this mech-
anistic understanding to propose the design of an improved ligand framework that is predicted to stabilize the key transition 
states identified from our study and explore their electronic structures using an energy decomposition analysis. Taken to-
gether, this work highlights the value of synergistic computational/experimental approaches to decipher mechanisms of new 
electrocatalysts and direct the rational design of improved platforms 

INTRODUCTION 

Increasing energy demands and global climate change mo-
tivate the need for technologies that capture and utilize at-
mospheric carbon dioxide (CO2) and convert it into value-
added carbon products.1–3 In this context, the electrochem-
ical reduction of CO24,5 offers a promising way to restore bal-
ance to the carbon cycle and develop a net negative carbon 
footprint if these technologies can be coupled to renewable 
sources of electricity. A diverse array of upgraded carbon 
products for the electrochemical CO2 reduction reaction 
(CO2RR) include CO, CH3OH, and CH4.6 Of these products, the 
two-electron two-proton reduction of CO2 to CO is econom-
ically most viable due to its usage in the Fischer-Tropsch 
process.7  

 In order to realize the goal of sustainable electrochem-
ical carbon capture and conversion, efficient catalysts are 
required to selectively drive CO2 reduction versus the ther-
modynamic and kinetically competitive hydrogen evolution 
reaction (HER).5,8 The electrochemical CO2 reduction reac-
tion has been extensively explored across materials,9 bio-
logical,10 and molecular systems.11 Molecular electrocata-
lysts are of particular interest as they are ideal platforms 
that can be rationally and systematically tuned through syn-
thetic chemistry12–14 with a level of precision and in the 

absence of defects that is unavailable to heterogeneous con-
geners.9,15 Moreover, owing to their small size relative to en-
zymes and their homogeneous nature, they can be investi-
gated at a mechanistic level which aids in the understanding 
and directed development of improved catalytic plat-
forms.14,16,17  

 In this regard, iron-based molecular systems are espe-
cially desirable owing to the abundance of this element; the 
iron porphyrin platform Fe-TPP (TPP = tetraphenylporphy-
rin) is a robust and active catalyst making it a popular 
framework for ligand development with a considerable 
number of derivatives having been prepared in recent 
years.18–28 The turnover frequency of the original Fe-TPP 
platform has been improved by several orders of magnitude 
from 102 s–1 to 106 s–1 for Fe-o-TMA, a tetra-substituted tri-
methylanilinium, derivative. The (current) top performance 
of 109 s–1 for Fe-TPP-based catalysts is achieved by intro-
ducing four bulky, methylimidazolium-containing groups.29 
The success story of the Fe-TPP system illustrates the effec-
tiveness of systematic synthetic modification of the ligand 
scaffold and optimization of reaction conditions. Alterna-
tively, simpler polypyridyl ligand platforms, including iron-
bipyridine (bpy)30,31 (Figure 1a) and iron-quaterpyridine 
(qpy)32–35 (Figure 1c), have received increased attention for 



 

electrochemical CO2 reduction chemistry. These systems 
are robust under electrochemical conditions and are syn-
thetically accessible through facile and modular routes 
which facilitates precise tuning of their sterics and electron-
ics in a rational fashion.  

 Against this backdrop, the development of novel metal-
polypyridyl electrocatalysts for proton and CO2 reduction 
has been a part of a larger research program between our 
laboratories in energy conversion chemistry.30,31,36–38 We re-
cently reported39 a novel terpyridine (tpy)-based iron 
polypyridine complex (Figure 1b), [Fe(tpyPY2Me)]2+ 
([Fe]2+), that leverages ligand non-innocence of the tpy moi-
ety and metal-ligand cooperativity through exchange cou-
pling. These two factors yield mild reduction potentials for 
the complex in comparison to other pyridine-based cata-
lysts as illustrated in Figure 1 and enables it to electrochem-
ically convert CO2 into CO at extremely low overpotentials 
(η), resulting in high product selectivity and rates under 
both organic solvents and aqueous conditions. The Faradaic 
efficiency for CO production (FECO), rates (kmax) and overpo-
tentials of the three platforms are compared to the Fe-TPP 
platforms and summarized in Table 1. Comparison of these 
parameters clearly identifies these polypyridyl complexes 
as some of the best homogeneous catalysts to date, but we 
note that benchmarking should be done with care and cau-
tion. Indeed, determination of accurate overpotentials re-
quires the use of the thermodynamic potential required to 
convert CO2 into CO, which is often unknown for the exact 
experimental conditions and can thus vary by over 500 mV 

depending on solution conditions. To normalize for this un-
certainly, we give the values reported by Matsubara40 that 
take into account the effect of solvent mixtures, acid addi-
tives, and homoconjugation of phenol in acetonitrile.40–43 
Similarly, estimation of kinetic performance based on the 
maximum turnover frequency (TOFmax) is highly dependent 
on the method utilized (e.g., foot-of-the-wave analysis, peak 
catalytic current analysis, etc).44–48 As such, the methods 
used to determine the rates are indicated in Table 1. Specif-
ically, in order to minimize uncertainty in rate determina-
tion for our [Fe]2+ catalyst, we extracted the kinetic param-
eters directly from the averaged specific current densities 
for CO production obtained from variable potential CPE ex-
periments that were conducted in triplicate as described by 
Savéant and coworkers.49,50  

 In our initial study of the [Fe(tpyPY2Me)]2+ system, we 
reported the synthesis, characterization, and electrocata-
lytic behavior of [Fe]2+ for CO2RR to CO. Synthesis of the 
two-electron reduced product, [Fe(tpyPY2Me)]0 ([Fe]0), 
and spectroscopic characterization enabled us to attribute 
its exceptional catalytic activity to its unique open-shell sin-
glet electronic structure that results from the antiferromag-
netic coupling of the intermediate-spin Fe(II) center (SFe = 
1) to a doubly reduced, triplet ligand system (Stpy = 1). We 
were able to establish that this electronic structure was re-
sponsible for the reduction of CO2 to CO at low overpoten-
tials, through the preparation and comparison to a series of 
redox-(in)active metal and ligand controls. However, de-
spite a detailed understanding of the electronic structure of 

 

Figure 1. Overview of select iron polypyridyl molecular catalyst platforms for CO2 reduction. Chemical structures of (a) 
[Fe(bpyPY2Me)L2]2+, (b) [Fe(tpyPY2Me)L]2+, and (c) [Fe(qpy)L2]2+. Redox potentials for the iron catalyst are provided versus 
Fc/Fc+. [Fe(tpyPY2Me)L]2+ exhibits two single electron reduction events that are poorly resolved and centered at –1.43 V vs 
Fc/Fc+. L = H2O or CH3CN. 

Table 1. Key benchmark metrics for the three pyridine based catalytic platforms and direct comparison to the TPP frame-
works. Rates for [Fe(bpyNHEtPY2Me)L2]2+ and FeTPP were determined by FOWA. Rates for [Fe(qpy)(H2O)2]2+ and Fe-o-
TMA were measured with catalytic plateau analysis and from bulk electrolysis current. [Fe(tpyPY2Me)]2+ rates were ex-
tracted directly from the averaged specific current densities for CO production obtained from variable potential CPE ex-
periments that were conducted in triplicate.  

Platform FECO (%) TOFmax (s-1) heff (V) Ref. 

