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A B S T R A C T

Iron(II), cobalt(II) and nickel (II) complexes bearing phenanthroline- and bipyridine-bis(imino) ligands have
been prepared and tested as catalysts for the photoreduction of CO2 at atmospheric pressure and room tem-
perature in the presence of a photosensitizer (PS) and sacrificial electron donor (SD) producing mixtures of CO
and H2. The best results were obtained with a Fe(II) catalyst using triethanolamine/1,3-dimethyl-2-phenyl-2,3-
dihydro-1H-benzoimida-zole (BIH) in acetonitrile using a blue LED irradiation with [Ru(bpy)3]PF6]2 (bpy = 2,2′-
bipyridine) as PS. With this system, a mixture of CO/H2 (68/32) was obtained with a turnover number (TONCO
166, 24 h). Analogous Co(II) and Ni(II) complexes produced H2 as a major product. Cyclic voltammetry dem-
onstrates that the electrons uptake is centered on the ligand. Computational calculations allow to propose the
most stable location of the electrons.

1. Introduction

Anthropogenic emissions of carbon dioxide (CO2) produced by the
combustion of fossil fuels and industrial activity generate enormous
quantities of this gas (estimated at 45 ± 5.5 Gt in 2019) [1]. The
accumulation of CO2, a greenhouse gas (GHG), in the atmosphere is
causing major economic and human damage due to climate change [2].
To reduce these emissions, the CO2 should be captured and at the same
time, alternative non-fossil fuels should steadily replace oil. As the
capture technologies are introduced, more CO2 will be available and
ready to be used as feedstock, but nowadays only a small part of the
emissions is used as a chemical feedstock (<1 %) [3]. Using CO2 as a
starting material for oil derivatives may be a good alternative to reuse a
waste, whose production is located in non-oil producers such as EU
countries, but the cost of processing the CO2 feedstocks (capture and
transport) should be balanced by the profit obtained with its uses as such
or with the chemicals obtained with its transformation [4]. Conse-
quently, research on chemical processes for the transformation of CO2
should be developed to reduce costs. Especially interesting is the con-
version of CO2 into chemicals [5,6] and fuels to close the carbon cycle
[7]. Among the valuable products that can be obtained by the reduction
of CO2 are carbon monoxide (CO), formic acid (HCOOH), methanol

(MeOH), and methane (CH4) [8]. CO is used for many applications like
carbonylation reactions leading to carboxylic acid derivatives or, com-
bined with hydrogen (syn gas), it is used for the production of synthetic
fuels, aldehydes, alcohols [9,10] or other chemicals using tandem re-
actions [11–13]. So obtention of CO or mixtures of CO/H2 has an in-
dustrial interest.

Being CO2 a highly stable molecule (ΔGf0 = − 394.228 kJ/mol) [14],
its transformation requires a catalyst and high energy, which can be
provided by electro-, photo- or photoelectrochemical methods. Photo-
catalysis is, probably, the most convenient method since it can use the
energy provided continuously by the sun (1.5⋅105 terawatts) which ex-
ceeds largely the energy used by human activities currently (ca 13
TW/h) [15]. Nevertheless, the efficiency of the photocatalysts is, in
general, low, and research in this area is still necessary. The catalysts
used for this process should fulfil the requirements of being active, se-
lective, and with the highest availability and the lowest possible price.
Catalytic systems consist of a catalyst, which may be a semiconductor or
a molecular coordination compound, a light harvester, and a sacrificial
electron donor. Highly active catalytic materials are hybrid combina-
tions of photoactive semi-conductors with molecular complexes acting
as catalysts [16–20]. The molecular catalysts introduce the possibility of
easily modifying the active metal center properties through the ligands
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designed to achieve better results [21]. So, the development of molec-
ular catalysts is important to reach high activities and selectivities to
make the CO2 transformation useful.

Molecular catalysts based on earth-abundant metal complexes such
as iron, cobalt, and nickel stand out as the most desired candidates due
to their availability, low cost, and low toxicity [22]. Ligands based on
porphyrin [23,24], pyridyl [25–32], and cyclam (1,4,8,11-tetraazacy-
clotetradecane) [33,34] skeletons have proved to be the most suitable to
participate as electron reservoirs and stabilizers of the low valent metal
species involved in the CO2 activation. Especially, bipyridine Re(I) based
catalysts were reported by Lehn’s group to be selective in the CO2
photoreduction to CO [35,36] in the early 80 s. Most recently, Fe(II) and
Co(II) polypyridyl-based systems in the presence of [Ru(bpy)3][PF6]2
(bpy= 2,2′-bipyridine) as a photosensitizer and a sacrificial donor such
as triethanolamine (TEOA), triethylamine (TEA), or 1,3-dimethyl-2--
phenyl-2,3-dihydro-1H-benzoimidazole (BIH) have been shown to be
also efficient electron donors for this reaction [25–27]. The electro-
chemical and computational studies of iron bipyridine-bis(imine) com-
plexes have shown the cooperativity of the ligand redox properties with
the metal centre for the redox transformations [37]. Redox-active li-
gands facilitate multielectron reactions with non-noble metals in cata-
lytic processes by stabilising high reactive intermediates [38].
Moreover, a combination of the redox properties and structural pa-
rameters of the ligands may modify the participation of the metal centre
in the catalytic electroreduction of CO2 allowing changes in the selec-
tivity of the products obtained [39,40] or even being the redox-active
ligands responsible for the CO2 reduction [41].

Based on the previously reported studies, we decided to focus our
research for catalytic CO2 photoreduction on a series of metal complexes
with phenanthroline- and bipyridine-bis(imine) based ligands 1–3
(Scheme 1) with non-innocent ligands containing extensive conjugate
π-systems to facilitate the electron acceptor and transfer processes.
Different substituents on the aniline moieties (isopropyl and ethyl) were
tried since their steric effects may affect the stability of the complex
against hydrolisis of the imine and also the coordination number leaving
empty coordination sites. We report here the synthesis of several series
of complexes modifying different factors of their structure to analyze the
impact of these changes on their catalytic activity in the photoreduction
of CO2 under mild conditions. We also developed a computational study
to elucidate the more stable structures of some representative catalysts
and their reduced species.

