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ABSTRACT: Converting CO, into valuable compounds
using sunlight as the energy input and an earth-abundant
metal complex as the catalyst is an exciting challenge
related to contemporary energy issues as well as to climate
change. By using an inexpensive organic photosensitizer
under visible-light excitation (4 > 400 nm) and a
substituted iron(0) tetraphenylporphyrin as a homoge-
neous catalyst, we have been able to generate carbon
monoxide from CO, selectively with high turnover
numbers. Sustained catalytic activity over a long time
period (t > SO h) did not lead to catalyst or sensitizer
deactivation. A catalytic mechanism is proposed.

C onsidering CO, as a source of valuable chemicals"? is an
attractive way to deal with massive CO, release into the
atmosphere. However, reduction of carbon dioxide is an
energy-demanding process because of the high stability of the
CO, molecule. In particular, the one-electron reduction to give
its radical anion occurs at a very negative potential (E° = —1.97
V vs NHE in DMF).> Nonetheless, a variety of multielectron
reduction reactions coupled with proton transfers and having
less-negative standard potentials may take place. These
reactions lead to compounds such as carbon monoxide or
formic acid (2e~, 2H"), formaldehyde (4e~, 4H"), methanol
(6e7, 6H"), and even methane (8¢, 8H').* The gain in
potential obtained in these processes is counterbalanced by a
kinetic compensation that requires the use of a catalyst to
efficiently drive the reaction. Numerous studies have been
dedicated to the study of metal-based molecular catalysts for
either electro- and photochemical reduction of CO,.>~” Most
of them are, however, based on noble metals such as
rhenium® ™" or ruthenium,'*™"” and fewer systems employ
abundant and more environmentally benign catalysts such as
those based on manganese,lg_21 cobalt,>*™** or nickel.>~%’
Iron tetraphenylporphyrin and derivatives have been shown
to efficiently and selectively electrochemically reduce CO, into
CO.”*7° In particular, it has recently been demonstrated that
functionalization of the macrocycle phenyl rings with hydroxyl
groups (and possibly fluorine atoms) leads to enhanced
performances characterized, upon addition of molar concen-
tration of a weak Bronsted acid, by high Faradaic yields of CO
(above 95%) and high turnover frequencies (TOFs) of up to
240 s! at a low overpotential (77) of ca. 0.4 V3732 We have
recently reported that the same porphyrins can also be used as
homogeneous catalysts in a photochemical process with good
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performances (turnover numbers (TONs) in CO of up to 30
and catalytic selectivities (CSs) of up to 85%).>* However, we
have also identified intrinsic limitations, mainly due to three
factors. First, the need for near-UV irradiation of the porphyrin
(around 300 nm) leads to progressive photodegradation of the
catalyst. Second, the use of triethylamine (TEA) as a sacrificial
electron donor furnishes a strong acid (protonated TEA) that
reacts with iron(0) porphyrin to form a hydride species, thus
triggering a competitive pathway for H, evolution as a
byproduct. Third, the release of CO from the CO,—catalyst
adduct requires the cleavage of a C—O bond. To do so, an
additional electron coming from another iron(0) species, whose
steady-state concentration remains very low, is needed.

To circumvent these limitations, we have developed a
strategy including a photosensitizer (PS) as a coreactant in
order (1) to lower the irradiation energy by shifting the
absorption into the visible range, (2) to increase the efficiency
of the process by boosting the final step for CO formation, i.e.,
the reduction of the CO,—catalyst adduct by PS*” as an
electron donor, and (3) to increase the stability of the iron
catalyst. The use of a PS is a common strategy to broaden and/
or shift the absorption range of a system. Its role is to efficiently
collect light and then to initiate the chemical process. To do so,
the excited state PS* should be efficiently quenched by a
sacrificial electron donor, ie, TEA (triethylamine) in our
system (see below), thus generating the radical anion PS*~, a
powerful reductant that is able to reduce the iron catalyst to its
active state (CAT®). An additional role of the PS is to separate
the light absorption from the catalysis itself, whereas in our
initial approach the iron porphyrin plays both roles.** Typical
photosensitizers used in photochemical CO, reduction systems
consist of noble-metal complexes such as Ru complexes, >3
but ultimately, inexpensive PSs are highly desirable.

