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ABSTRACT

The selective generation of carbon-based products in the presence of proton donors currently
represents one of the major goals in the catalysis of the CO> reduction reaction (CO2RR). Within
this framework, the iron complex of the 1-([2,2’-bipyridin]-6-yl)-N-([2,2’-bipyridin]-6-
ylmethyl)-N-(pyridin-2-ylmethyl) methanamine ligand (DBPy-PyA) turns out to be a selective
and efficient catalyst to promote the conversion of CO; into CO. In the present work, we report a
detailed investigation of the CO2RR by this metal complex joining experimental and
computational studies. Efficient formation of CO (selectivity >90%) was attained under
electrochemical conditions (applied potential of —2.0 V vs Fc*/Fc) using trifluoroethanol as the
proton donor, which provides the best balance, among those tested, in terms of Lewis and
Bronsted acidity. This is indeed instrumental in accelerating CO» activation, while minimizing
the parallel generation of hydrogen by-product. The high activity and selectivity towards CO
formation is shown to arise from 1) the ability of the ligand to assist via intramolecular routes the
formation of the metallacarboxylic acid catalytic intermediate, ii) the favorable and almost
barrierless detachment of the CO product from the putative iron(Il) carbonyl intermediate, and
i11) the weak tendency of the two-electron reduced complex to form the metal-hydride species.
The CO2RR by the titled complex was further investigated under light-driven catalytic conditions
with [Ru(bpy)s]** (bpy = 2,2’-bipyridine) as the sensitizer and N,N-diisopropylethylamine
(DIPEA) as the electron donor, leading to unprecedented performances under 1 sun irradiation
(0.85 mL CO per mL of solution, quantum yield of 9.4%, selectivity >97%, solely limited by
degradation of the sensitizer). Transient absorption spectroscopy suggests that, for the three-
component photochemical system examined, catalyst activation by the photogenerated reductant

represents the rate-determining step of the photosynthetic process. With this information in hand,



by carefully modulating the photon flux, we succeeded to achieve a more than three-fold
enhancement in the quantum yield of CO formation (up to 28%). All in all, our study showcases

the great, but often underestimated, potential of molecular catalysis to target efficient and

selective transformations.



INTRODUCTION

The reduction of carbon dioxide into carbon-based products (CO2 reduction reaction, CO2RR)
poses as one of the most challenging solutions to the global energy issue, since it gives the
possibility to reduce the level of CO; while simultaneously generating fuels or industrially

3 Seemingly simple at first glance, the CO.RR displays both

relevant intermediates.'"
thermodynamic and kinetic hurdles. The reduction of CO; to its radical anion requires large
potentials** and lower thermodynamic requirements can only be achieved by employing a proton
donor.%” However, the complexity of the reaction mechanism increases and the use of a catalyst
becomes imperative to get control over the multiple electron and proton transfers involved.® !’
Moreover, the requirement of proton donation introduces selectivity issues associated with the
competition between the CO2RR and the hydrogen evolution reaction (HER).!® Hence, the quest
for molecular catalysts which are both efficient and selective towards the generation of single
carbon-based products is of paramount importance. In this regard, several approaches have been
particularly pursued to challenge selectivity issues. Some of those have involved, e.g., metal
exchange,!” modification of the ligand scaffold,?® and change of the solvent mixture.?!

We have been recently involved in the preparation of cobalt polypyridine complexes and
have employed them as catalysts for the HER under both electrochemical and light-driven
conditions.?”! We have reported on a variety of cobalt complexes based on the 1-([2,2’-
bipyridin]-6-yl)-N-([2,2’-bipyridin]-6-ylmethyl)-N-(pyridin-2-ylmethyl) ~methanamine ligand
(DBPy-PyA), featuring an uncommon heptacoordinated structure in the solid state (see the
prototype complex CoLM¢OH in Chart 1a).*’! The key design motifs within these metal
complexes are inspired by nature.’> They indeed exploit the redox-active character of the DBPy-

PyA ligand that acts as electron reservoir, akin to the ligand environment of Fe-only



hydrogenases,>>**

which is particularly instrumental to access the one- and two-electron reduced
species of the catalyst at reasonably low potentials.>> Furthermore, the presence of dangling
pyridine groups facilitates ligand protonation, which assists the formation of the relevant
catalytic intermediates as well as the elimination of the H> molecule,?® akin to the pendant amine
of FeFe hydrogenases (Chart 1b).>*3¢ Thanks to these interesting properties, for a cobalt
derivative (Chart 1c) outstanding performances were indeed recorded®® towards light-driven
hydrogen evolution with [Ru(bpy);]*" (where bpy = 2,2’-bipyridine) as the sensitizer and
ascorbate as the electron donor. Furthermore, we have recently demonstrated that the cobalt
complex (CoLM¢OH) is also active towards the CO2RR when the catalysis is conducted in
acetonitrile solution in the presence of H,O as a proton donor.’’” Under these conditions,
however, the major products are formate and/or hydrogen, suggesting a strong preference of the
cobalt complex for the hydride catalytic pathway. Replacing the cobalt center with iron
(FeLM¢OH complex, Chart 1a) caused a drastic switch in the catalytic behavior, resulting in
preferential CO formation when the catalysis was conducted in acetonitrile/H>O mixtures under
both electrochemical and light-driven conditions.?’

In the present work, we aim at a detailed investigation of the catalytic activity of
FeLM¢OH towards the CO,RR. We show that, combining electrochemical and computational
studies, we have obtained a comprehensive picture of the catalytic mechanisms towards the
CO2RR and the competitive HER. We further exploit these findings by exploring the ability of
FeLLMeOH {5 reach efficient and selective generation of CO under photochemical conditions, in
combination with [Ru(bpy)s]*" as the sensitizer and N,N-diisopropylethylamine (DIPEA) as the

electron donor. Remarkably, by merging catalytic studies and transient absorption spectroscopy

results we have been able to identify both the turnover limiting factors and the rate-determining



step of the light-driven catalytic process. Utilizing this knowledge, we carefully modulated the
experimental conditions and finally succeeded in obtaining quantitative (up to 188 umol of CO,
corresponding to up to 0.85 mL of gaseous product per mL of solution), selective (up to 97%),

and efficient (quantum yield up to 28%) conversion of CO; into CO in a single run.

