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ABSTRACT: In situ FT-IR measurements and electronic structure calculations v(OCO)
are reported for the reduction of CO, catalyzed by the macrocyclic complex
[Co"N,H]** (N,H = 2,12-dimethyl-3,7,11,17-tetraazabicyclo-[11.3.1]-heptadeca-
1(17),2,11,13,15-pentaene). Beginning from the [Co"N,H]* resting state of the
complex in wet acetonitrile solution, two different visible light sensitizers with

substantially different reducing power are employed to access reduced states. 1700 1600 cm !
Accessing reduced states of the complex with a [Ru(bpy);]** sensitizer yields an
infrared band at 1670 cm™" attributed to carboxylate, which is also observed for an co,

=—— [Co'N4H]*'—CO,

authentic sample of the one-electron reduced complex [CoN,H(MeCN)]* in CO,
saturated acetonitrile solution. The results are interpreted based on calculations
using the pure BP86 functional that correctly reproduces experimental geometries. 5
Continuum solvation effects are also included. The calculations show that Co is
reduced to Co' in the first reduction, which is consistent with experimental d—d
spectra of square Co(I) macrocycle complexes. The energy of the CO, adduct of the one-electron reduced catalyst complex is
essentially the same as for [CoN,H(MeCN)]*, which implies that only a fraction of the latter forms an adduct with CO,. By
contrast, the calculations indicate a crucial role for redox noninnocence of the macrocyclic ligand in the doubly reduced state,
[Co'(N,H) ~*], and show that [Co'(N,H) ~*] binds partially reduced CO, fairly strongly. Experimentally accessing [Co'(N,H)
~*] with an Ir(bpy); sensitizer with greater reducing power closes the catalytic cycle as FT-IR spectroscopy shows CO
production. Use of isotopically substituted C'*0, also shows clear evidence for '*O-substituted byproducts from CO, reduction
to CO.

GBP8D = +2 7 kcal/mol

[Co'N4H]*

1. INTRODUCTION particular, understanding the origin of the selectivity toward
Certain tetraaza macrocyclic complexes of late first row CO, actlvat.lon at the expense of I_.F reductlloln may guide
transition metals, such as [Co™,H(MeCN)]**[B(C.Hs), ], catalyst demgn.or cha.nges _of reaction conditions (so_lvegt,
(N,H = 2,12-dimethyl-3,7,11,17-tetraazabicyclo-[11.3.1]-hepta- seconc? sphere }nteractlons) in order to favor carbon dioxide
deca-1(17),2,11,13,15-pentaene), are well established molecular reduction. In light of t.he far greatér number of molecular
catalysts for reducing protons to hydrogen' ™ or carbon dioxide catalysts for H, generation now available compared to CO,
to CO,* either electrocatalytically or by using a visible light reduction catalysts, knowledge of selectivity-determining factors
sensitizer in the presence of an electron donor. An important might be used to structurally modify existing proton reduction
issue regarding the utility of this and structurally related
molecular catalysts for renewable fuel generation is the Received: December 22, 2014
understanding of factors that control the branching between Revised:  February 11, 2015
the hydrogen generation path and carbon dioxide activation. In Published: February 12, 2015
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catalysts in order to enlarge the catalyst pool for CO,
activation.

In a recent study of the catalyst [Co™N,H(Br),]* driven
electrochemically (glassy carbon) in CO, saturated wet
acetonitrile solution (10 M H,O in MeCN), Peters and co-
workers achieved CO generation at 45% Faradaic efliciency,
favoring CO, reduction relative to H, evolution by a ratio of
3:2.> The complex [Co'™N,H(MeCN)]* deemed to be part of
the catalytic cycle was synthesized and its structure
characterized by X-ray crystallography. Broken symmetry
DFT calculations revealed a stable ligand radical anion
electronic structure of [Co'N,H(MeCN)]*, indicating the
ability of the ligand to accommodate a second electron that
may contribute to the preferential reduction of CO, over H" in
the presence of water. However, no experimental observations
are currently available on the subsequent (second) electron
transfer step that results in reaction with CO, to form CO in
competition with H" reduction to H,, which might feature a
proposed intermediate [CoN,H].> Temporally resolved FT-IR
spectroscopy is a method suitable for the detection and
structural identification of intermediate(s) formed in this step
and might reveal details on how the reactants interact with the
catalytic structures under operating conditions. The method
requires initiation of the catalysis with a pulse of charge
equivalents, as described in our most recent mechanistic studies
in liquid solution, rendered feasible by the visible light
sensitization approach.é’7

In this paper, we report on an initial in situ FT-IR study of
the reduction of CO, at [Co"N,H]** complex in wet
acetonitrile solution using two visible light sensitizers with
substantially different potentials in their reduced state ([Ru-
(bpy);]** (bpy = 2,2"-bipyridine), £°(Ru"/Ru') = —1.33 V
versus SCE in acetonitrile,® or [Ir(ppy);] (ppy = phenyl-
pyridine anion), e°(Ir'/Ir'") = —2.19 V versus SCE in
acetonitrile.” Use of the [Ru(bpy),;]** sensitizer is known to
reduce the Co complex to generate H, but is not expected to
result in CO, reduction to CO,* while the Ir(ppy); sensitizer
should have sufficient reducing potential for closing of the
catalytic cycle under generation of CO. The main observation
based on experiments with '*C-labeled carbon dioxide is the
detection of an intermediate produced by the interaction of
CO, with a reduced Co complex formed upon electron transfer
with the [Ru(bpy);]** or the Ir(ppy); sensitizer. Infrared
spectra of a separately prepared [Co'N,H(MeCN)]* complex
exposed to CO,-saturated acetonitrile solution indicate that the
observed intermediate is an adduct with the one-electron
reduced catalyst, [Co'N,H]*-CO,. DFT calculations predict
that this CO, adduct is isoenergetic with the
[Co'N,H(MeCN)]* species, suggesting that only a fraction of
[Co'N,H] forms the [Co'N,H]*-CO, adduct under room
temperature reaction conditions. A comprehensive DFT study
is presented that provides insights into the binding modes of
CO, for the one- and two-electron reduced catalyst and the
redox noninnocent nature of the macrocyclic N,H ligand. Use
of the Ir(ppy); sensitizer affords, in addition, reduction to CO,
with the fate of the split-off oxygen identified by '*O labeling of
carbon dioxide.

