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Abstract
In the context of global warming and the necessary substitution of renewable energies (solar
and wind energy) for fossil fuels, efficient energy-storage technologies need to be urgently developed.
Recently, energy storage via CO2 reduction of has seen renewed interest. Although reduction of CO2
into energy-dense liquid or gaseous fuels is a fascinating fundamental issue, its practical
implementation in technological devices is highly challenging due to the high stability of CO2 and
accordingly the endergonic nature of its transformation. Furthermore, the reactions involve multiple
electrons and protons and thus require efficient catalysts to mediate these transformations.
The objective of this thesis is to investigate different strategies for the storage of solar energy
in chemical compounds, through visible-light-driven CO2 reduction. This thesis comprises of two
main parts. After an introduction, the first part (Chapters II and III) describes the investigation of
homogeneous catalysts in combination with a photosensitizer, either separately or connected
covalently. Due to the easily-tunable synthesis and facile characterization of molecular catalysts,
homogeneous photosystems are more controllable and can give deep insight into product selectivity
and mechanistic issues.
With regards to future applicability, however, homogeneous catalysis often suffers from
additional costs associated with solvents, product isolation and catalyst recovery, amongst other
factors. The integration of molecular catalysts into solid platforms offers the possibility to maintain
the advantageous properties of homogeneous catalysts while moving towards practical system
designs afforded by heterogeneous catalysis. The second part of this thesis (Chapters IV, VI and VII)
is therefore the immobilization of molecular catalysts within solid materials, namely Metal-Organic
Frameworks (MOFs) and Periodic Mesoporous Organosilica (PMO). The ultimate goal of this thesis
is to incorporate both catalyst and photosensitizer into the solid support (Chapter V).







Résumé
Dans le contexte du réchauffement climatique et de l’usage abusif de combustibles fossiles,
la recherche de sources d’énergie propres et durables est l’un des défis les plus importants de notre
époque. Récemment, le stockage d’énergie solaire par la réduction de CO2 a fait l’objet d’un nouvel
intérêt. Bien que la réduction de CO2 en carburants liquides ou gazeux soit une question à la fois
fascinante et fondamentale, sa mise en œuvre dans les dispositifs technologiques reste très difficile à
cause de la grande stabilité de CO2 et du caractère endergonique de sa transformation. On outre, les
réactions impliquent multiples électrons et protons et ainsi demandent des catalyseurs efficaces et
stables pour diminuer les barrières d’énergie importantes.
Cette thèse comprend deux parties. Après une introduction, la première partie (Chapitre II et
III) décrit des études sur des catalyseurs homogènes en combinaison avec un photosensibilisateur,
soit séparément soit connecté par liaison covalente. Grâce à la possibilité de les modifier par synthèse
à volonté et à leur facile caractérisation, les photosystèmes moléculaires homogènes sont plus
modulables et peuvent permettre un meilleur contrôle de la sélectivité des réactions et l’étude des
mécanismes réactionnels.
Cependant, les catalyseurs moléculaires ne peuvent être facilement transposés pour des
applications à plus large échelle dans un contexte industriel. En effet, les catalyseurs homogènes sont
moins stables et plus difficilement recyclables que les catalyseurs hétérogènes. Dans ce contexte,
l’intégration de catalyseurs moléculaires au sein d’un support solide a l’avantage de maintenir leur
activité catalytique tout en permettant une séparation et un recyclage plus faciles. La deuxième partie
de cette thèse (Chapitre IV, VI, et VII) porte donc sur l’immobilisation de catalyseurs moléculaires
dans les matériaux, notamment Metal-Organic Frameworks (MOFs) et Periodic Mesoporous
Organosilica (PMO). Le but ultime de cette thèse est d’incorporer à la fois le catalyseur et le
photosensibilisateur dans le support solide (Chapitre V).
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Chapter I. Introduction
I.1

Introduction
The supply of clean, secure and sustainable sources of energy is one of the most important

scientific challenges today. Conservative predictions estimate an additional 88 petawatt hour (PW·h)
of world energy consumption in 2050, as compared to the global energy demand of 158 PW·h
nowadays.1 In order to meet the demands of increasing the global energy requirements by 2050, the
usage of solar energy is attractive as 174 PW·h of sunlight strikes the earth. Despite being the
preeminent source of available carbon-neutral energy, solar energy is diurnal and intermittent whereas
global energy consumption is constant. Therefore, the implementation of solar energy technology
requires the ability to capture the sunlight and store the energy as a chemical fuel or in batteries.
Carbon dioxide, principally came from fossil fuel combustion and biomass burning, is emitted
into the atmosphere up to ca. 41 gigatons in 2017. As one of the main greenhouse gases, it causes
earth’s radiative balance, increases the rate of global warming, affects the climate change and ocean
acidification. Therefore, valorize CO2 into useful carbon-based compounds via solar energy becomes
crucial.
Nature has been working on the transformation of solar energy to chemical fuels by plants,
algae and bacteria. For example, plants assimilate and transform CO2 and water into sugar using
sunlight during photosynthesis (Equation 1). As shown in Scheme 1, the leaf splits water into
dioxygen, protons and excited electrons via the light-dependent process in thylakoids of the
chlorophyll. Protons and electrons are then transferred out of thylakoids in the form of ATP and
NADPH. In the light-independent step, ATP and NADPH enter Calvin cycle to react with the fixed
CO2 to produce sugars.




development of selective catalysts and appropriate tuning of the reaction conditions. Therefore, in
order to imitate the photosynthesis in plants, the artificial photosystem requires a sacrificial electron
donor to provide electrons, a photosensitizer to absorb light and mediate electron transfer, and an
efficient catalyst to reduce CO2 into carbon-based compounds (Scheme 1, bottom).
Eo' (V) vs. NHE
CO2

2H+

2e-

HCO 2H

CO2

2H+

2e-

CO

CO2

4H+

4e-

HCHO

CO2

6H+

6e-

CH3OH

CO2

8H+

8e-

CH 4

2H+

2e-

-0.61
H 2O
H 2O
H 2O
H 2O

H2

-0.53
-0.48
-0.38
-0.24
-0.42

Scheme 2. Equations and potentials of CO2 and proton reduction at pH 7.
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Photosystems for CO2 reduction
The performance of catalysts for CO2 photoreduction can be evaluated by the following

factors:
1.

Product selectivity. It is a ratio between two products or one product to all products

(Equation 2).
PS

2.

=

[first product]
[second product]

or

PS

=

[one product]
[all products]

(2)

Quantum yield (φ). It is a measure of the molar fraction of incident photons resulting in

products (Equation 3).
φ

3.

[products]
[incident photons]

=

(3)

Turnover number (TON). It is the number of reductions occurring per catalyst before/at

the reaction ceased (Equation 4).
TON

4.

[product]

=

[catalyst]

(4)

Turnover frequency (TOF). It is the speed of the photocatalytic cycle, usually measured

at the initial stage of the reaction (Equation 5).
TOF

=

TON
[time]

(5)

A photosystem for CO2 photoreduction consists of light, an efficient catalyst (Cat), a light
absorber, an electron source and a proton source. In the ideal case, Cat is a photocatalyst possessing
the ability of absorbing light and catalyzing CO2 reduction. After being excited by photons to reach
the excited state, Cat receives electrons from an electron donor (ED) and subsequently catalyzes CO2
reduction (Scheme 3 left). However, in more general cases, these systems combine with a
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photosensitizer (PS) absorbing in the visible region of the solar spectrum and mediating electron
transfer. Once PS is excited, it can be either oxidatively quenched by Cat, or reductively quenched
by ED. The latter pathway (Scheme 3 right) is widely reported in CO2 reduction studies, since the
reduction of Cat requires a strong reducing agent, while the reduction power of the one-electronreduced species (OERS) of PS is stronger with respect to *PS. To better understand the photosystem,
three main components, ED, PS and Cat will be sequentially described below.
ED
ED
Cat

*Cat

Fuels

PS

Cat

Fuels

PS

Cat

CO2

*PS
ED

Cat
CO2

ED

Scheme 3. Schematic reaction mechanism for photolytic CO2 reduction. Catalyst, photosensitizer and electron donor
are abbreviated to Cat, PS and ED, respectively.

I.2.1 Sacrificial electron donors (ED)
In order to reduce PS efficiently, ED should possess high reduction power and high quenching
rate of *PS, which can be determined by Cyclic Voltammetry (CV), Stern-Volmer relationship and
the emission lifetime of *PS. One should also take account of the stability of the oxidized electron
donor (ED•+), since an unstable ED•+ can draw back one electron to regenerate the initial ED.
I.2.1.1

Triethylamine (TEA)

TEA has a high oxidation potential (Eox = 0.96 V vs. SCE in benzene). As shown in Scheme
4, it can work as a two-electron donor upon one-photon excitation of PS. After injecting one electron
to *PS, the generated TEA•+ is deprotonated by another TEA to produce the radical TEA. The latter
has stronger reduction power as compared to TEA, which can accordingly give a second electron to
PS or Cat, or other intermediates in the reaction.
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TEA

TEAH
H
N

N

*PS

e

PS

H

H

H

N

N

N

N

TEA

TEA

TEA'

TEA

Scheme 4. TEA oxidation pathway.

I.2.1.2

Triethanolamine (TEOA)

TEOA also has a high oxidation potential (Eox = 0.80 V vs. SCE in acetonitrile, MeCN).2
Similar to the oxidation pathway of TEA, it can provide two electrons upon one-photon excitation of
PS (Scheme 5).3 Of note, the reduction power of TEOA is drastically decreased in the presence of
water as a result of protonation (Scheme 6).4,5
TEOA
HO

OH HO

N

TEOAH
H
N

OH
*PS
HO

OH

N

OH
e

PS
HO

OH

H

H

N

OH

H
OH

HO

OH

TEOA

OH

N

OH

TEOA

TEOA

H 2O
OH

N

OH
TEOA

HO

H
N

OH

OH
TEOAH

Scheme 6. TEOA protonation step.





OH

N

OH

TEOA'

Scheme 5. TEOA oxidation pathway.
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I.2.1.3

1-benzyl-1,4-dihydronicotinamide (BNAH)

As shown in Scheme 1, the coenzyme NADPH is an electron mediator in the natural
photosynthesis. Its model compound, BNAH, is also utilized as ED in photocatalytic CO2 reduction.
Having stronger reduction power (Eox = 0.57 V vs. SCE in MeCN6) as compared to TEA and TEOA,
BNAH however can provide only one electron to the photosystem upon one-photon excitation of PS
(Scheme 7).7 After injecting one electron to *PS, the oxidized BNAH•+ is deprotonated by a base,
usually TEOA, to generate a radical BNA• species. Unlike the cases of TEA and TEOA, instead of
injecting a second electron to the photosystem, BNA• species dimerize rapidly in two forms: 4,6’BNA2 and 4,4’-BNA2. Even though the latter possesses also the electron-donating ability (Eox = 0.96
V vs. SCE in MeCN), the rapid back electron transfer from the reduced PS•- to the oxidized dimer is
inevitable due to the high stability of 4,4’-BNA2 dimer. As a consequence, the accumulation of 4,4’BNA2 in the reaction solution decreases the efficiency of the electron transfer and accordingly the
photocatalytic performance of the photosystem.6,7

*PS

H H

PS

base

H H

CONH2

baseH

Bn
N

H

CONH2

CONH2

N
Bn

N
Bn

N
Bn

BNAH

BNAH

BNA

CONH2

H 2NOC

+

Bn

N

CONH2
N
Bn
4,4'-BNA2

CONH2
N
Bn
4,6'-BNA2

H
CONH2
e

N
Bn
BNA

Scheme 7. BNAH oxidation pathway.
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1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH)

BIH has been recently considered as ED in photocatalytic CO2 reduction. This is due to the
fact that in addition to the stronger reduction power (Eox = 0.33 V vs. SCE in MeCN) as compared to
other EDs presented above, it can inject two electrons into the photosystem upon one-photon
excitation of PS (Scheme 8).6 After giving one electron to *PS, BIH•+ can further react through two
reaction paths. It can be deprotonated by a base, such as TEOA, to afford BI•, or undergo hydrogen
atom transfer generating the two-electron reduced BI+ species.6 These two paths are determined to
have a rather small difference in enthalpy change.8 In addition, the radical BI• species is shown to
have much higher reduction power (Eox = -1.66 V vs. SCE in MeCN8) and can provide a second
electron for the photosystem.

N
N

base

PS

*PS

baseH
N

N
H

N

BIH

H

ΔHH = 23.7 kcal/mol

N

BIH

BI

ΔHH = 30.2 kcal/mol

e

H
N
N
BI

Scheme 8. BIH oxidation pathway.

I.2.1.5

Ascorbate (AscH-)

While ascorbate has three acid-base forms (AscH2, AscH-, and Asc2-, Scheme 9), only AscHcan be utilized as ED (Eox = 0.70 V vs. NHE).9 Therefore, the pH of the reaction solution is important
for the catalytic performance of the photosystem. Furthermore, it has been demonstrated that the
oxidized AscH• species can disproportionate to generate AscH- and dehydroascorbic acid (DHA)
(Scheme 10),10 however the latter can further draw one electron from the reduced PS•-.9 This is
probably the reason why no efficient photosystems with ascorbate as ED have been reported so far.
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OH
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Scheme 9. Acid-basic equilibrium of ascorbate.
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OH
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HO

OH
O

O
O
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O

HO

O

O +

O
O

O

DHA

OH
AscH

Scheme 10. Disproportionation of the oxidized AscH•.

