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active ligands in the electro-assisted reduction of
CO, mediated by a cobalt(in)-polypyridyl complext

i '.) Check for updates ‘

Cite this: Sustainable Energy Fuels,
2020, 4, 3668

N. Queyriaux, © £*2 K. Abel,? J. Fize,® J. Pécaut,® M. Orio & *¢
and L. Hammarstrom @ *@

The electrochemical behavior of [Co(bapbpy)ClI* [1-Cl*, a pentacoordinated polypyridyl cobalt(il) complex
containing a redox-active tetradentate ligand (bapbpy: 6,6’ -bis-(2-aminopyridyl)-2,2'-bipyridine) has been
investigated in DMF. Cyclic voltammograms (CV), recorded in the presence of increasing amounts of
chloride anions, highlighted the existence of an equilibrium with the neutral hexacoordinated complex.
Under a CO, atmosphere, CVs of [Co(bapbpy)Cl* exhibit significant current enhancement assigned to
CO,, catalytic reduction. Controlled-potential electrolysis experiments confirmed formation of CO and
HCOOH as the only identifiable products. The addition of water or chloride ions was shown to affect the
distribution of the products obtained, as well as the faradaic efficiency associated with their
electrocatalytic generation. A combination of electrochemical techniques, chemical reductions,
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of the bapbpy ligand to be reduced at moderately negative potentials drastically limits the catalytic

DOI: 10.1039/d0se00570c performances of [1-Cl™, by stabilizing the formation of a catalytically-competent CO,-adduct that only
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Introduction

Carbon dioxide (CO,) is a major side-product of most human
activities, from the transport sector to home heating and
industrial processes.' The increasing concentration in the
atmosphere of this thermodynamically stable greenhouse gas
significantly and durably contributes to global warming.*
Molecular systems capable of photochemical and/or electro-
chemical reductive conversion of CO, into carbon-based fuels,
such as CO, HCOOH, CH;0H or CH,, have thus attracted much
attention as they may offer an elegant way to finally close the
anthropogenic carbon cycle.>* However, direct one-electron
reduction of CO, to its radical anion CO,"” requires high
overpotential (eqn (1)).° Such uphill process can be

“Department of Chemistry, Angstrom Laboratories, Uppsala University, Box 523, 751
20 Uppsala, Sweden. E-mail: nicolas.queyriaux@Ilcc-toulouse.fr; leif. hammarstrom@
kemi.uu.se

*Univ. Grenoble Alpes, CNRS, CEA, IRIG, Laboratoire de Chimie et Biologie des
Meétaux, 17 rue des Martyrs, F-38054, Grenoble Cedex, France

‘Univ. Grenoble Alpes, CEA, CNRS, IRIG, SYMMES, 38000 Grenoble, France

9Aix Marseille Univ., CNRS, Centrale Marseille, iSm2, 13397 Marseille, France. E-mail:
maylis.orio@univ-amu.fr

T Electronic supplementary information (ESI) available. CCDC 1970564 and
1970565. For ESI and crystallographic data in CIF or other electronic format see
DOI: 10.1039/d0se00570c

1 Current address: CNRS, LCC (Laboratoire de Chimie de Coordination), 31077
Toulouse, France.

3668 | Sustainable Energy Fuels, 2020, 4, 3668-3676

slowly reacts with oxide acceptors to evolve towards the desired reduction products.

circumvented by multielectron reduction processes generating
a range of C1-products with lower energy requirements, at 25 °C
in pH = 7 aqueous solution (eqn (2)-(6)).” Due to the various
chemicals that can be produced from CO, under closely related
experimental conditions and the competitive reduction of
protons to H, (eqn (7)), product selectivity remains a challenge:®
as far as molecular approaches are considered, mixtures of two-
electron reduction products are generally obtained.