We started our investigation with fac-tris(2,2’-
phenylpyridine)iridium(III) (Ir(ppy); (see the Supporting
Information (SI)) as the PS, since it has recently been used
for CO, reduction with a nickel complex as the catalyst.””
Other iridium complexes have also been emgloyed as visible-
light photocatalysts to reduce CO, to CO.>”** As shown in
Figure 1, the performance of our catalytic system with an iron
porphyrin as the catalyst is remarkable. While irradiation could
be set above 420 nm, only a minor amount of H, was detected
by gas chromatography (a CS for CO of ca. 93% has been
repeatedly measured), and a TON in CO of up to 140 after 5§
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Figure 1. CO (black) and H, (red) formation with time during
irradiation (4 > 420 nm) of a CO,-saturated acetonitrile solution
containing 2 uM CAT, 0.36 M TEA, and 0.2 mM Ir(ppy);. The inset
shows the catalyst structure.

h of irradiation was obtained, one of the highest TONs for
homogeneous photocatalysis reported to date. Moreover, the
evolution of TON versus time remained linear, indicating that
no significant degradation process occurred. However, Ir(ppy);
is an expensive chemical, which balances the interest of using a
cheap iron catalyst. We thus turned to a much cheaper organic
compound, 9-cyanoanthracene (9CNA) (see the SI) to act as
the PS. Despite the fact that its absorption band is mostly
located in the UV, we were able to conduct photochemical
reduction of CO, at irradiation wavelengths above 400 nm
(Figure 2). We obtained an even better selectivity toward CO,
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Figure 2. CO (black) and H, (red) formation during irradiation (4 >
400 nm) of a CO,-saturated acetonitrile solution containing 2 uM
CAT, 0.36 (solid symbols) or 0.05 M (open symbols) TEA, and 0.2
mM 9CNA.

with no detectable H, formed (CS for CO of 100%). Moreover,
the variation of TON versus time was linear over 45 h of
irradiation, thus showing no degradation of the system. With
0.36 M TEA (solid symbols in Figure 2), the TON in CO
reached ca. 40 after 45 h. When the TEA concentration was
lowered to 50 mM (open symbols) in order to limit the
formation of its protonated form and to decrease the global

cost of the system, the selectivity toward CO, reduction
remained excellent and a TON in CO of ca. 60 was obtained.

The TON and TOF values obtained in this study are
comparable to or higher than the values obtained with more
expensive photocatalysts. For example, Sato et al.** reported a
TON in CO of up to 240 after 16 h of irradiation (TOF of up
to 15 h™') for Ru—Re dyads. They also studied mononuclear
Ir'™" complexes and reported TON in CO of up to 50 after S h
(TOF of up to 10 h™").*® Using Ru"—Re' binuclear complexes,
Bian et al.** reported TONs in CO of 50—100 after 9 h of
irradiation (TOFs of 5.5—11.1 h™"). Andrade et al."> obtained a
TON in CO of 22 after 17 h (TOF of 1.3 h™') with a Re
complex containing a bodipy moiety. Takeda et al.'® obtained
TONSs in CO of 15—30 after 25 h of UV irradiation (TOFs of
0.6—1.2 h™"). Thoi et al.*’ reported a TON in CO of up to 98
000 (TOF of up to 14000 h™') with a 2 nM Ni complex
solution sensitized with Ir(ppy);. However, at such a low
concentration of catalyst, it is difficult to assess the nature of the
active species (along this line, it should be noted that the
concentration of CO produced slightly decreases when the
catalyst concentration increases from 2 to 20 nM and then
marginally increases (by a factor of 1.5) when the concentration
is further increased by a factor of 10).

Taking into account the fact that the reduction of CO, to
CO is a two-electron process, we determined the overall
quantum yield of the process (®cp) using the following
equation:

ber of CO molecules X 2
number o molecules % 100%

Qco = .
number of incident photons

We thus obtained ®g = 8 X 10™* % with 9CNA as the PS and
1.3 X 107 % with Ir(ppy); (see the SI for details). It is not
surprising that we got low @ values, since each reduction
step of the catalyst requires two bimolecular reactions
(quenching of the PS excited state and then reduction of the
iron complex by PS*7; see Scheme 1). As the catalyst active
species is iron(0), three reduction steps are needed, meaning
that the formation of the active catalyst is achieved after six
bimolecular reactions, including three photochemical reactions.