I.2.2 Photosensitizers (PS)
In photosystems for visible-light-driven CO2 reduction, PS should be able to be excited by
photons in the visible region and mediate efficiently electrons from ED to Cat. Therefore, it must
possess characteristics such as strong absorption ability, long excited-state lifetime, strong oxidation
power in the excited-state to receive electrons from ED, and strong reduction power of OERS of PS
to cede electrons to Cat.
I.2.2.1

[Ru(diimine)3]2+ complexes

[Ru(diimine)3]2+ complexes, namely [Ru(bpy)3]2+ and [Ru(4,4’-Me-bpy)3]2+ (bpy = 2,2’bipyridine, 4,4’-Me-bpy = 4,4’-dimethyl-2,2’-bipyridine, Scheme 11), are the most common PSs
utilized in photolytic CO2 reduction, not only due to the strong absorption band assigned to the singlet
metal-to-ligand charge transfer (1MLCT) in the visible region,11,12 but also ascribed to the relative
long emission lifetime of triplet metal-to-ligand charge transfer (3MLCT, several hundred
nanoseconds) generated after rapid intersystem crossing process (ISC) from 1MLCT.13 In addition,
[Ru(bpy)3]2+ and [Ru(4,4’-Me-bpy)3]2+ in the excited state can be reductively quenched, with a
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reduction potential of ERu(II)*/Ru(I) of 0.77 V and 0.60 V vs. SCE in MeCN, respectively.14,15 While the
reduction potential of the Ru complexes in the ground state is much more negative (ERu(II)/Ru(I) = -1.33
V and -1.49 V vs. SCE in MeCN, respectively).14,15 One limitation of using Ru complexes as PS is
the easy loss of one diimine ligand from [Ru(diimine)3]2+ complexes upon illumination, generating
accordingly [Ru(diimine)2]2+ species (Scheme 12) which has been demonstrated as a catalyst for the
reduction of CO2 to formate.16
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Scheme 11. Chemical structure of [Ru(4,4’-R-bpy)3]2+.
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Scheme 12. [Ru(bpy)3] degradation pathway.

I.2.2.2

Cyclometalated Ir complexes

Cyclometalated Ir complexes, namely fac-Ir(ppy)3 (ppy = 2-phenylpyridine) and
[Ir(ppy)2(bpy)]+ (Scheme 13), have also been utilized as PS in CO2 photoreduction. Compared to
[Ru(diimine)3]2+, cyclometalated Ir complexes are more stable in the photolytic conditions. Moreover,
fac-Ir(ppy)3 possesses stronger oxidation power (EIr(III)*/Ir(II) = 0.31 V vs. Fc+/Fc in MeCN/dioxane
(1:1, v/v)) in the excited state, and stronger reduction power (EIr(III)/Ir(II) = -2.19 V vs. Fc+/Fc in
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MeCN/dioxane (1:1, v/v)) to subsequently reduce Cat.17,18 So as [Ir(ppy)2(bpy)]+ (EIr(III)*/Ir(II) = 0.88
V vs. Fc+/Fc in MeCN, EIr(III)/Ir(II) = -1.78 V vs. Fc+/Fc in MeCN). In addition, they have similar
emission lifetime as compared to [Ru(diimine)3]2+ complexes (several hundred nanoseconds), even
though their absorption ability is not as strong as [Ru(diimine)3]2+ in the visible region of the solar
spectrum.18–20
+

N
N

Ir

N
N
N

Ir(ppy) 3

N

Ir

N

[Ir(ppy) 2(bpy)] +

Scheme 13. Chemical structures of Ir(ppy)3 and [Ir(ppy)2(bpy)]+.

I.2.2.3

Metalloporphyrin complexes

Metalloporphyrin complexes, especially porphyrin with transition metals, e.g., zinc
tetraphenylporphyrin (ZnTPP, Scheme 14), have been drawing attention as PS in photolytic CO2
reduction.21–23 This is not only due to the prevention of using noble metals, but also ascribed to the
characteristic strong absorption bands in the visible region: a Soret band (transition to the S2 excited
state) and a Q-band (transition to the S1 excited state). Furthermore, ZnTPP in the excited state can
work as oxidant with EZn(II)*/Zn(I) of 0.79 V and 0.27 V vs. SCE in DMSO in the singlet and triplet
states, respectively. While the reduction potential of ZnTPP in the ground state is EZn(II)/Zn(I) = -1.69
V in DMSO. However, one issue is that the emission lifetime of these complexes is two orders of
magnitude shorter (several nanoseconds) with respect to [Ru(diimine)3]2+ and cyclometalated Ir
complexes.
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Scheme 14. Chemical structure of ZnTPP.

I.2.2.4

Organic dyes

Organic dyes, such as Rose Bengal, fluorescein and purpurin (Scheme 15), possess strong
absorption bands in the visible region, thereby can be considered as potential candidates for PS.24,25
However, same as ZnTPP, the emission lifetime of these organic dyes is only several nanoseconds.
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Scheme 15. Chemical structures of Rose Bengal, fluorescein and purpurin.

I.2.3 Catalysts (Cat)
To mediate the multi-electron/multi-proton transformation necessary for catalytic CO2
reduction, metal-based complexes catalysts must have the ability to store multiple electrons. This can
be achieved either by reducing the metal center, which then necessitates a ligand field capable of
stabilizing the reduced metal ions, or by reducing the ligand scaffold, with the metal serving as a
mediator for electron relay. In this context, polypyridine and porphyrin ligands are appropriate to
support metal ions for catalyzing CO2 reduction, as they offer the ability to not only stabilize the
reduced metal centers but also accept electrons within π system of the ligand, allowing for the storage
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of multiple electrons across the entire molecule. Since my PhD work mainly focused on the
complexes containing polypyridine ligands, this type of catalysts will be discussed in detail.
I.2.3.1

Polypyridyl complexes of rhenium

In the early 1980s, Lehn and co-workers reported Re(bpy)(CO)3X complexes (X = halogen,
Scheme 16) as photocatalysts, converting CO2 to CO in a DMF/TEOA mixture (DMF = N,Ndimethylformamide), where TEOA serves as both ED and a proton source.26 Re complexes were
excited by the visible light (λ > 400 nm), and were subsequently quenched by TEOA to produce the
OERS of [Re(bpy•-)(CO)3X] complexes. In 1997, Ishitani and co-workers demonstrated that the
OERS of Re complexes can react with CO2 in the dark.27

X
N
N

Re

CO
CO

CO
X = halogen
Re(bpy)(CO) 3X

Scheme 16. Chemical structure of Re(bpy)(CO)3X.

The effect of the ligand X on the photocatalytic activity of Re(bpy)(CO)3X complexes (X =
NCS-, Cl-, and CN-) was investigated in 2008 by Ishitani and co-workers.28 The authors demonstrated
that Re(bpy)(CO)3NCS was the most efficient photocatalyst among the three, not only due to the easy
loss of NCS- ligand after the first one-electron reduction of the complex, but also attributed to the
donation of the second electron to Re-CO2 intermediate by another OERS of Re complex (Scheme
17). Re(bpy)(CO)3Cl exhibited lower catalytic activity, since the OERS Re(bpy•-)(CO)3Cl has a
shorter lifetime in the photolytic conditions. Re(bpy)(CO)3CN did not show any catalytic activity,
which is owing to the strong coordination between Re ion and CN- ligand.
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Scheme 17. Proposed mechanism for photolytic CO2 reduction catalyzed by Re(bpy)(CO)3NCS.

Recently, the active Cat in photosystems containing Re(bpy)(CO)3X complex and
DMF/TEOA solvent mixture was identified as the Re(bpy)(CO)3(CO2-TEOA) species shown in
Scheme 18.29 This provides new insights into the role of TEOA which also contributes to capturing
CO2. The formation of this intermediate was shown to be very effective, and to allow trapping CO2
at low concentrations, even at atmospheric levels.

O
O
N
N

Re

OCH2CH2NR 2
CO
CO

CO
R = CH2CH2OH
Re(bpy)(CO) 3-CO2-TEOA

Scheme 18. Chemical structure of Re(bpy)(CO)3-CO2-TEOA.

Ishitani and co-workers have also made great strides in extending the Re-based Cat towards
visible-light-driven photosensitized systems. One of the major advances resides in the development
of supramolecular photocatalysts combining a Re-based Cat unit with a Ru-based PS unit, which
proved to be more efficient than systems in which the two units are separate.30 These supramolecular
systems are further described in Chapter II.
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Polypyridyl complexes of ruthenium

The [Ru(bpy)2(CO)nXm](2-m)+ family of compounds has received much attention over the past
decades. In photochemical CO2 reduction, Lehn and co-workers used [Ru(bpy)3]2+ and [Ru(phen)3]2+
(phen = 1,10-phenanthroline) to photosensitize a variety of ruthenium bis-bipyridine Cat (cis[Ru(bpy)2(CO)2]2+, cis-[Ru(bpy)2(CO)Cl]+, cis-[Ru(bpy)2(CO)H]+, etc. Scheme 19).31 The general
trend of photolytic conditions was that higher activities were obtained in the absence of water.
Moreover, formate production was lower with [Ru(phen)3]2+ than with [Ru(bpy)3]2+ as PS. This
general behavior was further confirmed by Tanaka and co-workers.5
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cis-[Ru(bpy)2(CO) 2]2+

cis-[Ru(bpy)2(CO)Cl] +

cis-[Ru(bpy)2(CO)H] +

Scheme 19. Chemical structures of cis-[Ru(bpy)2(CO)2]2+, cis-[Ru(bpy)2(CO)Cl]+ and cis-[Ru(bpy)2(CO)H]+.

More recently, the selectivity for CO or formate production was investigated as a function of
CO2 pressure.32 It was shown that CO production (i) increased linearly with CO2 pressure up to 150
bars and (ii) was enhanced in a biphasic water/DMF supercritical CO2 mixture. Formate production,
on the other hand, was independent of CO2 pressure in the 10-150 bar range in water/DMF solutions.
These observations supported the Ishida-mechanism (Scheme 20)33,34 for CO production through a
direct Ru-CO2 interaction and the Meyer-mechanism (Scheme 21)35 for formate production through
CO2 insertion into a Ru-H bond.
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Scheme 21. Proposed mechanism for CO2 reduction catalyzed by [Ru(bpy)2(CO)H]+.

In N-methyl-2-pyrrolidone (NMP) instead of DMF, with [Ir(ppy)2(bpy)]+ PS, Beller and coworkers observed the production of mixtures of CO, formate and hydrogen using ruthenium bisbipyridine Cat.36 [Ir(ppy)2(bpy)]+ was selected as PS to avoid potential formate production from the
decomposition of [Ru(bpy)3]2+ and NMP was preferred to DMF as mixtures of DMF and TEA/TEOA
have been shown to generate some formate.37,38
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Chardon-Noblat, Deronzier and co-workers demonstrated that cis(Cl)-[Ru(bpy)(CO)2Cl2]
(Scheme 22) was a pre-catalyst for CO2 electroreduction. They proposed that loss of Cl- resulted in
the formation of a Ru-Ru dimer which would catalyze CO2 reduction to CO alongside traces of
formate. Instead the trans(Cl)-[Ru(bpy)(CO)2Cl2] (Scheme 22) complex led to the formation of a
polymeric film, [Ru(bpy)(CO)2]n on the electrode, thus showing that the homogeneous or
heterogeneous nature of the catalyst can be simply controlled through the stereochemistry of the precatalyst in solution.39
Cl
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CO
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CO
CO

Cl

cis(Cl)-[Ru(bpy)(CO) 2Cl2]

trans(Cl)-[Ru(bpy)(CO) 2Cl2]

Scheme 22. Chemical structures of cis(Cl)-[Ru(bpy)(CO)2Cl2] and trans(Cl)-[Ru(bpy)(CO)2Cl2].

Investigating the same complex, Ishida and co-workers reported the photosensitization of
trans(Cl)-[Ru(bpy)(CO)2Cl2] with [Ru(bpy)3]2+ in DMA/water (DMA = dimethylacetamide)
mixture.40 CO and formate were formed with ratios depending on catalyst concentration. The authors
explained this selectivity by invoking the formation of a Ru dimer which was responsible for the
production of formate while a monomeric catalyst was proposed to generate CO. To test this
hypothesis, the authors synthesized trans(Cl)-[Ru(6,6’-Mes-bpy)(CO)2Cl2] (6,6’-Mes-bpy = 6,6’dimesityl-2,2’-bipyridine, Scheme 23), in which the formation of a dimer was hindered by the mesityl
groups on the bpy ligand. With this complex, photocatalytic CO2 reduction led to the selective
evolution of CO with only traces of formate.
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Scheme 23. Chemical structure of trans(Cl)-[Ru(6,6’-Mes-bpy)(CO)2Cl2].
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Polypyridyl complexes of osmium

Chardon-Noblat, Deronzier and co-workers reported photocatalytic CO2 reduction by
trans(Cl)-[Os(bpy)(CO)2Cl2] and trans(Cl)-[Os(4,4’-Me-bpy)(CO)2Cl2] (Scheme 24) in DMF, with
0.1 M TBAPF6 as the electrolyte and with 1 M TEOA as ED, yielding CO as the only product.41 The
photocatalysts showed remarkable stability over 4 hours, and the addition of [Ru(bpy)3]2+ to create a
photosensitized system was reported to increase the TON of CO by 30% after 4.5 hours with a 620
nm cut-off filter. However, Ishitani and co-workers recently reported no activity for photolytic CO2
reduction catalyzed by [Os(5,5’-Me-bpy)3]2+ (5,5’-Me-bpy = 5,5’-dimethyl-2,2’-bipyridine, Scheme
24) in DMF/TEOA solutions with 0.1 M of BIH as ED.42
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Scheme 24. Chemical structures of trans(Cl)-[Os(bpy)(CO)2Cl2], trans(Cl)-[Os(4,4’-Me-bpy)(CO)2Cl2] and
[Os(5,5’-Me-bpy)3]2+.