[Fe(bpyN-

HEtPY2Me)L2]2+ 
81 102 0.66 [30] 

[Fe(tpyPY2Me)]2+ 97 105 0.71 [39] 
[Fe(qpy)(H2O)2]2+ 70 102 0.24 [33] 

FeTPP 93 102 0.67 [40] 
Fe-o-TMA 93 106 0.60 [22,40] 

 



 

the [Fe]2+ system and its two-electron reduced product, the 
mechanism(s) through which it functions in CO2RR are in-
sufficiently explored. In the present study, we use a com-
bined experimental and computational approach to identify 
two distinct mechanistic pathways for CO2RR catalyzed by 
[Fe(tpyPY2Me)]2+ depending on applied overpotential, . 
We propose that at low overpotentials [Ecat/2 of –1.43 V vs 
Fc/Fc+ (TOF/2 = 0.16 V)], [Fe]2+ undergoes a two-electron re-
duction, two-proton transfer mechanism (electrochemical-
electrochemical-chemical-chemical, EECC) where turnover 
occurs though the dicationic iron complex, [Fe]2+. At higher 
overpotentials [Ecat/2 of –1.86 V vs Fc/Fc+ (TOF/2 = 0.59 V)], 
an additional electron transfer event becomes possible 
through either a stepwise or a proton-coupled electron 
transfer (PCET) pathway, enabling catalytic turnover from 
the monocationic iron complex ([Fe]+) via an electrochemi-
cal-chemical-electrochemical-chemical (ECEC) mechanism 
(see supplementary information for details surrounding the 
determination of Ecat/2 and TOF/2). The PCET steps consid-
ered in this manuscript corresponds to concerted electron-
proton transfer. Based on this detailed mechanistic analysis, 
we propose the design of improved ligand frameworks and 
explore their electronic structures with an energy decom-
position analysis (EDA). This mechanistic analysis lays the 
foundation for further rational optimization of theoretically 
driven modifications of the ligand scaffold for improved cat-
alytic activity. 

METHODS 

Computational Model. In this section we briefly explain 
the model, its assumptions and expected errors (see SI for 
more technical details and justifications). Density functional 
theory calculations for free energies, activation energies, re-
duction potential and the LOBA51 oxidation state analysis 
were performed with the Q-Chem package52 (version 5.3.0) 
using the ωB97X-D54 functional with a mixed basis for the 
optimization and frequency calculations (def2-SVP basis for 
all main group elements, def2-TZVP basis set for Fe).53 This 
functional was chosen based on our previous study and ex-
tensive functional screening (see SI reference [43]). In addi-
tion, we probed several other popular density functionals 
but no other functional yielded better agreement in both the 
predicted redox potentials and rates (see Table S7). Gibbs 
free energies (G) were used to compute reduction poten-
tials and adiabatic spin gaps and are based on standard 
thermodynamic cycles.54–56 Solvation energies were ap-
proximated by performing single point calculations apply-
ing the implicit C-PCM solvent model with the larger def2-
TZVP basis for all elements53 (see reference [57] more tech-
nical details). Reduction potentials are reported with an iso-
desmic scheme against the ferrocene/ferrocenium couple 
(Fc/Fc+) used as an internal standard.55,56,58 This method al-
lows accurate predictions even at a modest level of theory 
with reported errors within approximately ∼100 mV (∼4 
kcal/mol) of experimental values.55 Of particular relevance 
to this work, this approach has yielded accurate calculated 
reduction potentials in several pyridine based electrocata-
lysts.31,35,39 The RMSD of ωB97X-D for barrier heights is ∼2 
kcal/mol using gas phase high level wave function methods 
as the reference;59,60 When comparing to experimental val-
ues, additional errors may arise from describing solvation 

by the implicit solvation model and other simplifications in 
the computational model versus experiment. 

 The calculation of free energies for protonation reac-
tions with implicit solvent models results in expected devi-
ations versus experimental values of ±3 pKa units.61 We 
tested our computational protocol for phenol (PhOH) with 
ωB97X-D yielding a pKa of 24.6 which is 4-5 pKa units too 
low.62 While this is a large error, it also has a significant  sys-
tematic component: calculated relative pKa values are more 
reliable because of favorable error cancellation by remov-
ing the experimental free energy of the proton. Thus, calcu-
lated pKa values should mainly be compared against each 
other.  

 We use PhOH as the main proton source for calculating 
reaction barriers involving protonation reactions as it was 
added to the reaction mixture in molar quantities for the 
CPE experiments. The concentration of other proton 
sources (H+ and H2CO3) is negligible.56 However, we report 
free energies of protonation reaction steps versus carbonic 
acid (H2CO3) because it is the strongest acid in solution and 
reprotonates phenolate (PhO–) via complexation of CO2 and 
OH–. This approach was also used in a previous study of qua-
terpyridine based catalysts.35 The calculated standard po-
tential for the reduction reaction using carbonic acid is –
1.28 V vs Fc/Fc+; this is in good agreement with the experi-
mental estimate of –1.27 V used in our previous study.39 
Matsubara40 estimates the standard potential in wet CH3CN 
depending on the mole fraction of water to be between 0.95 
V and 1.63 V vs Fc/Fc+.The highest predicted reduction po-
tential is −1.83 V vs Fc/Fc+ (η = 0.56 V) in our catalytic cycles 
(vide infra); this translates to a total reaction energy of 
−25.4 (CO2 + 2H2CO3 + 2e– → CO + H2O + 2HCO3–).  

 In contrast, the calculated standard potential using 
PhOH of –1.94 V vs Fc/Fc+ is too negative. However, the cal-
culated standard potential is lowered to –1.33 V by incorpo-
rating the effect of homoconjugation of phenol ins acetoni-
trile (CO2 + 6PhOH + 2e– → CO + H2O + 2(PhO– * 2PhOH)).42,43 
The formation constant (Kf) for homoconjugation of PhOH 
in acetonitrile is very large (~105.8)41 and therefore we 
would expect significant formation even at very small con-
centrations of acid. This further complicates accurate deter-
mination of an unambiguous value of overpotential that 
would characterize the catalyst under these conditions (i.e., 
TOF/2) as the value strongly depends on the concentration 
of the acid. Furthermore, here we report kinetics based on 
effective overpotentials (eff) and the corresponding ap-
plied potentials referenced to the Fc/Fc+ couple across a 
wide potential range. We employ the energetic span model 
to predict the turnover frequency (TOF) based on our calcu-
lated catalytic cycles. This model identifies the key interme-
diates and transition states, which control the rate of catal-
ysis (see the corresponding section for more detail).62  

Experimental Methods. In this section we briefly outline 
the experimental techniques utilized to test our hypothe-
sized mechanistic pathways. Additional details can be found 
in the supplementary information. Binding equilibria for 
CO2 coordination and CO dissociation were investigated by 
cyclic voltammetry (CV) with varying scan rates (0.1 to 50 
V/s). Catalytic stability was probed with multi-segmented 
CV experiments over one-hundred cycles as well as with 
long-term (1 h) preparative scale controlled potential 



 

electrolysis (CPE) experiments taken across a range of ap-
plied potentials. Averaged Faradaic efficiencies for H2 
(FEH2) and CO (FECO) production were determined from the 
one-hour CPE experiments, conducted in triplicate, with di-
rect product detection by gas chromatography. The ob-
served rate constants (kobs) and turnover frequencies (TOF) 
were extracted from the averaged specific current densities 
for CO production (jCO) over both short-term CPE experi-
ments (5 min) conducted in a small CV cell and from long-
term CPE experiments (1 hr) conducted in a large gastight 
PEEK electrolysis cell. We observed good agreement be-
tween rates obtained from both measurements. Kinetic iso-
tope effects (KIE) were measured using 1 M solutions of 
phenol-H6 and phenol-D6 as the proton source. Observed 
rate constants for the KIE experiments were obtained using 
catalytic plateau current analysis despite the noncanonical 
catalytic behavior of [Fe]2+ which makes this analysis inac-
curate. This analysis was appropriate here because errors 
in rate determination are eliminated by taking the ratio of 
kH/kD. 

