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Abstract

Efficient electrocatalytic CO, reduction requires developing catalysts with high selec-
tivities and high activities, which is simultaneously difficult to achieve. Here, we
present a new approach to tune the CO, reduction activity based on host-guest chem-
istry enabled by an iron porphyrin cage catalyst. The cage design allows the hosting
of alkali metals in the side walls causing a change in the electrostatic potential inside
the cage cavity. Density functional theory calculations show that the guest potassium
ions assist the reduction of CO, by inverting the two-electron transfer from iron(0) to
CO, from endothermic to exothermic. Accordingly, electrochemical experiments with
the cage catalyst show that in the presence of the potassium ions, the overpotential for
the CO, reduction decreases, and the catalytic activity increases while the high selec-
tivity of the cage is retained. A novel coupling between the electrochemical cell and a
mass spectrometer allowed the trapping of the key intermediates. Cryogenic ion spec-
troscopy characterization of the intermediates showed the details of the potassium
ions hosting in the reduced cage and of the stabilization of the Fe-COOH intermediates

by the interaction with the potassium ions at the single-molecule level.

KEYWORDS
CO, reduction, DFT calculations, electrochemistry, ion spectroscopy, mass spectrometry, reac-
tion intermediates

Key points

1. Host-guest chemistry of iron porphyrin-cage catalysts in electrocatalytic CO,
reduction results in an increase in the activity and the selectivity of the catalysis.

2. Electrochemistry—mass spectrometry coupling allowed studying of the reaction
intermediates in CO, reduction by mass spectrometry and by helium tagging

infrared photodissociation spectroscopy.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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3. DFT calculations showed the details of the CO, reduction pathway inside of

the cage cavity and the working principles of the reactivity enhancement by the

host-guest chemistry.

INTRODUCTION

One of the current most pressing scientific challenges is the devel-
opment of selective catalysts for the reduction of CO,, which would
enable us to process CO, more efficiently and at lower costs.!3
Electrocatalytic CO, reduction seems to be the most promising
direction®*® and many catalysts are currently being developed.” 12
Optimization of their structures has led to impressively improved
properties,13-17 but the low selectivity concerning undesired side reac-
tions, such as hydrogen evolution, remains problematic. For a solution
to this problem, one may take inspiration from enzymatic reactions,
which excel in selectivity and often also in activity.!81? Enzymes
achieve this by binding and transforming substrates in optimized reac-
tion pockets.2® Hence, the design of synthetic catalysts should also
take advantage of 3D constrained reaction sites, while keeping the
electronic properties of the catalytic center(s) optimized.?1-24
Metalloporphyrin cages may be used to model enzymatic reactions
involving heme reaction centers.2® At the same time, porphyrins are
among the most extensively studied catalysts for CO, reduction.?” The
systematic variation of the porphyrin backbone has converged into the
currently best-performing catalyst, which is an iron tetraphenylpor-
phyrin possessing permanently charged ammonium groups near the
central metal atom (Figure 1a).2>2827 Here, we go one step further and
add to this design the constrained space of a diphenylglycoluril-based
cage, which acts as a secondary sphere ligand to the iron center3° (com-

pound [(1)Fe"], see Figure 1b). Iron porphyrin catalysts used for the

[Fe'l(0-TMA)J** [(1)Fe"]

reduction of CO, are active in the iron(0) oxidation state, making the
catalyst doubly negatively charged. Cage catalyst [(1)Fe!'] has a gly-
coluril framework with the side walls linked to the metalloporphyrin
via oxyethyleneoxy spacers that can serve as crown-ether-like coor-
dination sites for alkali metal ions. Preliminary force-field molecular
dynamics simulations of aqueous systems confirm that in particular
potassium ions are well positioned in the side walls (Figures S3 and
S4). The DFT-calculated electrostatic potential of the iron(0) cage
shows a polarized reaction pocket that might assist in the reduction
of CO, (Figure 1c, see Supporting Information for the computa-
tional details). Hence, this suggests that the system represents a
perfect case for exploring the effect of a reaction pocket on CO,
reduction.

RESULTS AND DISCUSSION

The effect of the cage cavity on CO, reduction was first assessed by
homogeneous electrocatalysis. The possibility to tune the electrostatic

13132 of the cage catalyst by hosting alkali metals was studied

potentia
by doing experiments in electrolytes containing different cations. We
compared the effect of electrolytes containing K+ (KBF 4 in DMF/H,0),
Na* (NaBF,4 in DMF/H,0, DMF = N,N-dimethylformamide), and TBA*+
(TBABF4 in DMF/H, 0O, TBA* = n-BuyN). Potassium and sodium ions
can coordinate with the oxyethylenoxy units of the catalyst, whereas

the TBA™ ions are too bulky to coordinate. Hence, in the presence

[(DFe’Ky] [(1)Fe(CO)Ka

FIGURE 1 (a) Iron tetraphenylporphyrin [Fe'(TPP)] and [Fe!' (o-TMA)]**, which so far is the best iron porphyrin catalyst for the