2. METHODS

2.1. Experimental Section. Chemicals. The Co salts
[Co"N,H(MeCN)]**[B(C4Hs),”], and [Co'N,H(MeCN)]*-
(B(C¢Hg),~ were synthesized with methods described in a
previous publication [see Supporting Information (SI)].°
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Ir(ppy)s [Ru(bpy);]Cl,, triethylamine, acetonitrile (Sigma-
Aldrich), and isotopically modified carbon dioxide '*CO, and
C'®0, (Sigma-Aldrich) were used as received. All samples were
handled under a nitrogen atmosphere.

Characterization. A Bruker model Vertex 80 FT-IR
spectrometer equipped with a HgCdTe PV detector (Kolmar
Technologies model KMPV11-1-]2, 14 ym band gap) was used
to collect the FT-IR spectra. The IR absorptions of the Co
complex, the photosensitizer [Ru(bpy);]** and Ir(ppy); were
recorded with an Attenuated Total Reflection (ATR) accessory
featuring a 3 mm diameter diamond plate with three reflections.
A drop of acetonitrile solution containing
[Co"N,H(MeCN)]**(B(C¢Hs), ), complex, Ir(ppy); or [Ru-
(bpy);)** was placed on the ATR plate and dried to form a
solid layer. The IR spectra of these solid samples were recorded
with 4 cm™! resolution. The IR spectrum of the electron donor,
triethylamine (TEA), was collected in acetonitrile solution. The
sample was sealed in a 200 ym path length CaF, liquid cell. The
UV—vis spectra of Ir'"(ppy);, [Ru"(bpy);]**, and
[Co"N,H(MeCN)]** were collected with a Shimadzu spec-
trometer model SolidSpec-3700. Variable temperature UV—vis
spectra were recorded on a Cary S0 spectrometer equipped
with an Unisoku cryostat.

Spectroscopy of Photocatalytic CO, Reduction. To detect
the CO product accumulated in the gas phase, the reaction
solution, which contains 0.2 mM Ir(ppy);, 1 mM
[Co"™N,H(MeCN)]**, 0.1 M TEA, and 10 M water in 40 mL
of acetonitrile, was placed in a Pyrex flask and connected to a
gas cell with CaF, windows held under high vacuum. The
solution was degassed before exposure to a CO, atmosphere
(760 Torr). After saturation with CO, gas, the sample solution
was irradiated with 405 nm emission of a diode laser (Spectra-
Physics 405 nm) at 20 mW, with the beam expanded to a
diameter of 3 cm. Following photolysis, the gas content above
the reaction solution was released into the evacuated cell and an
FT-IR spectrum collected at 0.25 cm™ resolution. For infrared
monitoring of photolysis of the liquid sample (0.2 mM
I (ppy);, 0.1 M TEA and 1 mM [Co"N,H(MeCN)]** in
water—acetonitrile solvent mixture (0.1 M H,0)), it was
purged with CO, gas and sealed in the 200 um path length
CaF, liquid cell. Photolysis was conducted with 405 nm laser
emission (20 mW). Quantitative measurement of CO and H,
production in the same mixture of acetonitrile and 10 M water
under electrocatalytic conditions was reported previously.”

Samples containing 1 mM [Ru"(bpy),]*, 0.1 M TEA, and 1
mM [Co"N,H(MeCN)]** in CO, saturated acetonitrile
solvent were sealed in the 200 ym CaF, liquid cell and
irradiated with 458 nm emission of an argon ion laser
(Coherent Innova 90C) at 170 mW. The laser beam was
expanded to a diameter of 0.5 cm to match the size of the liquid
sample.

Isotopic experiments were carried with both *CO, (Sigma-
Aldrich, 97% C) and C'®0, (Sigma-Aldrich, 98% '*0). All
samples contained the same concentration of electron donor
TEA (0.1 M) and catalyst [Co"N,H(MeCN)]** (1 mM) in a
water—acetonitrile solvent mixture (0.1 M water). For samples
using Ru photosensitizer, the water originated from the
hydrated [Ru"(bpy);]Cl, salt.