CO, +e” — CO,™ (E” = —1.90 V vs. NHE) 1)

CO, + 2H" +2¢~ — CO + H,0 (E* = —0.53 V vs. NHE) (2)
CO, +2H" + 2¢~ — HCO,H (E” = —0.61 V vs. NHE) (3)
CO, + 4H* + 4¢~ — HCHO + H,O (E” = —0.48 V vs. NHE)(4)
CO, + 6H" + 66~ — CH30H + H,0 (E” = —0.38 V 5. NHE)(5)
CO, + 8H" + 8¢~ — CH, + H,0 (E* = —0.24 V vs. NHE) (6)
2H* +2e~ — H, (E” = —0.42 V vs. NHE) )

Transition metal catalysts usually favor the desired multi-
electron processes, owing to their ability to accommodate
multiple reduction steps within the range of considered
potentials. Their relatively versatile and tunable properties have
allowed rapid development of a wide diversity of electro- and

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/d0se00570c&domain=pdf&date_stamp=2020-06-27
http://orcid.org/0000-0002-8525-280X
http://orcid.org/0000-0002-9317-8005
http://orcid.org/0000-0002-9933-9084
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0se00570c
https://pubs.rsc.org/en/journals/journal/SE
https://pubs.rsc.org/en/journals/journal/SE?issueid=SE004007

Open Access Article. Published on 13 May 2020. Downloaded on 7/15/2025 6:39:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

photocatalytic systems, some of the most efficient and selective
catalysts being based on rhenium®* and ruthenium
complexes. Although studies on these two families of
compounds have clearly demonstrated the essential role played
by the metal center during the catalytic cycle,'>'® it is interesting
to note that the first reduction steps initiating the catalytic
process are centered on the ligand. This mechanistic specificity,
associated with the cost-prohibitive nature of the rare metals
being used, has certainly contributed to the great attention and
efforts directed towards the development of first-row transition
metal complexes capable to efficiently reduce CO,.”” While
several complexes based on Fe,'®* Co,**** Ni**** or Mn**?¢ have
been reported, improvements in terms of both selectivity and
stability are still demanded.

Cobalt polypyridyl complexes have recently emerged as
interesting candidates for both CO, reduction and hydrogen
evolution.”*° This type of coordination sphere has been
shown to offer a wide range of advantages, from their ability to
stabilize low-valent cobalt centers involved over the course of
the catalytic process to their synthetic modularity and robust-
ness. Generally based on polydentate ligands, these ligand
frameworks are also proposed to contribute to the high stability
of the resulting cobalt complexes by virtue of the chelate effect.
The relevance of cobalt polypyridyl complexes for the electro-
catalytic reduction of CO, was first evidenced with the use of
[Co(phen);]** by Durand and co-worker in 1988.%° Further
investigations have led to the development of a range of bis-
triimine complexes capable to electro-assist the reduction of
CO, to generate mixtures of C1-products whose selectivity can
be preferentially oriented towards HCOOH or CO.*'"** More
recently, tetradentate platforms have been developed and
allowed good selectivity towards formation of carbon monoxide
to be reached.”***” These encouraging results have stimulated
the development of heterogenization strategies, either by their
attachment onto transparent conducting oxide and carbona-
ceous materials (graphene and carbon nanotubes, typically) or
by integrating them into polymer chains.’**

The role played by the ligand set in catalytic mechanisms has
recently attracted much attention,”* different functions
susceptible to increase catalytic performance being envisaged:
proton relays (amine, thiol or phenol groups),'®>"¢*® electron
reservoirs (pyrazine, dithiolene or quinone moieties),*"** effec-
tive catalytic sites® or a combination of those functions.>*** In
the case of the electro-assisted H, evolution, proton relay sites
and redox-active units have clearly demonstrated their ability to
improve catalytic kinetic features or to significantly reduce the
overpotential required to drive the reaction.*® Examples are
scarcer when it comes to CO, reduction and mechanistic dead-
ends have been established in several situations. While Savéant,
Costentin and co-workers found that introduction of multiple
proton relays dramatically enhanced the CO,-to-CO electro-
catalytic properties of iron porphyrin,*® similar modifications
performed on a ruthenium(u) complex by the group of Fujita
resulted in a catalytically-inactive complex under CO, atmo-
sphere.*® Such unexpected behavior has been assigned to new
deactivation pathways in which a carbonate species has been
formed by the reaction between the reduced ligand and CO,.
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Similarly, Elgrishi et al. investigated the electro-assisted CO,-to-
CO conversion mediated by [M(tpy),]>* complexes (M = Mn, Fe,
Co, Ni, Cu, Zn) and suggested carboxylation of the reduced tpy
ligand as a potential deactivation pathway (tpy = 2,2":6/,2"-
terpyridine).*?