RESULTS AND DISCUSSION 

Observation of Two Distinct Overpotential-Dependent 
Regimes for Electrochemical CO2 Reduction Catalyzed 
by [Fe(tpyPY2Me)]2+. Electrochemical analysis of this mo-
lecular iron CO2RR system exhibits two distinct catalytic re-
gimes that are dependent on applied potential (Figure 2). 
Cyclic voltammograms collected under CO2 atmosphere 
with the addition of 1 M phenol (PhOH), as a proton source, 
shows the formation of two catalytic waves. The first regime 

reaches a half-maximum catalytic current at a potential of 
−1.43 V vs Fc/Fc+ (𝐸𝑐𝑎𝑡/2 

1 ; η =  160 mV) and displays a ca-

nonical S-shaped wave indicative of pure kinetic conditions 
without substrate consumption.43,44 At more negative ap-
plied potentials beyond −1.75 V vs Fc/Fc+ (η = 480 mV), a 
second catalytic response is observed reaching a half-maxi-
mum catalytic current at a potential of −1.86 V vs Fc/Fc+ 
(𝐸𝑐𝑎𝑡/2

2 ; η = 590 mV). This second catalytic regime shows 

peak-shaped behavior indicative of substrate consumption 
by the rate-determining step (Figure 2).44  

 The catalytic voltammogram clearly illustrates the for-
mation of two catalytic waves with maximum current den-
sities achieved at approximately −1.66 V vs Fc/Fc+ (η = 390 
mV) and −1.98 V vs Fc/Fc+ (η = 710 mV). We attribute this 
behavior to the occurrence of two distinct catalytic regimes 
with disparate mechanisms. Building on this observation, 
we explore various reaction pathways for these two cata-
lytic regimes in the presence of 1 M PhOH and 4-chlorophe-
nol (Cl-PhOH) to probe the effect of the pKa on the observed 
rates and to investigate the origin of selectivity of [Fe]2+ for 
the CO2RR relative to the HER (vide infra). The proposed 
mechanisms are in line with experimental kinetic data ob-
tained from controlled potential electrolysis (CPE) experi-
ments collected with direct product detection via gas chro-
matography. In order to compactly provide relevant infor-
mation regarding the electronic structure of the proposed 
catalytic intermediates along the way, we introduce a nam-
ing scheme that incorporates the multiplicity (M, M= 2S+ 1), 
charge (C), and the identity of the sixth, axial ligand (X) on 
the iron center: M[Fe−X]C; for example, 1[Fe−CH3CN]2+ corre-
sponds to the unreduced, hexacoordinated initial iron com-
plex in the singlet state.  

Low Overpotential Pathway. Figure 2 shows that the cur-
rent density of the first catalytic regime reaches a plateau at 
approximately −1.66 V vs Fc/Fc+ (η = 390 mV) with rates 
that are slower relative to the second catalytic regime. A 
mechanism for this first regime is illustrated in Figure 3 and 
presented in this section.  

 First, we propose two, sequential single electron reduc-
tion steps followed by the dissociation of CH3CN to generate 
the catalytically active open-shell singlet, 1[Fe]0. CO2 binding 
and subsequent protonation steps can then occur resulting 
in the loss of a water molecule and the formation of 
1[Fe−CO]2+. Ligand exchange with exogenous CH3CN and CO 
release closes the catalytic cycle. Interestingly, the formal 
oxidation state of the central metal does not change during 
catalysis. The following sections will expand upon these 
proposed individual elementary steps before we expand 
our discussion to include a proposed catalytic pathway for 
the second catalytic region that occurs at more negative po-
tentials.  

Reduction. The reduction pathway of 1[Fe]2+ was estab-
lished in our initial report.39 Variable temperature NMR and 
Mössbauer studies established that the starting 1[Fe]2+ com-
plex is predominantly low-spin Fe(II) with a small popula-
tion of thermally accessible spin excited states near room 
temperature that we attributed to the axial distortions en-
gendered by the rigid tpyPY2Me ligand (Figure 4a). The first 
reduction of 1[Fe]2+ is ligand centered, with occupation of 
the tpy-π∗ orbital with almost no excess spin density on the 
metal center, yielding 2[Fe−CH3CN]+, a ground state doublet 

 

Figure 2. Electrochemical Characterization of 1[Fe]2+. Cy-
clic voltammograms of 1[Fe]2+ collected under Ar (black) 
and CO2 (purple) with the addition of 1 M PhOH as a proton 
source. Cyclic voltammograms were collected with a scan 
rate of 100 mV/s in an electrolyte of 0.10 M TBAPF6 dis-
solved in CH3CN. The proposed two distinct mechanistic 
pathways for 1[Fe]2+ are designated by the potentials at 
which they reach half of the maximum catalytic current 
(Ecat/2) at –1.43 and –1.86 V vs Fc/Fc+ and are labeled in 
blue and red, respectively. The first regime turns over from 
the 2+ complex and undergoes a proposed EECC mecha-
nism while the second regime at more negative potentials 
undergoes turnover from the 1+ complex via an ECEC 
mechanism. 



 

composed of an low-spin Fe(II) center and a radical anion 
tpyPY2Me– ligand (Figure 4b). The addition of a second elec-
tron occupies another tpy-π∗ orbital and induces a spin-
state transition of the iron center from low-spin (SFe = 0) to 
intermediate-spin (SFe = 1) and ligand dissociation of the ax-
ially coordinated CH3CN solvent molecule. This tetraradica-
loid electronic configuration allows for strong exchange 
coupling of the two unpaired d electrons on the intermedi-
ate-spin iron center with the two electrons in the tpy-π∗ 
manifold, forming an overall open-shell singlet ground 
state, 1[Fe]0 (Figure 4c). The open-shell singlet electronic 
structure was validated by synthesizing and isolating 1[Fe]0 
from the chemical reduction of 1[Fe]2+ with decamethylco-
baltocene and fully characterizing the resulting coordina-
tion compound by single-crystal X-ray crystallography, 
Mössbauer spectroscopy, X-ray absorption spectroscopy, 

and DFT and CASSCF calculations. Through these spectro-
scopic studies and with comparison to control complexes, 
we were able to attribute the catalysis of 1[Fe]2+ for the 
CO2RR at mild overpotentials to this antiferromagnetic 
complex. The predicted reduction potentials for the two re-
ductions are −1.46 V and −1.51 V vs Fc/Fc+, which are in 
good agreement with the experimental cyclic voltammetry 
data collected under argon atmosphere that show two 
closely spaced one-electron reduction waves centered at 
−1.43 V vs Fc/Fc+. The exchange-coupling shifts the second 
reduction wave positive by a remarkable 640 mV relative to 
[Zn(tpyPY2Me)]2+ which employs the same redox-active 
tpyPY2Me ligand, but contains a Zn(II) metal center that is 
unable to participate in stabilization through antiferromag-
netic coupling.  