2.2, Computational. Density Functional Theory. All
calculations were performed using the QChem package.'® We
used the well-known hybrid functional B3LYP and the range-
separated hybrid, wB97X-D, as well as the PBE and BP86
Generalized Gradient Approximation (GGA) functionals. We

DOI: 10.1021/jp5127738
J. Phys. Chem. C 2015, 119, 4645—-4654


http://dx.doi.org/10.1021/jp5127738

The Journal of Physical Chemistry C

included Grimme’s D2 dispersion correction for all except
®wB97X-D (which already includes a specially optimized version
of the D2 correction)."" We used the double-{ polarized plus
diffuse 6-31+G** basis set for the light elements'>"® and the
Wachters+f basis set for Co.'*'> The unrestricted open shell
procedure for the self-consistent field (SCF) calculations was
used for all spin states, with a matrix element threshold of 107
Hartrees and a tight convergence criterion of 107 Hartrees
using either the Direct Inversion in the Iterative Subspace
(DIIS) or the Geometric Direct Minimization (GDM)
algorithm. Exchange correlation integrals were evaluated using
a quadrature grid of 75 radial points and 302 Lebedev angular
points. All geometries were characterized using the analytic
Hessian to determine that the local minima have no negative
curvature directions (imaginary frequencies). The vibrational
frequencies from the analytic Hessian were used to calculate the
zero-point energy correction at 0 K. Optimization in implicit
solvent were performed usmg the SWIG C-PCM a gproach
(CH,CN, € = 359, €., = 1.8) and the UFF radii.'®"” Wave
function stability analyses were performed in addition to ensure
that all SCF solutions correspond to local minima, that is, all
positive eigenvalues. Free energies and binding energies are
calculated at 298.15 K and 1 atm (see SI).

3. RESULTS

3.1. Infrared Monitoring of Carbon Dioxide Reduction
Driven by Ir(ppy); Sensitizer. When illuminating a wet
acetonitrile solution (10 M H,0) containing
[Co"N,H(MeCN)]**(B(C¢Hs), ), (1 mM), Ir'(ppy); sensi-
tizer (0.2 M), and triethylamine (TEA) electron donor (0.1 M)
saturated with CO, gas with 405 nm laser light (20 mW) for 3
h, CO product growth was detected in solution and in the gas
headspace of the reaction mixture. As can be seen from the
UV—vis spectra shown in Figure S1b, photons at 405 nm are
absorbed well by the Ir'"'(ppy); sensitizer. Figure 1a shows the
infrared spectrum of an aliquot of the gaseous content of the
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Figure 1. FT-IR spectra of aliquots of gas accumulated in the
headspace of 40 mL of acetonitrile solution after transfer to a
miniature infrared gas cell. (a) Rotation-vibrational spectrum of CO
gas detected upon 405 nm laser (20 mW) irradiation for 3 h of a
solution containing Ir™(ppy); (0.2 mM), [Co"™N,H(MeCN)]** (1
mM), TEA (0.1 M), and H,0 (10 M) that was purged with CO, gas.
(b) Solution before illumination. (c) Identical solution but without
[Co"™N,H(MeCN)]** catalyst after 405 nm laser illumination for 3 h.
The bands at 2129 and 2093 cm™! are due to an overtone mode of
CO, vibrations.
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headspace that was transferred into a miniature infrared cell
after photolysis. The rotation-vibrational bands confirm the
generation of CO product, which is only observed when
illuminating a solution with both catalyst and CO, present.
With completely dry acetonitrile solution, no CO was
produced. Trace (c) of Figure 1 shows the photolysis control
experiment in the absence of catalyst.

Carbon monoxide product was detected in the solution
phase as well. Figure 2a shows an FT-IR spectrum recorded

2099
10.001 a) I‘[(ppy)s, 405 nm laser irradiation
/\’\‘ N
P
o) oo A\ ) ~
é ” /NWV‘/ YA i SN\ W\\/ AR Vand
o 3
o i
2 1
< b) Rij(bpy)y 458 nm laser irradiation|
1 T
2200 2100 2000 1900

Wavenumber (cm'1)

Figure 2. FT-IR spectra of CH;CN—H,O (0.1 M) solution containing
(a) ™(ppy); (02 mM), [Co"N,H(MeCN)]** (1 mM), and TEA
(0.1 M) after 405 nm laser illumination (170 mW) for 20 min. The
solution was saturated with *CO, by gas bubbling prior to photolysis.
(b) Spectrum after 458 nm laser (170 mW) illumination of identical
solution but using [Ru"(bpy);]** (0.2 mM) as sensitizer.

upon illumination of an identical reactant mixture as described
above, but now using isotopically labeled *CO, in order to
unambiguously demonstrate the origin of the carbon monoxide
product. Also, a lower water concentration of 0.1 M was used in
order to allow for spectral monitoring in the 1600 cm™" region
(see below) that otherwise would be blocked by the H,O
bending mode absorption. Photolysis with 405 nm laser light
(170 mW) for 20 min revealed growth of a broad band
centered at 2099 cm™" (shifted to lower frequency by 47 cm™
relative to the known band of parent isotope '*CO). It is
interesting to note that the presence of H,O is essential for
carbon monoxide to be produced. Substantially less gas phase
CO product was detected under rigorous exclusion of water in
solution, an observation made previously in the electrocatalytic
study.® By contrast to experiments with Ir(ppy),, for photolysis
experiments with the [Ru(bpy);]** sensitizer (0.2 M) in
otherwise identical reactant solution using laser emission at 458
nm laser (170 mW), no growth of *CO was detected (Figure
2b). The excitation wavelength of 458 nm was selected for
optimal overlap with the [Ru(bpy),]** absorption (Figure Slc).
We conclude that visible light induced electron transfer from
the Ir sensitizer to the Co catalyst results in 2-electron
reduction of CO, to CO while electron transfer from the
substantially less reducing Ru complex does not.