I.2.3.4

Polypyridyl complexes of iridium

Ir complexes containing tpy- and ppy-based ligands (tpy = 2,2’:6’,2”-terpyridine, Scheme 25)
were reported as photocatalysts for the reduction of CO2 to CO in MeCN, even in the presence of
water.43,44 The proposed mechanism (Scheme 26) for CO production highlighted the redox active
nature of the tpy backbone, which allowed the storage of electrons.44 Details regarding the nature of
the proposed electron transfer that did not involve light absorption were not clear, but they were
speculated to involve disproportionation reactions. The authors proposed a Ir-H bond to be an
intermediate for CO2 capture and the reduction to CO as the product. This is marked contrast to that
which is generally proposed, wherein protonation of a metal-CO2 species yields CO while insertion
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of CO2 into a M-H bond affords formate. Finally, this work identified the formation of an inactive Ir
dimer during the course of catalysis which limited the overall system activity.
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Scheme 25. Chemical structure of [Ir(tpy)(ppy-R)X]+.
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Scheme 26. Proposed mechanism for photolytic CO2 reduction catalyzed by [Ir(tpy)(ppy)Cl]+.

I.2.3.5

Polypyridyl complexes of manganese

The CO2 reduction catalytic activity of manganese analogues to [Re(bpy)(CO)3]+ complexes
was first reported in 2011 by Chardon-Noblat, Deronzier and co-workers.45 Electrocatalytic reduction
of CO2 to CO using the catalysts Mn(bpy)(CO)3Br and Mn(4,4’-Me-bpy)(CO)3Br (Scheme 27)
occurred at a potential of -1.70 V vs. Ag/Ag+. After longer bulk electrolysis, up to 22 hours, the
faradaic efficiency for CO2 reduction to CO is 85% and the remaining 15% corresponding to H2
formation in the presence of 5% (v/v) water as a proton source.



 

Chapter I

Introduction

Br

R
N
N
R

Mn

CO
CO

CO
R = H, CH 3

Mn(4,4'-R-bpy)(CO) 3Br

Scheme 27. Chemical structure of Mn(4,4’-R-bpy)(CO)3Br.

Whereas photosensitization of the Mn(bpy)(CO)3Br Cat with [Ru(4,4’-Me-bpy)3]2+ PS would
be expected to yield CO as the only product as observed elctrocatalytically, it was shown that instead
it led to the formation of a mixture of CO and formate in DMF/TEOA solution (4:1, v/v) with BNAH
as ED.46 This observation was independently confirmed in two reports of Kubiak and co-workers in
which the CO2 reduction catalytic activity of Mn(bpy)(CO)3Br and Mn(bpy)(CO)3CN was assessed
in the same photolytic conditions.47,48 The selectivity of the reduction of CO2 towards CO or formate
in the photosensitized system with Mn(bpy)(CO)3CN was shown to be dependent on the nature of the
solvent, with formate production favored in DMF and CO production in MeCN.
I.2.3.6

Polypyridyl complexes of iron

Surprisingly, very few reports of Fe-polypyridyl catalyst for CO2 reduction exist, even though
the Fe-porphyrin family is among the most active homogeneous catalysts reported in the literature.49–
51

An iron complex containing phen ligands (Scheme 28) was recently investigated as CO2 reduction

Cat in a photosensitized system with copper-based PS.52 Remarkably, the products obtained were a
mixture of H2 and CO without any formate in contrast to what has been observed in CO2
electroreduction.53 This change in selectivity in photosensitized systems echoes the observations on
Mn(bpy)(CO)3Br where CO and H2 were produced in electrocatalytic systems while formate was
produced in photosensitized systems.
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Scheme 28. Chemical structure of Fe(dmphen)2(NCS)2.

I.2.3.7

Polypyridyl complexes of cobalt

The first Co-polypyridyl complex catalyzing CO2 reduction was reported by Lehn and coworkers in 1982.54 In this initial report, it was evaluated with [Ru(bpy)3]2+ as PS in aqueous MeCN
(20% H2O) and TEOA as ED. As for Cat, no discrete molecular species was pre-synthesized and
characterized, but rather variable concentrations of CoCl2 and bpy were added to the mixture and
assumed to form Co-bpy complexes in situ (presumed to have the chemical identity [Co(bpy)3]2+,
Scheme 29). Utilizing a 400 nm cut-off filter, photolysis of these systems resulted in the formation of
mixtures of H2 and CO. Upon varying the ratios of bpy:CoCl2, the general trend was observed wherein
larger amounts of additional bpy ligand in solution significantly decreased the amount of CO
produced but increased the production of H2. Interestingly, under the same conditions, simply
replacing the CoCl2 salt with RhCl3, NiCl2, CuCl2 or K2PtCl4 did not result in any observable reduced
carbon products. This report was the first indication that Co-polypyridyl complexes could be
potentially used in catalytic systems for CO2 reduction and possibly generated in straightforward in
situ procedures.
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Scheme 29. Chemical structure of [Co(bpy)3]2+.
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Soon after, Lehn and co-workers extended their previous observations to other polypyridyl
ligands.55 Using similar conditions, by mixing cobalt salts with a variety of bidentate ligands in DMF,
mixtures of CO and H2 were observed. Isotopic labelling experiments using

13

CO2 confirmed the

source of CO to be CO2. Subsequently, the mechanism depicted in Scheme 30 was proposed to
account for the production of H2 and CO. Within the mechanism, the authors suggested that a CoIpolypyridyl complex was the active catalyst, which could react with either a proton source or CO2 in
the selectivity determining step. By reaction with H+, a CoIII-H would form and was proposed to be
susceptible to further protonation to yield H2 and a CoIII-polypyridyl complex. If the CoI-polypyridine
complex instead reacted with CO2, CO was directly produced along with an equivalent of H2O and a
CoIII-polypyridyl complex. While not excessively detailed, this mechanistic proposal directed
subsequent investigations of Co-polypyridyl systems. It suggested CoI species as being the likely
identity of an active catalyst, as well as the need for open coordination sites for the interaction with
proton or CO2.
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Scheme 30. Proposed mechanism for photolytic CO2 reduction catalyzed by Co-polypyridyl complexes.

The first pre-synthesized Co-polypyridyl system evaluated as a CO2 reduction Cat was
[Co(bpy)3]Cl2.56 The study was conducted in aqueous solution with a bicarbonate buffer (pH = 8.5 –
10) instead of an organic solvent. The preparation of [Co(bpy)3]+ was reported and afforded the
opportunity to monitor spectrophotometrically the behavior of the CoI-polypyridyl complex towards
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CO2. In the dark and in the presence of CO2, the pre-synthesized [Co(bpy)3]+ disappeared, in parallel
to the production of CO, alongside H2 with trace amounts of formate. However, CO then further
reacted with [Co(bpy)3]+ and yielded the insoluble dimer [Co(bpy)(CO)2]2 (identified by diagnostic
IR features). Of note, the production of CO could be quantified via acidification of the solution (pH
= 1), which decomposed the proposed dimeric species and liberated the trapped CO.
I.2.3.8

Polypyridyl complexes of nickel

In 1998, Fujita and co-workers published initial efforts towards evaluating Ni-bpy systems as
photocatalysts for CO2 reduction.57 In the absence of an external PS, the authors reported the results
of photolyzing solutions of [Ni(bpy)3]2+ (Scheme 31) in MeCN/TEA solutions using a 313 nm cutoff filter. Via UV-vis spectroscopy, the [Ni(bpy)2]+ species was identified as the product of the OERS
of [Ni(bpy)3]2+, which implies a rapid loss of a bpy ligand upon reduction. The authors further
identified a second reduction event yielding [Ni(bpy)2]0. This formally Ni0 species was proposed to
react with CO2 to yield CO as the only product. If water was added as a co-solvent, no CO production
was observed. In agreement with electrochemical investigations, Fujita and co-workers proposed that
the CO produced from CO2 reduction could lead to the formation of multimetallic and catalytically
inactive adducts to [NiI(bpy)2]+ or [Ni(bpy)2]0. This inhibition explains the sub-stoichiometric
amounts of CO produced during photocatalysis (0.5 mol of CO produced per mole of starting
[Ni(bpy)3]2+).
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Scheme 31. Chemical structure of [Ni(bpy)3]2+.
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Heterogeneous catalysts

The development of molecular catalysts for CO2 reduction was closely followed by efforts to
immobilize these catalysts onto solid supports. The immediate interest in immobilizing molecular
catalysts for CO2 reduction is exemplified in the more two-year gap between the initial publication
of the ubiquitous Re(bpy)(CO)3Cl catalyst by Lehn in 198326 and the first attempts to immobilize a
variant of the species by Meyer in 1985.58 Polypyridyl ligands in general are robust and can be easily
synthetically modified, which makes them amenable to facile immobilization.
I.2.3.9.1 Coordination polymer
Coordination polymers, namely metal-organic frameworks (MOFs), have emerged as an
interesting class of solids that are composed of an extended array of inorganic subunits connected by
organic linkers. The latter also function as ligands for catalysts thus affording the opportunity to
immobilize homogeneous catalysts within the coordination polymers. One of the most common linker
motifs is a dicarboxylate phenyl moiety that is capable of bridging two inorganic clusters. When the
linker is biphenyl-4,4’-dicarboxylate (BPDC), substitution with a 5,5’-dicarboxylate-2,2’-bipyridine
(5,5’-CO2H-bpy) unit is often convenient. These substitutions open the possibility of coordinating a
polypyridyl catalyst within the polymer directly.
The first example came from Lin and co-workers in 2011.59 UiO-67 (UiO stands for
University of Oslo) has the chemical formula Zr6O4(OH)4(BPDC)6, with zirconium oxide/hydroxide
nodes connected by BPDC linkers (structures depicted in Scheme 32). The photocatalyst Re(5,5’CO2H-bpy)(CO)3Cl was successfully incorporated into UiO-67 synthetically by treating ZrCl4 with
a mixture of BPDC and Re(5,5’-CO2H-bpy)(CO)3Cl during the preparation of the UiO-67 framework.
The nanocrystalline nature of the powder obtained after the synthesis was confirmed by powder Xray diffraction (PXRD) to be isostructural to UiO-67 and was found to contain 2.7 mole percent of
Re(5,5’-CO2H-bpy)(CO)3Cl. Catalytic assays with a suspension of this new MOF Re(CO)3@UiO 
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67 were performed in MeCN with 5% volumetric TEOA. Irradiation for 6 hours resulted in the
formation of CO and H2 (10:1 ratio) with a TON of 5. Control reactions in which the samples were
photolyzed in the absence of CO2 or left in the dark yielded no detectable CO, confirming the
photocatalytic generation of CO from CO2.

[Zr 6O4(OH) 4] node
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O
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O

O

O

O

Re(CO) 3@UiO-67

Scheme 32. Schematic representation of the UiO-67 framework and organic linkages and catalysts found within
modified MOFs for photocatalytic CO2 reduction.