Chart 1. a) Molecular structures of complexes CoLM¢OH and FeL.M¢OH; b) bioinspired features
of complexes based on the DBPy-PyA ligand, c¢) previous report on HER by cobalt complexes
based on the DBPy-PyA ligand, and d) outline of this work.
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The cyclic voltammetry of complex FeLMeOH in anhydrous acetonitrile displays two reversible
reduction processes taking place at Ei» of —1.65 and —1.85 V vs Fc¢*/Fc, associated with formal
Fe(I1)/Fe(l) and Fe(l)/Fe(0) processes, respectively. The two reduction potentials were computed
at —1.65 and —1.96 V (vs Fc*/Fc couple, for details see the Supporting Information, Section 3), in
very good agreement with the experimental data, providing additional confidence in our
calibrated computational protocols.®®*? Since CO. activation requires the opening of a
coordination site, in the next step, we investigated the stability of the binding of the seventh
ligand L' (either the original methanol, acetonitrile or the proton donors employed in the catalytic
studies) to the hexacoordinated FeL complex. The computed binding free energies are presented
in Table S2. It can be clearly seen that binding of solvent molecules to the catalyst is close to
ergoneutral (mostly within 1 kcal-mol™?), and often even slightly positive (endergonic). This
indicates an (observable) equilibrium between the solvent-bound and unbound forms of the
catalyst. After the first reduction, the calculated binding free energies increase towards positive
values (Table S3) which shifts the above equilibrium towards a form of the catalysts without a
bound solvent molecule. Thus, the reduction promotes the opening of the CO> coordination site,
activating the complex towards substrate binding. Lewdin population analysis (Table S5)
indicates that both reduction steps take place on the DBPy-PyA ligand, namely the bipyridine
moieties, with the spins of the unpaired electrons aligning in a parallel fashion.
Spectroelectrochemistry measurements further supported these findings.®’ In summary, by
correlating computations and experiments, we showed that FeLMeCH is converted into FeL AN
upon dissolution in acetonitrile and changes from a heptacoordinated species in a quintet state to
a hexacoordinated species in a triplet state upon two-electron reduction. While an open-shell

singlet ground state has been reported for the Fe(0) species of some polypyridine iron



complexes,®1%43 the triplet ground state predicted for the Fe(0) species of FeLMeOH aligns with
findings reported by Wu et al. for more similar complexes.**

In the presence of CO2, both reduction waves experience an increase in current due to the
ability of both electrogenerated Fe(l) and Fe(0) to bind CO (Figure 1). Addition of H>O as a
proton donor (pKa ~ 38 in acetonitrile)* leads to further enhancement of the catalytic currents at
both reduction waves, associated with improved kinetics for CO> activation. On the other hand,
negligible reactivity with H2O in the absence of CO2 was recorded for both electrogenerated
Fe(l) and Fe(0) species,®” showing that FeLLMeOH s a competent catalyst to promote selective
COg2 reduction to CO. Two catalytic mechanisms for CO> reduction to CO can be hypothesized
depending on the catalytic wave (and applied potential): an ECEC at the Fe(ll)/Fe(l) step and an
EECC mechanism at the Fe(l)/Fe(0), where E and C are electron-transfer and chemical steps,
respectively (Scheme 1). In this regard, the observation for both waves of constant catalytic half-
wave potentials (Ecat1, Ecat2) as a function of both scan rate and H2O content®” indicates that the
first chemical step, namely CO. activation, represents the rate-determining step for both
mechanisms when H,0O is used as the proton donor.*® We should recall that addition of up to
10% H20 to FelLMeOH in acetonitrile resulted in a change of the absorption spectrum associated
with replacement of the apical acetonitrile ligand with H2O, i.e., the preferential formation of a
FelLLH20 complex,®” as supported by calculated binding free energies of the respective ligands
(Table S2). Controlled potential electrolysis (CPE) experiments at —2.0 V vs Fc*/Fc finally
confirm that CO represents the major electrocatalytic product with a selectivity of 76.5% at 10%
H20. An increase in selectivity for CO up to a value of 84.3% is recorded at lower water content

(i.e., 1% H20), but at the expenses of catalyst stability (total Faradaic efficiency of ca 40%).%’



Scheme 1. Proposed catalytic mechanism consistent with the electrochemical data for a) CO-
reduction to CO and b) proton reduction and formate formation by complex FeLMeOH in

acetonitrile in the presence of a proton donor (L' stands for the seventh ligand).
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Starting from these premises, we investigated in more detail the effect of the proton
source on the CO2RR catalyzed by the FeLMe©H complex in acetonitrile. To that end, we
examined two alternative proton donors of increasing acidity, namely trifluoroethanol (TFE) and
phenol (PhOH) featuring pKa values of 35.4 and 29.1 in acetonitrile, respectively.*>#’ Figure 1a
depicts the cyclic voltammetry (CV) of the complex in CO2-saturated acetonitrile in the presence
of 1 M proton donor. Akin to H2O, two catalytic waves can be appreciated, associated with the
reactivity of both the Fe(l) and Fe(0) species with CO: in the presence of both TFE and PhOH

(in the case of PhOH the first wave is poorly defined due to the superposition with the second
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Figure 1. CV of 1 mM complex FelLMeOH in acetonitrile a) under N2, CO2, and CO2 with 1 M
proton donor, and b) under N2, COz, and CO: at different TFE concentrations, CVs were
recorded at 0.1 V/s with a glassy carbon as the working electrode with 0.1 M TBAPFs as the

supporting electrolyte.

catalytic event). This suggests that similar catalytic mechanisms can be envisioned with all
proton donors (Scheme 1). Notably, the current enhancement at the Fe(1)/Fe(0) step is larger with
TFE and PhOH (ica/ip = 9.2 and 5.1 for TFE and PhOH, respectively) than H2O (ica/ip = 3.5)

suggesting improved kinetics with stronger acids and a more pronounced ability of the TFE
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adjutant to selectively trigger the EECC mechanism. In addition, the half-wave potential Ecat?
(calculated at the inflection point of the catalytic wave)*’ experiences a progressive, positive shift
in the order —1.85, —1.83, and —1.80 V vs Fc*/Fc for H2O, TFE, and PhOH, respectively,
following the trend in the pKa. This suggests a non-negligible effect of the proton donor on the
catalytic process.

Inspection of the effects of the concentration of each proton donor and of the scan rate on
the CV response reveals further mechanistic information on the CO2RR catalysis by Fel.MeOH,
Figure 1b displays the CVs obtained at different concentrations of TFE at a scan rate of 0.1 V/s,
while the CVs at variable scan rates are reported in the Supporting Information (Figure S2-S8).
Similar to what was observed for H,O as the proton donor,3” only small dependency on the TFE
concentration was recorded for the Fe(ll)/Fe(l) process. We only observed weak enhancements
of the current, a small increase in reversibility at fast scan rates, and Eca,1 ~ —1.65 V vs Fc¢'/Fc
which was otherwise identical to the Ey» of the Fe(l1)/Fe(l) couple in the absence of COa. This is
consistent with the sluggish reactivity of the Fe(l) species with CO and an intrinsic slowness
(and inefficiency) of the ECEC pathway. On the other hand, a sharp increase in the catalytic
current at the Fe(l)/Fe(0) reduction is apparent and dependent on the concentration of TFE,
consistent with an efficient EECC catalytic process, particularly at larger TFE loadings. Only
minor changes in the absorption spectrum of FeLLMe°H are observed in acetonitrile upon addition
of TFE (Figure S9), likely originating from the weak TFE binding at the iron center. Thus,
within the proposed EECC mechanism, removal of the preferentially bound acetonitrile ligand
(Scheme 1) is herein expected before CO> activation. The catalytic half-wave potential (Ecat2) is
constant at all scan rates and identical to the E1/» of the Fe(l)/Fe(0) couple in the absence of CO>

(—1.85 V vs Fc*/Fc) for concentrations of 0.1 and 0.5 M TFE (Figure S10), consistent with a
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rate-determining CO- activation step, as observed with H2O as the proton donor. A positive shift
can be observed at higher TFE concentrations (> 1 M) and slow scan rates (Figure S10), which
can be explained assuming an improved reactivity of the electrogenerated Fe(0) species with
TFE at high loadings (as evidenced by the CV analysis conducted under N, Figure S11).
Interestingly, anodic peaks at ca —1.2 and —1.4 V vs Fc'/Fc at high TFE concentrations (> 1 M)
and fast scan rates (> 0.3 V/s) can be observed during the return scan (see Figure S12-S18),
potentially assignable to the re-oxidation of catalytic intermediates which have not turned over
due to rapid scan reversal.** This evidence is consistent with the highest catalytic currents
measured with TFE, indicating a faster CO> binding step than observed with H>O, as a result of
the increased acidity of the proton donor.