Herein, we describe the electrocatalytic behavior of a cobal-
t(u) polypyridyl complex displaying an unusual combination of
features, containing both a redox-active moiety and protic
sites,”>*” potentially capable to set up a stabilizing hydrogen
bond network around the bound CO, molecule. Electro-
chemical measurements provide insights on the nature of the
doubly reduced cobalt catalyst, the first reduction having
a predominantly metal-based character and the second electron
transfer being mostly localized on the ligand scaffold. Accord-
ing to theoretical calculations, the interaction of CO, with this
two-electron reduced complex results in a poorly reactive
adduct. Nevertheless, this catalytically-competent intermediate
is capable to slowly release CO and HCOOH, with a product
distribution depending on the reaction conditions.

Results and discussions
Synthesis and structural characterizations

The bapbpy ligand (bapbpy: 6,6"-bis-(2-aminopyridyl)-2,2’-bipyr-
idine, Fig. 1A) and its cobalt complex were synthesized
according to published procedures.>*® Interestingly, two sets of
single crystals - varying slightly in their colors - suitable for X-
ray analysis were obtained by layering of diisopropyl ether over
a methanolic solution of the complex. The structure determined
for the dark golden crystals of [Co"(bapbpy)CI]" [1-CI]" (Fig. 1B)
has already been described elsewhere® and differs from the one
established with lighter yellow crystals of [Co"(bapbpy)Cl,] [2-
Cl,] (Fig. 1C) in the number of chloride ions that are coordi-
nated to the Co' centre. While [1-Cl]" adopts a pentacoordi-
nated structure displaying a highly distorted square pyramidal
geometry (t = 0.52),%° [2-Cl,] rather coordinates two chloride
anions in a trans configuration featuring a distorted octahedral
structure. Selected bond lengths and angles are provided in
Table S1.} A significant Co-Cl bond elongation is observed in [2-
Cl,] (2.5701 A and 2.5499 A) compared to [1-CI]" (2.3085 A),
reflecting a weakening of the metal-chloride bonds in the hex-
acoordinated complex. In contrast, Co-N bond lengths remain
essentially unaffected in both complexes. In the pentacoordi-
nated structure, the chloride ion is sitting close to an ancillary
amine group, allowing the establishment of a hydrogen bond

N
HN NH

/ N N—
2_\> Q /g

Fig. 1 Structure of the bapbpy ligand (A) and crystal structures of
pentacoordinated complex [1-ClI* (B) and hexacoordinated complex
[2-Cl,] (C). Thermal ellipsoids are drawn at the 50% probability level.
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(N-H:--Cl being described by a length of 2.331 A and an angle of
157.57°).

Due to the steric constraints originating from the two
hydrogen atoms in ortho positions on the pyridine units, the
bapbpy ligand adopts a saddle-shaped structure. To gain some
insight on this type of twisted configuration, Bonnet and co-
workers introduced the use of specific dihedral angles
(Table S21).°° Interestingly, the angles measuring terminal
pyridines (B) and coordination plane torsions (y and ') remain
mostly unaffected by the change in the coordination number.
On the contrary, the one describing the degree of rotation
between the two rings forming the bipyridine motif (o) is
dramatically modified, rising up from 6.53° in the penta-
coordinated structure [1-Cl]" to 16.66° in the hexacoordinated
configuration [2-Cl,]. A combination of DFT calculations and
electrochemical measurements (vide infra) have been under-
taken in order to investigate the respective weight of each of
these two structures in solution, highlighting the prominence
of the pentacoordinated structure [1-CI]".

Electrochemical properties

The electrochemical behavior of [1-CI]" was assessed in anhy-
drous dimethylformamide (DMF) in the presence of 0.1 M of
"Bu,NPF as the supporting electrolyte. Fig. 2 shows the cyclic
voltammogram (CV) obtained using a glassy carbon working
electrode under inert atmosphere of argon. Complex [1-CI]
displays two quasi-reversible redox processes at —0.11 V and
—1.44 V vs. Fc'/Fc, respectively assigned to the Co™/Co" (Fig. 2,
process I) and Co"/Co’ (Fig. 2, process II) couples.*>** At a more
negative potential of —1.99 V vs. Fc'/Fc, a last irreversible
process, attributed to ligand-based reduction centered on the
bipyridine moiety, is observed (Fig. 2, process III).>* Plotting
peak currents as a function of the square root of the scan rates
(from 50 mV s ' to 500 mV s~ ') provides linear trends that
confirm the diffusional nature of the electrochemical processes
(Fig. S1 and S27).