A major benefit of catalyst immobilization is the ease of catalyst reclamation and reuse. Lin
and co-workers demonstrated that Re(CO)3@UiO-67 could be re-isolated via centrifugation and
drying in 75% yield. When reintroduced into a catalytic run, the activity of the material was fully
retained. However, the activity was lost when the procedure was reproduced for a third catalytic run.
The deactivation of the material was attributed to slow leaching of Re into the solution upon reduction.
As a homogeneous catalyst under identical conditions and after 6 hours of irradiation, Re(5,5’-CO2Hbpy)(CO)3Cl was found to produce 2.5 TON of CO and 0.5 TON of H2. Irradiation beyond 6 hours
did not afford more products. Thus, upon heterogenization within a MOF, the Re catalyst became
more selective for CO and had about a 2-fold increase in stability.
Luo and co-workers have synthesized a one-dimensional coordination polymer comprised of
yttrium-hydroxide nodes linked together by 4,4’-CO2H-bpy ligand.60 The bipyridyl moiety can
coordinate with an “Ir(ppy)2” fragment resulting in a coordination polymer with the monomeric unit
having the chemical formula [Y(OH)2((4,4’-CO2H-bpy)Ir(ppy)2)]. Photocatalytic assays were
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performed in MeCN with 5% volumetric TEOA. Upon irradiation of 40 mg of coordination polymer
for 6 hours, 38 µmol of formate was detected as the only product. Whereas the exact nature of the
catalytic center is unknown, the quantity of formate represented just over 1.5 TON per Ir center.
Compared to the homogeneous analogue [Ir(ppy)2(4,4’-CO2H-bpy)]+, the coordination polymer had
identical selectivity with a slight enhancement in activity. However, after 6 hours of irradiation, the
homogeneous system was completely inactive. In contrast, the coordination polymer could be easily
recollected and was shown to retain full activity over 5 successive catalytic runs with only slight
leaching of Ir into solution.
The use of coordination polymers as solid supports for CO2 reduction catalysts is still an
emerging field. With the ubiquitous nature of biphenylene linkers used within these structures,
substitutions with functionalized polypyridyl catalysts have been shown to be a convenient strategy
to integrate catalysts with these polymers. To date, catalytic activity has generally been conserved
upon immobilization with substantial increases in overall stability and recyclability of the catalysts.
More works are described in Chapter IV.
I.2.3.9.2 Periodic mesoporous organosilicas
Periodic mesoporous organosilicas (PMOs) are a new class of hybrid organic-inorganic
materials with organic functionalities uniformly distributed within the pores and the walls of the silica
matrix. Due to their rigid, robust and highly-ordered mesoporous structure, PMOs containing bpy/bp
or ppy ligands have been used for the immobilization of molecular catalysts.
A mesoporous biphenyl-silica (Bp-PMO, Scheme 33) comprising of two organosilane
precursor, bridged biphenyl groups and terminal bipyridine groups, has been originally reported as a
light-harvesting antenna for CO2 reduction.61 The catalyst [Re(bpyPMO)(CO)3(PPh3)]+(OTf)- was
anchored on the walls of the channels of Bp-PMO through the coordination of bpy to Re ion (Scheme
33). Upon illumination at 280 nm, biphenyl chromophore in Bp-PMO absorbed light and transferred
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electrons to the Re catalyst. Compared to the homogeneous Re catalyst under the same photolytic
conditions, the catalyst embedded in Bp-PMO exhibited higher performance by enhancing ca. 4
times the catalytic activity. However, this system did not function under the visible light, as the
biphenyl chromophore absorbs only in the UV region.
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Scheme 33. Schematic representation of immobilization of [Re(BpPMO)(CO)3(PPh3)]+ in Bp-PMO.

In order to shift the absorption of PMO materials into the visible region, biphenyl groups in
organosilane precursor were replaced by acridone or methylacridone groups (Acd-PMO or MeAcdPMO, Scheme 34).62 A dinuclear Ru-Re complex with methylphosphonic acid anchor groups
(Scheme 34) was embedded in the walls of PMO. Photolytic CO2 reduction was initiated by the
excitation of acridone or methylacridone groups, which further funneled the energy to the Ru unit of
Ru-Re complex. This type of photosystems was proved to enhance the photolytic efficiency by a
factor of ten as compared to the systems without light-harvesting functions.
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R = H, Acd-PMO
R = CH3, MeAcd-PMO
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Scheme 34. Schematic representation of Acd-PMO, MeAcd-PMO and Ru-Re complex structures.

Ishida

and

co-workers

then

immobilized

both

[Ru(bpy)2(bpyPMO)]2+

PS

and

Ru(bpyPMO)(CO)2Cl2 Cat with different ratios into bipyridine-PMO (Bpy-PMO).63 Under the
photolytic conditions, this system can reduce CO2 to generate mixtures of CO and formate.
Furthermore, the ratio of CO/formate was confirmed to depend on the ratio of Ru(PS)/Ru(Cat.), i.e.,
high Ru(PS)/Ru(Cat.) ratio favoring CO production. In addition, this material could be recycled three
times with the retention of the catalytic activity, indicating that both Ru PS and Ru Cat were strongly
immobilized on the Bpy-PMO framework.
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Limitations and challenges
Various metal-based complexes have been assessed in visible-light-driven catalytic CO2

reduction and are described above. Few complexes possess both absorption capability and catalytic
activity, e.g., [Re(bpy)(CO)3]+. Most of them still require an external photosensitizer to absorb the
light and mediate electron transfer. Under the optimal photolytic conditions found in each case, some
complexes are demonstrated as good catalysts, affording high initial efficiency, remarkable overall
products and product selectivity. Albeit these interesting conclusions, it is striking to observe some
limitations and challenges that need to be addressed.
Polypyridine-metal complexes make up the largest class of molecular catalysts for CO2
photoreduction due to the synthetically tunable pyridyl ligands and a large choice of metals. While
there is a general consensus that efforts should focus on non-noble metals, the vast majority of studies
still concern catalysts based on 4d and 5d metals, with Re and Ru complexes continuing to enjoy
broad investigations. In contrast, probably because the initial observations of Fe and Cu complexes
were underwhelming, these metals have been essentially ignored. This is not the case for Co
complexes, and to a lesser extent for Ni complexes. However, so far, the performance of this subclass
of catalysts, in terms of stability and TONs, has not reached the appropriate level for further
development. Probably the most novel and interesting system is the Mn-based catalyst discovered by
Chardon-Noblat, Deronzier and co-workers. Nevertheless, there is an urgent need to explore new
catalysts based on Fe, Co Ni, Mn and Cu.
While polypyridine can potentially be synthetically modified to afford a variety of ligands
with various electronic and steric effects (important to control critical monomer/dimer equilibria), it
is surprising to see so little variation in the structure of the most studied ligands, such as bpy, phen
and tpy. Besides, except for Re- and Ru-based catalysts, so far the number of deep mechanistic
investigations is very limited. Still, catalytic intermediates are incompletely characterized and
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sometimes contradictory mechanisms have been proposed for similar systems. Therefore, the
investigation of functionalized ligands of complexes may give insight into the mechanistic study. This
knowledge will obviously inspire the chemists towards the development of new and more efficient,
selective and stable systems.
Albeit metal-based complexes exhibit plenty benefits in photolytic CO2 reduction, their
activity is still limited by the instability of the photosystem (including the decomposition of
photosensitizer) for long-term photolysis or the deactivation by dimer intermediate. Furthermore,
unlike solid materials, which can be easily separated from the solution mixture, the recycling of
molecular catalysts is difficult. Indeed, there is no doubt that future technological devices for CO2
reduction will use solid materials. In addition to fully inorganic materials, immobilization of metal
complexes on the solid support is a promising alternative.
Most studies reported in heterogeneous systems so far are partially heterogeneous, i.e., the
photosensitizer is dissolved in solution while the solid catalyst material is a suspension. This
decoupling of light absorber and catalyst has issues as the accessibility of catalyst within the material
core, as well as the difficulty of electron transfer from PS to Cat. Therefore, the design of fully
heterogeneous photosystems wherein both PS and Cat are heterogenized by irreversible interaction
with solid materials is practical for further applications.
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Introduction

Objectives
The aim of this thesis is to explore diverse strategies for enhancing the catalytic activity of

CO2 photoreduction catalysts. Facing the issues mentioned above, our focus will be firstly on
investigating earth-abundant metal complexes as Cat, tuning the functionality of polypyridyl ligands,
as well as coupling covalently Cat and PS to tune the product selectivity of CO2 reduction. The
second step will be heterogenizing separately Cat and PS within solid supports, namely MOFs and
PMOs, to prevent the undesired dimerization of Cat, and to improve the stability and recyclability of
Cat. The ultimate goal of this work is to immobilize both Cat and PS onto solid supports to build up
fully heterogeneous photosystems.
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and a better product selectivity (CO/H2 = 2.5) during long irradiation, despite its initial rate was
slower than its corresponding mononuclear photosystem [Ru(phen)3]2+ + [Ni(cyclam)]2+. In addition,
[Ru(phen)2(phen-cyclam-Ni)]4+ was more active than [Ru(bpy)2(bpy-cyclam-Ni)]4+ due to the
stabilization of the complex induced by the phen ligand on Ru unit. However, the TON for overall
products (CO + H2) was less than 1 upon 44 hours of irradiation in both cases.
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Scheme 36. Chemical structures of [Ru(bpy)2(bpy-cyclam-Ni)]4+ and [Ru(phen)2(phen-cyclam-Ni)]4+ complexes.

Later, the same group assessed another Ru-Ni dinuclear complex, [RuII(bpy)2(bpy-py-cyclamNiII)]5+ (Scheme 37), in which the Ru unit and the Ni unit were connected through a pyridinium group
(py), the latter acting as an effective electron mediator in photochemical H2O reduction catalyzed by
a Pt colloid.69 Unfortunately, less than 1 TON of CO was yielded after 2 hours of photolysis in an
ascorbate buffer solution (pH = 5.1).
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Scheme 37. Chemical structure of [Ru(bpy)2(bpy-py-cyclam-Ni)]5+ complex.

In 1999, Kasuga and co-workers reported a series of Ru(II)-Ni(II) and Ru(II)-Co(III)
complexes (Scheme 38), in which the phen ligand of Ni or Co unit was attached to the phen ligand
of [Ru(phen)(bpy)2]2+ via an alkyl chain.70 These dinuclear complexes catalyzed the reduction of CO2
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towards CO (together with H2) very inefficiently (overall TONs < 1) in DMF/H2O/TEOA solvent
mixture. Some formate was observed in all cases, but was attributed to CO2 reduction catalyzed by
the [Ru(diimine)2]2+ species formed by the decomposition of [Ru(diimine)3]2+ during irradiation.
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Scheme 38. Chemical structure of Ru(II)-Ni(II) and Ru(II)-Co(III) dinuclear complexes.

II.1.2 Ru photosensitizer-Re catalyst supramolecular complexes
Since 2015, Ishitani and co-workers have made great strides in the development of
supramolecular photocatalysts through combining covalently Re-based Cat with Ru-based PS. These
supramolecular complexes were further proved more efficient with respect to systems in which Cat
and PS units were separate. The authors designed a large number of such supramolecular complexes
by varying the structures of the ligands (Scheme 39) and the photophysical and electrochemical
properties of the complexes. This allowed evaluating the impact of the first coordination sphere of
the metal center, such as the peripheral ligands on each unit, as well as the bridge in between, on the
photocatalytic activity of supramolecular complexes in CO2 reduction.
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Scheme 39. General structure of Ru(II)-Re(I) dinuclear complexes.
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II.1.2.1

Effects of peripheral ligands on Ru units

In terms of peripheral ligands on the Ru moiety, Ishitani and co-workers investigated bpy
(Scheme 40, RuRe1) and its derivatives where the 4,4’ positions were substituted by an electrondonating group, CH3 (Scheme 40, RuRe2), or an electron withdrawing group, CF3 (Scheme 40,
RuRe3).64 Using DMF/TEOA (5:1, v/v) as the solvent system and BNAH as ED, RuRe2 was shown
to be the most efficient photocatalyst (170 TON of CO upon 16 hours of irradiation), whereas RuRe3
barely worked under the same conditions (3 TON of CO). The authors demonstrated that the reduction
of the Ru moiety and the Re moiety in RuRe2 were at an almost identical potential (Ered = -1.77 V
vs. Ag/AgNO3 in MeCN), while the reduction potential of the Ru moiety in RuRe3 (Ered = -1.23 V
vs. Ag/AgNO3 in MeCN) was less negative than the Re moiety (Ered = -1.76 V vs. Ag/AgNO3 in
MeCN). The difference of reduction potential between Ru and Re units revealed that the
intramolecular electron transfer from the OERS of the Ru unit to the Re unit in the case of RuRe3
was energetically unfavorable. In addition, RuRe2 displayed higher photolytic activity as compared
to the system consisting of separate PS and Cat in stoichiometric ratio, [Ru(4,4’-Me-bpy)3]2+ + facRe(4,4’-Me-bpy)(CO)3Cl (107 TON of CO).
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Scheme 40. Chemical structures and abbreviations of Ru(II)-Re(I) dinuclear complexes.
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II.1.2.2

Effects of peripheral ligands on Re units

Regarding the Re moiety, three different ligands, chloride (Scheme 41, RuRe2),
triethylphosphite (P(OEt)3, Scheme 41, RuRe4) and py (Scheme 41, RuRe5) were investigated.71
The results of photolytic CO2 reduction in DMF/TEOA (5:1, v/v) in the presence of BNAH as ED
demonstrated that RuRe4 had the best catalytic activity with 232 TON of CO after 10 hours of
irradiation. In the case of RuRe5, the reaction had a faster initial rate but ceased earlier as compared
to RuRe2. The authors proposed that the first step of the reaction was the loss of the P(OEt)3 ligand,
followed by the formation of a Re-TEOA species and the insertion of CO2. The resulting species was
considered as the real catalyst for CO2 reduction. In the case of RuRe4, the ligand P(OEt)3 was rapidly
and completely replaced by TEOA, while Cl- in RuRe2 was partly replaced. In the case of RuRe5,
the py ligand could also be totally replaced by TEOA. However, RuRe5 was unstable and
decomposed quickly into Ru moiety with some unidentified compounds.
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Scheme 41. Chemical structures and abbreviations of Ru(II)-Re(I) dinuclear complexes.