When using PhOH as the proton source (see Figure S19-S25 of the Supporting
Information), a prominent shift of the catalytic half-wave potential Ecat2 is observed (Figure S27)
This can be rationalized by considering the reactivity of the electrogenerated Fe(0) with PhOH,
as expected based upon the highest pKa among the series of acids tested (see Figure S28 for the
CVs of FeLMeOH with PhOH under N2). More importantly, while a similar current enhancement
with both TFE and PhOH is observed at 0.1 M proton donor (icat/ip ~ 3.7), substantially lower
current increases are measured upon further addition of PhOH (Figure S19). In this regard, the
absorption spectra of FeLLMeOH in acetonitrile evidence the growth of a broad band in the red
portion of the visible spectrum upon addition of PhOH (Figure S26), suggesting a non-innocent
role of the proton donor. Likely, the increased presence of phenolate compared to other
conjugated bases (either from protonation of the DBPy-PyA ligand or the solvent) facilitates the
formation of an equilibrium between FeLAN and a phenolate adduct. For this adduct, DFT

calculations predict considerably increased stability against detachment of phenolate
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(AbG(°[LFe-OPh]*) = —17.5 kcal-mol™) compared to other solvent ligands (see Table S2 and S3).
This indicates a more sluggish removal of this solvent ligand slowing down CO. activation and
catalysis at high PhOH concentrations.

CPE experiments were then performed to determine the reduction products using 1 mM
FeLLMeOH ags the catalyst in CO»-saturated acetonitrile in combination with the three different
proton donors. The Faradaic efficiencies (FE) attained after 2 h electrolysis at —2.0 V vs Fc¢*/Fc
and 1 M proton donor are displayed in Figure 2, while the numerical data in terms of both FE
and selectivity, under all tested conditions, are summarized in Table 1.

Comparison of the CPE data at a fixed concentration of 1 M proton donor (Entries 2,5,8
in Table 1) shows that replacing H.O with TFE mainly leads to an increase in stability of the
catalytic system (total FE of 43.4% and 85% in H,O and TFE, respectively), while no
macroscopic differences are observed in terms of product distribution, with the system
maintaining high selectivity towards the CO> reduction to CO (> 86%). This suggests that, under
these conditions, TFE is considerably stronger than H>O as a proton donor, accelerating CO-
activation and catalysis, but at the same time it is sufficiently weak as a Brgnsted acid to prefer
the carboxyl pathway (Scheme 1a). On the other hand, a decrease in selectivity towards CO
(78%) and a parallel increase in H. production (22%) are attained in the presence of 1 M PhOH,
which is consistent with the higher acidity of the proton donor and the expected favorable
acceleration of a hydride pathway (Scheme 1b) in the presence of stronger acids. Thus, the
analysis points out the critical role of the proton donor in dictating both the activity and the
selectivity of FeLMeCH towards the CO2RR, with TFE representing the optimal proton source to

achieve stable catalysis and high selectivity for the formation of CO.
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Figure 2. Faradaic efficiencies (FE) of product formation after 2 h CPE at —2.0 V vs Fc¢*/Fc of 1
mM complex FeLMeCH in CO,-saturated acetonitrile in the presence of a) 1 M proton donor and

b) variable concentrations of TFE.

It should be also noticed that with both H,O and TFE (Entries 1-3 and 4-6 in Table 1,
respectively), increasing the proton donor concentration leads to a general increase in catalyst
stability (total FE up to 82.5% and 93% with 5.5 M H>O and 3 M TFE, respectively) and a
concurrent, slight decrease in selectivity towards CO, indicating that at high concentration of
H>O and TFE the hydride pathway (Scheme 1b) starts becoming competitive. Consistent with

this observation, a similar trend is also followed using PhOH as the proton donor, but only when
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limiting the concentration within the 0.1-1 M range (Entries 7,8 in Table 1). An additional
increase in the amount of PhOH up to 3 M leads indeed to the selective formation of hydrogen as
the catalysis product (Entry 9 in Table 1). These results thus highlight the critical relationship

between pKa and concentration of the proton source to modulate product yield and selectivity.

Table 1. Summary of bulk electrolysis data of 1 mM FeLLMeOH in acetonitrile.?

Faradaic Efficiency / % Selectivity / % ©
Entry | HA |[HA]/M H2 CcO Formate H> CO Formate
1P H20 0.55 0.3 34 6 0.7 84.3 15.0
2 H20 1.0 1.4 37 5 3.2 86.4 10.4
3P H20 5.5 4.5 63 15 5.5 76.5 18.0
4 TFE 0.1 0.5 76 7 0.5 90.7 8.8
5 TFE 1.0 1 76 7 1.2 90.5 8.3
6 TFE 3.0 15 76 2 16.1 81.8 2.1
7 PhOH 0.1 0.6 32 2 1.7 92.5 5.8
8 PhOH 1.0 17 61 - 22 78 -
9 PhOH 3.0 50 - - 100 - -
& Estimated after 2 h, 1 mM catalyst concentration, CO»-saturated solution, 0.1 M TBAPFs

glassy carbon as working electrode, Pt as the counter electrode, SCE as the reference, applied
potential of —2.0 V vs Fc */Fc; ° taken from ref 37; ¢ estimated as the ratio between the amount of

each product and the total amount of products.

Finally, a detailed inspection of the catalytic data in Table 1 shows that at high H.O
content a larger fraction of formate than H> is attained (FE of 15% and 4.5% at 5.5 M H0,
respectively), while an opposite trend is apparent using TFE (FE of 2% and 15% at 3 M TFE for

formate and Hy, respectively). This can be explained considering the enhanced reactivity of the
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putative Fe(ll)-hydride intermediate with the proton donor (H> formation) over CO> (formate
production), expected to increase with lowering the pKa of the acid source.®® The failure to

observe formate at >1 M PhOH is also consistent with this notion.