While H,O is the coproduct of CO in the case of
electrocatalytic reduction of CO, with the
[Co"N,H(MeCN)]*" catalyst,” the fate of oxygen split off
from CO, in the case of photosensitized CO, reduction
depends on the nature of the electron donor used. For
photoinduced CO, reduction in the presence of TEA donor,

DOI: 10.1021/jp5127738
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acetaldehyde and diethylamine are the known products,"®™>!

which can be monitored by infrared spectroscopy if spectral
interference by solvent infrared absorption can be minimized.
In our case, a liquid transmission cell of 200 ym path length
was found adequate for recording infrared spectra of the
coproduct (and intermediates, see below) with sufficient signal
intensity. For this path length, product monitoring in the region
2200—1000 cm™" between the intense CN stretch absorption of
acetonitrile and the cutoff of CaF, is possible in the spectral
windows 2200—1550 cm™" and 1350—1050 cm™ (Figure S2a).
Probing of the C=O stretch mode of acetaldehyde is
accessible, with the band observed at 1724 cm™!, as shown in
Figure 3b. On the other hand, infrared absorptions due to
diethylamine growth are obscured by the very similar
absorptions of the much more abundant TEA.
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Figure 3. FT-IR spectra of CH;CN—H,O (0.1 M) solution containing
(a) W™ (ppy); (0.2 mM), [Co"N,H(MeCN)]** (1 mM), and TEA
(0.1 M) after illumination at 405 nm (170 mW) for 20 min. The
solution was saturated with C'*0, by gas bubbling prior to photolysis.
Inset: Differential product growth between 10 and 20 min
illumination. (b) Spectrum upon 405 nm laser illumination for 20
min of identical sample with C'%0,. (c) Spectrum upon 405 nm laser
illumination for 20 min of identical sample but without loading of
CO,.

To confirm the assignment of the 1724 cm™ band to
acetaldehyde formed by oxygen transfer from carbon dioxide,
visible light sensitization experiments were conducted with
isotopically labeled C'*0,. When illuminating a wet acetonitrile
solution of Ir(ppy); sensitizer, [Co"N,H(MeCN)]** catalyst
and TEA saturated with isotopically modified C'*0, with 405
nm light (170 mW) for 20 min, a growth of bands at 1694 cm™*
as well as 1724 cm™! was observed, as can be seen in Figure 3a.
The 1694 cm™ absorption, which is absent in the experiments
with the parent isotope C'°O, (Figure 3b) exhibits the
expected isotope shift of 30 cm™ for £(C=0) based on the
harmonic approximation. Therefore, the result allows us to
assign the band to acetaldehyde-'*O generated by reaction of
the split-off oxygen of C'®0, with the oxidized TEA. We
conclude that both CO and the end product of the dissociated
O upon visible light sensitized two-electron reduction of CO,
by the Ir(ppy); sensitizer are identified. It should be added that
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the growth of unlabeled acetaldehyde at 1724 cm™', even in the
experiment with isotopically pure C'®0,, is a consequence of
the reaction of the oxidized donor TEA (i, TEA radical
cation) with H,O of the wet acetonitrile solution, as confirmed
by the control experiment shown in Figure 3c. In this spectrum,
which was recorded upon illumination of a solution of wet
acetonitrile containing Ir(ppy); sensitizer, catalyst, and TEA,
but without loading of carbon dioxide, growth is observed at
1724 cm™". Therefore, a fraction of the acetaldehyde formed in
the photosensitization experiments stems from reaction of the
oxidized sensitizer with water present in wet acetonitrile
solution. However, acetaldehyde-lSO observed in experiments
with C'®0, originates exclusively from the reduction of carbon
dioxide.

3.2. Infrared Monitoring of Carbon Dioxide Reduction
Driven by [Ru(bpy)3]2+ Sensitizer. While no carbon
monoxide product was detected upon visible light sensitization
of [Co"N,H(MeCN)]** catalyst using [Ru(bpy);]** (Figure
2b), illumination of the wet acetonitrile solution (0.1 M H,O)
with 458 nm laser emission (170 mW) for 1 min gave rise to
growth of a band at 1670 cm™ for a solution saturated with
CO,, as shown in Figure 4a. In an identical photolysis
experiment with a '*CO, saturated solution, the new band
shifted to 1631 cm™ (Figure 4b). The "*C shift indicates the
formation of a C=0 carboxyl moiety (bent OCO with partial

1724
1670
1631

Absorbance
-
)

1700 1600
Wavenumber (cm™)

1800

Figure 4. FT-IR spectra of CH;CN containing (a) [Ru(bpy),]** (1
mM), [CoN,H(MeCN)]** (0.1 mM), and TEA (0.1 M) after
illumination at 458 nm (170 mW) for 1 min. Residual water was
subtracted for clarity. The solution was saturated with CO, by gas
purging prior to photolysis. Inset: Spectrum of authentic sample of
[Co'N,H(MeCN)]* in CO, saturated acetonitrile solution, with
solvent subtracted. (b) Spectrum upon 458 nm laser illumination for 1
min of identical sample, but saturated with '*CO, by gas bubbling
prior to photolysis. The spectra were normalized with respect to the
consumption of the electron donor TEA. Control experiments in
support of the spectral assignment: Deliberate introduction of CO4*~
or HCO;™ into the reaction mixture, which did not produce a band
at1670 cm™' and therefore rules out the possibility of a carbonate
coordinated to the [Co'N,H]" complex. Carbonate might only be
generated as byproduct of CO, yet no CO is produced with the
Ru(bpy); sensitizer. The 1670 cm™ band is observed in vigorously
dried solvent using the Ir(ppy); sensitizer, conditions under which no
CO was observed and therefore no CO;”” byproduct generated.