II.1.2.3
II.1.2.3.1

Effects of bridge between Ru units and Re units
Effects of the length of the alkyl chain

Ishitani and co-workers investigated the effect of the length of the alkyl chain (-C2H4-, RuRe6;
-C4H8-, RuRe7; -C6H12-, RuRe8; Scheme 42) of the bridge on catalytic CO2 reduction under the
conditions using DMF/TEOA (5:1, v/v) as the solvent system and BNAH as ED. They demonstrated
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that RuRe6 had the best catalytic performance; while RuRe7 and RuRe8 were less efficient, yielding
comparable amounts of products.72 They assumed that the Ru unit in the excited state in RuRe6 was
more efficiently quenched by ED, and a weak but definite electronic interaction between the Ru unit
and the Re unit required for CO2 reduction was observed only in RuRe6. The catalytic activity was
further slightly enhanced through connecting the Ru unit and the Re unit by two –C2H4- chains
(Scheme 42, RuRe9).73
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Scheme 42. Chemical structures and abbreviations of Ru(II)-Re(I) dinuclear complexes.

II.1.2.3.2

Effects of the conjugation of the bridge

Bian and co-workers compared then the catalytic activity of RuRe6 to RuRe10 (Scheme 43),
in which the central diimine ligands on each metal ion were connected by -C2H4- and -C2H2-,
respectively.74 The photolytic study of CO2 reduction in DMF/TEOA (5:1, v/v) with BNAH as ED
showed that RuRe10 was ca. 2 times less active than RuRe6, which was due to the conjugated
linkage increasing the electronic interaction between the Ru unit and the Re unit and lowering
accordingly the reducing power of the Re unit. The authors thus suggested that to build up an efficient
supramolecular photocatalyst, a slight electronic interaction between PS unit and Cat unit was
necessary, but the use of conjugated linker favoring stronger electronic interaction should be avoided.
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Scheme 43. Chemical structure and abbreviation of Ru(II)-Re(I) dinuclear complexes

The Ru unit and the Re unit can also be conjugated via a 4-methyl-4’-[1,10]phenanthroline[5,6-d]imidazole-2-yl)-bipyridine ligand, in which the phen ligand was coordinated either to the Ru
unit (RuRe11, Scheme 45) or to the Re unit (RuRe12, Scheme 45).64 The photolytic study in
DMF/TEOA (5:1, v/v) solvent mixture with BNAH demonstrated that both were inefficient for
photolytic CO2 reduction. The authors proposed that in the case of RuRe11, the added electron from
ED was mainly localized on the phen ligand of the Ru unit, and the electron transfer from the Ru unit
to the Re unit was inefficient; while in the case of RuRe12, the electron transfer was rapid, but the
conjugated linkage lowered the reduction power of the Re unit.
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Scheme 44. Chemical structures and abbreviations of Ru(II)-Re(I) dinuclear complexes.
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II.1.2.3.3

Effect of heteroatoms in the bridge

Ishitani and co-workers also investigated the effect of the presence of heteroatoms in the
bridge on the catalytic performance of complexes in photolytic CO2 reduction.75 RuRe14 with a CH2OCH2- linker between the two central diimine ligands (Scheme 45) exhibited the best catalytic
activity (253 TON of CO for 20 hours of photolysis) using DMF/TEOA (5:1, v/v) as the solvent
system and BNAH as ED. This was due to the increased oxidation power of the Ru unit in the excited
state caused by the electron-withdrawing property of the ether group. RuRe15 with a -CH2SCH2linker (Scheme 45) displayed a lower catalytic activity as compared to RuRe14, but more active than
RuRe13 with an alkyl chain (Scheme 45). The inefficiency of RuRe15 was due to the rapid
decomposition of the complex into mononuclear complexes.
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Scheme 45. Chemical structures and abbreviations of Ru(II)-Re(I) dinuclear complexes.

II.1.2.4

Effect of ED

The photocatalytic CO2 reduction activity of Ru(II)-Re(I) complexes was then remarkably
enhanced by employing BIH as ED. The case of RuRe16 (scheme 46) demonstrated that the presence
of BIH in the photosystem improved CO formation up to 3029 TON within 45 hours of irradiation in
DMF/TEOA (5:1, v/v); while the photosystem using BNAH as ED yielded only 207 TON of CO
under the same conditions.6
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Scheme 46. Chemical structure and abbreviation of Ru(II)-Re(I) dinuclear complex.

II.1.2.5

Multinuclear complexes

Supramolecular complexes containing multiple Ru units or Re units were investigated by
several groups.64,76,77 The complex with the best catalytic activity in photolytic CO2 reduction (315
TON of CO upon 24 hours of irradiation) so far is the one reported by Rieger and co-workers, having
two Re Cat units and one Ru PS unit in between (RuRe17, Scheme 47).76
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Scheme 47. Chemical structure and abbreviation of Re(I)-Ru(II)-Re(I) trinuclear complex.

II.1.3 Ru photosensitizer-Ru catalyst supramolecular complexes
Ru(II)-Ru(II) supramolecular complexes containing a [Ru(diimine)3]2+-based PS and a
[Ru(diimine)2(CO)2]2+- or Ru(diimine)(CO)2Cl2-based Cat have also been studied by Ishitani and coworkers.7,30,78 For example, photolytic CO2 reduction catalyzed by RuRuRu (scheme 48) favored
formate production with high durability, especially using 1,3-dimethyl-2-(o-hydroxyphenyl)-2,3
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dihydro-1H-benzo[d]imidazole (BI(OH)H) as ED, yielding 2766 TON of formic acid during 20 hours
of photolysis in DMF/TEOA (4:1, v/v) solvent system; while using BNAH or BIH as ED afforded
ca. 600 TON of formate.78
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Scheme 48. Chemical structure and abbreviation of Ru(II)-Ru(II)-Ru(II) trinuclear complex.

Using a higher ratio of Ru(II) PS unit to Ru(II) Cat unit in one supramolecular complex led
to higher catalytic activity as compared to the dinuclear complex containing one Ru(II) PS and one
Ru(II) Cat unit.7 This is different from the results obtained with the Ru(II)-Re(I) complexes, which
exhibited the higher catalytic activity when more Re(I) Cat units than Ru(II) PS units were present
in the supramolecular system.76 It has been reported by Chardon-Noblat, Deronzier and co-workers
that [Ru(bpy)2(CO)2]2+ Cat could be deactivated by the release of a bpy ligand through
electrochemical reduction to generate a black Ru polymer.79 Since the reduction of CO2 to formate
requires two electrons, the larger number of Ru catalyst units in the supramolecular complexes
reduces the opportunity to accept the second electron from the OERS of Ru PS unit, thereby increases
the lifetime of the OERS of Ru Cat unit and triggers its oligomerization/polymerization.
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II.1.4 Metalloporphyrin-Re catalyst dinuclear complexes
Another type of supramolecular photocatalysts is metalloporphyrin-Re(I) complexes, in
which the metalloporphyrin acted as PS and the Re unit acted as Cat.23,66,80–83 The complex exhibiting
the best catalytic activity is the one reported by Perutz and co-workers, ZnPorRe (332 TON of CO
upon 5 hours of irradiation, Scheme 49).82 Its activity was higer than that of the separate units in
DMF/TEOA (5:1, v/v) solvent mixture.
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Scheme 49. Chemical structure and abbreviation of ZnPorRe dinuclear complex.

II.1.5 Ru-Co complexes B.1-B.5
As presented above, only three reports in the 90s described supramolecular systems containing
a catalytic unit based on a non-noble metal. Considering the importance of such systems and the
scarcity of information regarding their potential activity as photocatalysts, a new series of dinuclear
Ru(II)-Co(II) were synthesized and characterized by our collaborators (Dr. D. Meyer and co-workers,
laboratoire des Systèmes Hybrides pour la Séparation, Institut de Chimie Séparative de Marcoule).
We have investigated their photocatalytic activity for CO2 reduction, since the combination of
[Ru(diimine)3]2+ as PS and a cobalt-imine complex as Cat within a bimolecular system had been
previously shown to be effective.55
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The structures of five dinuclear Ru(II)-Co(II) complexes and one Ru(II)-Ru(II) complex
containing aromatic linkers and various imine ligands in both Ru and Co units are displayed in
Scheme 50. The Ru-Co complexes differ from each other with regards to (i) the Co coordination
sphere (compare B.1 and B.2); (ii) the Ru coordination sphere (compare B.1 and B.3); (iii) the linker
between Ru and Co units (compare B.1 and B.4). The Ru-Ru complex B.5 compares well with
complex B.4 as both have the same bridge and Co and Ru centers have comparable tris-diimine
coordination. In this study, each complex is assessed in photolytic CO2 reduction in terms of activity
and stability, as well as product selectivity. A detailed comparison of the catalytic performance is
subsequently described.
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Photolytic condition investigation
The photolytic CO2 reduction assays are carried out under the following conditions: samples

containing 0.1 mM of B.1 in 1 mL of CO2-saturated MeCN/TEOA solvent system (5:1, v/v) were
maintained at 20 ºC and illuminated by a 300 W Xe arc lamp equipped with a 415 nm cut-off filter.
As mentioned in Chapter I, TEOA is one of the most common ED. But its oxidation potential is quite
high, limiting the driving force for the reduction of the excited *PS. Stronger electron donors, such
as BNAH and BIH are now more frequently used in combination with TEOA. Even when using
BNAH or BIH as ED, TEOA is still necessary for the photolytic system, in which it also works as a
base to prevent the back-electron transfer from the reduced PS•- to the oxidized ED•+.7,64
The results of photolytic CO2 reduction using different ED are summarized in Table 1. The
sample with only TEOA did not show any activity (entry 1). In the presence of 0.1 M of BNAH, very
limited amounts of CO, H2 and formate were generated (entry 2). However, using BIH as ED
remarkably improved the catalytic activity of B.1, as well as its selectivity towards CO evolution
(entry 3). This is probably due to its stronger reduction power as compared to TEOA and BNAH, and
its ability to provide two electrons upon one-photon excitation of PS. Therefore, for the rest of this
study, the standard conditions for photolytic CO2 reduction used BIH as ED.
Table 1. Electron donor investigation for photolytic CO2 reduction a
TON

a

Entry

Electron donor

CO

Formate

H2

1

TEOA

0

1

0

2

BNAH (0.1 M)

1

1

2

3

BIH (0.1 M)

62

8

18

CO2 reduction catalyzed by a 0.1 mM solution of B.1 in CO2-saturated MeCN/TEOA (5:1, v/v) solvent mixture upon 5

hours of irradiation with a 300 W Xe arc lamp equipped with a 415 nm filter.
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Photocatalytic activity of B.1-B.5
The catalytic activity of each complex for CO2 photoreduction is evaluated and presented

below. A time curve for products formation is provided, from which TON and TOF values are
determined, as well as the stability of complexes during long time irradiation.

II.3.1 B.1
The time-dependent formation of CO, H2 and formate using complex B.1 as the photocatalyst
is monitored under the standard conditions mentioned above (MeCN/TEOA solvent, 0.1 M of BIH
as ED). Based on the results (Table 2 and Figure 1), the reduction of CO2 started immediately upon
illumination of the reaction mixture. CO and H2 were produced sustainedly for ca. 8 hours; while
their formation leveled off as a consequence of deactivation/decomposition of the photocatalyst. In
addition, a lag phase ca. 2 hours was observed for the formate generation.
Table 2. Kinetic study of CO2 photoreduction catalyzed by B.1 a
TON

a

Entry

Irradiation duration (h)

CO

formate

H2

1

1

4

1

1

2

2

12

1

2

3

3

20

2

6

4

5

31

6

9

5

8

51

7

13

6

16

62

8

18

7

TOF (h-1)

6.6

/

2.3

CO2 reduction catalyzed by a 0.1 mM solution of B.1 in CO2-saturated MeCN/TEOA (5:1, v/v) solvent mixture in the

presence of 0.1 M of BIH upon irradiation with a 300 W Xe arc lamp equipped with a 415 nm filter.
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Scheme 51. Proposed mechanism for the photo-labilization of B.1 into two forms of [Ru(diimine)2]2+ species, which are
responsible for formate production in photocatalytic CO2 reduction.

In order to check whether the inactivation of B.1 system came from the bleaching of the Ru
PS unit, an external PS, [Ru(bpy)3]Cl2, structurally similar to the Ru moiety of B.1, was added into
the B.1 photosystem at the time of 16-hour photolysis, followed by the irradiation of the photosystem
for another 4 hours. If the Ru PS moiety is deactivated during the photolysis, the addition of
[Ru(bpy)3]Cl2 can thus enhance the formation of the products. Based on Table 3 and Figure 2, the
fact that TONs of CO, formate and H2 obtained from the sample after adding [Ru(bpy)3]Cl2 and
irradiating for another 4 hours remained almost the same as those obtained after 16 hours of
irradiation, indicates that [Ru(bpy)3]Cl2 PS cannot reactivate the photocatalyst B.1 in long duration
irradiation. More complicated CO2 reduction mechanism occurs during the photolysis.
Table 3. Verification of B.1 decomposition a
TON

a

Entry

Irradiation duration (h)

CO

formate

H2

1

16

62

8

18

2

20

64

9

20

CO2 reduction catalyzed by a 0.1 mM solution of B.1 in CO2-saturated MeCN/TEOA (5:1, v/v) solvent mixture in the

presence of 0.1 M of BIH upon 16 hours of irradiation. At the time point of 16-hour, 0.01 mL of 10 mM [Ru(bpy)3]Cl2
was added into the reaction mixture. The sample was further irradiated for another 4 hours.
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The control experiments were undertaken with all dinuclear complexes (B.1-B.5). The
addition of mercury proved to have no influence on the reaction, thus ruling out the involvement of
metal nanoparticles as Cat during the reaction. In addition, the fact no CO and H2 are observed in the
absence of photocatalyst (B.1-B.5) or light demonstrates that CO and H2 production is catalyst- and
light-dependent.