 

Figure 3. Proposed mechanistic pathways for the low overpotential regime. Starting from 1[Fe]2+ (left side), we first propose 
two one-electron reduction steps followed by the dissociation of CH3CN to generate the catalytically active open-shell singlet, 
1[Fe]0. CO2 binding and subsequent protonation steps can then occur resulting in the loss of a water molecule and the formation 
of 1[Fe−CO]2+. Ligand exchange with exogenous CH3CN and CO release closes the catalytic cycle (outer pathway). Alternatively, 
direct protonation of the pyridyl arm in 1[Fe]0 to give 1[Fe−NPYH]+ followed by CO2 coordination and proton transfer was found 
to be a competitive pathway (inner pathway). All reaction and activation energies are given in units of kcal/mol and all reduction 
potentials are referenced to the computed Fc/Fc+ couple. 



 

CO2 Binding. CO2 coordination occurs after 1[Fe]2+ has been 
reduced by two electrons and the iron center has undergone 
a spin-state transition and subsequent ligand dissociation of 
the axially bound solvent molecule. The binding of CO2 un-
der standard conditions is endergonic and remains on the 
singlet surface yielding 1[Fe−CO2]0. We attempted to stabi-
lize the CO2 adduct with the addition of either explicit water 
molecules or electrolyte (TBAPF6) but the binding remains 
endergonic with a free energy of +12.1 kcal/mol (∆H = ∼4 
kcal/mol). The addition of an explicit phenol lead to direct 
protonation of the CO2 moiety. The CO2 ligand is bound via 
the carbon atom with an angle of 124º (Figure S1a). This 
structure is indicative of a closed-shell highly reduced CO2 
moiety and a low-spin singlet Fe(II) center with a neutral 
tpyPY2Me ligand. The LOBA analysis indicate that the two 
excess electrons are stabilized in a delocalized molecular 
orbital (MO), which mainly consists of the CO2 * orbitals 
but also has significant contribution from the Fe-3𝑑𝑧2 
(40%) and some contribution from the tpy * (see Figure 
S2). 

 The endergonic binding can be rationalized by the high 
stability of 1[Fe]0, attributed to its antiferromagnetically 
coupled electronic structure, which yields a positive reduc-
tion potential but consequently at the cost of sluggish CO2 
binding. This prediction is in line with experimental find-
ings as high concentrations of PhOH are required to observe 
CO2 binding and subsequent catalysis. In order to probe the 
binding of CO2, we attempted to measure the equilibrium 
constants for CO2 binding (𝐾𝐶𝑂2

), based on the potential 

shift of the ligand reduction wave under Ar and CO2 atmos-
phere (Figure S3). Under an Ar atmosphere, without the ad-
dition of PhOH as a proton source, there is no shift in the 
ligand reduction waves centered at −1.43 V vs Fc/Fc+ (Fig-
ure S3a). When PhOH (1 M) is added, a catalytic wave is 
formed; however, a reversible couple could not be observed 
even when the experiment was performed with fast scan 
rates up to 50 V/s (Figure S3b,c). Taken together, these re-
sults suggest that CO2 binding and thus catalysis is 

hampered when the system is proton limited. Interestingly, 
the higher spin-state surfaces [triplet (3[Fe]0) and quintet 
(5[Fe]0)] both exhibited much higher barriers for CO2 bind-
ing that would effectively prevent catalysis. Thus, the open-
shell singlet electronic structure of 1[Fe]0 is key not only to 
decrease the overpotentials required for catalysis but also 
to facilitate CO2 binding even though it is thermodynami-
cally difficult. We further investigated an alternative path-
way of CO2 binding to a singly reduced intermediate 
(2[Fe]+). This pathway results in an even more endergonic 
CO2 binding (14.1 kcal/mol) making it an unlikely interme-
diate. 

Protonation. In a first scenario, the first protonation of 
1[Fe−CO2]0 is barrierless and strongly exergonic (−16.9 
kcal/mol) yielding the carboxyl intermediate, 1[Fe−CO2H]+ 
(Figure S1b). This intermediate can be best described as a 
CO2H– moiety coordinated to the Fe(II) center with the neu-
tral tpy ligand framework. The second proton transfer step 
is exergonic (−2.7 kcal/mol) but with a barrier of 13.9 
kcal/mol as it is coupled to the cleavage of the C−O bond and 
results in the loss of water and the formation of the carbonyl 
intermediate (1[Fe−CO]2+) (Figure S1c). The transition state 
geometry is depicted in Figure S5. The influence of explicit 
solvent molecules added to the transition state geometry 
was probed, but we were unable to find lower barriers with 
the addition of exogenous water molecules. In a second sce-
nario, 1[Fe]0 is protonated at one of the pyridine arms yield-
ing a pyridinium intermediate, 1[Fe−NPYH]+ (Figure S1d). 
The calculated pKa of 8 is quite acidic (versus a calculated 
pKa of 16 for H2CO3); thus, the free energy of protonation 
coupled to carbonic acid is 11.5 kcal/mol. Previous experi-
mental work by Matsubara shows that the pKa of the reac-
tion mixture is significantly lower with the addition of wa-
ter. The experimental pKa for CO2 saturated water-acetoni-
trile mixtures can range from 7.8 to 16.8 where we would 
expect the addition of molar quantities of PhOH to further 
acidify the solution thus making this intermediate competi-
tive.40 The binding of CO2 to 1[Fe−NPYH]+ is very exergonic 

 

Figure 4. Spin densities and schematic MO diagrams: (a) unreduced complex 1[Fe−L]2+ exhibiting no spin density; (b) singly 
reduced complex, 1[Fe−L]2+, exhibiting spin density solely in the tpy ligand; (c) doubly reduced complex, 1[Fe−L]2+, exhib-
iting spin density on both the metal center and the tpy moiety of the tpyPY2Me ligand in an exchange coupled state. 



 

(−16.3 kcal/mol) and directly yields a carboxy intermedi-
ate, 1[Fe−CO2H]+ (Figure S1b), by skipping the high energy 
CO2 adduct. This adduct is achieved by a simultaneous in-
tramolecular proton transfer from the pyridinium and elec-
tron transfer from the tpy upon binding of CO2 to form 
CO2H–. The second protonation proceeds as described 
above, see Figure 3 (outer pathway).  

CO Release. CO release from 1[Fe−CO]2+ is exergonic and 
barrierless which can be attributed to the relatively high ox-
idation state of the iron center, which limits backbonding 
interactions. In addition, the low solubility of CO in CH3CN 
promotes removal of CO from solution and into the gas 
phase. In order to further probe CO coordination and re-
lease, CVs of 1[Fe]2+ were collected under CO atmosphere 
and compared to data collected under Ar atmosphere. The 
addition of CO results in the formation of very small reduc-
tive features at −0.59 and a quantitative reductive wave at 

−1.23 V vs Fc/Fc+. Additionally, the reversibility in the lig-
and reduction waves centered at −1.43 (Figure S6a) are lost 
at slower scan rates of 100 mV/s. We tentatively assign the 
new reduction wave at −1.23 V vs Fc/Fc+ to the reduction of 
an Fe(II)-carbonyl species (1[Fe−CO]2+). This value agrees 
well with the predicted reduction potential of −1.18 V vs 
Fc/Fc+, supporting this assignment. We do note that at-
tempts to spectroscopically characterize the waves at −0.59 
and −1.23 V vs Fc/Fc+ have been unsuccessful to date. Multi-
segmented CV data collected under CO2 atmosphere with 
the addition of 1 M PhOH, do not show any significant 
changes or the formation of new reductive features that 
could be attributed to the buildup of iron carbonyl species 
in the voltammograms across one-hundred cycles (Figure 
S6). Taken together, these data support the computational 
findings that CO binding is weakly endergonic by 2 kcal/mol 
and barrierless and thus we do not observe the 