DOI: 10.1021/jp5127738
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negative charge) originating from activation of carbon dioxide
by interaction with the reduced catalyst complex. The band is
observed reproducibly only in the presence of Ru or Ir
sensitizer and carbon dioxide, catalyst and electron donor, and
is formed independent of whether TEA or triethanolamine
(TEOA) is used as donor. If the adduct is formed upon one-
electron reduction of [Co"N,H(MeCN)]**, a possible
structure is [Co™N,H(CO,)°"]%, in which the [Co'N,H]*
species forms a five-coordinate complex with CO, under partial
electron transfer from the Co center to the CO, moiety,
resulting in a bent CO,”” moiety with carboxylate electronic
structure. Variable temperature UV—vis spectroscopy revealed
that the 1-electron reduced complex in wet acetonitrile exists as
a S-coordinate [CoN,H(MeCN)]* species (Figure S), thus,

8000 p=
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2 I
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-
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o 3 ——20°C 10 M water MeCN
——30 °C 10 M water MeCN
é 4000 j= 0 °G 10 M water MeoN
o) L — 50 °C 10 M water MeCN
8 3000 |-
--------- 80 °C 10 M water MeCN
c Y T T 00 °C 10 M water MeCN
o
S 2000 |
Q L
5 1000 |-
(0] 3
Ol L o 1 o 1 o 1 o 1 o 1 .

200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 5. Variable temperature UV—vis absorption spectra of
[CoN,H(MeCN)]* complex (0.3 mM) in wet acetonitrile (10 M
water). The spectrum indicates five-coordinate Co' over the range 0 to
80 °C.

confirming that CH;CN remains as ligand of the one-electron
reduced catalyst. Therefore, formation of an adduct would
entail displacement of the CH;CN ligand at the Co center by
CO, (binding of CO, to the five-coordinate
[CoN,H(MeCN)]* species to yield a six-coordinate adduct is
not considered as feasible because [CoN,H(MeCN)]* is an 18-
electron complex). In fact, a band at 1672 cm™ with the
expected *C isotope shift was observed when exposing an
authentic sample of the I-electron reduced complex

[Co'™N,H(MeCN)]* to a CO, (or *CO,) saturated acetonitrile
solution (inset of Figure 4a). The finding indicates that the
[Co'N,H(MeCN)]* complex, produced upon one-electron
reduction, exchanges the acetonitrile ligand for CO,. An adduct
with CO, might also be formed after a second electron is
transferred from the sensitizer to [CoN,H(MeCN)]* to yield
[CoN,H], followed by association with CO, to give a species
with [Co'(N,H)™*%(CO,)%] structure. Computational treat-
ment is required to gain detailed insights into the electronic
nature of the interaction of the Co species with CO, as a
function of the state of reduction of the complex.

3.3. Computational Modeling of the Different
Oxidation States of Cobalt in [CON,HI**. Since present-
day density functionals are imperfect, with errors that vary from
system to system it is important to perform validation
calculations that address which functional is most appropriate
to employ for the studies of CO, binding. For example, for
some Co-based catalysts with redox noninnocent ligands,
hybrid functionals sometimes predict qualitatively the wrong
electronic configuration.””* We used five different crystal
structures of different oxidation states and conditions for the
current Co catalyst available in the literature, and published
recently,” in order to benchmark several candidate functionals.
We decided to compare experiments versus the computational
methods for bond distances involving atoms that can
participate in the redox process. The complete results are
shown in Tables S2—S7. They show that the minimum error in
the prediction of bond lengths is BP86-D, by a significant
margin, followed by @B97X-D and B3LYP-D and last PBE-D.
In other words, BP86-D most correctly captures geometric
changes as a function of the oxidation state of the Co-catalyst.
Therefore, it also presumably best captures the electronic
properties of the catalyst as a function of oxidation state.

In Table 1, we compare the energy of the electronic states of
the complexes predicted by the different functionals discussed
above. All of the functionals predicted the low spin
configuration to be the ground state. The hybrid functionals
predict the high spin versus low spin gap to be significantly
smaller than the GGA functionals; this is because, in general,
hybrid functional favors the high spin configuration. This
becomes particularly important in [CoN,H]" where both
B3LYP-D and @wB97X-D predict a high spin—low spin gap of
only about 1 kcal/mol, which is within the expected error of
these functionals, while the GGA functionals predict a much

Table 1. Relative AG (at T = 298 K) in kcal/mol for the Different Electronic States of [CoN,H,]*" Molecule Using Two GGA
Functionals (BP86-D, PBE-D) and Two Hybrid Functionals (B3LYP-D, ®B97X-D)“

molecule (AG, keal/mol) state B3LYP-D gas phase

CoN,H S=1/2 0.0
S=3/2 6.4
[CoN,H]* $=0 0.0
S=1 1.0
[CoN,H(MeCN)]* $=0 0.0
S=1 3.5
[CoN H]* S=1/2 0.0
S$=3/2 8.5
[CoN,H(MeCN)]* S=1/2 0.0
$=3/2 3.4
CoN, $=0 0.0
S=1 6.4

“The low spin state is more strongly favored by the GGAs.
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BP86-D gas phase PBE-D gas phase ®wB97X-D gas phase

0.0 0.0 0.0
19.2 16.0 S.0
0.0 0.0 0.0
12.4 8.0 0.4
0.0 0.0 0.0
13.8 5.1 2.6
0.0 0.0 0.0
22.3 10.4 79
0.0 0.0 0.0
19.0 5.7 2.5
0.0 0.0 0.0
13.7 9.3 5.6
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Figure 6. Oxidation states of cobalt obtained for the different species discussed in this work in the gas phase and using implicit solvation. The boxes
indicate the oxidation state obtained by the different functionals using the LOBA analysis.

higher gap (BP86-D, 13.0 kcal/mol; and PBE-D, 8.9 kcal/mol).
A similar behavior, in magnitude and trend, is observed for the
[CoN,H(MeCN)]* and [CoN,H(MeCN)]*?, but we know the
latter species is low spin from experimental data.” However,
B3LYP-D and wB97X-D predict the low spin state to be more
stable by only ~3 kcal/mol, almost within the expected
uncertainty of the functionals, while BP86-D and PBE-D again
predict higher gaps of 7 and 21 kcal/mol, respectively. Coupled
with the geometric data, we decided to use BP86-D to study the
electronic properties of this system. We also performed the
calculation at the B3LYP-D level for comparison.