II.3.2 B.2
The kinetic study of B.2 was carried out under the same conditions as B.1. The results are
presented in Table 5 and Figure 3. CO and H2 are formed linearly during the first 8 hours with an
initial rate of 1.8 h-1 and 0.7 h-1, respectively. Formate was barely produced during the first two hours,
followed by an increase and a plateau after 8 hours of irradiation.
Table 5. Kinetic study of CO2 photoreduction catalyzed by B.2 a
TON

a

Entry

Irradiation duration (h)

CO

formate

H2

1

1

2

0

1

2

2

3

1

2

3

3

5

2

3

4

8

14

4

6

5

16

16

7

7

6

TOF (h-1)

1.8

/

0.7

CO2 reduction catalyzed by a 0.1 mM solution of B.2 in CO2-saturated MeCN/TEOA (5:1, v/v) solvent mixture in the

presence of 0.1 M of BIH upon irradiation with a 300 W Xe arc lamp equipped with a 415 nm filter.
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II.3.4 B.4
In complex B.4, the phenyl bridge is replaced by a para-tBu-phenol group. The hydrogen
atom on the hydroxyl group of phenol moiety is expected to act as an internal proton source possibly
facilitating the proton transfer.
As shown in Table 7 and Figure 5, CO and H2 were produced smoothly and quasi-linearly
during 16 hours, indicating that B.4 was substantially more stable than the other Ru-Co complexes
investigated above, which were deactivated after 8 hours of irradiation. This shows how critical the
nature of the aryl bridge: small modifications have an impact on performance, opening opportunities
to further improve the catalyst. In this particular case, whether the improvement on stability coming
from the steric effect of the bulky tBu substituent or the proton source provided by OH remains to be
investigated. A longer lag phase (ca. 5 hours) for formate production is observed, consistent with the
fact that B.4 is more stable than the other complexes.
Table 7. Kinetic study of CO2 photoreduction catalyzed by B.4 a
TON

a

Entry

Irradiation duration (h)

CO

formate

H2

1

1

6

0

3

2

2

13

0

6

3

3

20

0

10

4

5

28

0

15

5

8

46

3

23

6

16

69

16

39

7

TOF (h-1)

6.5

/

3.2

CO2 reduction catalyzed by a 0.1 mM solution of B.4 in CO2-saturated MeCN/TEOA (5:1, v/v) solvent mixture in the

presence of 0.1 M of BIH upon irradiation with a 300 W Xe arc lamp equipped with a 415 nm filter.
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Photocatalytic activity of mononuclear complexes
In order to evaluate whether the supramolecular organization of B.1-B.4 provides any benefit

with respect to mononuclear complexes, we also assessed the catalytic activity of the systems
comprising of the stoichiometric combination of [Ru(bpy)3]2+ PS and [Co(phen)3]2+ Cat, as well as
the stoichiometric combination of [Ru(bpy)3]2+ PS and [Ru(bpy)2]2+ Cat, and compared them to the
dinuclear complexes B.1 and B.5, respectively.

II.4.1 [Co(phen)3]Cl2 + [Ru(bpy)3]Cl2
The reference system consisting of [Ru(bpy)3]2+ (Scheme 11) and [Co(phen)3]2+ (Scheme 52)
in stoichiometric proportion was assessed under the same photolytic conditions as for B.1.
2+
N

N

N

Co

N
N

N

Scheme 52. Chemical structure of [Co(phen)3]2+.

As shown in Table 9 and Figure 7, while this system gives higher TOF values (14.4 h-1 for
CO and 12.3 h-1 for H2) as compared to B.1 (6.6 h-1 for CO and 2.3 h-1 for H2), it exhibits lower
selectivity (CO/H2 = 1.2) and much lower stability as the reaction stopped quickly after ca. one hour.
The efficiency of the reaction in the separate molecular system is limited by the intermolecular
electron transfer from the OERS of Ru-based PS to the Co-based Cat.
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II.4.2 Ru(bpy)2Cl2 + [Ru(bpy)3]Cl2
The reference system consisting of [Ru(bpy)3]2+ and Ru(bpy)2Cl2 (Scheme 12) in
stoichiometric proportion is also evaluated under the same conditions as for B.5.
Based on Table 10 and Figure 8, as the case of B.5, the major product in this case is formate,
accompanying a non-negligible quantity of CO and H2. This further confirms our hypothesis that
formate in the cases of B.1-B.4 was generated by the catalytically active [Ru(diimine)2]2+ species.
Compared to the performance of B.5, the reference system exhibits better catalytic activity with a
higher formate production (TON = 202 after 8 hours), a faster initial rate (46 h-1) and a comparable
stability.
Table 10. Kinetic study of CO2 photoreduction catalyzed by Ru(bpy)2Cl2 a
TON

a

Entry

Irradiation duration (h)

CO

formate

H2

1

1

17

41

9

2

3

33

94

15

3

8

62

180

29

4

16

89

198

40

5

TOF (h-1)

16.5

46

7.8

CO2 reduction catalyzed by a solution containing 0.1 mM of Ru(bpy)2Cl2, 0.1 mM of [Ru(bpy)3]Cl2 in CO2-saturated

ACN/TEOA (5:1, v/v) solvent mixture in the presence of 0.1 M of BIH upon irradiation with a 300 W Xe arc lamp
equipped with a 415 nm filter.
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Conclusion
To the best of our knowledge, the Ru(II)-Co(II) dinuclear complexes reported in this chapter

are the most active supramolecular systems containing a non-noble metal catalytic center for CO2
photoreduction, especially with complexes B.1, B.3 and B.4 displaying the best performances in
terms of TOFs, TONs and stability. Besides, the results show that these systems are very sensitive to
small variations of the structure of the linkers as well as, obviously, of the coordination sphere of the
metal ions. The dinuclear complex B.1 is proved to enhance the catalytic activity in comparison with
its reference mononuclear complexes. However, a major drawback of these systems is their instability,
including the deactivation of the photocatalysts after 8-16 hours, and the easy decomposition of
[Ru(diimine)3]2+ PS unit into [Ru(diimine)2]2+ species, which is responsible for the unspecific
production of formate.
In the case of Ru(II)-Re(I) complexes, Ishitani and co-workers showed that the higher
activities were obtained when the metal units were connected by alkyl chains, and not when they
were electronically conjugated.64,72 This might be a further direction for improving the catalytic
activity of the Ru-Co complexes since here the metal centers are electronically connected.
Lau and co-workers have reported [Co(qpy)(OH2)2]2+ (qpy = 2,2’:6’,2”:6”,2’”quaterpyridine)85 and [Co(NTB)CH3CN]2+ (NTB = tris-(benzimidazolyl-2-methyl)amine)86
complexes as homogeneous catalysts for the photolytic reduction of CO2 to CO. Both complexes
exhibited high catalytic activity, yielding over 1000 TON of CO before deactivation. Moreover, the
second complex showed high stability in a water-containing solvent system (MeCN/H2O, 4:1, v/v).
Coupling these Co-based complexes to a PS to build up other supramolecular systems is expected to
improve the stability and efficiency for CO2 photoreduction. Besides, switching the solvent from
organic solution to the aqueous solution is meaningful for the environment protection.
In addition, facing the issue of Ru unit decomposition, different inorganic and organic light
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absorbers, such as ZnTPP, Rose Bengal, fluorescein, etc., should be considered as PS to couple to
the Co catalytic unit.
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Chapter III. Cp*Rh-based complexes
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III.1 Introduction
Rhodium-based complexes were initially investigated as catalysts for electrochemical CO2
reduction reported by Meyer and co-workers in 198587 and 198888. cis-[Rh(bpy)2X2]+ (X = Cl- or
trifluoromethanesulphonate, -OTf) (Scheme 53) was investigated by CV and reported to give rise to
increased cathodic current densities which the authors attributed to catalytic CO2 reduction. These
complexes were further studied by bulk electrolysis at -1.93 V vs. Fc+/Fc in MeCN, and afforded
mixtures of H2 and formate. The faradaic yields varied depending on the total charge passed, starting
close to 100% and dropping as more coulombs were passed. For example, the faradaic yield for
formate dropped from 83% to 47% as the charge passed increased from 77 C to 111 C; while the
faradaic yield for H2 diminished slightly, from 17% to 15%.
+

X
N
N

Rh

X
N

N

X = Cl, OTf
cis-[Rh(bpy)2X2]+

Scheme 53. Chemical structure of cis-[Rh(bpy)2X2]+.

[Cp*Rh(bpy)Cl]+ (Cp* = pentamethylcyclopentadiene, Scheme 54) complex was reported by
Chardon-Noblat, Deronzier and co-workers in 1997 for electrocatalytic CO2 reduction in H2O/MeCN
mixtures.39 The major products observed were formate and H2 with trace of CO. The formate to H2
ratio was observed to vary with the applied potential and the water content of the MeCN solution.
The authors proposed a mechanism, where the first step involved in the two-electron reduction of the
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Rh-Cl complex into Rh-H complex. The third electron reduced the bpy ligand, followed by an
insertion of CO2 in the Rh-H bond (Scheme 55).
+

Rh
N

Cl

N

[Cp*Rh(bpy)Cl] +

Scheme 54. Chemical structure of [Cp*Rh(bpy)Cl]+.

[Cp*RhIII(L)Cl] +
2e-,H +
Cl[Cp*RhIII(L)H] +
H+

e-

[Cp*RhI(L)] 0

[HCOO] -

[Cp*RhIII(L )H]0

e-

CO2

[Cp*RhIII(L )(OCOH)]0

Scheme 55. Proposed mechanism for electrolytic CO2 reduction catalyzed by [Cp*Rh(bpy)Cl]Cl.

Regarding polypyridyl ligands with greater denticity, Rh(tptz)Cl3 (tptz = 2,4,6-tris(2-pyridyl)1,3,5-triazine), Rh(tpy)Cl3 and [Rh(tpy)(bpca)]2+ (bpca = bis(2-pyridylcarbonyl) amide) (Scheme 56)
were investigated by Paul and co-workers in DMF at potentials ranging from -1.84 V to -2.00 V vs.
Fc+/Fc.89,90 Same as the case of Rh-bipyridyl complexes, formate was the major product in this study.
2+
Cl

Cl

N
N

Cl

Rh

N

N

N

N
N
N

N
Cl

Rh

N
N

Cl

O
N

N

Rh

O
Cl

N
N

Rh(tptz)Cl3

Rh(tpy)Cl3

[Rh(tpy)(bpca)] 2+

Scheme 56. Chemical structures of Rh(tptz)Cl3, Rh(tpy)Cl3 and [Rh(tpy)(bpca)]2+.
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Albeit several investigations were made in electrocatalytic CO2 reduction, no Rh-polypyridiyl
complexes have been reported in CO2 reduction by photochemical ways. In addition, there is only
one paper about photocatalytic H2 evolution catalyzed by a series of Cp*Rh(diimine) complexes
(diimine = bpy, 4,4’-CO2H-bpy, 4,4’-diacetyl-bipyridine, phen, 2,2’-bipyrazinyl) (Scheme 57) in the
presence of colloidal TiO2.91 Irradiating [Cp*Rh(bpy)Cl]+ up to three hours with direct sunlight
yielded 4.5 TON of H2. The authors proposed a mechanism involving one electron reduction from
Rh(III) to Rh(II), followed by the Cl- ligand release and the formation of Rh(I)-H bond (Scheme 58).
+

Rh
N
R

+

Rh

Cl

+

Rh

Cl

N

N
N

N

N

N

Cl

N
R
R = H, COOH,COCH3
[Cp*Rh(4,4'-R-bpy)Cl] +

[Cp*Rh(phen)Cl] +

[Cp*Rh(bpz)Cl] +

Scheme 57. Chemical structures of [Cp*Rh(diimine)Cl]+ complexes.
H2

[Cp*RhIII(bpy)L]n+
e-

H+
[Cp*RhI(bpy)H] +

[Cp*RhII(bpy)L](n-1)+

H+
L
Cp*RhI(bpy)

[Cp*RhIII(bpy)L]n+

[Cp*RhII(bpy)] +

[Cp*RhII(bpy)L](n-1)+

Scheme 58. Proposed mechanism for photolytic H2 evolution catalyzed by [Cp*Rh(bpy)Cl]+.

In this chapter, we chose using [Cp*RhCl2]2, [Cp*Rh(bpy)Cl]+ and its derivatives containing
electron-withdrawing or electron-donating functionalities on the bpy ligand (Scheme 59) as Cat for
photolytic CO2 reduction, because it offers several advantages: first, RhIII metal centers are known to
allow metal-centric reductions to facilitate the direct storage of electrons on the metal. Second, the
Cp* ligand is electron donating enough to ensure thermodynamic driving force for CO2 reduction
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within a reduced metal complex. Third, the bpy ligand not only can act as a redox active ligand
capable of storing additional electrons within the π* orbitals of the ligand, but it is also synthetically
tunable and provides the opportunity to control the chemistry at the metal center through directed
modifications.
+ Cl-

Rh Cl
Cl

R2

Cl
Cl Rh
R1

Rh
N

+ Cl-

Cl
N

N

Rh Cl
N

+ Cl-

H 2N

Rh Cl
NH 2

R2
R1
C.1

C.2:
C.3:
C.4:
C.5:
C.6:
C.7:

R1 = H
R1 = H
R1 = COOH
R1 = Me
R1 = OMe
R1 = NH 2

R2 = H
R 2 = COOH
R2 = H
R2 = H
R2 = H
R2 = H

C.8

C.9

Scheme 59. Chemical structures of Cp*Rh dimer and [Cp*Rh(diimine)Cl]Cl complexes.
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III.2 Complexes preparation
The desired Cp*Rh complexes were synthesized following literature92 through the direct
addition of diimine ligand to 0.5 equivalent of the commercially available [Cp*RhCl2]2 in methanol.
The reaction was complete in ca. 30 minutes at room temperature. The reaction solution was then
concentrated under vacuum. Slow addition of diethyl ether resulted in the precipitation of the desired
orange product (Scheme 60).