Catalytic mechanism

The catalytic mechanism leading to the formation of CO was investigated by employing
DFT-D3//[COSMO-RS calculations (for details see Materials and methods). We examined the
EECC pathway, which is expected to be the dominating mechanism under electrochemical
conditions, according to the data reported above. The mechanistic proposal is schematically
illustrated in Scheme 2, alongside with the computed energetics, which are additionally
summarized in Figure 3. The first (chemical) step considered is the binding of CO> to the two-
electron reduced catalyst. It is computed to be endergonic by 13.3 kcal-mol™ with an activation
barrier of 16.6 kcal-mol™. Thus, it most likely represents the rate determining step of the
catalytic reaction as experimentally envisioned (vide supra). The next step is the protonation of
the ensuing iron carboxylate adduct. Due to the low proticity of the solution, the number of
dissolved protons in the reaction medium is negligible and thus this reaction step should be
interpreted as an intermolecular PT, i.e., the proton is expected to come from an acid (here H-O,
TFE, or PhOH) and not bulk solution. The calculated pKa value of [LFe-COOH]* (25.9) is
comparable but slightly lower than that of PhOH, thus the PT is endergonic when TFE or H20
are used as proton donors. This provides a potential explanation for the observed improvement of
the reaction kinetics with increasing pKa and concentration of the proton donor. The third step is
an intermolecular PT to the previously formed carboxyl moiety, followed by a dehydration

reaction. Unfortunately, under the employed methodology, the activation barrier of the
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dehydration reaction cannot be determined, as water spontaneously detaches from the complex
during even conservative geometry optimization procedures and engages in an intramolecular PT
when the C-O distance is constrained, indicating another negligible barrier. For this reason,
thermodynamic information is provided only for the combination of protonation and
dehydration. This combined step is highly exergonic by —29.6 kcal-mol™? (Scheme 2), consistent
with a much faster reaction than in the previous steps. The last step in the catalytic cycle is the
detachment of CO from the catalyst or, alternatively, its replacement by a solvent molecule. For
the former process, DFT predicts AG = -8.8 kcal-mol? and an activation barrier of only
AG* = 0.6 kcal-mol™, suggesting favorable and rapid removal of CO, and recovery of the starting
Fe(Il) catalyst. The predicted rapid removal of CO might pose an essential design feature of the
catalytic system, as it prevents the formation of more stable metal carbonyls by additional
electronic reductions. The thermodynamic feasibility of this reaction step is also corroborated by
the experimental finding that bubbling of CO into an acetonitrile solution of FeL.M¢°" does not

lead to formation of the corresponding carbonyl complex.*°

Scheme 2. Proposed EECC reaction mechanism for the CO formation by FeLMeOH in
acetonitrile calculated at the B3LYP-D3(BJ)/ COSMO-RS/def2-TZVPD level of theory. All
computed free energies and the activation energies are given in kcal-mol?, reduction potentials
in V. Identifiers: starting point (green), intermediates without ligand protonation (black),
intermediates with protonation of the selected bipyridine (blue) or pyridine (red). The superscript
preceding the identifier of the complex denotes the spin-state. Note that the dehydration step
designated with the asterisk (*) assumes the presence of free protons, making its comparability

dependent on the calculated pK, value of the employed proton donor (see Table S1). The AG?
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designated with two asterisks (**) refers to the simple elimination of CO without solvent

binding.
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Protonation of the DBPy-PYA ligand after the second reduction step was also considered
in the reaction mechanism as it has the potential to alter the reaction cycle (Scheme 2). Here, we
only consider protonation of the pyridine moiety and of the distal pyridine ring (farther from
amine moiety) of the bipyridine moiety neighboring the solvent ligand coordination site. We
mainly justify this limitation with the inability of the proximal pyridine rings of the bipyridine

moieties (i.e., those closer to the tertiary amine) to form stable conformers without the breaking
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of additional metal-ligand bonds. Detachment of the pyridine experiences a lower activation
barrier (11.4 kcal-mol™) than the detachment of bipyridine (18.6 kcal-mol™). However, both
barriers are reasonably low and thus the ensuing protonation process is mainly expected to be
thermodynamically, rather than kinetically driven. Calculated pKa values of the protonated
DBPy-PyA ligand and binding free energies are summarized in Scheme 2. They indicate that the
protonation of the pyridine moiety is less favored and can be reasonably disregarded under the
employed experimental conditions. Protonation of the bipyridine moiety is instead more likely
and has a considerable stabilizing and accelerating effect on the binding of COg, likely resulting
from the reduction of the steric hindrance due to the freed-up coordination side. Computational
data further indicate that, after the binding of CO> to the catalyst, an intramolecular PT from the
protonated DBPy-PyA ligand to the CO2 moiety is highly favorable from a thermodynamic
standpoint. This highlights the role of the hexadentate ligand in actively assisting PT events in
catalysis by functioning as a proton reservoir,8:2%3!

Formation of CO by FeLMeCH s observed to compete with hydrogen and/or formate
generation. The primary step in both cases is the formation of a metal-hydride bond by direct PT
to the metal center of the two-electron-reduced catalyst (Scheme 3). The propensity of the
catalyst to form the hydride species is indeed equally important as the binding of CO: in
dictating the selectivity of the catalytic process. Calculated pKa values indicate that protonation
of the metal center is thermodynamically comparable to protonation of the selected bipyridine
moiety of the DBPy-PyA ligand (Scheme 3). The hydride species can trigger HER via different
reaction pathways. First, the evolution of hydrogen can occur by direct abstraction of a proton

from a dissolved acid by the hydride. Another plausible pathway involves the protonation of the
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Scheme 3. Proposed EECC reaction mechanism for the HER by FeLMeOH in acetonitrile. All AG
values are displayed in kcal-mol?, calculated at the B3LYP-D3(BJ)/COSMO-RS/def2-TZVPD
level of theory. ldentifiers: starting point (green), intermediates without ligand protonation
(black), intermediates with protonation of the selected bipyridine (blue) or pyridine (red). The
superscript preceding the identifier of the complex denotes the spin-state. Whenever two
deprotonations are specified, pKa,1 and pKa refers to the deprotonation of the metal center and
DBPy-PyA ligand, respectively. Note that the evolution of H> in the step designated with the

asterisk (*) assumes the presence of free protons, making its comparability to the other displayed

mechanisms dependent on the calculated pKa value of the employed proton donor (see Table S1).
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DBPy-PyA ligand followed by an intramolecular PT to the hydride, leading to the evolution of
H2.5! Formation of formate, on the other hand, can be attained by the direct transfer of the
hydride to a dissolved CO, molecule. Notably, the protonation of the two-electron reduced
complex is thermodynamically less favorable than CO> binding (see, e.g., the energy profile in
Figure 3 using TFE as the proton donor). Furthermore, protonation of the DBPy-PyA ligand
significantly reduces the propensity for the protonation of the reduced metal center. Under these
circumstances, CO2 binding would result more favorable, thereby explaining the more
pronounced tendency of FeLMeOH to follow the carboxyl pathway leading to the selective

formation of CO.
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Figure 3. Gibbs free energy profile of the CO2RR and HER without ligand protonation (black),
and with protonation of the selected bipyridine (blue) or pyridine (red) of the DBPy-PyA ligand.
Free energies of intermolecular PTs to the catalyst are given in reference to TFE. Intermediate
products are marked by solid bars and transition states are denoted by dashed horizontal lines,

dashed connecting lines indicate that a transition state for the process cannot be determined.
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Photochemical COz2 reduction