We performed Localized Orbital Bonding Analysis
(LOBA)** to assess the oxidation state of cobalt in each
redox state of the complex, and the results are shown in Figure
6. The oxidation states and binding energies obtained from
BP86-D and B3LYP-D agree for almost all of the species,
except for [CoN,H(MeCN)]*. However, we found that both
functionals predict this species not to be stable in solvent and it
prefers to dissociate to [CoN,H]* and MeCN. Thus, according
to the calculations, [CoN,H(MeCN)]" is only stable in the gas
phase, which indicates the importance of taking into account
the solvation effect on these solvent-coordinated species. This
is especially true when the bound solvent molecule has a
significant effect on the singlet—triplet gap and, thus, potentially
affects the choice of the DFT functional. From here on, the
discussions are based on BP86-D results, but they are similar to
the B3LYP-D results. When [Co"N,H(MeCN)]** is reduced,
the calculations indicate that the first electron goes to the metal
center, [Co'N,H(MeCN)]*. The same result is obtained
without coordinated acetonitrile, [Co'N,H]*. In the second
reduction, the electron goes to the ligand, giving
[COI(N4H)_.:|-

This picture of the first reduction differs from the previous
calculations on [CoN,H(MeCN)]" in which it was found that
the first electron goes to the ligand, [Co"(N,H)™*]*, which is
an open shell singlet with Co"" antiferromagnetically coupled to
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one-electron reduced ligand.5 As shown in Figure 6, we
reproduce this result when B3LYP is used. Thus, this difference
originates from our choice of BP86-D instead B3LYP as the
preferred functional.

In solvent, both functionals predict the [CoN,H]" species to
be Co', while they only differ in the prediction of oxidation
state for [CoN,H(MeCN)]*, where BP86-D predicts Co' and
B3LYP-D predicts Co" antiferromagnetically coupled to one-
electron reduced ligand (Figure 6). While the
[CoN,H(MeCN)]* complex has been reported to be EPR
silent” and therefore does not provide further information
about the two alternative electronic structures, optical spectra
point to a Co' neutral ligand structure. The UV—vis spectrum
of the green [CoN,H(MeCN)]* complex (Figure S), which is
distinct from the orange-red [Co"N,H(MeCN)]*" species (ref
S, Flgure S8), agrees much more closely with the d—d spectra
of Co' macrocycle complexes with square geometry reported in
the literature.”*® In particular, bands at 432 and 700 nm of
[CoN,H(MeCN)]* and the literature Co" macrocycle complex
are in good agreement and distinct from the Co" spectral
features. In light of the comparison of the computational results
with optical spectra, we conclude that the one-electron reduced
complex has Co' character that likely involves sharing of
electron density with the partially reduced ligand. Thus,
considering both the geometric data discussed earlier and the
spin state preferences implied by the optical spectra, we are
reasonably confident that using BP86-D generates adequately
accurate results for this system. Nevertheless, the computed
energies predict the dissociated four-coordinate [Co'N,H]*
acetonitrile to be slightly more stable than the five-coordinate
[CoN,H(MeCN)]* complex (by 2.8 kcal mol™"), while room
temperature spectra show only the latter, with no dissociation
observed upon heating to 80 °C (Figure S). On the other hand,
variable temperature experiments in wet tetrahydrofuran
solution, shown in Figure S4, reveal quantitative loss of
MeCN ligand to form four-coordinate square planar [CoN,H]*
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Table 2. Binding Energies (AG"™, kcal/mol) and CO, Bending Calculated for the Most Favorable Interaction between CO,

and the Co-Catalyst at the BP86-D Level”

AG"™, CO, (kcal mol™")

OCO angle (°) Co—C distance (A)

molecule bottom solv (gas) top solv (gas) bottom solv (gas) top solv (gas) bottom solv (gas) top solv (gas)
CoN,H —6.4 (—4.2) —-7.6 (—=5.7) 134 (139) 133 (138) 2.02 (2.08) 2.05 (2.12)
[CoN,H]* 27 (14) 33 (17) 176 (177) 174 (175) 3.11 (3.11) 3.03 (3.05)

“The “top” and “bottom” refer to the face side of the catalyst. For the [CoN,H]* species, the CH;CN molecule observed in the crystal structure was
not included for the calculation of CO, bound; this is because this compound is not stable in solvent, see Figure S.

Binding energies (AG"™)

a) [Co'NgH] — CO2

H-bottom

AGPINA= 6.4 (-4.2)

AGPINd= 76 (.57)

BP86SY (BP86°*)

Units: kcal/mol

b) [Co'Ng4H]* — CO2

AGPIN= 427 (+1.4)

AGPINd= 433 (+1.7)

Figure 7. Most favorable binding modes for CO, to the (a) CoN,H and (b) [CoN,H]"" species. The binding energies are reported with respect to
CO, and the catalyst far apart. The strongest binding mode (H-top for the CoN,H species) involves a short contact between the CO, and the NH
hydrogen. The weaker binding to the less reduced species results in a near-linear CO, geometry, suggesting little charge transfer, in contrast to the
stronger CoN,H—CO, interaction where the coordinated CO, is strongly bent.

complex in the range —105 to 60 °C, providing experimental
confirmation of the small energy difference between the two
complexes. Uncertainties regarding the energetic order and
electronic structure description of the Co species reflected by
these findings need to be considered in the discussion of the
reaction mechanism.