 

Figure 5. Proposed mechanistic cycles for the high overpotential regime. The high overpotential catalytic regime turns over 
from 2[Fe]+ following an initial induction period. Single-electron reduction of 2[Fe]+ gives the catalytic resting state, 1[Fe]0. Fol-
lowing formation of 1[Fe]0, the pathway diverges in three directions. CO2 binding can occur first followed by protonation to give 
1[Fe−CO2H]+ (outer pathway) or protonation-first can occur followed by CO2 coordination (inner pathway). The 1[Fe−CO2H]+ 
intermediate can then be further reduced to 2[Fe−CO2H]0 and following the final protonation step and loss of water generates 
the carbonyl complex, 2[Fe−CO]+ which regenerates 2[Fe]+ following ligand exchange. We additionally explore the possibility of 
overcoming the high energy barriers associated with either CO2 binding or protonation of 1[Fe]0 by undergoing a PCET pathway 
to generate 2[Fe−NPYH]0 (center pathway). All reaction and activation energies are given in units of kcal/mol and all reduction 
potentials are referenced to the computed Fc/Fc+ couple. 



 

accumulation of iron carbonyl species under electrocata-
lytic conditions. Further reduction of an iron carbonyl inter-
mediate 2[Fe−CO]+ to 1[Fe−CO]0 can be eliminated based on 
the predicted redox potential which is more negative than 
−2.0 V vs Fc/Fc+. A similar Fe(II)-carbonyl species equipped 
with a comparable terpyridine and pyridyl-N-heterocyclic 
carbene based ligand system was synthesized and structur-
ally characterized by 1H NMR and single crystal X-ray dif-
fraction by Miller and coworkers.63 Chemical reduction with 
two equivalents of decamethylcobaltocene resulted in the 
dissociation of the pyridine ligand and the formation of a 
pentacoordinate, low-valent iron carbonyl complex that 
was unfortunately shown to undergo rate limiting ender-
gonic release of CO. The hemilability of the pyridyl arm to 
generate a stable 18-electron complex may be a defining 
feature to explain the difference in catalytic activity and 
speaks to the potential advantages engendered by utilizing 
a homoleptic tpyPY2Me ligand system. 

High Overpotential Pathway. The application of more re-
ducing potentials beyond −1.7 V vs Fc/Fc+ results in the for-
mation of a second catalytic wave. A mechanism for this 
high overpotential regime is illustrated in Figure 5 and pre-
sented in detail in this section. Here we investigate three po-
tential pathways and found two to be aligned with experi-
mental findings. 

 In all three cases, the initial reduction steps are identi-
cal in redox potential and electronic structure to what we 
presented for the low overpotential pathway discussed 
above. However, the first electron transfer is off-pathway; 
where at more reducing potentials, we find that there is 
enough driving force to reduce the carboxy intermediate 

(1[Fe−CO2H]+) with a predicted redox potential of −1.83 V vs 
Fc/Fc+ (vide infra). This observation results in catalytic 
turnover occurring from the singly reduced, iron complex 
(1[Fe]+) rather than turnover from the unreduced 1[Fe]2+. 
The three mechanistic pathways explored below diverge 
following the formation of the 1[Fe]0 catalytic resting state. 

 The proposed mechanism is depicted in Figure 5. In the 
first two scenarios, from the 1[Fe]0 intermediate, CO2 coor-
dination (Figure 5; outer cycle) or protonation (Figure 5; in-
ner cycle) can occur first as discussed above for the low 
overpotential regime. Both pathways are uphill by approxi-
mately 11 kcal/mol and barrierless. The two pathways con-
verge at the formation of the CO2H adduct, 1[Fe−CO2H]+, that 
can be further reduced at a calculated applied potential of 
−1.83 V vs Fc/Fc+ yielding 2[Fe−CO2H]0 where the electron 
populates one of the low-lying tpy-π∗ orbitals. The second 
proton transfer step to lose water and yield the carbonyl in-
termediate, 2[Fe−CO]+, is strongly exergonic by −17.5 
kcal/mol (Figure S7). Moreover, the activation barrier for 
the second protonation is 7.3 kcal/mol, which is 4 kcal/mol 
lower than the barrier for the C−O bond cleavage step in the 
low overpotential regime. The CO release becomes ender-
gonic by 4.2 kcal/mol due to the excess electron density that 
is transferred from the tpy-π∗ orbital to the Fe−CO moiety 
thus strengthening the backbonding to the CO ligand. 
Hence, the additional reductive event significantly lowers 
the barrier of the second protonation at the cost of more dif-
ficult CO release. Therefore, the second protonation is not 
as critical as in the low overpotential regime. Depending on 
the pathway, either the addition of CO2 (12.1 kcal/mol) or 
the protonation of 1[Fe]0 (11.5 kcal/mol) become critical 

 

Figure 6. Free energy landscape for the low overpotential (Figure 3) and high overpotential (Figure 5) CO2RR regimes. Colors 
signify different possible pathways that were proposed in the catalytic cycles shown in Figures 3 and 5. From the doubly reduced 
1[Fe]0 intermediate, the blue line signifies the CO2 binding first pathway, the red line denotes the protonation first pathway, and 
the green plots the PCET pathway. The purple line indicates the pathway where the 1[Fe-CO2H]+ intermediate is further reduced 
in the high overpotential regime (refer to Figure 5). For the reduction steps, a potential of −1.8 V vs Fc/Fc+ is applied; for the 
protonation steps, PhOH 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. 



 

steps as well. Unfortunately, it is not possible to distinguish 
those two pathways computationally due to the small rela-
tive energy difference of 0.6 kcal/mol and the error associ-
ated with the predictions of protonation and CO2 addition. 
It is possible that both channels are populated. 

 In a third scenario, following the formation of 1[Fe]0, a 
proton coupled electron transfer (PCET) pathway is possi-
ble where one of the pyridyl arms is protonated yielding 
2[Fe−NPYH]0. The additional electron is localized in the pyri-
dinium moiety; thus, the electronic structure can be de-
scribed as a doubly reduced tpy-π∗ moiety coupled to the 
intermediate spin iron center and a singly reduced pyri-
dinium; this structure is summarized in the spin density 
plot in Figure S8. The reduction potential is acid dependent; 
using H2CO3 the calculated reduction potential is –2.14 V vs. 
Fc/Fc+. However, taking non-standard concentrations into 
account using a similar approach to Song and coworkers,55 
we compute a shift by 0.3 V resulting in a potential of –1.84 
V. For reference using H+ the computed reduction potential 
is –1.17 V vs Fc/Fc+. Next, CO2 can bind to 2[Fe−NPYH]0 to di-
rectly yield 2[Fe−CO2H]0 in an intramolecular proton and 
electron transfer step with a free energy of −12.0 kcal/mol 

and thus also “skipping" the high energy CO2 adduct inter-
mediate. The role of proton transfer during catalysis was ex-
amined by measuring the H/D kinetic isotope effects in both 
catalytic regimes using C6H5OH (PhOH-H6) or C6D5OD 
(PhOH-D6) as the proton source (Figure S9). Experimen-
tally, normal primary H/D kinetic isotope effects were ob-
served under both catalytic regimes (kH/kD of 1.59 and 1.22, 
respectively), suggesting that proton transfer is involved in 
the rate determining step, thus supporting the protonation-
first pathways, and excluding the CO2-first mechanism.  