electrochemical reduction of CO,.2° (b) Iron cage catalyst [(1)Fe'']. (c) Electrostatic potentials mapped on the electron isodensity surface (0.001) of
the DFT-optimized structures of [(1)Fe®K,] and [(1)FeK,(CO,)] (see the theoretical details). The backbone of the porphyrin cage catalyst is shown
in the stick representation; the positions of the metals (Fe, K) and O-C-O are highlighted by the ball-and-stick representation. The surface is
clipped from the front to show the electrostatic potential inside the cavity.
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Left: Homogeneous cyclic voltammograms of [(1)Fe] (0.25 mM) measured in electrolytes containing TBABF 4 (blue), NaBF4 (gray),

and KBF4 (orange) (0.1 M in DMF + 0.5 M H,O; scan rate 100 mV/s) under (a) N, and (b) CO,. Right: (c) Heterogeneous cyclic voltammograms of
immobilized [(1)Fe]@carbon (solid lines) and [Fe(TPP)]@carbon (dashed lines) in TEAHCO3 (blue), NaHCO3 (gray), KHCO5 (orange) electrolytes
(0.5MinH,0) under CO, (scan rate 100 mV/s. (d) Selectivity of the CO formation in the CO,RR catalyzed by [(1)Fe]@carbon (solid points) and
[Fe(TPP)]@carbon (open points) in 0.5 M aqueous solution of KHCO3 under CO,

of the latter ions, we can monitor the catalytic reactivity of the cage
catalyst without the charged cavity.

The cyclic voltammograms (CVs) of the [(1)Fe!"'CI] solutions under
a nitrogen atmosphere (Figure 2a) show that the redox potential of
the Fe?* — Fe* transition is almost unaffected by the cations of the
electrolyte. Accordingly, the iron(ll) cage catalyst does not coordinate
with alkali metals. However, the catalytically important Fe* — Fe© tran-
sition is sensitive to the presence of the alkali metals (compare the
blue/gray/orange curves in Figure 2a). Changing the electrolyte cations
from TBA* to Na™ or K* resulted in an overpotential shift of 75 and
260 mV (Ey/,, Figure S5), respectively, attesting that the alkali met-
als coordinate to the iron(l) cage catalyst and change its electronic
properties. The effect of the potassium ions is particularly strong. For
comparison, the same experiments with the simple tetraphenyl por-
phyrin iron catalyst [Fe(TPP)] did not show any overpotential shift
(Figure S5 in the Supporting Information). The electrochemistry results
alone do not reveal whether the cage complexes interact with one or
two potassium (sodium) ions (i.e., [(1)Fe®K]~ or [(1)Fe®Ky]). Later, we
will show that the [(1)Fe®K,] formulation is valid for the potassium
complexes; therefore, we will also use it in the following for the sake

of simplicity.

Under a CO, atmosphere, the catalytic CO, reduction reaction
(CO,RR) reveals itself as an increased current wave at the Fe* — Fe®
potential (compare the blue lines in Figures 2a and 2b for CO,RR in
the TBA* electrolyte). In the presence of the potassium ions, three
waves beyond the Fe2* — Fe* reduction were detected. The first of
those (—1.8 V vs. the ferrocene/ferrocenium redox couple reference,
Fc/Fc*) occurred before the Fet — FeP reduction detected under the
N, atmosphere (compare the orange lines in Figures 2a and 2b). This
process corresponds to a one-electron reduction (Figure Sé) and likely
results from the binding of CO, to the iron(l) complex hosting the
potassium ions, [(1)Fe'K,]*. The so-formed [(1)Fe'(CO,)K5]+ complex
can be reduced to iron(0) at —1.8 V.33 Note that this feature is not
observed in the TBA* electrolyte, proving that the CO, binding to the
iron(l) cage catalyst requires the interaction of K* with the cage cat-
alyst. The analysis of the reduction wave at different CV scan rates
allowed us to determine the CO, binding rate constant to the reduced
[(1)Fe®K,] complex (Figure S7 and $8).3435 The binding rate constant
amounts to (145 + 3) 103 M~1s-1,

The next two reduction waves correspond to the catalytic CO,RR.
The first CO4RR process appears at the Fet — Fe0 reduction potential

observed for the cage catalyst hosting the potassium ions (at —2.01V,
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FIGURE 3 Homogeneous cyclic voltammograms of [(1)Fe] (0.25 mM) measured in a 0.1 M electrolyte (indicated in the figure) in DMF with a
possible H,O addition (indicated in the figure) saturated with CO, at a scan rate of 100 mV/s. (a) In dry DMF, electrolytes are color-coded. (b)
Effect of H,O addition (0-4 M) in the TBABF4 electrolyte. (c) Effect of H,O addition (0-5 M) in the KBF4 electrolyte