The catalytic activity of FeLMeOH in CO,-saturated acetonitrile was further examined and
optimized within the light-activated cycle involving [Ru(bpy)s]?* as the sensitizer and DIPEA as
the sacrificial electron donor under 1 sun (0.1 W-cm) irradiation. Figure 4 depicts the most
relevant results (see Figures S29-S43 for the remaining kinetics), while the photochemical data
in terms of maximum amount of photoproduct, turnover number (TON), selectivity, turnover
frequency (TOF), and quantum yield (®) are collected in Table 2. For a better comparison with
literature data, we have now estimated the quantum yield of CO formation, defined as the ratio
between the moles of CO product and the absorbed photons, via actinometry (see Supporting
Information for details).> We should consider that while the amount of gaseous products is
strongly dependent on the experimental conditions, a similar quantity of formate (< 4 umol) is
always found, in line with that attained in control experiments without FeLMeOH (Table S6). As
already reported,®® this quantity most likely originates from the parallel degradation of the
sensitizer and the concurrent formation of ruthenium-based molecular species, whose catalytic
activity results in the preferential formation of formate. Thus, differently from what observed in
the electrochemical tests, we reason that under light-driven conditions only minor, if any,
generation of formate occurs through direct catalysis by the iron complex. Similar findings were
reported by Fujita and co-workers when comparing the electrochemical and photochemical
activity of a polypyridine cobalt complex,> which was ascribed to the parallel formation of
additional acid sources upon decomposition of the electron donor,®® which could impact on the
overall product yield. According to these considerations, for the sake of simplicity, the data

collection (Table 2) and the following discussion have been limited to the CO and H2 products.
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We first started from the conditions employed in our previous work, i.e., using H>O as

the proton adjutant, and studied the effect of the concentration of both the proton donor and the

catalyst. Inspection of the catalytic data shows that at a fixed concentration of FeLLMeCH (50 uM)

the selectivity towards the formation of CO is generally high (>92%) and weakly influenced by

n/ umol

0.5M

Irradiation time / h

e H,0
e TFE

Irradiation time / h

Figure 4. Kinetics of CO (full dots) and H> (empty dots) formation upon visible-light irradiation

(400-800 nm, 1 sun) of CO,-saturated acetonitrile solution containing 0.4 mM [Ru(bpy)s](PFs)2,

0.1 M DIPEA, 50 uM FelLMeOH q) at different concentrations of TFE and b) in the presence of 1

M proton donor.
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Table 2. Summary of the photochemical data.?

n/umol (TON) © Selectivity / % ¢ Efficiency
Entry | [Fe]/uM | HA | [HA]/M Ha co H. co TOFco/h! | ®co/%®
1b 50 H,0 0.55 2.4 (9) 43.3 (173) 5 95 66 15
2 50 H,0 1 8.4 (34) 96.3 (385) 8 92 103 25
30 50 H.0 55 2.7 (11) 44.0 (176) 6 94 98 2.4
4P 10 H.0 55 9.0 (180) | 18.6(372) 33 67 240 1.1
5 5 H.0 55 2.6 (104) 7.0 (278) 27 73 98 0.3
6 2 H.0 55 1.0 (102) 3.1 (305) 24 76 144 0.1
7 50 TFE 05 1.7 (7) 41.6 (166) 4 96 51 13
8 50 TFE 1 5.8 (23) 174.5 (698) 3 97 394 9.4
9 50 TFE 2 5.5(22) 187.6 (750) 3 97 360 8.6
10 50 TFE 3 9.2 (37) 135.1 (540) 6 94 241 5.7
11 25 TFE 1 3.1 (20) 47.1 (376) 5 95 129 15
12 10 TFE 1 1.9 (38) 17.0 (340) 10 90 96 0.4
13 2 TFE 1 1.1 (110) 3.5 (350) 24 76 138 0.1
14 50 PhOH 0.5 1.1 (4) 90.7 (363) 1 99 115 2.8
15 50 PhOH 1 43(17) | 131.8(527) 3 97 168 4.0
16 50 PhOH 3 447 (179) | 12.2 (49) 78 22 28 0.7
17 10 PhOH 1 8.0 (160) 122.1 (2442) 6 94 768 3.6
18 2 PhOH 1 3.6(363) | 19.7(1972) 15 85 491 0.4

2 Visible-light irradiation (400-800 nm, 1 sun), 0.4 mM [Ru(bpy)s](PFs)2, 0.1 M DIPEA in

acetonitrile: ® taken from ref 37: ¢ estimated after 5 h irradiation: @ estimated as the ratio between

the amount of a single product and the total amount of products; ¢ calculated using actinometry

(see Supporting Information).
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the H20 content (Entries 1-3 in Table 2). Interestingly, an increase in the amount of H20 from
0.55 to 1 M results in an improvement of the performance in terms of both efficiency and amount
of CO product. However, a further increase in the concentration of H2O up to 5.5 M does not
lead to additional enhancements in activity. On the other hand, at 5.5 M H>O, decreasing the
catalyst concentration (Entries 3-6 in Table 2) is accompanied by a general lowering of both the
activity (amount of gaseous products and quantum vyield) and selectivity towards CO. This
possibly indicates that, under these conditions, catalyst reduction by the photogenerated
[Ru(bpy)s]?* species might limit the light-driven catalytic activity.

We then moved to test TFE as the proton donor and checked similarly the effect of its
concentration (Figure 4a and Entries 7-10 in Table 2). Akin to water, a similar bell-shaped trend
is apparent, with the performances, both in terms of amount and rate of CO production, peaking
for intermediate concentrations (1-2 M). More importantly, with TFE as the proton donor a net
improvement with respect to H20O is observed at 50 uM catalyst loading in terms of both activity
and selectivity. A maximum amount of 187.6 umol of CO product with a selectivity of up to
97%, corresponding to a maximum TON of 750, and a quantum yield of CO formation of 9.4%
are indeed attained using TFE (Table 2), paralleling the gain in catalytic performances already
recorded in electrochemical experiments (Figure 4b). Although the maximum TON is not
particularly large, due to the use of a 50 uM concentration of catalyst,>® the amount of CO
formed under these conditions corresponds to 0.85 mL of product per mL of solution and is, to
the best of our knowledge, one of the largest attained in light-driven CO. reduction with
molecular sensitizers and catalysts. Similar (but lower) CO amounts were obtained recently by
Chang and co-workers using a polypyridine iron complex with [Ru(bpy)s]** (ca 160 pmol per 5

mL photolyzed solution)*® and by Ouyang and co-workers, using a cobalt(ll) catalysts and a
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copper(l) sensitizer (135-140 umol per 4 mL).>®>" Similar values were only recorded by Robert
and co-workers using a cobalt polypyridine complex and an organic dye (95 umol per 2.5 mL
photolyzed solution),®® but after a much longer irradiation period (24 h). For FeLMeOH  akin to
what was observed using H-O as the proton donor, lowering the catalyst concentration down to 2
uM at a constant TFE concentration (1 M) leads to a progressive diminishment of the activity
and selectivity for CO formation (Entries 11-13 in Table 2), still suggesting a kinetically limiting
catalyst activation step.