Kinetic Analysis of Proposed Mechanistic Pathways. The 
free energy landscape summarizing the total catalytic cycle 
is depicted in Figure 6. Following elucidation of the possible 
reaction pathways for CO2 reduction across both potential-
dependent regimes, we next sought to compare experimen-
tally determined kinetic data against computationally de-
rived turnover frequencies (TOFs) obtained from the ener-
getic span computational model developed by Kozuch and 
coworkers.64 The energetic span model was employed to 
identify key intermediates and transition states, which con-
trol the rate of catalysis. This model connects the free 

 

Figure 7. Kinetic analysis of 1[Fe]2+ (a) Cyclic voltammograms of 1[Fe]2+ in the absence (black) and presence (purple) of CO2 
with 1 M PhOH. Average current densities extracted from the short-term controlled potential electrolysis experiments (b) are 
overlayed on the catalytic CV (black dots) (c) Catalytic Tafel plot for 1[Fe]2+ obtained from the short-term CPE experiments with 
1 M PhOH. (d) Comparison of catalytic Tafel plots obtained with 1 M PhOH or Cl-PhOH. CPE and CV experiments were collected 
in an electrolyte of 0.10 M TBAPF6 dissolved in acetonitrile. 



 

energy landscape of the DFT based catalytic cycles with the 
experimentally measured TOFs using Eyring transition 
state theory. The model identifies TOF-determining transi-
tion states (TDTS) and the TOF-determining intermediates 
(TDI) and computes rates based on the energetic span of 
these two states.64 Often there are various intermediates 
with a significant influence on the catalytic rates. This pro-
gression can be quantified in this model by the degree of 
TOF control (denoted as XTOF),65 which describes how the 
TOF varies by a small change in energy of that intermediate 
or transition state. The range of XTOF is between 0 and 1, 
where 0 denotes that the species has no influence on the 
TOF and 1 denotes that the species solely controls the 
TOF.66,67 The results from the energetic span calculations 
are presented in Tables S1 – S6. 

 Experimental kinetic parameters were obtained from 
variable controlled potential (CPE) experiments as de-
scribed by Savéant and co-workers.49,50 Short-term (5 min; 
Figure 7) and long-term (1 h; Figure S10 and S11) CPE ex-
periments were performed where the products (CO and H2) 
were detected and quantified by gas chromatography for 
the long-term CPE experiments conducted in an air-tight 
electrochemical cell. The observed rate constants (kobs) at 
each applied potential were extracted from the average spe-
cific current densities taken across the entire electrolysis 
experiment and were then compared to the computed rates 
obtained from the energetic span model (Figures S10 and 
S11 and Tables S1–S6). To further probe the influence of the 
proton transfer step on the observed rates, PhOH (see Fig-
ure 7), and Cl-PhOH (see Figures S10 – S12), which is ap-
proximately one pKa unit more acidic (in water), were uti-
lized. 

 First, we explored the kinetics of the low overpotential 
regime (potential window of −1.40 − −1.75 V vs Fc/Fc+). 
Short-term CPE data collected at applied potentials be-
tween −1.42 and −1.72 V vs Fc/Fc+ overlay closely with the 
voltammogram collected under CO2 atmosphere with 1 M 
PhOH (Figure 7a). Current densities were stable across the 
entire short-term electrolysis (Figure 7b) and long-term 
electrolysis (Figures S10 and S11) and reached a plateau at 
ca. −1.66 V vs Fc/Fc+ with an average current density of 1.53 
mA/cm2 which corresponds to a TOF of 1.74 x 105 s–1 (Fig-
ure 7c). When the more acidic, Cl-PhOH was added as the 
proton donor, the maximum TOF of the first catalytic regime 
increased to 5.50 x 105 s–1, a three-fold increase in observed 
rate relative to the data obtained with PhOH as the proton 
source (Figure 7d) without loss of product selectivity (Fig-
ure S13). Analysis of this catalytic regime with the energetic 
span model shows that the catalytic rate is solely controlled 
by the second protonation step (C−O bond cleavage to re-
lease water) as the key rate-limiting intermediate and tran-
sition state are both associated with the second protona-
tion. The carboxy intermediate, 1[Fe−CO2H]+, is the TDI and 
the second protonation barrier is the TDTS both with XTOF 
values close to 1. Based on this analysis, a TOF of 400 s–1 is 
predicted. This value is slower than the experimentally de-
termined TOF of 1.74 x 105; however, this translates to an 
energy difference of ∼3.5 kcal/mol which is still within ac-
ceptable agreement. Furthermore, when Cl-PhOH is utilized 
as the acid source, the barrier is lowered by 1.1 kcal/mol 
which translates to a rate increase by one order of magni-
tude. The stronger acid lowers the TDTS, leading to an in-
crease in the importance of the CO2 binding step. This shift 
is illustrated by the change in the degree of TOF control: In-
deed, the XTOF of both the TDI (1[Fe−CO2H]+) and TDTS 

 

Figure 8. Free energy landscape of the low overpotential regime for CO2RR and HER pathways. For the reduction steps, a po-
tential of –1.8 V vs Fc/Fc+ is applied. For the protonation steps, PhOH 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 structures. 
Black, blue, and red lines denote the uses of PhOH, Cl-PhOH, and NO2-PhOH, respectively. 



 

decreases from 0.97 to 0.82 and the CO2 binding step is in-
creasingly important for the rate as the XTOF increases to 
0.16 from 0.03. Distinction between the protonation first or 
CO2 binding first pathways by this kinetic analysis was not 
possible because both options occur before the rate deter-
mining protonation step. 

 Application of more negative onset potentials between 
−1.81 and −2.01 V vs Fc/Fc+ allowed us to probe the kinetics 
of the second, high overpotential regime. Tight correlations 
were observed between the averaged current densities 
from the CPE experiments and the cyclic voltammograms 
collected under CO2 atmosphere with PhOH (Figure 7a) or 
Cl-PhOH (Figure S12a). Peak current density of 4.0 mV/cm2 
was reached at −2.01 V vs Fc/Fc+ which corresponds to a 
maximum TOF of 1.05 x 106 s–1. Addition of 1 M Cl-PhOH as 
the proton source results in a smaller rate enhancement 
with a maximum TOF of 1.5 x 106 s–1, representing only a 
1.4-fold enhancement relative to PhOH, about half of what 
was observed in the low overpotential regime (Figure 7d 
and S13). Catalytic Tafel plots comparing the two acids are 
presented in Figure 7d. In addition, there is still a proton de-
pendence on the rate limiting step as illustrated by the nor-
mal, primary H/D kinetic isotope effect.  

 Next, the energetic span model was applied to predict 
the rates for the three possible mechanistic pathways pro-
posed for the high overpotential regime. These rates are 
then compared to the experimentally determined TOFs. The 
three pathways are given in Figure 5 and are illustrated in a 
free energy diagram (Figure 6) to allow for more direct 
comparison. From the 1[Fe]0 catalytic resting state, the iron 
complex can either go through: (1) a CO2 coordination first 
pathway to give the CO2 complex (2[Fe−CO2]0); (2) a proto-
nation first pathway to generate the cationic pyridinium in-
termediate, 1[Fe−NPYH]+; or a PCET pathway to generate a 
similar neutral pyridinium species, 2[Fe−NPYH]0. 