In experiments done without a PS, CAT was excited by UV
light (A > 280 nm) and then reduced to its active state CAT®
(Fe” metal center) by three successive oxidative quenching
reactions with TEA (reaction 1). However, this also resulted in
the formation of protonated TEA (reaction 2), a strong acid
that is able to react with CAT® to form a hydride that can
evolve dihydrogen as a byproduct.

it hv 0 ot
CAT" + 3TEA s CAT’ + 3TEA (1)
X3
TEA™" + TEA — TEA(—H)® + TEAH" )

In the presence of a PS, we need to determine whether the
excited state PS* is quenched by the catalyst (CAT) and/or by
the sacrificial electron donor (TEA) in order to draw the
mechanistic scheme. Fluorescence quenching measurements in
acetonitrile solutions containing 9CNA with increasing
concentrations of either TEA or CAT (using concentration
ratios similar to those used under photocatalytic conditions)
were analyzed through the Stern—Volmer equation:

I
7" =1+ kz[Q]
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where I, and I are the fluorescence intensities without and with
quencher, respectively, k, is the apparent quenching rate
constant, 7, is the excited-state lifetime without quencher, and
[Q] is the quencher concentration. On the basis of literature
data,""™* the excited-state lifetime of 9CNA was taken as 15

ns. With TEA as the quencher (Figure 3), the evolution of the
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Figure 3. Fluorescence spectra of a 50 yM 9CNA solution in
acetonitrile containing 0 (black), 5 (red), 10 (green), 15 (blue), 20
(cyan), 25 (magenta), and 100 mM (yellow) TEA. The inset shows
the linear plot (R* = 0.998) of the 9CNA fluorescence ratio at 438 nm
versus TEA concentration according to the Stern—Volmer equation.

fluorescence ratio with [TEA] was linear (inset), and we
obtained an apparent quenching rate constant of k; = 1.3 X
10° L mol™" s~ The reductive electron transfer between
9CNA* and TEA is thus highly efficient, close to the diffusion
limit.

With CAT as the quencher (Figure S1 in the SI), the
evolution of the fluorescence ratio with [CAT] was not linear.
Unlike TEA, which does not have any absorption above ca. 320
nm, CAT has non-negligible absorption at both the excitation
and fluorescence wavelengths (Figure S2). The fluorescence
decrease observed in this case (Figure S3) is due to the in situ
absorption and emission screening of the light by CAT itself
and not to a quenching process (see the SI for a detailed
explanation).

On the basis of the present work and our previous results,>*
we propose the following mechanism (Scheme 1). 9CNA is
excited and reductively quenched by TEA, whose concentration
is at least 100 times higher (0.2 mM 9CNA vs SO mM TEA at
minimum). The anion radical 9CNA®~ issued from the
quenching then reacts with CAT along three successive steps,
generating the catalytically active CAT" state. The latter species
can then reduce CO, to form a CAT°—CO, adduct that is
stabilized by internal hydrogen bonds.**** Release of CO
requires C—O bond breaking, necessitating an additional
electron (Scheme 1).*> While in the absence of a PS the only
species able to give an electron is the CAT® species itself,**
the present case PS®™ is a good electron donor on the basis of
the highly negative standard redox potentlal of the 9CNA/
9CNA*~ couple (E° = —1.58 V vs SCE,*' compared with —1.55
V vs SCE’' for the CAT!/CAT® couple). This slight
thermodynamic advantage is reinforced by the larger stationary
concentration of 9CNA®~ compared with those of CAT’. In
total, charge transfer from 9CNA®~ to CAT°—CO, certainly

Scheme 1. Proposed Mechanism for the Photosensitized
Catalytic Reduction of CO, to CO

TEA
ICNA™ TEA
9CNA"
CAT P P )
_ (X hv
P=2'6-dihydroxyphenyl 9CNA

contributes significantly to the high selectivity and performance
of the system.

Lowering the concentration of TEA (Figure 2) further
increases the system efficiency since the TON in CO reaches
ca. 60 at 0.05 M TEA instead of ca. 40 at 0.36 M TEA. As
shown previously,® in situ generation of protonated TEA
(reaction 2), a strong acid, partially leads to H, generation via a
competitive pathway involving the formation of an intermediate
hydride species. A small TEA concentration most probably
minimizes this pathway since reaction 2 becomes less efficient.
Finally, using visible-light excitation (4 > 400 nm) strongly
reduces the photodegradanon pathway in contrast to experi-
ments without the PS,** as demonstrated by the linear increase
of the TON in CO with time.

In conclusion, we have performed photocatalytic reduction of
CO, to CO using a iron-based homogeneous catalyst and a
photosensitizer irradiated in the visible range (4 > 400 nm).
Production of CO over 50 h occurs with high selectivity (no or
a negligible amount of H, was formed) and increases linearly,
indicating that no degradation of the system occurs. TONs of
ca. 140 and 60 and CSs for CO of 93 and 100% were obtained
with Ir(ppy); and 9CNA as photosensitizers, respectively.
These results are remarkable for a system that combines an
abundant metal (iron)-based catalyst, a cheap organic sensitizer
(9CNA), and visible photons.
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Structures of CAT, Ir(ppy)s;, and 9CNA; experimental details
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