2. Experimental section

2.1. Synthesis of complexes

2.1.1. Synthesis of bis(1,1′-(1,10-phenanthroline-2,9-diyl)bis(N-(2,6-
diisopropylphenyl)-methanimine))bis(triflato)iron(II) (Fe1b)

A solution of Fe(OTf)2 (0.088 g, 0.24 mmol) in acetonitrile (1.5 mL)
was added to a solution of 1 (0.13 g, 0.25 mmol) in acetonitrile (1.5 mL).
The mixture was stirred at room temperature for 18 h. After this time, it
was filtered through celite and diethyl ether (10 mL) and hexane (0.5
mL) were added. The mixture was kept at − 30 ◦C overnight. The product
formed was filtered and washed three times with anhydrous hexane and
vacuum dried to obtain a dark green product (0.077 g, 42 % yield).

Anal. Calcd. for C40H42F6FeN4O6S2⋅H2O (926.8): C 51.8, H 4.8, N
6.1; found C 50.1, H 4.9, N 5.8. HRMS (ESI-TOF) m/z Calcd. for
C39H42F3FeN4O3S: 759.2279 [M-OTf], found: 759.2259. FTIR (cm-1)
(ATR): 3398 (w), 2963 (w), 2927 (w), 2869 (w), 1637 (w, C = N) 1616
(m), 1509 (m), 1536(m) 1463(m), 1442(w) 1385(w), 1363 (w), 1308
(m), 1281(m), 1252(m), 1232 (s) 1213 (s), 1160 (s), 1024 (s), 864 (m),
806 (m), 762 (m), 634 (s), 572 (m), 516 (m). Conductivity at T= 25.0 ◦C
(CH2Cl2, 0.4 10–3 M): 15.7 S⋅cm2/mol; (MeCN, 3.3⋅10–4 M): 191.9
S⋅cm2/mol. UV–Vis (MeCN, 0.4 10–3 M): 250.0 nm (ε 1800 L.cm.mol-1),
299.0 (ε 1388 L.cm.mol-1). Molar magnetic susceptibility (Mohr bal-
ance) χM = 8.5.10–3 emu/mol, µ = 4.24 µB.

2.1.2. Synthesis of (1,1′-(1,10-phenanthroline-2,9-diyl)bis(N-(2,6-
diethylylphenyl)-methanimine))bis(triflato)iron(II) (Fe2)

A solution of Fe(OTf)2 (0.088 g, 0.24 mmol) in acetonitrile (3 mL)
was added to a solution of 2 (0.12 g, 0.25 mmol) in acetonitrile (2.5 mL).
The mixture was stirred at room temperature for 18 h. After this time, it
was filtered through celite and diethyl ether (20 mL) was added. The
mixture was kept at − 30 ◦C overnight. The product formed was filtered
and washed three times with anhydrous hexane and vacuum dried to
obtain a dark green product (0.1 g, 45 % yield).

Anal. Calcd. for C36H34F6FeN4O6S2⋅CH3CN (893.7): C 51.1, H 4.2, N
7.8; found C 51.1, H 4.5, N 7.5. HRMS (ESI-TOF) m/z Calcd. for
C35H34F3FeN4O3S: 703.1653 [M-OTf], C68H68Cl2N8Fe 526.2458 [Fe
(2)2]2+, found: 526.2454. FTIR (cm-1) (ATR): 3109 (s), 2965 (s), 2879
(w), 1731(m), 1710(m) 1634 (m, C = N) 1619 (m), 1606(m) 1558 (w),
1536 (w), 1508 (m), 1536(m) 1448(m), 1388(w), 1358 (m)1301(w),
1259(s) 1045 (vs) 1029 (vs) 866 (vs), 805 (s), 758 (s), 634 (s). Molar
conductivity (MeCN, 3.52⋅10–4 M): 157.3 S⋅cm2/mol a T = 25 ◦C.
UV–Vis (MeCN, 0.26 10–3 M): 249.6 nm (ε 1351 L.cm.mol-1), 299.0 (ε
1885 L.cm.mol-1). Molar magnetic susceptibility (Mohr balance) χM =

9.97.10–3 emu/mol, µ = 4.84 µB

2.1.3. Synthesis of 1,1′-([2,2′-bipyridine]− 6,6′-diyl)bis(N-(2,6-
diisopropylphenyl)-methanimine)bis(triflato)iron(II) (Fe3)

A solution of Fe(OTf)2 (0.0637 g, 0.18 mmol) in 3 mL of acetonitrile
was added dropwise for 15 min to a solution of 3 (0.10 g, 0.19 mmol) in
5 mL of acetonitrile. The mixture was stirred at room temperature for 18
h. After this time, it was filtered through celite and diethyl ether (10 mL)
was added. The mixture was kept at − 30 ◦C overnight. The product
formed is filtered and washed three times with cold diethyl ether and
vacuum dried to obtain a dark green product (0.08 g, 50 % yield).

Anal. Calcd. for C38H42F6FeN4O6S2⋅3H2O (938.8): C 48.7, H 5.1, N
6.0; found C 47.2, H 4.8, N 5.9. HRMS (ESI-TOF) m/z Calcd. for
C38H42F6FeN4O6S2: 735.2273 [M-OTf]+, found: 735.2278 (100%). FTIR
(cm-1) (ATR) 3399 (w), 2966 (w), 2871 (w), 1629 (w, C = N) 1596 (m),
1524(m) 1464(m), 1437(m) 1386(w), 1365 (w), 1277(s), 1245(s), 1224
(s), 1166(s), 1026 (s), 797 (m), 633 (s), 573(m), 514(m). Conductivity
(MeCN, 4.36 10–5 mol/L): 123.2 S⋅cm2/mol a T = 23.5 ◦C. UV–Vis
(MeCN, 4.36 10–5 mol/L): 291.0 nm (ε 7828 L.cm.mol-1), 324 (ε 4702 L.
cm.mol-1). Molar magnetic susceptibility χM = 1.263.10–2 emu/mol, µ
=5.46 µB

Scheme 1. Ligands and complexes used in this study (OTf = CF3SO3-).
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2.1.4. Synthesis of 1,1′-([2,2′-bipyridine]− 6,6′-diyl)bis(N-(2,6-
diisopropylphenyl)metha-nimine)bis(chlorido)cobalt(II) (Co3)

In a round bottom flask CoCl2 (0.0899 g, 0.378 mmol) was mixed
with n-butanol (10 mL) and was stirred at 100 ◦C till its dissolution.
Then 3 (0.1 g, 0.189 mmol) was added to the mixture and it was stirred
for 18 h under reflux. A green mixture was obtained, which was evap-
orated, and hexane was added to induce the precipitation. The solid was
filtered off and washed with hexane to yield the product as a green
powder (0.082 g, 66 % yield).