Replacing the TFE proton donor with the more acidic PhOH does not lead to an
improvement in catalytic activity in terms of both maximum amount of CO product and quantum
yield, with the best results attained at 1 M PhOH. Notably, a remarkably high selectivity of 99%
towards CO formation is achieved at 50 uM catalyst and 0.5 M PhOH (Entry 14 in Table 2). On
the other hand, increasing the concentration of this proton donor up to 3 M (Entries 15,16 in
Table 2) leads to a complete reversal in the major catalytic product (selectivity of only 22% for
CO). Interestingly, decreasing the catalyst concentration at 1 M PhOH (Entries 16-18 in Table 2)
results in a less pronounced abatement of the catalytic activity than observed with both H-O and
TFE proton donors. This can be likely explained assuming an acceleration of the chemical steps
within the EECC catalytic mechanism using the more acidic PhOH, possibly leading to faster
catalyst turnover under light-driven conditions and reduced decomposition routes involving the
sensitizer (see below). Although lower amounts of CO product (at correspondingly lower rates
and efficiencies) are attained at low catalyst loadings, a gain in terms of both maximum TON
and TOF can be recorded at 10 pM catalyst concentration with values up to 2442 and 768 h*,

respectively.
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Control experiments in the absence of the electron donor, the sensitizer, or light do not
yield detectable photoproducts (Entries 1-3 in Table S6 of the Supporting Information), whereas
small amounts of CO, H» and formate are detected in the absence of the iron catalyst (Entries 5-7
in Table S6). CO was also attained at 50 pM FeLLMeOH in the absence of any proton donor, but in
lower yield (Entry 8 in Table S6), confirming the relevant role of the acid source in accelerating
catalysis. Importantly, when photochemical catalysis was attempted in the absence of CO- (using
Ar as an inert gas), only traces of H, were detected (Entry 4 in Table S6), thus demonstrating that
the formed CO clearly originates from catalytic conversion of CO2 by the iron complex. Overall,
the control experiments confirm that the added components (sensitizer, catalyst, electron and
proton donors) and light are all required to achieve sustained CO formation from COx.

After the investigation and optimization of the light-driven experiments, we next turned
to the experimental conditions that provided the largest amount of CO product with the highest
quantum yield, namely 50 uM FeLMeOH and 1 M TFE (Entry 8 in Table 2), to examine the
turnover limiting factors of the photochemical system. We first hypothesized that a possible
reason for the levelling-off of the light-driven activity could be the consumption of the reactants
required to promote the catalytic generation of CO, namely the CO> substrate, the TFE proton
donor, and the DIPEA electron donor. At 1 M TFE, a maximum amount of 175 umol of CO
product is formed, which corresponds to an overall consumption of 12.5%, 7%, and 35% of the
initial quantities of CO2, TFE and DIPEA, respectively. In this regard, particularly critical is the
decrease of the DIPEA concentration which might impact on the efficiency of the primary
photochemical reaction considering the slow bimolecular rate constant for the reductive
quenching of the excited sensitizer (k = 6.6-10° Ms™).3" Consistent with this hypothesis, after 2

h irradiation (Figure 5a), purging of the photolyzed solution with CO2 and concomitant addition

27



of the required amounts of both TFE and DIPEA to restore their corresponding initial
concentrations (1 and 0.1 M, respectively) leads to a partial recovery of the light-driven catalytic

activity (ca 45% in terms of total moles of CO with respect to the quantity produced after 2 h).
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Figure 5. a) Effect of the addition of CO,, DIPEA, TFE (red), CO,, DIPEA, TFE and FelLMeOH
(blue), and CO, DIPEA, TFE and [Ru(bpy)z](PFs)2 (green) on the kinetics of CO (full dots) and
H> (empty dots) formation upon visible-light irradiation (400-800 nm, 1 sun) of acetonitrile
solution containing 0.4 mM [Ru(bpy)s](PFe)2, 0.1 M DIPEA, 50 uM FeLLMe®H and 1 M TFE; b)

multiple light-driven cycles upon addition of CO2, DIPEA, TFE and [Ru(bpy)z](PFs)2 every 2 h.
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Interestingly, a similar resumption is also attained upon addition of 50 uM Fel.MeOH
complex together with TFE, DIPEA and CO., suggesting that decomposition of the catalyst does
not represent a turnover limiting factor. Instead, addition of 0.4 mM [Ru(bpy)s](PFs)2 together
with TFE, DIPEA and CO; enables the photochemical system to restart with similar rates as
those measured at the beginning of the experiment, thus confirming that progressive degradation
of the sensitizer mainly limits the light-driven catalytic activity. This is indeed not unexpected
for photochemical systems involving [Ru(bpy)s]** as the chromophore, due to the documented
reactivity under photolysis conditions.>® This evidence was further confirmed by the comparison
of the absorption spectra before/after light-driven catalysis that shows a partial abatement of the
metal-to-ligand charge-transfer (MLCT) transition characteristic of the ruthenium(ll) complex
(Figure S44-S46). Notably, multiple additions of the [Ru(bpy)s](PFe)2 sensitizer every 2 h
(together with TFE, DIPEA and COy) allow us to achieve sustained and stable CO generation

upon visible-light irradiation, with quantities up to ca 8 mL after only 6 h (Figure 5b).

Mechanistic insight into photochemical CO:2 reduction

Light-driven CO2 reduction by complex FeLMeOH in combination with [Ru(bpy)s]** as the
sensitizer and DIPEA as the sacrificial electron donor occurs through a reaction sequence
involving excitation of the sensitizer (eq 1), reductive quenching of the excited state by the
DIPEA (eq 2), and subsequent electron transfer from the reduced chromophore to the catalyst (eq
3), either in its initial or one-electron reduced species. Once the Fe(0) species has formed, the
subsequent chemical steps, according to the reaction mechanisms depicted in Scheme 2 (or 3),
are expected to lead to CO (or Hz) formation. On the other hand, the oxidized donor (DIPEA™)

undergoes deprotonation (eq 4), with the resulting radical species leading to reduction of a
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ground-state sensitizer molecule (eq 5).%° We should consider that, in principle, the latter radical
may also participate in direct reduction of the FeLMeOH complex (eq 6), although the mutual
concentrations of sensitizer and catalyst are such that the reaction with the former is intrinsically
more likely. According to the reaction scheme in eqs 1-6, one photon is required to attain one

molecule of product (either CO or Hy).