T T T
-1,5 -1,0 -0,5 0,0 0,5
Potential (V vs F¢'/Fc)
Fig. 2 Cyclic voltammogram of [1-Cll* recorded in anhydrous DMF
(containing 0.1 M "Bu4NPFg as supporting electrolyte), under argon

atmosphere. Scan rate: 100 mV s~. Working electrode: glassy carbon.
Counter-electrode: Pt wire. Reference electrode: Ag/AgNOs.
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In an effort to further support the assignments of the
different redox processes observed for complex [1-CI], DFT
calculations were conducted. The geometries of [1-CI]" and
these one- and two-electron reduced species were thus opti-
mized (Fig. S31) and their electronic structures investigated in
detail. When compared with the experimentally-obtained X-ray
structure, the DFT-optimized structure of [1-CI]' appears in
good agreement confirming that the pentacoordinated complex
can be best described as a high-spin Co" complex with a quartet
ground spin state (S = 3/2, Table S31). One-electron reduction is
metal-based, forming a species with a triplet ground spin state
(S = 1, Tables S3 and S$47): the singly occupied molecular
orbitals (SOMO) of [1-Cl]° indeed have a dominant metal-based
character (Fig. 3). The lability of the chloride ligand following
mono-reduction has been evaluated, suggesting that chloride
loss provides a slightly more stable adduct (Table S51).

However, should the chloride ligand be released upon
reduction to the Co' oxidation state, the reversibility of the Co"/
Co' couple should be significantly affected. Indeed, [Co"(-
bapbpy)Cl]" would be first reduced to [Co'(bapbpy)C1]°, but only
[Co'(bapbpy)]* would be present for re-oxidation in the anodic
sweep. As a consequence, the remarkable reversibility of the
Co"/Co" electrochemical system is a strong evidence in favor of
chloride retention on the timescale of the cyclic voltammetry
measurements. This suggests slow kinetics associated with the
chloride loss from the one-electron reduced species, [1-CI]°. The
second reduction process occurs on the bipyridine moiety of the
bapbpy ligand and generates a delocalized ligand-based radical
species having a quartet ground spin state (S = 3/2, Tables S3
and S67), so that two-electron reduced species can be best
described as a [Co'(bapbpy’~)] complex, [1]° (Fig. 4). Indeed,
calculations strongly support chloride ligand expulsion upon
reduction, providing a reasonable explanation to the poor
reversibility of the more cathodic redox system (Table S71).

As previously described, two different forms of the Co"
complex have been identified in the solid state: the positively
charged five-coordinate complex [1-CI]" and the neutral six-
coordinate complex [2-Cl,]. If these two species coexist in
solution, some measurable metrics describing their electro-
chemical behavior are likely to be affected by the equilibrium
described in eqn (8).>*® From that perspective, it is thus inter-
esting to note that: (i) increasing scan rate leads to an apparent
decrease of the current function (Fig. S4t) and (ii) the ratio i ./
ip. describing the reversibility of the Co'"/Co' couple is

Fig. 3 Localized SOMOs of the one-electron reduced complex [1-
cue.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Localized SOMOs of the two-electron reduced complex [1]°.

maintained over the unity and further increases with scan rate
(Fig. S51). Taken together, these results provide evidences in
favor of the existence of an equilibrium preceding the reduction
process, according to a CE-type mechanism (where E corre-
sponds to an electron transfer step and C to a chemical
reaction).

[Co™(bapbpy)CI]* [1-CI]* + CI™ «
[Co" (bapbpy)Cl,] [2-Chy], K, (8)

To further support this assignment, we sought to change the
balance between the pentacoordinated [1-CI]* and hexacoordi-
nated [2-Cl,] complexes by modification of the free chloride
anion concentration (Fig. S61). Plotting the half-wave potential
of the Co"/Co' couple as a function of the logarithm of the
chloride concentration provides meaningful information
related to the chloride coordination to the metal center (Fig. 5).
From this data, two main regimes can be defined. At low
concentration (=1 mM), the half-wave potential of the Co"/Co"
couple is only slightly modified suggesting the establishment of
a plateau. At concentrations above 3 mM; a linear decrease of
potential with log([Cl]) is observed with a slope of —52 mV
dec™?, the Co"/Co' potential shifting towards more negative
potentials as the chloride concentration increases.