Anal. Calcd. for C36H42Cl2CoN4⋅3H2O (759.6): C 56.9, H 6.0, N 7.4;
found C 57.7, H 5.9, N 7.0. HRMS (ESI-TOF) m/z Calcd. for
C36H42ClCoN4: 624.2430 [M-Cl]+, found: 624.2424 (100%). FTIR(cm-1)
(ATR) 3425 (w), 2959 (m), 2868 (w), 1632 (w, C = N) 1593 (m), 1463
(m), 1435(m) 1383(w), 1362 (w), 1327(w), 1171(s), 1100 (m), 1028
(m), 799 (s), 767 (m) 738 (m), 646 (w). Conductivity (MeCN, 7.11 10–5

mol/L): 24.6 S⋅cm2/mol a T = 25 ◦C. UV–Vis (MeCN, 3.4 10–4 M): 207.0
nm (ε 7772 L.cm.mol-1), 277.0 nm (ε 1980 L.cm.mol-1), 323 (ε 1495 L.
cm.mol-1). Molar magnetic susceptibility χM = 1.36.10–3 emu/mol, µ =

1.79 µB.

2.2. Electrochemical experiments

Cyclic voltammetry (CV) measurements were performed with a
Metrohm Autolab PGSTAT 204 potentiostat equipped with a 3 mm
diameter glassy carbon polished and dried before use, Pt wire as a
working electrode and Ag/AgCl (3 M KCl) as a reference electrode. The
supporting electrolytes tetrabutylammonium hexafluorophosphate
(≥99 %, Aldrich) 0.1 M in acetonitrile were used as received. In the
experiments carried out under nitrogen, the solution was priory
degassed by bubbling nitrogen and the CV experiments were run under a
nitrogen atmosphere (flushing gently over the solution). In the experi-
ments under carbon dioxide, the solution was bubbled with CO2 for 20
min and the CV were run under gently flushing over the solution at room
temperature in an electrolytic cell in a 25 mL solution. The potentials
were adjusted to values of an external reference ferrocene/ferrocenium
in acetonitrile (0.5 M) except otherwise indicated (Values vs Fc+/Fc =
εAg/AgCl - 0.421 V).

2.3. Computational methods

To determine the structure of the non-reduced and reduced species of
the catalysts analysed computational tools were used. Minimum energy
structures were found for all the species of interest, taking into account
the possible isomers and multiplicities. Gibbs free energies (G) and
frequencies (that confirmed that the structures found were energy
minima) were also calculated.

All calculations performed in this study (geometry optimizations and
frequency calculations) were carried out using the DFT method as
implemented in Gaussian 16 [42]. Cam-B3LYP functional with
Grimme’s D3BJ empirical dispersion correction was used due to its good
performance in similar systems. The basis set 6–311+G(2df,p) was used
for all elements except for Fe, for which a LanL2DZ pseudopotential was
used instead. To take into account the effect of the solvent, the Polar-
izable Continuum Model (PCM) was used [43].

Nevertheless, for the study of the reduced species, to improve the
quality of the results, the PBE functional was used instead, with a basis
set Aug-cc-DVTZ for all elements except for Fe, for which a LanL2TZ(f)
pseudopotential was used.

The results of a previous exploratory work of our group [44],
developed to corroborate the spin multiplicity of the lowest-energy Fe
complexes of interest, have also been considered in this study and will be
shown briefly in the results section. These simpler computations were
performed in vacuum with the M06 functional, using a 6–31G** for all
elements except for Fe, for which a LanL2DZ pseudopotential was used.

In the study of the possible substitution of triflate ligands by aceto-
nitrile molecules, to compare energies of the different possible

complexes formed, the systems were considered to be formed by {[Fe(1)
(OTf)n(MeCN)2-n]2-n + (2-n) OTf- + n MeCN} for n = 0–2, keeping al-
ways in this way the same number of particles. The large difference in
the concentrations of the triflate and MeCN free ligands, though (14.81
M for MeCN v.s. 0.0004 M for each triflate dissociated), made it advis-
able to include in the calculation of the free energies (G) the correction
to the entropic term due to the deviation from the standard
concentration.

2.4. Catalysis

2.4.1. Photocatalytic experiments
In a typical experiment, a 12 mL vial was filled with a mixture

containing the catalyst (4⋅10–4 M) and the photosensitizer (1.66⋅10–3 M)
dissolved in mixtures of TEOA with N-methyl-2-pyrrolidone (NMP) or
acetonitrile (MeCN) (1/5 v/v) to a total liquid volume of 3.5 mL (8.5 mL
free headspace gas volume) under nitrogen. The solution was saturated
with CO2 by bubbling slowly for 20 min to avoid solvent evaporation.
The vial was placed at 11 cm from two blue LED Kessil lights sources
positioned on both opposite sides of the sample (λ= 456 nm, max 50 W;
and 467 nm, max 44 W) and kept under stirring refrigerated with a fan.
The% CO and% H2 concentrations were analyzed by a gas chromato-
graph equipped with a thermal conductivity detector (GC-TCD, Agilent
7890A) equipped with a capillary column HP-PLOT 5A calibrated with
premixed CO/N2 and H2/N2 mixtures. Manual injections (100 µL) were
made with a gastight syringe (Hamilton). The moles of gases were
calculated considering 8.5 mL as the headspace volume and the ideal gas
law (R = 0.082 at l K-1 mol-1; T = 298 K; P = 1 atm). The experiments
were done in duplicate or repeated until consistent results (up to 8 %
deviation from averaged data). An example of a chromatogram is shown
in Figure S2 (Supplementary information).