compare the orange lines in Figures 2a and 2b). The second CO,RR
process appears at a potential of —2.27 V, which corresponds to the
Fe! - FeP reduction of the cage catalyst in the absence of the potas-
sium ions (compare the blue line in Figure 2a and the orange line
in Figure 2b). We do not observe this second Fe! — Fe® reduction
under nitrogen in the presence of the K* electrolyte. This implies that
the CO,RR catalyzed by [(1)Fe®K,] (at —2.01 V) leads to a loss of
the potassium ion(s) from the cage catalyst and generates [(1)Fe'].
The bare [(1)Fe'"] can then be reduced sequentially to [(1)Fe']~ and
to [(1)Fe®]2~ at the larger overpotential (—2.27 V). The availability of
[(1)Fe®]2~ for the catalysis depends on the rate of the potassium ion
binding to the iron(l) complex [(1)Fe']~, which is illustrated by the scan-
ning rate dependence of the ratio between the processes catalyzed
by [(1)Fe®K,] and by [(1)Fe®]?~ (Figure S9a). The faster the scanning
rate is, the shorter time is available for [(1)Fe']~ to complex with the
potassium ions. Accordingly, the catalytic current for the CO,RR cat-
alyzed by bare [(1)Fe®]2~ increases. Analogous processes can also be
observed in the presence of the Nat electrolyte (see the gray lines in
Figure 2). However, the effect of the cage-Na™ host-guest chemistry on
the CO,RR is weaker than that of the cage-K* host-guest chemistry;
therefore, we will further focus on the latter one.

The CO,RR catalyzed by the cage catalyst with or without the
K* guests strongly depends on the H,O concentration in the DMF
solution (Figure 3). In the absence of H,O, the CO,RR most likely pro-
ceeds via the disproportionation mechanism that takes advantage of
the assistance of a second CO, molecule to form CO and CO3?% in
the catalytic electroreduction.®® This mechanism is facilitated by Lewis
acids such as alkali metal ions;?” therefore, the CO,RR is more effi-
cient in the Na™ and K* electrolytes than in the TBA* electrolyte
(Figure 3a). An analogous effect is also observed for the [Fe(TPP)] cat-
alyst, albeit that the catalytic current is larger in the Na* electrolyte
than in the K* electrolyte (Figure S10). The catalysis by the iron cage
catalyst in the absence of water proceeds dominantly at the poten-
tial corresponding to the catalysis by bare [(1)Fe®]2~ without the K+
guests (Figure 3a). Hence, host-guest chemistry is not important for
the observed CO,RR activity under water-free conditions. Therefore,
the difference between [Fe®(TPP)]2~ and [(1)Fe®]2~ is just in the cav-

ity of the cage. A possible explanation is that alkali ions can be inside

of the cavity of the cage but not coordinate with the side walls of the
cage catalyst (e.g., see Figure 5 for the structure of the mass-detected
complexes [(1)Fe!'K]*). Such interactions would not change the over-
potential for the reduction of the catalyst, but the alkali ions would be
available to assist the CO,RR.

Increasing the concentration of H,O in the reaction mixture of the
cage catalyst with TBA* electrolyte leads to an increasing catalytic
current of the CO,RR (Figure 3b). H,O can act as a proton source in
the reduction of CO, to CO and H,O. Hence, the increasing catalytic
activity with the increasing H, O concentration suggests that the mech-
anism changes in the presence of water because the proton-transfer
reaction becomes the limiting step of the CO,RR under these condi-
tions. The reaction mechanism thus corresponds to the proton-assisted
reduction of CO, leadingto CO and H,O in the presence of water in the
reaction mixture.33

In the K* electrolyte, the H,O-concentration dependence is more
complex (Figure 3c). At increasing H,O concentration, the catalytic
current at the potential corresponding to the catalysis by [(1)Fe®Kj]
(—2.01 V) also increases. The catalytic current at the potential corre-
sponding to the catalysis by [(1)Fe®]2~ (—2.27 V) increases with a small
addition of water (0.5 M). However, with a further increase of the H,O
concentration, the appearance potential of this process gradually shifts
to less negative values and the catalytic current decreases. This can
be interpreted by dynamic host-guest chemistry. As explained above,
the CO,RR catalyzed by [(1)Fe®Kj] leads to the formation of the bare
[(1)Fe'"] complexes without the coordinated potassium ions. However,
the complexes are immediately reduced during the CV experiments
and the formed [(1)Fe']~ complexes again coordinate the potassium
ions (see above). The experiments suggest that the formation of the
[(1)Fe'K,]+ complexes is limited kinetically. The kinetic bottleneck is
most likely associated with the kinetics of the Kt complexation38-3?
with the cage catalyst, which depends on the potassium solvation shell.
K* interacts stronger with DMF than with H,O (the transfer of K+
from H,O to DMF is exothermic as well as exoergic).38 Therefore, the
transfer of K* from a DMF solvation shell to the cage catalyst is likely
slower than that from an H,O solvation shell.383? Hence, an increase
in the H,O concentration should facilitate the potassium ion com-

plexation with the cage catalyst thereby accelerating the formation of
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[(1)Fe'K,]*. Accordingly, the catalysis by [(1)Fe®]2~ is suppressed. At
5 M H,0O concentration in the solution, we observe only the CO,RR
catalyzed by [(1)Fe®K,] (see the black line in Figure 3c). However,
increasing the scanning rate of the CV experiment decreases the time
available for the complexation with the potassium ions, and the CO,RR
catalyzed by [(1)Fe®]?~ can again be observed (Figure S9b). Finally, the
peak shapes of the reduction waves suggest that the CO,RR reaction
is kinetically hindered.3¢ The kinetic hindrance may be due to inhibi-
tion by the product, by the stabilization of an intermediate, or by the
diffusion properties of the catalyst.