Theoretical description of similar system has previously
been proposed by Savéant and Xu.*® However, the exact
concentration of free chloride ions in solution prior to addition
being unknown, only a rough estimate of the equilibrium

1,40
G
L ° ® eco o ° il eieve e
© 1,45 " e
@ [}
> XX
> [
_g °
:; -1,50 4 ® ® %
S ®  Addition of n-Bu,NCI ° .
S ® Addition of n-Bu,NBr -
w
1,55 . . . . . ; . . . ]
4,0 35 3,0 2,5 2,0 15

log([Hl,,, )

Fig. 5 Plots of the variation of the Co'"/Co' half-wave potential upon
addition of an increasing concentration of tetrabutylammonium
chloride ("BusNCL, red dots) or tetrabutylammonium bromide ("Bus-
NBr, blue dots).
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constant —3.5 < log(K,) < —2.5 can be determined from the
intersection of the plateau and the linearly decaying trace. This
set of data is in complete agreement with the existence of an
equilibrium preceding the redox events, [1-Cl]" being the
dominant species in solution in the absence of any added
chloride. Using tetrabutylammonium bromide in the same
concentration range did not significantly affect the potential of
the Co"/Co' couple, indicating that hard ligands - such as
chloride anions - are required to trigger the formation of hex-
acoordinated species. DFT calculations further support the
slightly higher stability of the pentacoordinated complex [1-CI]",
when compared to [2-Cl,] (Table S8%).

Electrocatalytic behavior

Evaluation of the CO, reduction capability by cyclic vol-
tammetry. The reactivity of [1-Cl]" was then evaluated by cyclic
voltammetry experiments carried out in CO,-saturated DMF
solutions (Fig. 6A). Under such conditions, modification of the
electrochemical behavior of [1-Cl]" was observed. Whereas the
Co"/Co" process remained unaffected by the presence of CO,,
significant current enhancements (ico /iar = 3.23, at 25 mV s
were indeed determined at a potential of —2.00 V vs. Fc'/Fc,
consistent with electrocatalytic CO, reduction. This electro-
catalytic wave thus develops at a potential where the irreversible
ligand-centered process was taking place in the absence of CO,,
with an anodic shift of the electrochemical process onset of
about 100 mV. Interestingly, when the catalyst concentration
was raised from 0.25 mM to 3.00 mM, a linear current decrease
was observed (Fig. S71), suggesting the associated electro-
chemical process to be first-order in [1-CI]".

Due to its ability to serve as an oxide acceptor and to trigger
proton-coupled electron transfers, addition of water has been
shown to usually dramatically facilitate electro-assisted CO,
reduction.”>**” Increasing the water content of the electrolyte
up to 3.0 vol% induces some noticeable changes on the CVs
shape (Fig. 6B). The electrocatalytic wave was indeed anodically
shifted together with a significant increase of the catalytic
current, reaching a plateau above about 1% of water in the
medium (Fig. S87). This apparent enhancement of the catalytic
ability of [1-CI]" in the presence of water also appears to affect
the Co"/Co" couple. While maintaining its remarkable revers-
ibility, the Co"/Co" couple is indeed shifted towards anodic
potentials when increasing amounts of water are added. This
observation strongly suggests the existence of protonation steps
that are coupled to the first reduction of [1-CI]", as previously
demonstrated in the presence of weak acids.* Plotting the
evolution of the Co™/Co’ process as a function of the concen-
tration of water in the electrolyte, resulted in a saturation curve
(Fig. S91): the Co™/Co' reduction is facilitated in the presence of
low contents of water (<1.5%), any further addition having no
observable effect.

As previously shown, the speciation of the cobalt complex [1-
CI]' can be manipulated by adding excess chloride anions. In
order to determine if the number of chloride ligands initially
coordinated to the Co(u) center is likely to affect the electro-
catalytic properties of the system, we investigated the

Sustainable Energy Fuels, 2020, 4, 3668-3676 | 3671
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Fig. 6 Cyclic voltammograms of DMF solutions (containing 0.1 M n-BusNPFg as supporting electrolyte) of [1-Cl* (1 mM): (A) under Ar (black
trace) or CO, (red trace), (B) with increasing amounts of water under CO, (from red to black traces) and (C) with increasing amounts of "Bu4NCl
under CO; (from red to black traces). Scan rate: 25 mV s~1. Working electrode: glassy carbon. Counter-electrode: Pt wire. Reference electrode:

Ag/AgNOs.