2.4.2. Formic acid analysis
Formic acid content was analysed by high-performance liquid

chromatography (HPLC) following a previously reported procedure
after extraction from the sample [45,46]. A volume of 1 mL of miliQ
water was added to 1 mL of the crude. Sulfuric acid (0.22 mL 1.0 M in
miliQ water) was added to achieve 10 % v/v of the resulting solution.
The solution was extracted with ethyl acetate (2.25 mL). The upper
organic layer (10 µL) was injected into a 1200 Series HPLC equipped
with a Diode Array Detector G1315D using a Rezex TM ROA-Organic
Acid H+ column 300 × 7.8 mm (Phenomenex) and 5 mM H2SO4 (0.5
ml/min) as the mobile phase in isocratic mode from the Serveis Científico
Tècnics (University Rovira i Virgili).

3. Results and discussion

3.1. Synthesis of ligands and complexes

The syntheses of ligands 1–3 (Scheme 1) were previously reported
[47–49]. The complexes [Fe(1–3)(OTf)2] (Fe1b-3, OTf= -O3SCF3) were
prepared by reaction of the Fe(OTf)2 with the corresponding ligand.
They were obtained as dark green solids with moderate to good yields
(42–60 %). The mass spectrometry ESI-TOF and elemental analysis
agree with the [Fe(1–3)(OTf)2] formulation. FT-IR shows the presence
of the stretching vibration (ν) of the imine (ca 1635 cm-1) and the aro-
matic amine frequencies (ca 1620 cm-1). The value of conductivity in
dichloromethane of Fe1b indicates that the triflate anions are coordi-
nated (15 S⋅cm2/mol) [50], although in a coordinating solvent such as
acetonitrile the value of conductivity (191.9 S⋅cm2/mol) agrees with the
dissociation of the two triflate ligands (ΛM values close to the range of
220–300 S.cm2. mol-1 considered for 1:2 electrolytes). The lower values
of molar conductivity ΛM obtained for Fe2 and Fe3 (157.3 S⋅cm2/mol
and 123.2 S.cm2. mol-1 respectively) may indicate that only one triflate
is substituted [50]. In contrast, the conductivity value in an acetonitrile
solution of Co3 indicates that the chloride does not dissociate ΛM= 24.6

N. El Aouni et al.
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S.cm2. mol-1). The magnetism at room temperature of the iron com-
plexes (values of magnetic moment µ 4.2–5.5 µB) points to high spin
systems as reported for similar complexes [51]. Complex Co3 was pre-
pared by a similar procedure as its analogous Co1 [52] and presented a
value of magnetic moment (1.99 µB) compatible with a low spin situa-
tion (S = 1/2).

The geometry of the complexes depends on the denticity of the 1–3
ligands. In the literature we can find phenanthroline- and bipyridine-
(bis)imine ligands acting as tetra- or tridentate ligands. For example, the
X-ray diffraction structure of a related system with a mesitylene group
showed an octahedral geometry with the ligand acting as tetradentate
[37]. So were the reported complexes of Fe(II) and Ni(II) with phe-
nanthroline bis(benzothiazolate) derivative ligands [53]. Instead, ac-
cording to the literature, the chloride analogous of Fe3 with a
mesitylene group presents a five-coordinate iron centre with the ligand
acting as tridentate. It was observed a π-π stacking between the bipyridyl
fragments and the mesityl ring of the not coordinated ligand arm facil-
itated by the larger flexibility of the bipyridil skeleton; resulting overall
in a five-coordinate metallic center [51]. Ni(II) and Co(II) halide com-
plexes with 1, which bears voluminous isopropyl groups, were reported
also to have a pentacoordinate environment according to the X-ray
diffraction structures reported [52]. Furthermore, homoleptic systems
have been also reported in which the octahedral coordination geometry
is occupied by two tridentate ligands, in the case of ligands presenting
only one thioether group in the aromatic ring [54]. In the absence of
X-ray diffraction data for complexes Fe1b-3, we decided to use density
functional theory (DFT) calculations to determine which geometries
were the most stable ones. Previous computational studies of the relative
stability of Zn(II) complexes with these ligands have demonstrated that
this is a good tool to predict the structures of this kind of systems [49].

3.2. Electronic configurations and geometry structures determined
computationally

The computational study had to determine, first, the electronic
structure of the Fe complexes. In a previous study developed in the
group [44], DFT calculations (computational conditions described in
Experimental Section) for the derivatives of the Fe1a complex such as
Fe1aH (Fig. 1) and Fe1aEt (Fig. 1) were carried out to determine the
most stable spin configuration. High spin (HS, with S = 2, quintuplet
multiplicity), intermediate spin (IS, with S = 1, triplet multiplicity) and
low spin (LS, with S = 0, singlet multiplicity) were considered. We also
took into account the possible hexa-, penta- and tetracoordinate isomers,
obtained as a result of the possible endo or exo orientation of the imino
groups (located outside the coordination sphere), that determine if the
metal centre can coordinate with 2, 3 or 4 of the N atoms of the ligand.
These results, collected in Fig. 1 and Table S1 of the Supporting Infor-
mation, showed that in all cases the HS electronic configuration was the

most stable one. This agrees with our experimental observations (vide
infra) and with previous reports for similar Fe(II) complexes [51].

We also found that in all cases the hexa-coordinated species was the
most stable one (except in the case of Fe1aH, where the penta-
coordinated one was slightly more stable), but the energy difference
between species with different coordination number (CN) were small
(less that 1 kcal/mol in many cases). For this reason, a more detailed
study has been performed here, considering the complex in acetonitrile
solution.

For this new study, developed for the Fe1aH, Fe1a and Fe1b com-
plexes, the computational conditions have been the ones described in
Experimental Section (Cam-B3LYP + dispersion correction; basis set:
6–311+G(2df,p)+LanL2DZ (Fe,Cl,S); solvent model: PCM). Here, apart
from the endo/exo conformation of the imine groups, we also considered
cis/trans isomers of the imine double bond when sterical interactions
allowed it, as well as possible disrotatory/conrotatory orientations of
the planes of the two aryl moieties (when the aromatic rings were not
parallel), although not in all cases stable structures were found. The
relative energies of the stable isomers found are displayed in Table 1,
and some representative geometries are shown in Figure S1 of Sup-
porting Information.

In all cases, the hexacoordinated species proved to be the most stable
one. The free-energy difference with the second more stable species, the
pentacoordinate one, corresponds to a presence of this last isomer of 2.6
% for Fe1aH, 0.3 % for Fe1a and 10–5 % for Fe1b, what shows that it can

Fig. 1. Energies (relative to the HS species of the 6-coordinated isomer) of the possible spin states for the different isomers (with coordination 6, 5 and 4) of the
complexes Fe1aH, Fe1aEt and Fe1a. Previous results of the group (data in Table S1) [44].