The diffusion limitation of the catalysis can be overcome by immo-
bilization of the porphyrin cage catalysts onto a support.*® At the
same time, this immobilization allows the use of aqueous electrolytes,
which removes a possible kinetic bottleneck of the accompanying

proton-transfer reactions*1-43

and of the potassium ion complexation
rate.383? Therefore, we immobilized the cage catalyst onto an inert vul-
canized conducting carbon support (see the details and Figures S11 and
S12 in the Supporting Information) and performed the experiments in
0.5 M aqueous solutions of TEAHCO; (TEA* = Et4N*), NaHCO3, and
KHCOa, respectively. The comparison of the cyclic voltammetry exper-
iments in different electrolytes shows that the host-guest chemistry
also works for the immobilized [(1)Fe]@carbon catalyst, in analogy to
the homogeneous catalysis experiments (Figure 2c, Figures S13-516).
Compared to the experiments with the electrolyte containing the non-
coordinating TEA™, the use of Na™- or K*-based electrolytes reduced
the onset potential by ~22 and by ~110 mV, respectively (Figure S15).
The catalytic CO,RR activity is not kinetically hindered and is observed
only at the reduced potentials (Figure 2c).

The CO,RR catalytic activity in water is usually larger in the
presence of the alkali metal-based electrolytes than in the presence
of the ammonium-based electrolytes, regardless of the identity of
the catalyst.***> Therefore, we decided to assess and separate the
inherent effect of the electrolytes by comparing the results obtained
for the [(1)Fe]@carbon catalyst with the results of the reference
[Fe(TPP)]@carbon catalyst under the same conditions. The onset
potentials for the CO,RR catalyzed by [Fe(TPP)]@carbon were the
same in all studied electrolytes (Figure S15). As expected, the catalytic
activity (catalytic current) of [Fe(TPP)]@carbon in alkali-metal-based
electrolyte solutions was larger than that in solutions containing the
TEAHCOj; electrolyte (Figures S14 and S15). However, there is no
significant difference between the NaHCO3; and KHCOj3; electrolyte
solutions (compare the dashed lines in Figure 2c). Hence, the signifi-
cantly increased catalytic activity of the cage catalyst [(1)Fe]@carbon
in the presence of the KHCO3-based electrolyte as compared to the
NaHCOs3-based electrolyte is most likely the result of the tuning of
the catalyst by host-guest interactions. The overpotential for CO,RR
catalyzed by the [(1)Fe]@carbon catalyst in the KHCOj5 electrolyte is
anodically shifted by 96 mV (at 5 mA/cm?) with respect to that of
the [Fe(TPP)]@carbon catalyst. Hence, the lower overpotential and the
higher CO,RR catalytic current density of [(1)Fe]@carbon than those
of [Fe(TPP)]@carbon in the KHCO3 electrolyte demonstrate the fruit-
ful effect of the host-guest chemistry between the cage catalyst and

the potassium ions on the CO,RR catalysis.

The selectivity of catalysts is often considered to be even more
important than their activity. The CO,RR catalyzed by porphyrin-
based catalysts usually yields CO along with the undesired evolution
of Hy. We compared the selectivity of the [(1)Fe]@carbon catalyst for
the production of CO with the selectivity of the [Fe(TPP)]@carbon cat-
alyst, by performing preparative scale electrolysis in the presence of
either TEAHCO3; or KHCO3 as the electrolyte salts (Figure 2d and
Figures S17-520). The CO:H, selectivity of the [(1)Fe]@carbon cat-
alyst was above 90% for potentials up to —1.55 V (vs. Ag/AgCl) in
both of the electrolytes, and this selectivity was always higher than
that of [Fe(TPP)]@carbon. Quantitative bulk experiments at —1.55 V in
the presence of KHCO3-based electrolyte showed circa 90% Faradaic
efficiency for CO formation with [(1)Fe]@carbon and only circa 50%
Faradaic efficiency with [Fe(TPP)]@carbon. Hence, these results show
that the cage catalyst achieves a high CO selectivity in the CO,RR and
this selectivity is also retained after boosting the activity by hosting the
potassium ions.

To get a deeper insight into the host-guest chemistry of the cage
catalyst and into the mechanism of the CO, RR, we studied the interme-
diates in the electrochemical reaction by electrospray ionization mass
spectrometry (ESI-MS).*¢ Transferring the intermediates by electro-
spray ionization into a mass spectrometer is a challenging task,*”~4?
because these intermediates are formed at the cathode and presum-
ably are short-lived and thus extremely low abundant in solution.”®
In addition, the reduced reactive species can be oxidized and thus be
destroyed during the electrospray ionization process. Nevertheless,
an optimized design of an electrochemical cell consisting of a car-
bon working electrode, a stainless-steel counter electrode, and a Pt
wire pseudoreference electrode controlled by a floating potentiostat
assembly (Figure S21) enabled us to detect the desired reduced species
(Figure 4). The electrochemically formed complexes are transferred by
asilica capillary that is sandwiched in between two carbon sheets of the
working electrode directly connected to the electrospray ionization
source of a mass spectrometer.