+ ClRh Cl
Cl
Cl
Cl Rh

MeOH

+
N

N

Rh
N

Cl

N

N

N = diimine

Scheme 60. General synthetic route for the synthesis of [Cp*Rh(diimine)Cl]Cl complexes.

The complexes C.1 – C.9 were analyzed by 1H NMR spectroscopy and elemental analysis
(Appendix III.2).
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As previously reported by Chardon-Noblat, Deronzier and co-workers, C.2 displays a
reversible two-electron reduction wave of the metal ion (from Rh(III) to Rh(I)) at -1.24 V vs. Fc+/Fc,
followed by the easy release of Cl- ligand. The oxidation wave was also observed in the reverse scan,
presenting the oxidation process of Rh(I) to Rh(III) to regenerate the [Cp*Rh(bpy)Cl]+ complex. As
expected, due to the electron-enriched bpy ligands, complexes C.5 and C.6 display the same
reversible feature as C.2 and slightly more cathodic potentials, having a reduction potential of -1.27
V and -1.32 V vs. Fc+/Fc respectively.
The CV of C.3 shows that the reduction wave decoupled into two reduction features, with the
first peak at more positive potential (Ered = -1.08 V vs. Fc+/Fc) with respect to C.2, in agreement with
the presence of electron-withdrawing groups on bpy. However, the second reduction wave appears at
ca. 700 mV more negative potential as compared to the first one, possibly due to the formation of the
relatively stable Rh(II)-Cl species, making the second reduction more difficult to occur. Same as the
case of complex C.3, two reduction waves are observed in the case of C.4 with the first one at a
slightly more positive potential (Ered = -1.24 V vs. Fc+/Fc) with respect to C.2, and the second one at
a more negative potential (Ered = -1.38 V vs. Fc+/Fc). On the reverse scan, two anodic waves are
observed as well, however significantly separated from the corresponding cathodic ones with ca. 300
mV. Finally, complex C.7 displays a redox behavior similar to that of C.3 and C.4, but with more
reversible features occurring at even more negative potentials (Ered = -1.35 V and -1.55 V vs. Fc+/Fc).
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III.4 Initial photosensitization of [Cp*Rh(bpy)Cl]Cl (C.2)
Since there is no report about photocatalytic systems for CO2 reduction based on rhodium
complexes, we first investigated the behavior of the parent [Cp*Rh(bpy)Cl]Cl complex (C.2) under
photocatalytic conditions. The use of C.2 as a test system allows for the establishment of a standard
set of reaction conditions for benchmarking photocatalytic activity for this study. The reaction
conditions use a MeCN/TEOA (5:1, v/v) as the solvent system with TEOA acting as both proton
source and ED. The PS in the sample is a 1 mM solution of [Ru(bpy)3]Cl2, and the concentration of
catalyst C.2 is 0.1 mM. The photolysis was run with 0.8 mL of a CO2-saturated sample in a 1 cm
quartz cuvette. Samples were maintained at 20ºC and illuminated with a 300 W Xe arc lamp equipped
with a 415 nm cut-off filter.
Results presented in Table 11 and Figure 13 demonstrate that C.2 is readily photosensitized
and displays good activity for CO2 reduction. Similar to which was reported in the electrochemical
system,39 the major carbon-containing product detected is formate, accompanying the formation of
H2, and only trace of CO is detected. In this C.2 photosystem, the initial rates for formate and H2 are
similar, yielding 0.39 min-1 and 0.35 min-1 respectively. However, the formate production leveled off
more slowly with respect to H2 evolution, with formate keeping increasing up to 24 hours, while H2
production ceasing from 8 hours of irradiation. Ultimately, upon 24 hours of irradiation, C.2 is found
to yield 127 TON of formate and 54 TON of H2. Negligible products are formed without light or
catalyst.
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III.5 Photocatalytic activity of C.1-C.9
As we mentioned previously, different functional groups on bpy ligand could change the
ability of electron transfer and accordingly the catalytic activity of Cp*Rh complexes. To evaluate
this effect, samples with C.1-C.9 were evaluated under the photolytic conditions described above.

III.5.1

[Cp*RhCl2]2 C.1

As shown in Scheme 59, C.1 is a Cp*Rh dimer without diimine ligand. The kinetic study of
photolytic CO2 reduction shows that C.1 is catalytically active (Table 12 and Figure 14) with the
production of comparable amounts of formate and H2 to C.2. The major product in this case is formate
with an initial rate of 0.36 min-1 during the first two hours and continuously increasing up to 16 hours;
meanwhile, H2 is also produced with a TOF of 0.29 min-1 but leveled off after 4 hours of irradiation.
Upon 16 hours of photolysis, TONs of formate and H2 reach to 101 and 52, respectively.
Table 12. Kinetic study of CO2 photoreduction catalyzed by C.1 a
TON

a

Entry

Irradiation duration (h)

formate

H2

1

0.5

10

9

2

1

21

21

3

1.5

32

30

4

2

44

34

5

6

72

51

6

16

101

52

7

TOF (min-1)

0.36

0.33

CO2 reduction catalyzed by a 0.1 mM solution of C.1 in the presence of 1 mM [Ru(bpy)3]Cl2 in CO2-saturated

MeCN/TEOA (5:1, v/v) solvent mixture upon irradiation with a 300 W Xe arc lamp equipped with a 415 nm filter.
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[Cp*Rh(4,4’-CO2H-bpy)Cl]Cl C.4

In the case of C.4, in which the carboxylic acid groups are on para positions of bpy ligand,
CO2 is also photocatalytically reduced into a mixture of formate and H2 with a preference of H2
production. In Table 14 and Figure 16, H2 is generated much faster than formate at the initial stage
with TOFs of 0.39 min-1 and 0.11 min-1, respectively. However, the reaction stoped after 6 hours of
photolysis.
Table 14. Kinetic study of CO2 photoreduction catalyzed by C.4 a
TON

a

Entry

Irradiation duration (h)

formate

H2

1

0.5

3

11

2

1

7

27

3

1.5

11

33

4

2

15

38

5

6

20

41

6

8

21

42

7

16

21

45

8

TOF (min-1)

0.11

0.39

CO2 reduction catalyzed by a 0.1 mM solution of C.4 in the presence of 1 mM [Ru(bpy)3]Cl2 in CO2-saturated

MeCN/TEOA (5:1, v/v) solvent mixture upon irradiation with a 300 W Xe arc lamp equipped with a 415 nm filter.
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Cp*Rh-based complexes as catalysts for CO2 reduction

[Cp*Rh(4,4’-OMe-bpy)Cl]Cl C.6

Adding another electron-donating substituent, methoxyl group, on bpy ligand results also the
preferential production of formate. During the initial photolysis, formate is generated linearly with a
TOF of 0.39 min-1; whereas the TOF of H2 is 0.29 min-1. Upon 16 hours of irradiation, 114 TON of
formate and 59 TON of H2 are obtained (Table 16 and Figure 18).
Table 16. Kinetic study of CO2 photoreduction catalyzed by C.6 a
TON

a

Entry

Irradiation duration (h)

formate

H2

1

0.5

15

11

2

1

25

18

3

1.5

33

25

4

2

46

28

5

6

89

48

6

8

99

55

7

16

114

59

8

TOF (min-1)

0.39

0.29

CO2 reduction catalyzed by a 0.1 mM solution of C.6 in the presence of 1 mM [Ru(bpy)3]Cl2 in CO2-saturated

MeCN/TEOA (5:1, v/v) solvent mixture upon irradiation with a 300 W Xe arc lamp equipped with a 415 nm filter.
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Cp*Rh-based complexes as catalysts for CO2 reduction

[Cp*Rh(phen)Cl]Cl C.8

In addition to bipyridine derivatives, the Cp*Rh complex with phen as the ligand was
investigated as well. Same as the results of C.1, C.2, C.5 and C.6 complexes, formate is principally
produced with non-negligible H2. The reaction in the initial photolysis gives 0.23 min-1 TOF of
formate and 0.22 min-1 TOF of H2. Upon 16 hours of irradiation, 73 TON of formate is generated;
while 46 TON of H2 is formed (Table 18 and Figure 20).
Table 18. Kinetic study of CO2 photoreduction catalyzed by C.8 a
TON

a

Entry

Irradiation duration (h)

formate

H2

1

0.5

9

7

2

1

15

14

3

1.5

19

19

4

2

27

24

5

6

54

34

6

8

64

39

7

16

73

46

8

TOF (min-1)

0.23

0.22

CO2 reduction catalyzed by a 0.1 mM solution of C.8 in the presence of 1 mM [Ru(bpy)3]Cl2 in CO2-saturated

MeCN/TEOA (5:1, v/v) solvent mixture upon irradiation with a 300 W Xe arc lamp equipped with a 415 nm filter.
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III.6 Discussion
After the individual study of each complex, the results of C.1-C.9 regarding TOFs (the initial
rate during the first two hours of photolysis) and TONs upon 16 hours of irradiation are summarized
in table 20.
Table 20. Summary of photolytic CO2 reduction catalyzed by different Cp*Rh catalysts
TOF (min-1)

TON16h
Entry

Catalyst

formate

H2

formate

H2

1

C.1

101

52

0.36

0.33

2

C.2

114

54

0.39

0.35

3

C.3

35

42

0.18

0.33

4

C.4

21

45

0.11

0.39

5

C.5

120

50

0.38

0.31

6

C.6

114

59

0.39

0.29

7

C.7

18

61

0.11

0.44

8

C.8

73

46

0.23

0.22

8

C.9

89

50

0.27

0.23

According to Table 20, C.1-C.9 catalyze CO2 photoreduction towards mixtures of formate
and H2 without other products. The ratio of formate to H2 varies depending on different ligands,
suggesting that the catalytic performance of these complexes is significantly affected by the diimine
ligand type. C.2, C.5 and C.6, having hydrogen or electron-donating groups on diimine ligand, favor
formate production rather than H2 evolution. The TON of formate upon 16 hours of irradiation
reaches to ca. 120 TON, and the initial rate is ca. 0.39 min-1. When diimine ligand is substituted by
electron-withdrawing groups, such as the cases of C.3, C.4 and C.7, formate is less produced with
respect to H2. In addition, C.1, C.8 and C.9 also present comparable catalytic ability to the electronenriched bpy ligands based complexes.
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III.7 Conclusion
This work presents the first investigation of the catalytic activity of [Cp*Rh(diimine)Cl]Cl
complexes in photolytic CO2 reduction. [Cp*Rh(diimine)Cl]Cl with different electronic functions on
diimine ligand are synthesized and characterized by 1H NMR, elemental analysis, and CV. According
to CVs, these complexes are classified into two types, one displaying one reversible redox wave
assigned to one two-electron reduction of the metal ion from Rh(III) to Rh(I); the other one displaying
more complicated features with two reversible redox waves corresponding to two one-electron
reductions from Rh(III) to Rh(II) and from Rh(II) to Rh(I) respectively. Same as the results of CVs,
the catalytic activity of these complexes in photolytic CO2 reduction behaves in two manners: the
Cp*Rh complexes with electron-donating substituents favor the formate production; whereas the
Cp*Rh complexes with electron-withdrawing substituents suppress the formate production.
Despite Cp*Rh complexes with six different functionalities on bpy ligand (R-bpy, R = H,
pCOOH, mCOOH, pMe, pOMe, and pNH2) have been investigated, these R-bpy do not cover all the
electronic effect, such as pCN (Hammett sigma constant: 0.66) or pN(CH3)2 (Hammett sigma constant:
-0.83). Furthermore, it is well known that not only electronic functionalities, but also steric
functionalities on bpy ligand have an effect on the catalytic performance of metal complexes. More
complicated substituents containing both electronic and steric effects should be evaluated to complete
the study of Cp*Rh(diimine) catalysts in photolytic CO2 reduction.
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Chapter IV. Cp*Rh-based catalyst heterogenized
within Metal-Organic Frameworks for CO2 reduction
IV.1 Introduction
Discrete molecular catalysts have been shown to be invaluable in achieving photolytic CO2
reduction while maintaining synthetic control over the product selectivity within homogeneous
systems.93–96 However, homogeneous catalysis often suffers from additional costs associated with use
of solvents, product isolation, and catalyst recovery, amongst other factors.97–99 Solid catalysts have
the potential to avoid such expenses but often fails to achieve easily tunable optimization and product
selectivity, which is a crucial aspect of CO2-reduction chemistry.100,101 Therefore, the integration of
molecular catalysts into solid-state systems offers the possibility to maintain the advantageous
properties of homogeneous catalysis while moving towards practical system designs afforded by
heterogeneous catalysis. Among heterogenization methodologies, the incorporation of active
molecular catalysts into the framework of hybrid materials (namely coordination polymers) gives
access to advantageous catalytic solids. Unlike the situation for homogeneous catalysis, the covalent
grafting of single-site organometallic species within high-surface-area supports can essentially
eliminate the involvement of unexpected dimeric species, which might lead to catalyst deactivation
or undesired reactions, by site isolation of the catalytic species.59,102 Besides, the facile nature in
which heterogeneous catalysts can be re-isolated and re-used while maintaining intrinsic activity
represents a major benefit over analogous homogeneous systems.
Metal-organic frameworks (MOFs) are a class of crystalline materials consisting of metal ions
or clusters coordinated to organic linkers to build three-dimensional micro- or mesoporous
networks.103 For example, UiO-66 (UiO stands for University of Oslo)104 is constructed by
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electrochemistry (EC), mechanochemistry (MC) and ultrasonic (US) methods have also been
employed to synthesize MOFs.107 For MOFs which are difficult to synthesize de novo, post-synthetic
methods108 including post-synthetic exchange (PSE)109,110 and post-synthetic modification (PSM)111
have been developed.
In order to adapt to different applications, MOFs sometimes have to be functionalized.
Scheme 62 presents three different methods: the direct synthesis, PSE and PSM in an example of
UiO-66.105 In the direct synthesis, Br-BDC and NH2-BDC linkers were together coordinated to the
Zr salt. The similar thermal stability and crystallinity as compared to the parent UiO-66 demonstrated
the high tolerance of UiO-66 in the presence of two functional groups. In the PSE method, the
synthesized NH2-UiO-66 was suspended in a Br-BDC solution to yield a bifunctional UiO-66. This
suggests that the UiO-66 system is structurally stable but chemically labile. While in the PSM method,
the target functions can be formed through the chemical reaction between the linker of MOFs and the
additional compound.
Br
COOH