Table 1
Free energies (relative to the hexacoordinated structure) of isomers of complexes
Fe1H, Fe1a and Fe1b calculated at Cam-B3LYP level.

Fe1aH ΔG (kcal mol-1)

6-coord. endo-trans/endo-trans 0
5-coord. endo-trans/exo-trans 2.2

endo-trans/exo-cis 8.6
4-coord. exo-trans/exo-trans 11.8

exo-trans/exo-cis 17.1
exo-cis/exo-cis 20.3

Gref = − 1373.2032 a.u.

Fe1a ΔG (kcal mol-1)

6-coord. endo-trans/endo-trans 0.0
5-coord. endo-trans/exo-trans 3.4
4-coord. disrot exo-trans/exo-trans 10.5
4-coord. conrot exo-trans/exo-trans 11.9
Gref = − 1844.4222 a.u.

Fe1b ΔG (kcal mol-1)

6-coord. endo-trans/endo-trans 0.0
5-coord. endo-trans/exo-trans 8.8
4-coord exo-trans/exo-trans 20.3
Gref = − 2960.6529 a.u.
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be considered that only the hexacoordinated structure of the complex is
present in solution.

Nevertheless, in the case of compound Fe1b, given that in an
acetonitrile solution, the triflate ligands could be substituted by solvent
molecules, we studied explicitly these possible substitutions. In fact,
taking into account the lability of the triflate ligand, we considered also
some penta-coordinated species. Following the strategy described in the
Computational methods section, we obtained the results collected in
Table 2 (more detailed numerical results are shown in Table S2 of
Supporting Information).

These results indicate that the substitutions considered are favour-
able and the most stable species is the hexacoordinate complex [Fe(1)
(MeCN)2]+2, in agreement with measurements of conductivity that
indicate that one or two triflate ligands dissociate. Nevertheless, the
small energy difference with the monosubstituted species (less than 1
kcal mol-1), indicates that a significant 38 % of this species could exist in
solution, while only 2 % of the species in solution would correspond to
the most unstable non-substituted complex containing two triflate li-
gands (ΔG = 2.3 kcal mol-1). The pentacoordinate species, much less
stable, are predicted not to be present.

3.3. Photocatalytic reduction of CO2

The catalytic activity of the Fe, Co and Ni complexes with ligands
1–3 in the photocatalytic reduction of CO2 was studied using irradiation
of a blue LED light (λ = 456 nm and 467 nm) in the presence of the
photosensitizer [Ru(bpy)3][PF6]2 (PS1), and a sacrificial electron donor
(SD). Also, the catalytic activity of the related complex Zn1 (Zn(1)Cl2)
previously reported was included as a reference [49]. The gas compo-
sition (CO and H2) of the catalytic tests was analyzed by gas chroma-
tography with a thermal conductivity detector (GC-TCD). The possible
content of formic acid of the catalytic solution was analyzed by HPLC
after derivatization but no HCOOH was detected in any case. The initial
screening was performed under previously reported conditions using
triethanolamine (TEOA) as SD and N-methyl-2-pyrrolidone (NMP) as
solvent [25]. NMP has demonstrated good absorption of CO2 in the
Purisol® capture process [55]. The initial blank test using only the PS
produced a very small amount of CO and H2 (entry 1, Table 3), so, in this
case, the possible CO and H2 products generated by the photolysis of the
reaction medium can be neglected [56]. In the absence of the PS, neither
CO nor H2 was detected (entry 2, Table 3). A screening to determine the
influence of the metal centre showed that, under these conditions, iron
catalyst Fe1a, produced mixtures ca 1:1 of CO/H2 during the first 4 h
(entry 3, Table 3) but the H2 production increased after 24 h (entry 4,
Table 3). Instead, the cobalt and nickel catalysts, Co1 and Ni1, formed
H2 as the main product (86–100 %, entries 5–7, Table 3). In the case of
cobalt catalysts, the formation of H2 was explained in the literature [54]
by the reaction of cobalt-hydride species [CoIIIL(H)]2+ with H+, where
these CoIII-H species may be formed by the reaction of CoII or CoI

complexes with H+ donors (TEOA or traces of H2O) present in the re-
action media [34]. Then, in our case, the formation of H2 as the major
product may be related to the unfavored formation of CoI species to react
with CO2 or to the fact that the formation of CoI-CO2 adduct is slow [34,
57]. Mononuclear Ni-cyclam complexes reported in the literature pro-
duced mixtures with H2 as the main product (CO/H2 ratios 0.4–0.1)
under photocatalytic conditions (PS1 and aqueous system) [58,59].

Using the catalyst Fe1b, containing a less coordinating ion such as
triflate, led to a slightly more active system (entry 8, Table 3). A blank
experiment run under the same catalytic system under N2 did not pro-
duce gas products, confirming that CO2 is necessary to produce CO
(entry 9, Table 3). Furthermore, when NMP was replaced by MeCN (1/5
v/v) a two-fold increase of the activity was observed (entry 10, Table 3).
Although the solubility of CO2 in saturated MeCN was estimated to be
0.38 M [60], similar to the values reported for NMP [61] and both
solvents have coordination ability and may replace the triflate ligands
[62], NMP may lead to more stable intermediate species less reactive.

Regarding the steric effect of the ligand, when the ethyl derivative
Fe2 was used as a catalyst, slightly lower activity and selectivity were
obtained than using the isopropyl derivative (entry 11, Table 3). An
effect of the skeleton was also observed when the catalyst was the
bipyridyl derivative Fe3, producing an increase of selectivity to CO
(entry 12, Table 3) but the total turnover decreased with respect to the
phenanthroline-based system Fe1b. The cobalt complex Co3 with the
same bipyridyl ligand produced a TON of hydrogen 115 (94 % of
selectivity) (entry 13, Table 3).

To analyse the participation of the non-innocent redox ligands in the
catalytic activity, the previously reported Zn(1)Cl2 complex [49], con-
taining a non-redox active metal Zn(II) was used as catalyst under the
same conditions and produced low amount of CO (TONCO 0.9) and H2
(TONH2 4, entry 14, Table 3) what indicates that the redox-active ligand
requires the presence of an also redox-active metal for the catalysis to
take place.