 A TOF of 4000 s–1 is predicted for the CO2 binding first 
pathway. The TOF is completely controlled by the CO2 coor-
dination step as the reduction of 1[Fe−CO2H]+ to 
2[Fe−CO2H]0 lowers the (previously rate limiting) barrier 
for the second protonation by 6.6 kcal/mol from 13.9 to 7.3 
kcal/mol. This shrinks the XTOF for both 1[Fe−CO2H]+ and the 
transition state for the second protonation to 0. The CO2 
first pathway can be eliminated because CO2 coordination is 
shown by the energetic span model to be entirely rate lim-
iting and thus fails to explain the experimentally observed 
normal, primary H/D kinetic isotope effect and a large cata-
lytic enhancement with the addition of more acidic proton 
donors. 

 Next, for the protonation first pathway, we predict a 
TOF that is almost 3 orders of magnitude slower than what 
we observed experimentally (11000 s–1). Additionally, we 
find that the cycle is solely controlled by the first protona-
tion of 1[Fe]0 to give the pyridinium intermediate, 
1[Fe−NPYH]+. The protonation first pathway would account 
for the primary kinetic isotope effect but not the rate en-
hancement upon addition of stronger acids as the energetic 
span model predicts the same rate regardless of if PhOH or 
Cl-PhOH are utilized as the proton source. 

 The TOF predicted for the PCET pathway of 1.4 x 107 s–

1 resulted in the closest match to the experimentally meas-
ured value of 1.05 x 106 s–1 with the pathway being 

controlled by both the PCET step as well as the second pro-
tonation of 2[Fe−CO2H]0 as both have XTOF coefficients close 
to 0.5. The para-chloro substituted PhOH, Cl-PhOH, lowers 
the barrier for the second protonation by 2.6 kcal/mol. 
However, only the PCET pathway is kinetically controlled 
by this transition state increasing the TOF from 1.4 x 107 s–

1 to 2.6 x 107 s–1. This increase is smaller than the increase 
in the low overpotential regime despite a stronger effect on 
barrier lowering, which can be understood by the lower XTOF 
of that step in the low versus high overpotential regime. 
Based on the experimental and computational findings, 
these data suggest that the PCET pathway is the more likely 
mechanism for the high overpotential regime. 

Selectivity Versus HER. Achieving selectivity for CO2 re-
duction over the reduction of protons to H2 is critical. The 
HER is a competitive side reaction across a similar potential 
window to the CO2RR and is highly dependent on the pres-
ence and strength of the proton source.14 The generation of 
an iron hydride under reducing conditions in the presence 
of a proton donor can thus shift the catalyst selectivity away 
from CO production and toward the formation of H2. It is 
therefore important to understand the kinetic and thermo-
dynamic barriers associated with the protonation of the re-
duced iron center.  

 In our proposed pathway there are two critical inter-
mediates through which the formation of a hydride is feasi-
ble (Figure 8 and S15). The first possibility is the direct pro-
tonation of the iron center of the doubly reduced interme-
diate, 1[Fe]0 (Figure 8 and S16a). The other possibility is the 
rearrangement of the pyridinium intermediate, 
1[Fe−NPYH]+, to a metal hydride (Figure 8 and S16b). In both 
cases, high activation barriers prevent these side reactions 
and explain the high product selectivity for CO2 reduction to 
CO that is observed experimentally. The direct formation of 
a hydride 1[Fe−H]+ from 1[Fe]0 albeit thermodynamically fa-
vorable with a free energy of −6.1 kcal/mol, is kinetically in-
hibited with a high activation barrier of 24.5 kcal/mol. The 
rearrangement of 1[Fe−NPYH]+ to 1[Fe−H]+, is more exer-
gonic (−17.5 kcal/mol); however, this pathway is also inhib-
ited by a larger activation barrier of 21.4 kcal/mol. In both 
cases, the high barriers can be rationalized by the electronic 
structure of 1[Fe]0: the metal center stabilizes the two ligand 
reductions through antiferromagnetic coupling and thus 
the metal center remains Lewis acidic. This feature is illus-
trated by the coordination of acid (e.g., PhOH or H2CO3) to 
1[Fe]0 in which the acid prefers to bind via the oxygen atom 
to the iron center which then facilitates the protonation of 
the pyridyl arm, but blocks the metal center from protona-
tion (see Figure S17). Therefore, the formation of a metal-
hydride is prohibited by steep kinetic barriers ultimately 
shutting down pathways to hydrogen production. The dif-
ference between the rate limiting transition state in CO2RR 
and the barrier for hydride formation is ∼10 kcal/mol 
which implies that 1[Fe]2+ should remain selective for the 
CO2RR even when stronger acids are used as proton donors. 
Indeed, selectivity is achieved by using 4-nitrophenol (NO2-
PhOH), an even stronger acid (two pKa units stronger than 
Cl-PhOH), with a barrier of 19.3 kcal/mol for the formation 
of a hydride. We explored this possibility, and, in all cases, 
we do not detect any hydrogen formation experimentally. 



 

However, NO2-PhOH was also redox-active at the potentials 
applied, which also prevented the formation of CO.  

Rational Catalyst Design Driven by Mechanistic In-
sights. Based on the mechanistic studies we identified sev-
eral critical intermediates and transition states that di-
rected us to propose improved ligand designs that ideally 
stabilize several critical intermediates. The key takeaways 
from the kinetic analysis are: first, the low overpotential re-
gime is solely controlled by the second protonation step, 
even when strong acids are used. Thus, modifications must 
either lower the energy of the transition state or decrease 
the stability of the carboxy intermediate. Second, the high 
overpotential regime is mainly controlled by either the CO2 
adduct or the formation of the pyridinium intermediate, es-
pecially when stronger acids are used as the proton source. 
Thus, an optimal modification should have a positive effect 
on both the CO2 binding and second protonation. On the ba-
sis of our detailed mechanistic investigation, we propose ra-
tionally designed synthetic modifications to the tpyPY2Me 
ligand to further increase the catalytic performance of the 
iron complex. Synthetic modification to the pyridine moiety 
is the most promising for two reasons: first, it does not 

affect the initial reduction potentials and the crucial antifer-
romagnetic coupling of 1[Fe]0; second, substituents can af-
fect all critical intermediates by stabilizing the bound CO2 
adduct, increasing the pKa of the pyridine itself for protona-
tion and PCET, and then stabilizing the transition state for 
the second protonation (Figure 9 shows the investigated 
candidates). In order to gain quantitative insights, we use 
the absolutely localized MO energy decomposition analysis 
with continuum solvation (ALMO-EDA(solv))67 (see SI for a 
short introduction and a more detailed review is also avail-
able68) to understand how a specific modification stabilizes 
the reduced CO2 adduct. We employ a difference-of-differ-
ences-approach where we compare the change in interac-
tion energy and EDA terms using the unsubstituted 
tpyPY2Me ligand as the reference. We investigate hydrogen 
bonding (−OH and−NH2) and ionic stabilization (−N(CH3)3+) 
as both moieties are known to facilitate CO2 binding in other 
CO2RR catalysts (see Figure 9).12,19,22,30,31,69 The EDA decom-
position of that change in interaction energy is crucial for 
understanding the exact stabilization pathway as substitu-
ents affect the reduced CO2 not only directly via a non-cova-
lent interaction but also indirectly through substituent ef-
fects. Both pathways often have distinct EDA fingerprints 
and thus can be distinguished by an EDA scheme. We re-
cently showed the viability of this approach for an iron 
tetraphenylporphyrin catalyst.67 The chosen reference frag-
mentation of the complex is a doubly reduced CO22– and an 
unreduced catalyst. This fragmentation is more suitable for 
this type of complex as the O−C−O bond angle of 124º indi-
cates a transfer of both electrons into the CO2 moiety. The 
alternative choice, a neutral but bent CO2 fragment and a 
doubly reduced metal complex will be solely dominated by 
the geometry distortion term as discussed elsewhere.67,68 
Thus, this interaction energy decomposed by the EDA 
scheme corresponds to the stabilization of the doubly 

 

Figure 9. Chemical structures of second-sphere function-
alized polypyridyl catalysts for improved performance 
based on our mechanistic understanding.  