3.4. Binding Modes of CO,. Using the BP86-D functional,
we calculated all the possible binding modes of CO, to the
catalyst in its different oxidation states. We report the most
stable configurations in Table 2, and all the studied
configurations are shown in the SI. We concentrate on
calculating the binding of the CO, to [CoNH] and
[CoN,H]*, which is the step of interest following exchange
(likely dissociative) for the coordinated MeCN solvent
molecule. The most important result is that CO, binds much
more strongly to neutral [C0N4H] than to any other state,
including cationic [Co'N,H]*. Figure 7 shows the most
favorable binding energies for the CO, approaching from the
top or the bottom of the ligand where in both cases the CO,
bends. However, in the case of CO, binding to the [Co'N,H]*
species, the result indicates an equilibrium between bound and
dissociated CO, since the AG is close to zero. When looking at
the bending of the CO, adduct for both [CoN,H] and
[Co'N,H]*, we found that only the CO, bound to the
[CoN,H] bends at least 133° in solvent and 138° in gas phase,
which is consistent with a CO,” species (Table 2). The nature
of the electron transfer from the ligand to the CO, in the case
[CoN,H] and [CoN,H]" is discussed below.

4. DISCUSSION

The majority of Nj-macrocylic cobalt compounds do not
mediate electrochemical reduction of CO,. Rather, most exhibit
a strong preference for H, evolution.”’ ~>* We were therefore
interested in the N,H platform because it appeared to impart
unique pro;)erties to the cobalt complex that enabled CO,
reduction.” At the onset of our work in CO, reduction with
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cobalt ions, we hypothesized that redox active ligands were
important in stabilizing highly reduced species and that proton
shuttles/hydrogen bonding groups would favor CO, reduction
mechanisms. These two hypotheses were inspired by CO,
reduction mediated with Fe-porphyrin compounds, which are
known redox-active platforms and have been modified with H-
bonding moieties to great effect.””*" Therefore, the N,H ligand
was ideal for our studies because of the N—H group and a
pyridine-diimine (PDI) moiety which incorporates both
concepts of H-bonding and redox-active ligands. In addition
to these two features, we encountered an unexpected property
of the N,H ligand in its ability to accommodate different
coordination geometries. For example, the formal cobalt(I)
state has been isolated in two distinct coordination modes with
the N,H ligand adopting different geometries. For the solvated
[Co'N,H(MeCN)]", the cobalt center appears to be distorted
to a pseudo square pyramidal (sp) geometry with the N, —
Co—N,,ine bond angle of 155° (we do not presume this
compound is sp, but rather distorting toward sp). On the other
hand, crystals grown from THF fashioned the square planar
complex [CoN,H]". Together these aspects of ligand flexibility,
redox activity, and H-bonding impart a unique set of properties
to the compound that facilitate electron transfer to carbon
dioxide.

Thus, our interest in understanding which of these roles
dominates the CO, reduction reaction and the intimate details
of their action prompted us to investigate the physical and
chemical properties of the reduced state that reacts with CO,.
Our previous report with CoN,H clearly demonstrated that,
while reduction of CO, occurred at a formal Co(0) state, our
attempts at isolating this species were thwarted by loss of H*
from the N—H group, resulting in net oxidation forming the
complex [CoN,] and 1/2 equiv of H,. Therefore, a theoretical
investigation of the fully reduced state and its interaction with
CO, was conducted. The spin density plots of the
[Co'(N,H)™*] and [Co'(N,H) *]-CO, species derived from
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a) [Co'N4H]

b) [Co'Ng4H] — CO2

¢) [Co'N4H] — CO2

H-bottom H-top

Figure 8. Spin density plots for the (a) CoN,H species alone, and then for the two coordination modes of CO,: (b) H-bottom and (c) H-top
illustrated previously in Figure 6. Yellow shading represents the alpha spin density, while blue shading represents the beta spin density. The

isosurface value is 0.001.

the computational work shown in Figure 8 are revealing. The
plot for [Co'(N,H)™*] (Figure 8a) indicates that the extra
electron is shared by the redox noninnocent ligand and the Co'
atom (the excess & spin is shown as yellow, excess f§ as blue).
However, when the CO, adduct is formed (Figure 8b,c), the
same extra electron, or last electron added, is also shared
between the Co'=CO, bond and includes the oxygen atoms of
CO,. In other words, both B3LYP and BP86 predict that there
is not a full electron transfer because both functionals predict
formally a Co', which is consistent with the picture of a CO,~
species bound to a [Co'™N,H]. The excess spin density is not
observed for the case of the [Co'N,H]" and the [Co'N,H]*-
CO, adduct, that is, all the electrons are paired in these cases.

The main difference between the [Co'(N,H) *]-CO,
adducts from top (H-top) and bottom (H-bottom) is the
interaction between CO,~ and the N—H of the ligand. For the
former, there is a slight spin density transfer from the hydrogen
in the N—H group to the CO,, making this the most stable
adduct with binding energy of —7.6 kcal/mol (in gas phase is
—5.7 kcal/mol). The other adduct (H-down) does not have
this interaction and the binding energy is slightly lower, —6.4
kcal/mol (—4.2 kcal/mol in the gas phase). The CO,” is
nevertheless still formed. This is consistent with the CO,”
being formed via partial electron transfer from the redox
noninnocent ligand through the cobalt to the CO, molecule.
For the [CoN,H]*-CO, adduct, the CO,™ is not observed and
the spin density plots do not show any excess of electron
density from alpha or beta orbitals. At the same time, there is
only slight CO, bending, 174—176°, which confirms that the
CO,” species is not observed when the first electron is
delivered (i.e., reduction of [Co™N,H(MeCN)]>"). Thus, the
information in Figures 7 and 8 point to the remarkable
importance of the redox noninnocent ligand, and this adduct
shows that the electron transfer is through the transition metal
center.