The ESI-MS experiments were performed with acetonitrile solu-
tions. This solvent is more suitable for the ESI-MS experiments than
DMF. The iron cage catalyst shows analogous electrochemical CO,RR
properties in acetonitrile as in DMF (Figure S22). The reference ESI-
MS spectrum of an acetonitrile solution of [(1)Fe!"'Cl] and KBF, showed
one dominant signal for [(1)Fe!'(CI)K]* (Figure 4a). After applying a
negative voltage (—3 V), the signal of [(1)Fe''(CI)K]* depleted and
the spectra showed the formation of Fe!! complexes in the positive
mode and Fe' complexes in the negative mode (Figure 4 and Figure
S23, respectively). The reactive Fe® complexes should be either neu-
tral [(1)Fe®K,] or anionic [(1)Fe®K]~ and [(1)Fe®]2~species. The neutral
complexes cannot be detected by mass spectrometry and the reactive
[(1)Fe®]2~ anions likely easily lose an electron during the ionization
process®? to form the detected [(1)Fe']~. Therefore, their absence in
the spectra is not surprising. After saturation of the solution with CO,,
new complexes appeared (see color-highlighted signals in Figures 4b
and 4c). The detected intermediates contain the CO,H group and
correspond to positively charged [(1)Fe!'(CO,H)K,]* and negatively
charged [(1)Fe!'(CO,H)]~. These intermediates are formed by the
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(a) EC-ESI-MS (electrochemistry—electrospray ionization mass spectrometry) spectra of an acetonitrile solution of [(1)Fe!!'Cl]

(0.143 mM) and KBF4 (0.150 mM) measured under the N, atmosphere without applying a voltage. (b,c) The same experiment but now under a CO,
atmosphere at —40°C with an applied voltage of —3 V (vs. Pt wire reference electrode) in the positive (b) and the negative (c) ion mode

reaction of either [(1)Fe®K,] or [(1)Fe®]2-, respectively, with CO,, fol-
lowed by protonation. Both complexes probably have a short lifetime
and therefore can only be trapped at a low temperature (—40°C).
This is the first time that such intermediates in CO,RR have been
detected by mass spectrometry, which opens the possibility to study
their unimolecular properties and their spectroscopic characteristics.
The collision-induced dissociation (CID) of the intermediates leads
almost exclusively to the elimination of CO and the formation
of the corresponding iron-hydroxo complexes [(1)Fe!'(OH)K,]* and
[(1)Fe"(OH)]~ (Figure $25). These product complexes are also detected
in the mass spectra taken directly from the solution and they are
formed only in the presence of CO, (cf. Figure 4 and Figures S23
and S24). The energy required for the elimination of CO from the
Fe-COOH intermediates can be determined by energy-resolved CID
experiments.®2>3 The bond dissociation energy (BDE) for the CO loss
from [(1)Fe"(CO,H)K,]* amounts to 1.29 + 0.05 eV and that from
[(1)Fe!(CO,H)]~ to 1.24 + 0.10 eV (Figure S28). Hence, the hosting

of the potassium ions in the cage does not significantly affect the

energy demand of the rate-determining C-O bond cleavage (at least in
the gas phase).>*°> In solution, alternative pathways of the C-O bond
cleavage exist, namely, the Fe-COOH intermediates can eliminate H,O
after an additional protonation. This reaction pathway leads to the
iron(l1) carbonyl complexes.3>°¢ We did not detect these complexes
under any experimental conditions.® Presumably, the complexes are
rapidly reduced to iron(l) carbonyl complexes and then eliminate the
CO molecule.

The structure of the isolated [(1)Fe!'(CO,H)K,]t intermediate
was characterized by cryogenic infrared photodissociation (IRPD)
spectroscopy (Figure 5).57-¢2 The interpretation of the spectrum of
[(1)Fe!(CO,H)K,]* is based on a comparison with the IRPD spectra
of the related [(1)Fe"'K]* and [(1)Fe"(CI)K,]* complexes. The IRPD
spectra of these reference ions differ in the position of the C-O
stretching and CH, deformation vibrations of the oxyethyleneoxy
side walls of the cage ligand and in the position of the urea car-
bonyl vibrations (see highlighted areas in Figure 5a). The urea carbonyl|

vibrations of [(1)Fe"'K]* are slightly red-shifted compared to those of
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FIGURE 5 (a) IRPD spectra of the mass-selected ions [(1)Fe"(CI)K,]* (blue) and [(1)Fe!'K]* (black). (b) IRPD spectra of the mass-selected ions
[(1)Fe!(C)K,]* (blue) and [(1)Fe! (CO,H)K,]* (orange). (c) Theoretical IR spectrum of gaseous [(1)Fe! (CO,H)K,]* (black, B3LYP-D3/def2SVP; see

also Figure $30) and the IRPD spectrum of [(1)Fe!/(CO,H)K,]* (orange)

[(1)Fe'(CI)K,]*, suggesting that the potassium ion in the [(1)Fe"'K]*
complex is coordinated in the vicinity of the carbonyl groups (see
also a comparison with the spectrum of [(1)Fe'']* in Figure S29).
The differences in the crown ether-like moiety range suggest that
the two potassium ions of [(1)Fe!/(CI)K,]* are likely coordinated to
the oxyethyleneoxy functions attached to the side walls of the cage
compound.