The addition of mixtures BIH/TEOA have been reported to lead to
systems more active than when only BIH or TEOA are used separately;
BIH acts as a quencher for the excited state of [Ru(bpy)3]2+ and TEOA as
a proton acceptor for BIH+⋅[26,63,64]. The effect of adding different
concentrations of BIH to mixtures of TEOA/MeCN was analysed
(Table 4). In the absence of Fe complex, the BIH/TEOA/MeCN/PS1
system produced a mixture of CO/H2 27/73 with a modest TON (TONCO
14, entry 1, Table 4). Using BIH in MeCN without the addition of TEOA,
the system produced only < 1 of TONCO (entry 2, Table 4) which might
be attributed to the reversible electron transfer process between the

Table 2
Free energies relative to the most stable species ([Fe(1)(MeCN)2]+2, multi-
plicity= 5) of possible species derived from the original complex by substitution
of 1 or 2 triflate ligands by 2 or 1 MeCN solvent molecules and by dissociation of
one of those ligands (different possible multiplicities considered in these last
cases).

Species CN Multiplicity ΔG (kcal/mol)

[Fe(1)(OTf)2] 6 5 2.3
[Fe(1)(OTf)(MeCN)]+ 6 5 0.6
[Fe(1)(MeCN)2]+2 6 5 0.0
[Fe(1)(OTf)1]+ 5 5 6.7

3 29.0
1 41.9

[Fe(1)(MeCN)1]+2 5 5 7.7
3 30.6
1 39.0

Table 3
Effect of the catalyst in the photoreduction of CO2[a].

Run Catalyst Solvent/
SD

CO
(µmol)

TONCO (%
Sel)

H2
(µmol)

TONH2 (%
Sel)

1 – NMP 1.6 0.2[b] 7.7 0.8[b]

2[c] Fe1a NMP 0 0 0 0
3[d] Fe1a NMP 7.8 6 (48) 8.4 6 (52)
4 Fe1a NMP 7.4 5 (31) 16.4 12 (68)
5[d] Co1 NMP 8.9 6 (15) 51.6 34 (85)
6 Co1 NMP 8.2 5 (14) 49.1 33 (86)
7 Ni1 NMP 0 0 (0) 40.5 27 (100)
8 Fe1b NMP 11.7 8 (35) 21.3 14 (65)
9 Fe1b MeCN 0 – 0 –
10[d] Fe1b MeCN 25.1 17 (29) 93.4 62 (79)
11 Fe2 MeCN 19.3 13 (24) 59.6 40 (75)
12[e] Fe3 MeCN 21.0 14 (36) 38.0 26 (64)
13 Co3 MeCN 11.1 8 (6) 167.6 112 (94)
14 Zn1 MeCN 1.4 0.9 (19) 6.0 4 (81)

[a] Reaction conditions: Catalyst 0.4 mM; TEOA/solvent: 1/5 v/v; NMP = N-
methylpyrrolidone, MeCN= acetonitrile. PS= [Ru(bpy)3]PF6]2 (1.66 mM), time
24 h. Light source: blue LED (λ = 456, 467 nm). TON = turn over number
calculated as mols of product/mol catalyst. [b] Respect to Ru. [c] No PS. [d]
Reaction run under N2. [e] Time = 4 h.
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reduced PS- and the BIH•⁺, in the absence of the base to pick up the
proton from the BIH* [64]. However, coupling BIH with TEOA in the
presence of the iron complex Fe1b, the photoirradiation led to an in-
crease in the generation of CO (entries 3–5, Table 4) reaching a
maximum at a concentration of BIH of 0.15 M (up to TON 166 and 68 %
selectivity, entry 4, Table 4). The bipyridine complex Fe3 produced
slightly better conversion and selectivity under the same conditions
(entry 6, Table 4).

To determine the stability of the catalytic system, in run 5 (Table 4),
after the 24 irradiation, CO2 was bubbled into the final solution again for
20 min and placed under irradiation. After 4 h the gas phase contained a
mixture 14/86 of CO/H2 (TONCO 17, entry 7, Table 4) which is indic-
ative that the decomposition of the catalyst took place under these
conditions. The evolution of the TON along the time for experiment 4
using the Fe1b catalyst (Table 4) shows that the system activity
increased during the first 24 h but a decrease of activity is observed at 48
h, indicative of decomposition (Fig. 2).

Comparing the results obtained with these systems with some
selected examples based on Fe-complexes (Table 5) one can conclude
that Fe1b-based systems are more active than a simple Fe(II) salt (entry
1, Table 5) [27]. Also, molecular porphyrin-based systems (Fe4-Fe6,
entries 2–4, Table 5) [24,65] show TON values lower than Fe1b
although these systems are more selective in CO, and the porphyrins act
as catalysts and also as PS. For the phenanthroline-based complex Fe7,
the TON and the selectivity (273 in 12 h and 78 % selectivity in CO,
entry 5, Table 5) are slightly higher than the ones obtained with Fe1b
(166 in 24 h and 68 % selectivity in CO, entry 8, Table 5) although Fe7
uses a PS containing a rather sophisticated N2P2-ligand.[63]
Fe-quaterpyridine and quiquepyridine based systems (Fe8 and Fe9)
developed by Robert and co-workers are by far the most active

mononuclear molecular systems in this area (entries 6–7, Table 5) [26,
27].

3.4. Cyclic voltammetry and computational studies

To identify the species formed under electron transfer conditions for
the active complex Fe1b the cyclic voltammograms (CVs) were recorded
under inert and carbon dioxide atmosphere. Complex Fe1b in acetoni-
trile (MeCN, 0.02 mM) with tetrabutylammoniun hexafluorophosphate
NBu4PF6 (0.1 M) as electrolyte using ferrocene as external standard
(Fc+/Fc) under nitrogen atmosphere, shows three quasi-reversible
reduction processes at − 1.01 V, − 1.94 V and − 2.12 V (black trace,
Fig. 3a), which are slightly shifted from the values of the reference zinc
complex Zn1 (− 1.20, − 1.90, − 2.08 V, Figure S3, Table S5). Since Zn(II)
is not participating on the electron transfer processes, these values may
indicate a participation of the ligand in the electro-reduction processes
as reported for a Fe(II)-bipyridine-diimine complex [37] and were
accordingly assigned to the three reductions 1/1-, 1-/12- and 12-/13- but
the FeII/I reduction cannot be excluded. When CO2 was bubbled to the
solution of Fe1b in acetonitrile, an increase in current intensity and a
shift of the peaks was observed (− 1.11, − 1.76 and − 1.98 V) (red trace in
Fig. 3).