electrochemical behavior of [1-CI]" under CO, and in the pres-
ence of increasing amounts of tetrabutylammonium chloride
(TBACI). Under CO,, the progressive addition of TBACI to the
electrolyte solution resulted in some modifications of the elec-
trochemical response of [1-Cl]" (Fig. 6C). Beyond the changes
observed on the Co"/Co' couple and previously investigated
(vide supra), it is interesting to note that the electrocatalytic
wave is doubly affected by: (i) an increased magnitude of the
catalytic peak current (Fig. S101) and (ii) a slight shift of the
catalytic wave onset towards the more negative potentials. Such
dual consequences probably emerge from conflicting effects of
chloride addition to the medium. The increased catalytic
current may arise from chloride assistance to the catalytic
process as a kinetically-efficient carrier of proton traces, as
previously demonstrated by Darensbourg and co-workers®®® In
contrast, the negative shift of the onset potential could be
attributed either to (i) chloride coordination to the metal centre
disfavoring CO, binding or (ii) bapbpy ligand flexibility loss due
to effective hydrogen bonds. Alternatively, chloride binding to
a catalytic intermediate may contribute to both shift of the
potential at more negative values and increased catalytic rate.

Evaluation of the CO, reduction capability by bulk electrol-
ysis. Controlled-potential electrolysis (CPE) was performed at
mercury-pool electrode to gain information on the nature of the
reduction products that formed upon CO, reduction. The use of
Hg as the working electrode allows efficient quenching of the
catalytic activity derived from metal(0) colloids, thus ensuring
that the observed catalytic properties are effectively related to
homogeneous molecular processes. Formation of gaseous
products was monitored by endpoint GC measurements
whereas post-electrolysis liquid phase was analyzed by ionic
chromatography (IC) in order to quantify soluble CO, reduction
products. In the absence of any additives (Table 1, entry A) and
at an applied potential of —1.95 V vs. Fc'/Fc, a total charge of
5.93 C was passed through the system with only a small fraction
of it being effectively converted into reduction products (FEco =
7.4% and FEycoon = 7.9%). No hydrogen evolution was iden-
tified. Similar faradaic efficiencies have been previously
observed for cobalt(u) bis(pyridylmonoimine) and pentapyridyl
cobalt(i1) complexes when electrolyzed under similar conditions
in dry acetonitrile.”®®

3672 | Sustainable Energy Fuels, 2020, 4, 3668-3676

When performed in DMF containing 2% of water (Table 1,
entry B), CPE allows clear improvement of the product selec-
tivity towards the generation of CO (FEco = 15.7% and FEgcoon
= 5.4%, at —1.95 V vs. Fc¢'/Fc). Increasing further the water
content, however, has a negative impact on product distribution
and faradaic efficiencies (Table 1, entry C). This behavior
strongly contrasts with the situation found in the recent studies
of McCrory® and Fujita,” where high faradaic efficiency
towards CO or HCOOH formation was reached at high water
contents only. It is interesting to note that, although still quite
limited, hydrogen evolution starts to occur under such condi-
tions. In the presence of a large excess of chloride anions
(Table 1, entry D), only a slight increase of the faradaic efficiency
associated with the formation of CO was observed.

Regardless the nature of the electrolyzed mixture, an initial
current build-up was observed together with darkening of the
initial yellow solution. Interestingly, this color change persists -
even after the end of the CPE - as long as the solution is
maintained under CO, and kept free of oxygen. When opening
the electrochemical cell to the air, the solution color turns back
to the initial yellow color. This observation, associated with the
modest faradaic efficiencies and UV-vis characterization of the
chemically reduced catalyst (vide infra), suggest the existence of
a reduced species that is able to trap two electrons and thus to
hamper further catalytic processes. Such electron sink is ex-
pected to actually accounts for about 15 to 35% of the overall
electrons passed through the system during CPE. In that pros-
pect, three situations can be considered: (i) a poor interaction
between the two-electron reduced cobalt complex [1]° and CO,,
(ii) a low reactivity of a [Co'(bapbpy’ ~)(COO)] adduct towards
the formation of the reduction products or (iii) a carbonyl-
trapped cobalt complex.