The IRPD spectrum of the [(1)Fe!(CO,H)K,]* intermediate is
almost identical to that of [(1)Fe'(CI)K,]* attesting the same mode of
K* coordination, that is, to the oxyethyleneoxy functions of the cage.
The presence of the hydroxycarbonyl functionality is evidenced by the
additional peaks in the IRPD spectrum of [(1)Fe'(CO,H)K,]* in com-
parison to that of [(1)Fe!/(CI)K,]*: the O-H vibration is at 3473 cm~1
and the C = O vibration at 1630 cm~1. For comparison, the C = O
vibration of the independently generated formate (O-coordinated car-
boxylate) complex [(1)Fe! (OCOH)K,]* is at 1638 cm~! (Figure 529)
and the CO frequency of a recently detected iron porphyrinoid hydrox-
ycarbonyl in solution is 1682 cm~1.5363 Our assignment was further

corroborated by DFT calculations. The hydroxycarbonyl group of the
most stable isomer of [(1)Fe'(CO,H)K,]* is coordinated inside of the
iron cage and it is stabilized by the interactions between the oxygen
atoms of the hydroxycarbonyl group and the potassium ions coordi-
nated at the side-wall oxyethyleneoxy units (see Figures S30 and S31
for the DFT calculations in the gas phase). The theoretical IR spec-
trum reproduces all features in the experimental IRPD spectrum and
confirms the structure of the intermediate (Figure 5c). Alternative
structures with different coordination sides of the potassium ions are
less energetically favored and their IR spectra do not agree with the
experimental one (Figure S30).

Finally, we explored the mechanism of the CO,RR by DFT cal-
culations (Figure 6). The calculations suggest that [(1)Fe®]2~ has a
quintet ground state.®*> The complexation of CO, at the inside of the
cavity is associated with a spin change to the triplet state and is slightly
endoergic. The C-binding of CO,, to the iron center is associated with
a two-electron transfer from iron to CO, and leads to the singlet

state 1[(1)Fe(CO,)]%~ complex that is protonated in a strongly exoergic
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FIGURE 6 Relative Gibbs free energies of minima on potential energy surfaces (M06L-D3/def2SVP, SMD solvation model for DMF) for the
reaction of [(1)Fe®]2~ (top) and [(1)Fe®K,] (bottom) with CO,, respectively. The energies are at 298 K and 1 atm in the DMF solvation model.
Relative energies at 0 K can be found in the Supporting Information (Figure S32). The positions of Fe, K, and CO, are highlighted by using a ball and
stick presentation. The depicted structures correspond to the given ground states. The energy levels are spin-state color-coded: blue = singlet,

orange = triplet, black = quintet.

step to form the detected intermediate [(1)Fe(CO,H)]~. Here, we have
approximated the protonation as a reaction with a protonated DMF
molecule (other approaches confirm the exoergic nature of this step,
albeit with slightly different values). From here, the CO elimination
leads to [(1)Fe(OH)]~. This step is slightly endoergic and it is associated
with a spin flip (the calculations predict the same energy for the triplet
and the quintet state). An alternative path proceeds via protonation
and subsequent H,O elimination. We have again assumed protonation
by DMFH* leading to neutral [(1)Fe''(CO)], H,0, and DMF. Note that
the calculated energetics of this step will strongly depend on the solva-
tion model as it corresponds to the reaction between a cation and an
anion leading to neutral molecules. At our level of theory, this step is

strongly exoergic.

Introducing potassium cations in the cage stabilizes the triplet state
as the ground state of the starting complex [(1)Fe®K,]. The com-
plex binds CO, inside the cavity with both oxygen atoms weakly
coordinated to the potassium ions and the process is exoergic. The
electrostatic field of the potassium ions in 3[(1)FeK,(CO,)] makes
the following two-electron reduction step toward the singlet state
complex 1[(1)FeK,(CO,)] exoergic because the potassium ions stabi-
lize the negative charge formed at the oxygen atoms (as also suggested
in Figure 1). The subsequent protonation of the [(1)FeK,(CO,)] inter-
mediate to form 1[(1)FeK,(CO,H)]* is strongly exoergic. The final step
of CO elimination is associated with a spin flip to the quintet state
and is endoergic. The alternative final sequence of the protonation

and the subsequent H,O elimination is again challenging to estimate
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computationally at our level of theory. We have assumed protonation
of 1[(1)FeK,(CO,H)]* by DMFH™ leading to 1[(1)FeK,(CO)]?+, H,0,
and DMF. This sequence is exoergic giving the overall energy balance
of —267 kJ mol~1. Finally, the experiments suggest that the cage cat-
alyst loses the potassium ion(s) after the CO,RR. Presumably, the last
step of the C-O bond cleavage in the 1[(1)FeK,(CO,H)]* cation could
be K*-assisted toward the formation of 1[(1)FeK,(CO)]?* and KOH.¢¢
Such a step, however, is strongly endoergic at our level of theory
(AAGZ?8K > 200 kJ mol—1).