[Ru(bpy)s]** + hv > *[Ru(bpy)s]** 1)
*[Ru(bpy)s]** + DIPEA > [Ru(bpy)s]* + DIPEA™ 2
[Ru(bpy)s]* + Cox > [Ru(bpy)s]* + Cred @)
DIPEA™ + DIPEA - DIPEA" + DIPEAH" 4
[Ru(bpy)s]?* + DIPEA" = [Ru(bpy)s]* + degradation products (5)
DIPEA" + Cox = Cred + degradation products (6)

Transient absorption spectroscopy was employed to follow the proposed reaction sequence and
to attain kinetic insight into the relevant electron transfer steps. Pulsed excitation at 532 nm of an
acetonitrile solution containing 70 uM [Ru(bpy)s]?*, 0.1 M DIPEA and 0.25 mM FeL.M¢OH |eads
to the formation of a transient spectrum at 0.1 ps time-delay (Figure 6a) featuring a positive
absorption at 370 nm, a negative absorption at 450 nm due to depletion of the MLCT transition,
and an apparent bleaching at 620 nm due to spontaneous emission. These fingerprints are
characteristic of the triplet excited state of the [Ru(bpy)s]?* chromophore.®® A spectral evolution
is first observed within ca 2 ps (Figure 6a), showing a partial decrease of both the positive and
negative absorptions associated with the excited state and the concurrent formation of a new

positive absorption at 505 nm. The latter is the peculiar absorption expected for the formation of
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the reduced sensitizer [Ru(bpy)z]* and the spectral changes can thus be assigned to the reductive
electron transfer process between the excited state of the [Ru(bpy)s]?>" chromophore and the
DIPEA donor (eq 2).5! Kinetic analysis (Figure 6¢ and Figures S47, S48) yields an average time-
constant of ca 670 ns for this process, which is in good agreement with the decay rate of the
*[Ru(bpy)s]** excited state in the presence of 0.1 M DIPEA, estimated considering the
bimolecular rate constant of k = 6.6-10° M™s™ for the electron transfer process in eq 2.3” The
subsequent spectral evolution was then monitored within the 2-1000 us timeframe (Figure 6b),
which is characterized by the progressive decrease of both absorption at 355 and 500 nm and the
parallel formation of a broad absorption throughout the whole spectrum (isosbestic points at 387,
470, and 565 nm). This process can be assigned to the reduction of catalyst FeLMe©H py the
photogenerated [Ru(bpy)s]* sensitizer (eq 3, where Cox and Creq are the Fe(ll) and Fe(l) species,
respectively). Formation of a broad absorption in the red portion of the visible spectrum is indeed
expected for the reduction of the iron complex.®” Kinetic analysis of the [Ru(bpy)s]* decay
(Figure 6¢ and Figure S47) or Fe(l) formation (Figure S48) gives a time-constant of ca 50 us for
the electron transfer process in eq 3. Considering the higher concentration of FeLLMe°H complex
(0.25 mM) than the photogenerated [Ru(bpy)s]™ sensitizer (ca 9 uM, according to the Lambert-
Beer law considering a Ae = 9000 M-tcm™* at 500 nm and the actual optical pathlength)®? and the
resulting pseudo-first order conditions, a bimolecular rate constant of k = 8-10" Ms? can be
extracted for this electron transfer reaction. Interestingly, this value is considerably lower than
that found in analog cobalt polypyridine complexes for which the bimolecular rate constants
typically approach the diffusion-controlled regime.?222%3! This evidence is indeed not fully
unexpected considering the small driving force for Fe(11)>Fe(l) reduction by [Ru(bpy)s:]* (AG =

—0.11 eV, taking E = —1.76 V vs Fc*/Fc for the [Ru(bpy)s]**/[Ru(bpy)s]* couple®® and neglecting
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Figure 6. Spectral changes between a) 0.1-2 us and b) 2-1000 ps and c) kinetic analysis at 500

nm obtained by laser flash photolysis (excitation at 532 nm) of an acetonitrile solution containing

70 uM [Ru(bpy)s]?*, 0.1 M DIPEA and 0.25 mM FeLLMe°H under N.
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electrostatic work terms). Furthermore, it also suggests that the subsequent Fe(l)->Fe(0)
reduction might be still slower, based upon the slight endergonicity of the process (AG = +0.09
eV, neglecting electrostatic work terms).

The results obtained by laser flash photolysis indicate that catalyst activation by the
photogenerated [Ru(bpy)s]* could potentially represent the rate-determining step in light-driven
catalysis within the FeLMeOH/[Ru(bpy)s]>*/DIPEA three-component system. Within this
assumption, we reasoned that the observed instability of the [Ru(bpy)s]** chromophore, which
represents the turnover-limiting factor in our light-driven catalytic tests, mainly arises from
parallel decomposition routes involving the photogenerated [Ru(bpy)s]* species. As a matter of
fact, in the absence of an efficient electron collection by the FeLLMeOH catalyst, its accumulation
upon prolonged photolysis may lead to unwanted, detrimental reaction pathways®® possibly
impacting on the quantum efficiency of the light-driven reaction. Starting from this hypothesis,
we turned our attention to the possibility of limiting the generation of reduced [Ru(bpy)s]*
species by playing on the photon flux that reach the photochemical reactor. In Figure 7a it is
reported a comparison of the Kinetic traces of CO formation from a COz-saturated acetonitrile
solution containing 0.4 mM [Ru(bpy)s](PFe)2, 0.1 M DIPEA, 50 uM FeLMe©°H and 1 M TFE
upon irradiation with either the Xe lamp at 1 sun (black trace) or with a 460-nm LED at variable
applied potentials (red and blue traces), corresponding to progressively decreasing absorbed
photon fluxes. Interestingly, while the maximum amount of CO product formed is similar and
the rate of CO generation slightly increases only at an intermediate photon flux (Figure 7a),
calculation of the quantum yield of CO formation shows a dramatic improvement, reaching an
impressive value of 28% at low power irradiance (Figure 7b). More in details, the quantum vyield

of CO formation can be described according to eq 7, where npnoto and ndark are the efficiencies of
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the photogeneration of the reduced [Ru(bpy)s]* species (photochemical step) and of the dark,
catalytic process (dark step), respectively. The efficiency of the photochemical step (Mphoto) Can
be calculated from eq 8, knowing the quenching yield of the excited state of the [Ru(bpy)s]?*
chromophore by 0.1 M DIPEA (ng ~ 34%) and the cage escape yield associated with [Ru(bpy)s]*

formation (nce ~ 100%, as estimated from the transient absorption spectra in Figure 6a).%*
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Figure 7. a) Kinetics of CO formation upon irradiation of CO.-saturated acetonitrile solution
containing 0.4 mM [Ru(bpy)s](PFs)2, 0.1 M DIPEA, 50 uM FeLMe®H and 1 M TFE at different

absorbed photon fluxes attained using either the Xe lamp (black) or a 460-nm LED (red, blue);

b) trend of the quantum yield vs. absorbed photon flux.
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@ = TMphoto*Ndark (7)

Tphoto = 2'nq'1’]ce (8)

From these data, an almost three-fold improvement from mgak ~ 14% under 1 sun
irradiation up to mgark ~ 41% under low irradiance conditions (i.e., 460-nm LED at 9.5-10%
Einstein/s) can be attained in the efficiency of the dark catalytic process. These findings point out
the great potential of tuning the irradiation source towards the optimization of the catalytic
reaction under light-activated conditions. Similar evidences were also documented for water
oxidation catalysis®®® and highlight how photon management can be profitably exploited to
improve the efficiency in terms of photon-to-product conversion. Furthermore, these results well
comply with recent reports on more general photocatalytic reactions,%"* showing how
modulation of the light source can have a profound impact on the performances of

photochemical systems.