Mechanistic considerations

UV-vis spectra of the reduced catalyst. In order to investigate
the nature of the interaction between CO, and the cobalt cata-
lyst, we sought to study the UV-vis spectra of [1-Cl]" and its
reduced one - and two-electron reduced states. In dry DMF,
titration of [1-Cl]" was performed by decamethylcobaltocene,
Co(Cp*),. Whereas the spectrum of [1-CI]" is dominated by
charge transfer transitions, with maxima at 372, 320 and

This journal is © The Royal Society of Chemistry 2020
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Table 1 Bulk electrolysis experiments for CO, reduction in the presence of [1-ClI* (1 mM) in DMF (containing 0.1 M n-BusNPFg) with various
additives. Working electrode: Hg pool (1.23 cm?). Counter-electrode: Pt wire. Reference electrode: Ag/AgCL. Two-electron bulk reduction of 1 x

10~ mol of [1-Cl* accounts for 1.93 C

Entry [1-C1]” (M) Additives Charge (C) FEco (%) FEncoon (%) FEy, (%) FEotar (%)
A 1x10°° — 5.93 7.4 7.9 0 15.3

B 1x10° H,0 2% 7.85 15.7 5.4 2.9 24.0

C 1x10°° H,0 10% 11.59 11.3 7.7 7.9 26.9

D 1x107° TBACI 50 mM 5.18 8.9 7.4 1.3 17.6

E 0 — 0.503 0 0 0 0

270 nm (Fig. 7), progressive reduction up to 1 equivalent of
reductant resulted in green solutions of the singly reduced
complex [1-CI]°. This species features new transitions in the
visible domain at 612 and 470 nm (Fig. 7), associated to the
appearance of a broad transition in the near infrared (NIR)
region at 875 nm. Absorptions in the visible part of the spec-
trum are similar to the ones previously reported for a related
pentapyridyl cobalt(n) complex.?® Reducing further [1-Cl]" with
a second equivalent of Co(Cp*), resulted in a brown solution
where most transitions are maintained with increased molar
attenuation coefficients (Fig. 7). Of particular interest is a new
sharp transition, observed at 350 nm, and distinctive of
bipyridyl-type radical anion absorption that further strengthens
our loci assignment in the two-electron reduced species [1]°.*

TD-DFT calculations were performed on the series of
complexes and the predicted spectroscopic data provides
calculated spectra that compare well with the experimental
observations (Tables S9-S11 and Fig. S117). Our computations
support that the UV-vis spectrum of [1-Cl]" is dominated by
three main absorption bands of different intensity while
progressive reduction of the complex with one and two elec-
trons resulted in the appearance of new electronic transitions in
the [400-900] nm range. [1-CI]° and [1]° display similar UV-vis
spectra but with an increased intensity for the low-energy

Absorbance

0.25

0.00

T
400
Wavelength (nm)

Fig. 7 Evolution of the UV-vis spectrum of [1-Cl* in dry DMF upon
titration by decamethylcobaltocene, Co(Cp*),. From black to dark red
trace, addition of the first equivalent. From dark red to dark blue trace,
addition of a second equivalent of reductant.

This journal is © The Royal Society of Chemistry 2020

bands of the latter. The spectral features characterizing [1-CI]"
are all assigned to charge transfers from the ligand to metal
(LMCT, Fig. S127). For [1-CI]° and [1]° the additional transitions
observed in the visible region display mixed characters with
contributions from the metal and the ligand in the donor states
and only from the ligand in the acceptor states. The NIR
absorptions for the reduced complexes correspond to charge
transfers with similar contributions from the metal and the
ligand in both donor and acceptor states, but where the donor
state involves the reduced bpy fragment of the ligand while the
acceptor state involves the pyridine fragments with less excess
electron density due to reduction of the complex (Fig. S13 and
S147). Our TD-DFT calculations thus adequately reproduce the
energy of the key features of the experimental spectra which
further support the geometries and electronic properties of [1-
CI]', its reduced one- and two-electron reduced states.

The reactivity of [1-CI]° and [1]° towards carbon dioxide was
investigated by subjecting DMF solutions of the reduced species
to 1 bar of CO, in Fisher-Porter tubes. To avoid potential side
reactions related to the presence of different cobalt species in
the mixture, KCg was employed as the reductant for this series
of measurements providing similar UV-vis spectra for the one-
and two-electron reduced species (Fig. S15At). Whereas a rapid
color change from dark brown to dark yellow was observed in
the case of [1]° no significant modifications were observed for
the singly-reduced compound [1-CI]® within the same time-
frame, indicating that CO, is quickly reacting with the doubly
reduced species (Fig. S15BT). Two main situations are possible:
(i) the formation of a low-reactive CO,-adduct or (ii) the gener-
ation of a carbonyl-bearing cobalt complex. To deeper investi-
gate these possibilities, the IR spectrum of the reduced species
under CO, was recorded. Due to the DMF absorptions, the IR
region under investigation was limited to 1800-2700 cm
where cobalt carbonyl complexes have previously been evi-
denced.”®”® In our case, no new CO stretching bands were
observed supporting the CO,-adduct hypothesis.