In general, the comparison of both potential energy surfaces shows
that the placing of the positively charged ions above the porphyrin
planeinverts the key steps of the CO, reduction (coordination and two-
electron reduction) from being endoergic to being exoergic. Hence, it
rationalizes a large activity of the cage catalyst [(1)Fe®K,] as well as
of the previously published [Fe''(0-TMA)]**.2> We expect this to be a
qualitatively solid observation independent of the DFT model. The sub-
sequent protonation steps are all exoergic. However, the calculated
values strongly depend on the solvation model and should be taken
only as an estimate of the trend. More accurate calculations should, in
principle, employ an explicit solvation model. However, these calcula-
tions are extremely demanding and beyond the scope of the present
paper. We will address this in a future publication (see preliminary

results in the Supporting Information).

CONCLUSIONS

The iron porphyrin glycoluril-based cage complex [(1)Fe] offers a con-
strained reaction site that promotes the electrochemical reduction of
CO, to CO with a selectivity that is largely superior to that of the refer-
ence iron tetraphenylporphyrin complex. In addition, we show that the
host-guest chemistry of the cage can be used to modify simultaneously
the electronic properties of the metal center and the secondary coor-
dination sphere in favor of the catalysis. The oxyethyleneoxy functions
attached to the side walls of the cage catalyst are optimal for hosting
the potassium ions, which opens the possibility to use the electrolyte
containing this ion for tuning the electronic properties of the cata-
lyst. The immobilized iron cage catalyst [(1)Fe]@carbon hosting K* ions
(from the electrolyte) shows both a lower overpotential (by 96 mV at
5mA/cm?) and a higher catalytic activity for CO,RR than the reference
immobilized iron tetraphenyl porphyrin catalyst ([Fe(TPP)]@carbon).
The host-guest tuning of the catalyst properties does not deteriorate
the superior selectivity offered by the cage cavity, altogether mak-
ing [(1)Fe]@carbon an excellent catalyst for electrochemical CO,RR
in the KHCO3-based electrolyte. The combination of electrochemistry
and electrospray ionization mass spectrometry allowed us to detect
the key intermediates of the reaction, that is, [(1)Fe'(CO,H)K,]* and
[(1)Fe'(CO,H)]~. The structure of the [(1)Fe!'(CO,H)K,]* interme-
diate including the details of the potassium binding was unraveled
by cryogenic ion spectroscopy of the isolated ions. DFT calculations
showed that the favorable electrostatic potential formed by the potas-
sium ions makes all steps of CO,RR exoergic. Especially, the key

step of two-electron reduction to form the Fe!'-COO~ intermedi-

ate is endothermic for [(1)Fe(CO,)]%~, but becomes exothermic for
[(1)Fe'(CO,)K,].

EXPERIMENTAL AND COMPUTATIONAL DETAILS
Materials

Chemicals were obtained from commercial sources. The
diphenylglycoluril-based cage ligand 1H, was prepared according
to the published procedure.’” The iron complex [(1)Fe"'Cl] was
prepared using a common procedure with [FeCl,(H,0)4] and charac-
terized (UV-vis (CHCl3) Amax, NM (g): 416 (3.07 x 10° L-mol~t.cm™1),
510 (3.81 x 10* L-mol-t.cm™1), 574 (1.30 x 10* L-mol-t-cm™1). Emis-
sion (CHCl3, Aexcitation =416 NM) Aay, NM: 472,650, 717. HRMS: calcd.
for [Cg4HgoNgO1gFe-CH3OH]* 1430.42037, found 1430.39428.). For

more details, see the Supporting Information.

Electrochemistry

Homogeneous cyclic voltammetry experiments were performed using
a standard three-electrode assembly in a solution of 0.25 mM catalyst,
0.1 M of a supporting electrolyte (TBABF4, NaBF4, and KBF4),and 0 M
-5MH,0in DMF (10 mL). We used a glassy carbon working electrode,
a double junction nonaqueous Ag/AgCl reference electrode filled with
2 M LiCl in ethanol as the inner electrolyte, and a platinum mesh of
2 cm? area as the counterelectrode. The reference electrode was cal-
ibrated against the ferrocene/ferrocenium redox couple. Before the
measurements, the solution was bubbled with N, or CO, for 30 min
and during the measurements, the corresponding gas was kept flowing
through the head space.