MATERIALS AND METHODS

Experimental Section. All reagents were obtained from standard suppliers and used without
additional purification. Complex FeLMeOH was synthesized following literature protocols.®’
[Ru(bpy)s:]PFs was obtained by salt metathesis from the [Ru(bpy)s]Cl2-6H20. Absorption spectra
were recorded at room temperature using an Agilent Technologies spectrophotometer. Transient
absorption spectroscopy measurements were conducted using a custom laser spectrometer
comprising of a Continuum Surelite Il Nd: YAG laser (FWHM = 8 ns) with frequency doubled

option (532 nm). Photomultiplier signals (kinetic traces) were processed using a Teledyne
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LeCroy 604Zi (400 MHz, 20 GS/s) digital oscilloscope. Transient spectra were recorded using a
PiMax CCD Camera. Cyclic voltammetry (CV) measurements were performed on a
PGSTAT302N potentiostat (Autolab) in a three-electrode cell, using a glassy carbon as the
working electrode, a silver wire as the quasi-reference electrode, and a Pt wire as counter
electrode. TBAPFs was employed as the supporting electrolyte. Solutions were purged for 20
min with either N2 or CO2 before analysis. Controlled potential electrolysis (CPE) experiments
were performed in a gas-tight custom-made electrochemical cell using a high-surface area
glassy-carbon rod as the working electrode, a platinum wire as the counter electrode (separated
from the test solution by a frit) and SCE as the reference electrode (potentials were subsequently
converted vs. Fc*/Fc for uniformity with CV experiments by subtracting 0.4 V).”? The head-
space of the cell was connected to a gas-chromatography (GC) apparatus (see below for details)
for the determination and quantification of H> and CO. The bulk electrolysis experiments were
run in duplicate, and the results reported are averages of two independent experiments. Light-
driven CO; reduction reaction (CO2RR) experiments were performed under continuous visible
light irradiation using two different light sources: a 175 W Xenon Arc-lamp (CERAMAX
PE175BFA) and a 3 W blue LED (spectrum reported in Figure S1). For the former, an incident
power of 1 sun (0.1 W/cm?) was set using a power meter. In a typical photochemical experiment,
samples were prepared in 20 mL scintillation vials by mixing stock solutions of [Ru(bpy)s]PFs
and the catalysts, followed by the addition of DIPEA and proton source (H2O, TFE or PhOH).
The solution was then placed in the reactor, purged with CO2 for 20 minutes, continuously
stirred, and maintained at constant temperature of 15°C. Experiments were run in duplicate and
the results are reported as the average of two independent experiments. The measuring cell (both

in cases of the bulk electrolysis and or photochemical cell) is sealed during the reaction: the head
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to which the cell is attached has four ports, closed with Swagelok® connections, two of them are
part of a closed loop involving GC gas inlet and sample vent to analyze the headspace content
without an appreciable gas consumption, and the other two are for the degassing procedure
(input and output). The gas phase of the reaction vessel was analyzed on an Agilent
Technologies 490 micro-GC equipped with a 5 A molecular sieve column (10 m), a thermal
conductivity detector, and using Ar as the carrier. The unused gas sample is then reintroduced in
the reactor to minimize its consumption along the whole photolysis. The moles of gases were
quantified through the external calibration method. In the case of H», this procedure was
performed through a galvanostatic (typically 1 mA) electrolysis of a 0.1 M H2SO4 solution. A
100% faradaic efficiency was assumed leading to a linear correlation between the amount of H»
evolved at the cathode and the electrolysis time. CO was quantified using a response factor
obtained by injecting known amounts of gas in the cell and then sampling the headspace.
Average errors are within +10% for CO and +5% for H,. Formate was quantified using *H-NMR
(6 = 8.3 ppm).3” The electrolyzed or photolyzed solutions were brought to basic pH upon the
addition of the minimum amount of NaOH and then evaporated under reduced pressure. The
solid residue was then dissolved in 2 mL D20 and sonicated for 5 min, dimethylformamide (1
ulL, 6 = 7.8 ppm) was then added as an internal standard and the resulting solution was filtered
before entering the NMR tube.

Computational section. All Gibbs free energies G calculated in this work include: electronic

energy, vibrational free energy, and solvation free energy (eq 9).
G = Eelec + Guib + 4sG (9)

Geometry optimizations and electronic structure calculations were performed using the

Turbomole-7.7 program package.”® Geometry optimizations were performed at the BP86-
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D3(BJ)/def2-TZVP level of theory,’*®? and electronic structure calculations at the B3LYP-
D3(BJ)/def2-TZVPD™4788084 (or ©B97M-V/def2-TZVPD®® if explicitly stated) level of
theory. Vibrational frequencies were calculated with Turbomole-7.7 using in vacuo optimized
structures on the same level of theory utilized in the geometry optimization. They were
converted into vibrational free energies at T = 298.15 K using the thermo submodule of the XTB
software package®’ with an empirical scaling factor of 0.9914. Solvation free energies were
computed using the COSMO-RS®8 method, that combines the conductor-like solvation model
(COSMO) and statistical fluid thermodynamics, using the COSMOtherm23 software package.*
Spin multiplicities of the ground electronic states were determined by rigorous comparison based
on the arguments detailed in ref. 91 and references therein. The dependency of the spin-crossover
energies on the exact exchange fraction was extracted by linear regression, using the BP86,
PBE, 89 B3LYP*%% B3LYP and PBE0%:%2% functionals. One-dimensional PESs were
calculated analogous to geometry optimizations. The exact position of a transition state
pertaining to the electronic structure methods on a PES was determined from the Newton
polynomial and confirmed by the presence of exactly one negative frequency.

Assessing the solvation free energy of a proton dissolved in acetonitrile under standard
conditions is difficult with standard quantum chemical methods.®” Thus, we utilize the
experimental estimate of AsG(H") = -260.2 kcal-mol? based on the cluster pair
approximation.®®*° Calculated pKa values of all employed proton donors are listed in Table S1.
As reduction potentials have been experimentally measured vs. Fc/Fc* reference, calculated
reduction potentials are consistently displayed relative to an experimental reference of
4.96 V.10 Finally, a correction of 1.9An kcal-mol™! (corresponding to the difference between

the concentration of the ideal gas at 298 K and 1 atm and its standard 1 mol-L™!' concentration at
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the same pressure and temperature; An is the change in the number of moles in the reaction) has

been applied so that the computed values refer to the 1 mol-L ™! standard state.

CONCLUSIONS

By combining electrochemical and kinetic measurements with quantum chemical calculations,
we have elucidated the catalytic mechanism of CO2 reduction by the heptacoordinated iron
complex FelLMeOH and identified the origin of the high selectivity towards the generation of CO.
In addition, we have successfully applied the catalyst for selective CO2 reduction to CO under
light-driven catalytic conditions. In the presence of TFE as a proton donor, quantitative
formation of CO is attained. Transient absorption spectroscopy measurements highlight that the
rate-determining step in photochemical catalysis is represented by the electron transfer from the
reduced sensitizer to FeLMeOH which results in decomposition pathways for the chromophore.
Modulation of the light flux to reduce the amount of photogenerated reductant finally enables a
dramatic improvement of the quantum efficiency of the reaction. These results point out the great
potential of molecular catalysis to target selective generation of carbon-based products in CO.RR
and showcase the fundamental role of light as a reactant in tuning the efficiency of a
photoreaction. We are certain that the synergistic combination of fast molecular catalysis and
efficient photochemical reactions will definitely generate new avenues in the context of catalysis

for solar fuel formation.
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