To confirm these hypotheses computational calculations were run on
1- 2- and 3-electron reduced species of complex Fe1b. We considered the
structure of the most stable isomer, 6-coordinated with endo-trans/endo-
trans disposition of 1 and with one and two OTf- ligands substituted by
MeCN solvent molecules. In the case of the complex with two MeCN
ligands, the geometry optimization of the 1-electron reduced species
showed some low energy structures where one of the N atoms of the
phenanthroline ligand tended to dissociate. For this reason, 5-coordi-
nated species where also investigated in this case, although finally the
results indicated that these species were not the most stable ones.
Different spin multiplicities were taken into account for all species and
their minimum energy geometries obtained. The whole set of numerical
results are collected in Table S3 of Supplementary information. At all
levels of reduction, the most stable systems corresponded to the com-
plexes where the two OTf- ligands were substituted by MeCN solvent
molecules (relative energies shown in Table 6). For this reason, these
complexes were the ones analysed in more detail.

As seen in Table 6, the most stable species for the 3 levels of
reduction are always the highest spin isomers of the [Fe(1)(MeCN)2]q

complexes (q = 1, 0, − 1 for the 1-, 2- and 3-electron reduced species
respectively).

To elucidate the allocation of the electrons incorporated in the
reduction process (on the metal centre or on the ligand), structures,
calculated Mulliken charges and spin densities were analysed. These
results are shown in Table 7 for the most stable isomers of each

Table 4
Effect of BIH in the photoreduction of CO2[a].

Run Catalyst BIH
(M)

CO
(µmol)

TONCO
(%Sel.)

H2
(µmol)

TONH2
(%Sel.)

TOFCO
(h-1)[b]

1 – 0.1 21.0 14 (27) 57.8 38 (73) –
2[c] Fe1b 0.1 0.9 1 (17) 4.2 3 (83) 0.1
3 Fe1b 0.1 50.8 34 (32) 108.4 72 (68) 6
4 Fe1b 0.15 242.1 162 (68) 112.6 75 (32) 29
5 Fe1b 0.3 92.9 62 (53) 82.8 55 (47) 19
6 Fe3 0.1 63.7 42 (75) 26.7 18 (25) 12
7[d] Fe1b 0.3 26.4 17 (14) 164.9 110 (86) 4

[a] Reaction conditions: Catalyst 0.4 mM; TEOA/MeCN: 1/5 v/v; PS = [Ru
(bpy)3]PF6]2 (1.66 mM), time 24 h. Light source: blue LED (l = 456, 467 nm).
TON = turn over number calculated as mols of product/mol catalyst. [b] TOF =
averaged turn over frequency after 4 h calculated as mols of CO/mol catalyts⋅h.
[c] No TEOA. [d] After 20min bubbling CO2 into final solution of run 5, time= 4
h.

Fig. 2. TON obtained in the photoreduction of CO2 using Fe1b catalyst 0.4 mM; TEOA/MeCN: 1/5 v/v (0.62/3.10 mL); PS = [Ru(bpy)3]PF6] (1.66 mM). Light
source: blue LED (l = 457, 467 nm) Photosensitizers (PS) used in photoreduction of CO2. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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reduction level (the results for all spin symmetry species (Table S4) and
the analysis of these results can be found in the Supplementary
Information).

It is convenient to point out that Mulliken charges are calculated
considering the electron density located in a fixed area of space around
each atom. In the case of the central Fe atom, the electrons donated by

the surrounding ligands are included in this area, so the Mulliken charge
cannot be interpreted as the oxidation state of the metal, but used only to
analyse trends.

The non-reduced species (spin multiplicity M = 5), shows the spin
density mainly on the central Fe atom, what indicates that the unpaired
spin-parallel electrons are on the d orbitals of this atom, as expected.

When 1 or 2 electrons are transferred to the complex, neither the
charge nor the spin density on Fe change significantly. This, together
with the spin density distribution plot, show that the incorporated
electrons are allocated in the imine groups of the phenanthroline ligand,
spin-parallel to the unpaired electrons of Fe. Similar results have been
found for other bis(imino)pyridine[66–68] and bipyridine-diimine [37]
metal complexes, where the ligand-based reduction is mainly located in
the imine moieties.

In the 3-electron reduced species, two of the transferred electrons are

Table 5
Comparison with selected Fe(II)-based catalytic systems for the photoreduction of CO2.

Entry Cat Conditions: PS/SD/Solvent/ λ nm/ t(h) Main product
(TON)b

Sel. CO (%) Other products%,(product) Ref

1 Fe
(ClO4)2

PS1/MeCN (1:5 v/v)/BIH/LED λ 460 nm/68 h CO (82) 85 H2 (TON: 15) [27]

2 Fe4 -/TEA (0.36 M)/MeCN/Xe-lamp/10h CO (17) 8 (1 h) H2 (TON 37) [24]
3 Fe5 -/TEA (0.36 M)/MeCN/Xe-lamp/10h CO (28) 93 (1 h) H2 (TON 10) [24]
4 Fe6 -/BIH (20 mM)/MeCN/Solar simulator λ > 420/47h CO (63) 100 – [65]
5 Fe7 PS2/TEOA/MeCN (1:5 v/v)/BIH/250 W Hg λ 436 nm/12

h
CO (273) 78 H2 (TON: 75) [63]

6 Fe8 PS1/TEOA/MeCN (1:5 v/v)/BIH/LED λ 460 nm/0.75 h CO (3844) 85 HCOO-(TON 534, 12 %) H2 (TON 118, 3
%)

[26]

7 Fe9 PS1/MeCN-H2O (1:1 v/v)/BIH/LED λ 460 nm/68 h CO (14,095) 98 – [27]
8 Fe1b PS1/TEOA/MeCN (1:5 v/v)/LED λ 456, nm/24 h CO (166) 68 H2 (TON: 77) This

work

Fig. 3. CV of Fe1b under nitrogen (black) and under CO2 atmosphere (red) in
MeCN (0.02 mM) with NBu4PF6 (0.1 M) at scan rate 50 mV⋅s-1. Working
electrode: 3 mm diameter glassy carbon. Counter electrode: Pt wire. Reference
electrode: Ag/AgCl (3 M KCl). Values referenced to Fc+/Fc. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 6
Relative free energies (in kcal mol-1) of the 1-, 2- and 3-electron reduced most
stable species of different multiplicities of the complex Fe1b complex, that in all
cases correspond to the system with 2 MeCN ligands. Non-reduced complex
included for comparison purposes.