 

Figure 10. ALMO-EDA (solv) results for CO2 adduct 1[Fe−CO2]0: (a) the unsubstituted adduct; (b) differential ALMO-EDA (solv) 
results for three different substituents: −OH (green), −NH2 (blue), and −N(CH3)3+ (TMA; orange). Energies are reported in 
kJ/mol. 



 

reduced CO22– dianion by the unreduced catalyst. It is im-
portant to point out that this is just a part of the total free 
energy of CO2 addition. The EDA results for the unsubsti-
tuted complex are given in Figure 10a and shows that the 
attractive interactions are dominated by electrostatic inter-
actions with significant charge transfer contributions. The 
short Fe−C bond distance of 2.05 Å rationalizes the high 
Pauli repulsion, and indicates that net binding energy re-
sults mainly from CT. The change in interactions energies as 
well as each EDA component for each substituent relative to 
the unsubstituted complex is depicted in Figure 10b. The or-
tho-hydroxy substituent (o-OH) strengthens the interaction 
by 77.1 kJ/mol (18.5 kcal/mol). The main driving force is 
additional favorable electrostatic interaction, which is also 
supplemented by favorable contributions from polarization 
and charge transfer, which are typical of a hydrogen bond-
ing fingerprint.70 The large increase in Pauli repulsion can 
be attributed to the repulsion of the diffuse lone pairs of the 
CO2 moiety and the hydroxy group. Interestingly, this inter-
mediate was not stable without freezing the hydroxy OH 
bond as it otherwise directly protonates the CO2 moiety. The 
ortho-amino substituent has a much smaller stabilizing ef-
fect of −22.5 kJ/mol (5.4 kcal/mol). The favorable electro-
static interaction cannot overcome the additional Pauli re-
pulsion of the amino substituent and the CO2–2 moiety. 
Lastly, the charged trimethylanilinum (TMA) moiety had to 
be placed at the meta position due to the bulkiness of the 
group. The EDA results demonstrate how this group pro-
vides a purely electrostatic stabilization; however, the solv-
ation screens most of the interaction to yield an overall sta-
bilization of −44.6 kJ/mol (−10.7 kcal/mol). Moreover, the 
ortho hydrogen donating substituents have another ad-
vantage: They can stabilize the transition state for the sec-
ond protonation step by forming hydrogen bonds. These in-
teractions lower the transition state (see Figure S18) for the 
o-OH by 1.3 kcal/mol which translates to an order of mag-
nitude faster TOF in the low overpotential regime (similar 
effect to the use of stronger acids). 

 

CONCLUSIONS 

In summary, inspired by the excellent observed catalytic 
performance of the molecular [Fe(tpyPY2Me)]2+ system, we 
investigated the mechanistic pathways through which it 
electrochemically converts CO2 into CO. Cyclic voltammo-
grams collected under CO2 atmosphere displayed the for-
mation of two distinct catalytic regimes with 𝐸𝑐𝑎𝑡/2 

1  of −1.43 

V vs Fc/Fc+ (ηTOF/2 = 160 mV) and 𝐸𝑐𝑎𝑡/2 
2  −1.86 V vs Fc/Fc+ 

(ηTOF/2 = 590 mV). For the low overpotential regime, the 
computed pathway shows that 1[Fe]2+ first undergoes two, 
single-electron reduction steps to generate the five-coordi-
nate open-shell singlet, 1[Fe]0. From 1[Fe]0, we show that the 
order of CO2 addition or protonation is flexible and experi-
mentally indistinguishable with both steps having compa-
rable calculated barriers. We find that both CO2 binding and 
protonation of the pyridine arm are feasible steps with sim-
ilar endergonic free energies. In any case, the rate limiting 
step was found to be the second protonation step resulting 
in cleavage of the C−O bond with subsequent CO release be-
ing barrierless and exergonic. Analysis of the complete low 
overpotential regime revealed that catalysis is solely con-
trolled by the carboxyl intermediate (1[Fe−CO2H]+) and the 

transition state for the second protonation step. Conse-
quently, the use of a stronger proton source, such as Cl-
PhOH, resulted in a three-fold increase in the rate of cataly-
sis without any loss in product selectivity. Computational 
analysis of the high overpotential regime shows a similar 
two initial electron transfer steps; however, at more reduc-
ing potentials, the first reduction is off-pathway, allowing 
for turnover from 2[Fe]+ rather than 1[Fe]2+ as is observed in 
the low overpotential regime. Following formation of the 
catalytic resting state, 1[Fe]0, we computationally probed 
three mechanistic pathways and compared them to experi-
mental kinetic data and results obtained from the energetic 
span model. From this analysis, we identified the PCET 
pathway of one of the pyridine arms as the most consistent 
mechanism. This intermediate readily binds CO2 and rear-
ranged into a singly reduced carbonyl intermediate. The ad-
ditional electron greatly facilitates the second protonation 
step explaining the increased rates observed for the higher 
overpotential regime. Analysis of the cycle showed that 
both the PCET and the second protonation steps control the 
rate of catalysis. As such, similar to the low overpotential 
regime, the use of a more acidic proton source increases the 
rate of catalysis, but to a lesser degree. The stronger acid 
only lowers the barrier for the second protonation; how-
ever, this step has less influence on the turnover frequency 
and thus the effect of acid pKa is lower.  

 Finally, the mechanistic insights gained from this study 
identified the pyridyl arms as promising targets for further 
optimization of the catalytic performance of this system. 
The pyridyl arms are not involved in stabilizing the excess 
electron density in the reduction events and thus any mod-
ifications should not alter the reduction potential of 1[Fe]2+, 
which is already optimally matched to the standard redox 
potential for the conversion of CO2. The introduction of hy-
drogen bond donors into the second coordination sphere 
can further greatly stabilize the CO2 adduct and lower the 
transition state for the second protonation step, both of 
which are critical intermediates for fast catalysis. Moreover, 
we also expect that the substituent effects can help to stabi-
lize the pyridinium intermediate; therefore, this synthetic 
modification has the potential to improve catalysis in all 
proposed cycles for both the low and high overpotential re-
gimes. 
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SYNOPSIS TOC: [Fe(tpyPY2Me)]2+ ([Fe]2+) is a homogeneous electrocatalyst for converting CO2 into CO at low overpo-
tentials with high selectivity and fast rates. Here we report a combined computational and experimental study that 
establishes two distinct mechanistic pathways for electrochemical CO2 reduction catalyzed by [Fe]2+ as a function of 
applied potential. Determination of mechanistic pathways is then used to direct the computational exploration of im-
proved ligand framework design by energy decomposition analysis. 

 

 

 