Others have observed CO, adducts on cobalt ions in the
formal +1 oxidation state, most of which are stabilized by
secondary coordination sphere interaction.**>° 1t is therefore
not surprising that we also observe experimentally an
interaction when [Co"N,H(MeCN)]* is reduced with the
[Ru(bpy);]** or Ir(ppy); sensitizer. However, for the one-
electron reduced complex, the DFT calculations accurately
depict a weak interaction that is thermodynamically uphill, with
an equilibrium constant that lies far to the left of the reaction
(ie, with respect to dissociated, 4-coordinate complex), and
thermoneutral with respect to the [Co'N,H(MeCN)]*
complex. Albeit, the redox active ligand N,H imparts partial
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Co" character in [Co'N;H(MeCN)]* and may manifest in a
diminished interaction com;)ared to the cyclam derivatives
reported in the literature.>> > Moreover, at least qualitatively,
the cyclic-voltammogram of [Co"N,H(MeCN)]*" in MeCN in
the presence of CO, does not show a potential shift expected
for a CO, binding event.>*” Therefore, the computational and
experimental results suggest that the observed 1670 cm™" band
represents only a fraction of the [Co'N,H(MeCN)]*
complexes converted to an adduct with CO,.

The generation of CO when using Ir(ppy); sensitizer
(e°(I™/1r") = —2.60 V vs Fc'/Fc, corresponding to —2.19 V
vs SCE in acetonitrile) but not in the case of [Ru(bpy);]**
(e°(Ru"/Ru') = —1.74 V vs Fc*/Fc, corresponding to —1.33 V
vs SCE in acetonitrile) points to an energy threshold of the
transferred electron for initiating CO, dissociation, which is
consistent with the electrochemical studies.’ Ample energy is
imparted upon electron transfer from the Ir(ppy); sensitizer for
the resulting [Co'(N,H)™*] species to dissociate CO, to CO.
According to standard reduction potentials of reduced
sensitizer and the Co'/Co' couple in acetonitrile,”®’ the
excess energy available for the [Co'(N,H)™*] species is 0.72 V,
which is substantially above the 0.33 V (7.6 kcal/mol)
stabilization of the [Co'(N,H) *]-CO, adduct predicted by
DFT. By contrast, electron transfer from [Ru'(bpy),]* (0.14 V
endoergic) to the one-electron reduced complex does not
provide the excess energy needed for splitting of CO,. A related
case reported in the literature is the generation of a [Co'-L*]*~
complex (L = phthalocyanine or analogous corrole) by Neta
and Fujita using terphenyl sensitizer that features an extremely
negative reduction potential, which led to efficient dissociation
of CO,.>%*

5. CONCLUSIONS

Driving a catalyst for multielectron reduction of CO, with a
visible light sensitizer in principle allows for stepwise
spectroscopic monitoring of the catalytic cycle under reaction
conditions. For the case of the [Co"N,H(MeCN)]** catalyst
studied here, use of sensitizers with reduction potentials that
fall short of the necessary driving force for CO, reduction
resulted solely in the observation of a weakly bound CO,
adduct, identified by its C=O mode. Comparison with
authentic spectra of the [CoN,H(MeCN)]" complex in CO,
saturated acetonitrile solution indicate that the observed species
is a [Co'™N,H]*—CO, adduct. A DFT calculation describes the
interaction of the [Co'N,H]*—CO, pair as one in which the
N-—H group interacts with the oxygen atom on carbon dioxide
and suggests the importance of intramolecular H-bonding in
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bringing substrate CO, molecules to the catalyst active-site.
The computation predicts essentially the same energy for CO,
and acetonitrile complex, suggesting that only part of the one-
electron reduced catalyst forms an adduct with carbon dioxide.
Using a photoreductant of sufficient reducing power allowed
for the full reduction of CO, to CO along with detection of the
weakly bound CO, adduct. We were still unable to observe the
[CoN,H] state, which in our hands rapidly decomposes to
[CoN,] in organic solvent. It may be somewhat serendipitous
in that this decomposition pathway is not deleterious. In other
words, the [CoN,] complex can be protonated by water and
reenter the catalytic cycle. However, the DFT results indicate
that in the presence of CO,, the NH bond appears to stabilize
the substrate-catalyst adduct such that when the final electron is
added to the system (say with Ir sensitizer or electrode) the
formed [CoN,H] binds CO, rather strongly. The reduced
catalyst species [CoN,H] described using DFT calculations
with the BP86-D functional gives a complex of CO, with the
two-electron reduced [Co'(N,H)™*] species that features a
bent carboxylate group with C interacting with the Co center.
The electronic structure of the fully reduced Co(0) state and its
interaction with CO, appears to be best described as one with a
low-spin dg Co' ion bound to a ligand anion radical. Formation
of this adduct amounts to activation of CO, through partial
electron transfer from the reduced ligand, which we propose to
be a key factor for carbon dioxide reduction to compete
successfully with proton reduction.

To address further details of the sequential reaction steps, in
particular observation of the two-electron reduced catalyst
complex and elementary events that lead to growth of the CO
product, FT-IR monitoring in response to a short sensitization
light pulse is required and currently in progress in our lab.
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