Nature of the hypothesized CO, adduct. Quantum chemical
calculations were performed to gain further insights on the
nature of the reduced states of [1-CI]" and their potential reac-
tivity towards CO,. Among the three oxidation states investi-
gated ([1-CI]", [1-CI]° and [1]°), [1]° was the only one to converge
and to display a stable minimum, consistent with a bound-CO,
molecule (Fig. S16%). This result is in good agreement with the
absence of significant modification of the Co"/Co’ couple under
CO, atmosphere and the reactivity of the chemically-generated
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reduced forms of the catalyst. Calculations clearly favor CO,
binding to the cobalt center of [1]° through the carbon atom, the
O-adduct being 20.4 kcal mol ™' less stable (Fig. S17 and
Table S127). Intramolecular hydrogen bonds have been shown
to effectively stabilize the formation of CO, adducts, in related
macrocycle-bearing complexes.***”* Due to the large calculated
distance between the ligand amines and the oxygen atoms from
the bound-CO,, such beneficial effect can, here, be ruled out.
TD-DFT calculations were performed on the most stable CO,-
adduct and support the absence of spectral features above
600 nm and the observed high-energy transitions display
a dominant metal to ligand charge transfer character (MLCT,
Table S13, Fig. S18 and S19+).

Interestingly, the CO,-adduct is best described as a [Co'(-
bapbpy' 7)(COO)] complex having a doublet ground spin state
due to an effective antiferromagnetic coupling between the
metal center and the ligand-based radical (Fig. S20, S21 and
Table S147). In consequence, coordination of CO, to the metal
center does not result in significant charge redistribution
within the newly-bound CO, ligand-centered orbitals. The
merely increased electron density in the bound CO, molecule
only results in a moderate bending of the O-C-O angle of 32°.
Such electronic reorganization has been proposed as a crucial
step of the catalytic process."*** As a result, the bound CO,
molecule is only weakly activated due to an effective electron
trapping within the bapbpy ligand platform. Further reactivity
with oxide acceptors, such as carbon dioxide or protons, is thus
expected to be significantly altered limiting catalytic
performances.

A plausible mechanism for the electro-assisted reduction of
CO, by [1-CI]" is displayed on Fig. 8. Complex [1-CI]" undergoes
two one-electron transfers associated with two different loci:
a first metal-based reduction that generates [Co'(bapbpy)Cl]°

[Co'!(bapbpy)Cl,]°
|2-C|2]0

- HCOOH +CI’

?/

[Co'(bapbpy™)(COO)]

I ot -
N C>\ [Col(bapbpy™)CI]

ast ligand loss
[Col(bapbpy")]o /‘fd 1gand lc

-CrI
1

[Co”(bapbpy)Cl]

+e
[-ci* \\

[Co'(bapbpy)Cl]®
[1-c1°

-CO

+2H", +CI"

Fig. 8 Proposed mechanism for the reduction of CO, using [1-Cl* as
an electrocatalyst.
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and a second ligand-centered process yielding [Co'(bapbpy” ")
Cl]". Chloride loss, followed by CO, binding produced the two-
electron reduced complex [Co'(bapbpy’ ~)(CO,)]°. The limited
electronic reorganization of the two-electron reduced species
upon CO, binding is characteristic of an electron trapping
within the bapbpy scaffold. Such behavior impedes the efficient
formation of a metallocarboxylate intermediates and thus
hampers further reactivity towards the formation of the two-
electron reduced products (CO and HCOOH).

Conclusion

In summary, the cobalt(u) polypyridyl complex [Co(bapbpy)CI]",
previously reported as an active catalyst for electro-assisted H,
evolution, also proved reactive for CO, electroreduction. Using
a combination of electrochemical tools, UV-vis spectroscopy
and DFT calculations, we evidenced that the second electron
required over the catalytic cycle is unambiguously located
within the bapbpy ligand platform. This propensity to store
electrons, however, appears detrimental to the catalytic activity
by preventing effective charge delocalization into the bound
CO, substrate. Although activated, the CO, molecule remains
poorly reactive towards oxide acceptors, therefore limiting
turnover frequency. While the potential of redox-active ligand in
multi-electrons/multi-protons catalysis has often been high-
lighted, this study shows that the use of such ligand can be
a double-edge sword as it can alter the metal-based reactivity.
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