Species n. e- reduced Multiplicity ΔG (kcal/mol)

[Fe(1)(MeCN)2]+2 0 5 0.0
[Fe(1)(MeCN)2]+1 1 4 − 76.4

6 − 86.1
[Fe(1)(MeCN)2]0 2 3 − 150.6

5 − 157.5
7 − 161.4

[Fe(1)(MeCN)2]− 1 3 3 − 217.3
5 − 224.0
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located on one of the imine moieties, giving place to null spin density
there, while the third electron is located in the other imine group,
coupled parallel to the unpaired electros of the Fe centre. The increased
electron density in the imine moieties must enhance the donor character
of their N atoms, what could be the reason to induce a dissociation of the
acetonitrile ligands, that appear at distances around 4.4 Å from the
metal centre. This could enhance the activity of the complex as catalyst
due to a better disposition to coordinate the substrate. As a subsequent
result of the remote position of the MeCN ligands, the accounted charge
and spin density around Fe centre is much lower than in the other
complexes.

As a whole, these computational results confirm the hypothesis
proposed based on experimental evidences of the location of the trans-
ferred electrons in the ligand instead on in the metal centre.

Mechanism proposal

Based on previously reported data, the catalytic experiments and the
computational calculations performed herein, a mechanism is proposed
for the CO2 reduction to CO by a photocatalytic system formed by Fe1b
as catalyst and PS1 as photosensitizer, in the presence of BIH/TEOA in a
CO2 saturated MeCN solution under visible irradiation (Scheme 2). The
catalyst precursor Fe1b undergoes substitution of the OTf- ligands by the
acetonitrile solvent. This substitution may be favored by catalyst with
ligand 1 that generates more steric repulsions than ligand 2 giving place
to a more active system. In fact, the lower molar conductivity values of

Fe2 than of Fe1b in acetonitrile indicate partial dissociation of the ionic
OTf-. The solvated species [Fe(1)(S)2]2+ (S = MeCN) will accept one
electron which will be provided through the process of light excitement
of PS1. Thus, according to the literature, PS1 is excited by the irradia-
tion of incident light, to generate the excited state PS1* (i, Scheme 2)
which is reductively quenched by the powerful reductant BIH to give
PS1- and BIH•+ [69]. The reduced PS1- is a strong reductant, that pro-
vides the first electron to the catalyst, which according to the cyclic
voltammetry and computational studies is located in the ligand frame-
work forming the [Fe(1•⁻)(S)2]+ species.

Given the position of the catalytic peak that increases in the CV when
CO2 is added to the system, corresponding to the 1-electron transfer, it
can be supposed that is the one-electron reduced species [Fe(1•⁻)(S)2]+

the one that coordinates CO2, which after the second electron uptake
will form [Fe(1)(S)CO2]0 (ii, Scheme 2). The steric effects of the
framework catalyst formed by the tetradentate ligand may affect the
substitution steps of the proposed catalytic cycle. That is the OTf- sub-
stitution by the solvent or the solvent substitution by CO2. The higher
the steric effect, the faster de substitution step will be. Regarding the
flexibility of the aromatic skeleton, it may affect the stability and co-
ordination number of the intermediates influencing the activity and
selectivity.

The second electron may be subsequently provided by radical BI•,
formed according to literature by deprotonation of BIH•+ in the pres-
ence of TEOA (iii, Scheme 2) [70], giving place to the species [Fe(1)(S)
CO2]0 (ii, Scheme 2). Two additionalH+ are needed at this stage to break

Table 7
Spin density distribution (blue and green indicate positive or negative spin), Mulliken charge and spin density over the central Fe atom and distances between themetal
centre and the N atoms of the two acetonitrile ligands for the most stable species of non-reduced and 1-, 2- and 3-electron reduced [Fe(1)(MeCN)2]q complexes.

Non-reduced 1-electron reduced 2-electron reduced 3-electron reduced
[Fe(1)(MeCN)2]+2 [Fe(1)(MeCN)2]+1 [Fe(1)(MeCN)2]0 [Fe(1)(MeCN)2]− 1

Multiplicity Quintuplet Sextuplet Heptaplex Sextuplet
ΔG (kcal mol-1) 0.00 − 86.1 − 161.4 − 224.0
Spin density distribution

QFe − 5.38 − 5.28 − 5.40 − 0.48
Spin density 4.39 4.33 4.39 3.64
dFe-N(MeCN) (Å) 2.15; 2.16 2.13; 2.14 2.29; 2.29 4.38; 4.41

Scheme 2. Proposed mechanism for CO2 photoreduction towards CO with Fe1b catalyst using PS1 in BIH/TEOA/CH3CN system. (i) Photosensitiser cycle and (ii)
catalyst proposed species for the catalytic cycle.
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the CO2 bond, release CO, and regenerate the catalyst, as illustrated in
Scheme 2 (ii).

5. Conclusions

Iron(II), cobalt(II) and nickel(II) complexes with non-innocent redox
N4-donor ligands with phenanthroline and bipyridine skeleton have
been prepared and applied to the photoreduction of CO2 in presence of a
photosensitizer and sacrificial electron donor. The more stable struc-
tures have been proposed based on computational calculations. The Fe
(II) catalytic systems provide mixtures of CO/H2 reaching a maximum
selectivity in CO of 68 % with a modest TONCO of 166 while Co(II) and
Ni(II) led to the formation of H2 as a major product. Cyclic voltammetry
studies show that the electron uptakes are centered in the N4-donor li-
gands. Computational calculations allow to propose the most stable
location of the electrons. The steric effect of the ligands influence the
activity of the catalyst modifiyng the substitution reactions involved in
the catalytic cycle.
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