Heterogeneous CV experiments were performed with the catalyst
deposited at vulcanized carbon black (the optimized mass ratio of car-
bon to the catalyst was 1:1/6, see the Supporting Information for the
details of the preparation and the optimization (Section 4.2)). The cata-
lyst ink (10 uL) was drop-casted on a clean glassy carbon electrode and
air-dried (using an infrared light lamp). The reference electrode was
an aqueous Ag/AgCl reference electrode filled with 3 M KCI. The CVs
were recorded in an aqueous bicarbonate solution (0.5 M) of different
electrolytes (TEAHCO3, NaHCO3, KHCO3) purged either with N, or
with CO, for 30 min. A blank experiment performed only with carbon
black in KHCO3 did not show any CO,RR activity (Figure S13). Product
analysis was done by performing preparative controlled potential elec-
trolysis (CPE) at different polarization voltages. We used a modified
H-cell (Figure S17) with three compartments, a working electrode and
a counterelectrode separated by a Nafion proton exchange membrane
(activated before the assembly), and an additional CO, saturation com-
partment. The saturation compartment was attached to the working
electrode through an opening, allowing a free mixing of electrolytes
between compartments. The headspace of the working electrode was
held airtight and connected to an in-line gas chromatograph. The cat-

alyst ink (500 uL) was drop-cast (10 uL x 50) on a Toray carbon paper
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electrode (area = 1 cm?) and dried in the air (using IR Lamp). The refer-
ence electrode (ag. Ag/AgCl-3 M KCI) was placed close to the working
electrode. A platinum wire gauze (geometrical area approximately 11
cm?) was used as the counterelectrode. The headspace of the cathode
compartment was calibrated by injecting known volumes of CO and
H,. Before the measurement, the electrolyte was deoxygenated with
N, purging and then saturated with CO,. The CO, bubbling was con-
tinued in the saturation compartment and the electrolyte was stirred
during the measurement (10 min). The gaseous products from the cath-
ode head space were analyzed by the in-line GC (see more details in
the Supporting Information). Extended electrolysis for 2hat —1.4 V (vs.
Ag/AgCl) and subsequent NMR (nuclear magnetic resonance) analysis

was performed to check the possible formation of liquid products.

Mass spectrometry

Electospray ionization mass spectrometry (ESI-MS) spectra were mea-
sured with a Paul-type ion trap mass spectrometer (LCQ from Thermo)
connected through asilica capillary to a gas-tight, small-volume single-
compartment electrochemical cell with three electrode assembly
(a stainless-steel counterelectrode, a Pt wire reference electrode—
pseudoreference electrode, and a Toray carbon working electrode).
The silica capillary was sandwiched in between two Toray carbon
sheets of the working electrode. The electrochemically generated
species on the surface of the working electrode were transferred with
the capillary (using N,/CO, overpressure in the cell) to the mass spec-
trometer. The polarization of the electrode was controlled using a
USB-powered potentiostat (Ivium pocketSTAT2, USB = universal serial
bus). The interference from the high voltage of the ESI source was
eliminated by operating a potentiostat without a ground connection
(floating). A 5 kV USB isolator was used between the connection to the
computer to decouple the potentiostat from the ground contact (see
the Supporting Information for further details). The solutions consisted
of the cage catalyst (0.8 mg) dissolved in 0.5 mL of DCM and diluted
to 4 mL with acetonitrile (ACN) to a final concentration of 143 uM
with the addition of the KBF, salt (150 uM) serving as both support-
ing electrolyte and K* ion source (see more details and results in the

Supporting Information (Section 5), Figure S21).

lon spectroscopy

The helium tagging IRPD spectra were measured with the ISORI
instrument.>®%8 The ions were generated in the same way as for the
electrochemistry mass spectrometry study. The ions of interest were
mass-selected by a quadrupole mass filter and guided to a cold ion
trap (~10 K) by an octopole ion guide. The ions were trapped and
thermalized in collisions with helium buffer gas. The cold ions formed
complexes with helium MHe™* that were used for monitoring IR pho-
ton absorption. The trapped ions were irradiated by a tunable NdYAG
laser-pumped OPO/OPA system (optical parametric oscillator/optical
parametric amplifier from Laser Vision). After the irradiation, the ions

were extracted from the trap, mass-analyzed by a quadrupole, and

detected with a Daly-type detector working in the counting mode.
The absorption of given photons (v;) was monitored as a depletion of
the number of the MHe™ complexes (Ng). The spectrum is plotted as
1-N(v;)/No, where N(»;) and Ny were measured in alternating cycles
with or without the laser beam admitted to the trap (for more details,
see the Supporting Information).

DFT calculations

The preliminary calculations (Figure 1) were performed in the gas

70 correction

phase using the MO6L functional®? with the D3 dispersion
and with the def2SVP basis set”? as implemented in the Gaussian pro-
gram. The exploration of the mechanism (Figure 6) was performed at
the same level but included the SMD solvation model for DMF. The rel-
ative Gibbs energies were corrected for the change in the number of
the moles (n) in a reaction step by a correction of (7.9 An) kJ mol~1.
The relative energies at 0 K are shown in Figure S32. The IRPD spectra
are compared to the harmonic theoretical IR spectra calculated in the
gas phase at the B3LYP-D3/def2SVP of theory.”2-74 The scaling factor
is 0.978. All reported results are for the minima on the potential energy

surfaces as verified by the Hessian calculations.
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