COOH
ZrCl4
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+

a
Br
COOH

NH 2
COOH
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Br
COOH
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H 2O
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NH 2
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N
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Scheme 62. Functionalization of UiO-66 (Zr) through (a) direct synthesis, (b) post-synthetic exchange, (c) postsynthetic modification.105
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Due to the large surface area and tunable cavities, MOFs are widely used in areas of gas
storage and separation,112 as well as the host-guest interactions.113 Besides, they also involved as
chemical sensors because of specific luminescent properties,114,115 and biomedical applications,
namely imaging and drug delivery.116 Regarding the heterogeneous chemical catalysis,117,118 they are
employed to drive a range of reactions, including redox reactions, asymmetric reactions, Lewis
acid/base catalyzed reactions, as well as photocatalysis.119,120 In the application of photocatalytic CO2
reduction, the crystalline nature of MOFs makes this class of porous solids promising as either
catalysts or model materials for the support of single-site catalytic organometallics.

IV.1.1

MOFs as catalysts

In 2009, Ferey and co-workers have reported a Ti-based MOF, MIL-125 (Ti) (MIL stands for
Material from Institut Lavoisier), which is constructed by Ti8O8(OH)4 metal nodes and BDC linkers
(Scheme 63).121 MIL-125 (Ti) can be excited only in the UV region. While by adding the amino
groups on BDC (so called 2-aminoterephthalate and ATA), its optical absorption is able to extend to
the visible region, presenting an absorption edge up to 550 nm. Besides, the presence of amino
functionality in the linker improved the CO2 adsorption capability as compared to the parent MIL125 (Ti), in agreement with the fact that amino groups can enhance the interaction between CO2 and
the functionalized aromatic molecules.122,123 The photolytic CO2 reduction assays were undertaken in
a MeCN/TEOA solvent mixture (5:1, v/v) under the visible light, and formate production reached to
8.14 µmol in 10 hours in the presence of 50 mg of NH2-MIL-125 (Ti). The fact of no activity of the
parent MIL-125 (Ti) was observed under the same photolytic conditions indicates that visible-lightdriven CO2 reduction was induced by the amino groups on the ATA linker. The latter in the long-lived
excited charge separation state upon illumination enhanced electron transfer from ATA to Ti(IV) to
generate Ti(III) as the active catalyst for CO2 reduction (Scheme 64).124
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Scheme 65. Proposed mechanism for photolytic CO2 reduction catalyzed by NH2-UiO-66 (Zr).

Zr(IV) ions in NH2-UiO-66 (Zr) was further partly substituted by Ti(IV) through PSE
method.127 The amino-functionalized UiO-66 (Zr/Ti) was evaluated in photolytic CO2 reduction and
proved to enhance the catalytic activity by increasing the formate production as compared to NH2UiO-66 (Zr). According to the theoretical studies, under the visible light, ATA linkers in the excited
state transferred preferentially electrons to Ti(IV) rather than Zr(IV), generating thus
(Ti(III)/Zr(IV))6O4(OH)4 clusters. Ti(III) then reduced Zr(IV) to Zr(III), which was responsible for
CO2 reduction (Scheme 66). The authors concluded that Ti acted as an electron mediator between
ATA and Zr cluster to facilitate the electron transfer.

O
e

ATA

ATA*
hν

4+Ti

Zr3+

mediator
ATA

CO2
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3+Ti

Zr4+

HCOO

O
(Ti/Zr) 6O4(OH) 4

Scheme 66. Proposed mechanism for photolytic CO2 reduction catalyzed by NH2-UiO-66 (Ti/Zr).

In addition to mixing metals (Ti and Zr), ATA and DTA ligands could also be blended in UiO66 to form another UiO-66 derivative (Zr4.3Ti1.7O4(OH)4(C8H7O4N)5.17(C8H8O4N2)0.83).128 Its
photocatalytic performance in CO2 reduction was assessed using MeCN/TEOA (4:1, v/v) as the
solvent system and BNAH as ED. This derivative exhibited higher catalytic activity (31.57 µmol of
formate upon 6 hours of irradiation in the presence of 5 mg of MOF) and better stability as proved
by recycling three times with the retention of the activity as compared to NH2-UiO-66 (Ti/Zr)
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containing the same ratio of Ti to Zr. The authors confirmed that the presence of Ti helped to quench
a greater portion of the photogenerated charges, and the presence of DTA added another light
absorption route for CO2 reduction.
Using the same Zr6O4(OH)4 cluster and extending the BDC linker to 4,4’-(anthracene-9,10diylbis(ethyne-2,1-diyl))dibenzoic acid, an isoreticular MOF of UiO-66 (Zr), NNU-28 (Zr) (NNU
stands for Northeast Normal University) was reported by Sun and co-workers.129 This MOF showed
photocatalytic activity in CO2 reduction under the visible light, yielding 26.4 µmol of formate after
10 hours of irradiation in MeCN/TEOA (30:1, v/v) solvent mixture in the presence of 50 mg of NNU28. The authors proposed a dual reduction pathway, in which the anthracene-based ligands served as
both the photocatalyst and the light absorber to transfer electrons to the Zr clusters (Scheme 67).
CO2
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Scheme 67. Proposed mechanism for photolytic CO2 reduction catalyzed by NNU-28 (Zr).

The method of using the amino-functionalized linker to extend the optical properties of MOFs
into the visible region was further employed in MIL-101 (Fe) (Scheme 68). Li and co-workers
investigated the photocatalytic activity of MIL-101 (Fe) and NH2-MIL-101 (Fe) in CO2 reduction
under the visible light.130 The amino-functionalized NH2-MIL-101 (Fe) yielded ca. three-fold greater
formate in comparison with MIL-101 (Fe), which was due to not only the higher CO2 adsorption
capability in the presence of the amino group, but also the existence of two excitation pathways
having a synergistic effect in NH2-MIL-101 (Fe). The first pathway was the direct light absorption of
Fe clusters and the charge transfer from O2- to Fe(III) to form catalytically active Fe(II); the second
one was through the photoexcitation of ATA linker (Scheme 69).
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Scheme 73. Preparation of UiO-66-M(III)CAT through metalation.139

[Re(bpy)(CO)3]+ was reported as an efficient photocatalyst in the reduction of CO2 to CO.26
In 2011, Lin and co-workers incorporated [Re(5,5’-CO2H-bpy)(CO)3]+ complex with 2.7 mole
percent incorporation level into UiO-67 (Zr) (Zr6O4(OH)4 as metal clusters and BPDC as linkers).
The resulting Re-incorporated UiO-67 (Scheme 32) showed low photocatalytic activity in the
reduction of CO2 to CO with a TON of 10.9 upon 6 hours of irradiation in MeCN/TEA (20:1, v/v)
solvent system.59 Moreover, the recycled MOF became inactive during the third six-hour reaction run,
as a result of the detachment of Re-carbonyl moieties from the MOF. Yaghi and co-workers later
investigated the effect of numbers of Re-carbonyl sites in UiO-67 for CO2 reduction, and
demonstrated that 3 Re per unit cell afforded the largest amount of product.141 The authors pointed
out that a fine balance of proximity between Re centers was required for the cooperatively enhanced
photocatalytic activity.
Facing the issue of the limited amount of Re catalyst incorporated in UiO-67, Lin and coworkers developed a new Re-functionalized MOF, in which keeping the same Zr clusters as UiO-67,
the BPDC linkers were elongated by adding two phenyl spacers (Scheme 74).142 The new 4,4’-(2,2’bipyridine-5,5’-diyl)dibenzoate (BPYDB) linker enlarged the interior channels of MOF, thereby
allowing the incorporation of a higher amount of the Re catalyst. The photocatalytic CO2 reduction
assays in MeCN/TEA (20:1, v/v) solvent system demonstrated that the presence of small amounts of
water could enhance the catalytic activity and favor CO generation; while too much water could cause
the decomposition of the MOF because of the presence of hydroxide from the reaction between water
and TEA. Consequently, the maximal activity in this study was obtained in MeCN containing 0.83 M
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of water. In addition, only part of the MOF structure was remained, presumably as a result of partial
hydrogenation of the BPYDB ligand and subsequent Re decomplexation.

N CO
N
Cl

Re

CO

CO

Scheme 74. Structure of a Re(dcbpy)(CO)3-functionalized MOF.

[Mn(5,5’-CO2H-bpy)(CO)3]+ 47 and [Ru(5,5’-CO2H-bpy)(tpy)(CO)]2+ 143 complexes can also
be incorporated into UiO-67 (Zr). In conjunction with [Ru(4,4’-Me-bpy)3]2+ as PS and BNAH as ED,
Mn-incorporated UiO-67 afforded 110 TON of formate upon 18 hours of irradiation in DMF/TEOA
(4:1, v/v) solvent mixture. The catalytic performance was ca. two times higher than that obtained by
its corresponding molecular complex, as a result of the active-sites isolation and the prevention of
catalyst dimerization. The Ru-functionalized UiO-67 exhibited good catalytic activity with high
stability and selectivity for formate generation in conjunction with [Ru(bpy)3]2+ as PS in
MeCN/TEOA (14:1, v/v) solvent mixture. In addition, the catalytic activity remarkably remained
under low concentration of CO2 (5% CO2/Ar), revealing a synergistic effect between CO2 adsorption
sites and catalytic sites within the MOF.
By using different Ru complexes, [Ru(5,5’-CO2H-bpy)3]2+ and [Ru(4,4’-CO2H-bpy)2(bpy)]2+,
two Ru-incorporated MOFs with respectively non-interpenetrated (Scheme 75a) and interpenetrated
(Scheme 75b) structures were obtained by Luo and co-workers.144 Under the same visible-lightdriven catalytic conditions, both MOFs exhibited similar catalytic performance for formate
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Scheme 76. Structures of Ru-mono/bi-functionalized MOFs.

IV.1.3

Cp*Rh@UiO-67

According to the literature, before initiating this project, only one example of a MOF
functionalized with a molecular catalyst was reported for CO2 photoreduction. The previous report
was limited to the Re-carbonyl photocatalyst included into UiO-67.59 Within this example, the
immobilized organometallic species served as both the light-absorbing entity and as the CO2reduction catalyst. Given the potential of highly tunable MOFs, our strategy consisted in decoupling
the light absorber and the catalyst within these hybrid materials. Consequently, we designed a
photosystem containing a catalyst-functionalized MOF and a soluble molecular photosensitizer. To
our knowledge, we were the first one utilizing this strategy for CO2 reduction.
In this study, we chose [Cp*Rh(5,5’-CO2H-bpy)Cl]Cl as the catalyst for incorporation into
MOF, since a variety of Cp*Rh-based complexes investigated in Chapter III were demonstrated as
good Cat for photolytic CO2 reduction in the presence of [Ru(bpy)3]Cl2 as PS. The MOF UiO-67 (Zr)
(Scheme 77) is selected as the immobilization platform due to its large pore size and general stability
to water, ambient air, and high temperatures making UiO-67 suitable for post-synthetic modifications.
Moreover, [Cp*Rh(5,5’-CO2H-bpy)Cl]Cl can act as linkers in UiO-67 because the 5,5’-CO2H-bpy
ligand has the same length as BPDC, the initial linker of UiO-67. Therefore, we proposed to our
collaborators (David Farrusseng and co-workers, Institut de Recherches sur la Catalyse et
l’Environnement de Lyon) to synthesize the parent UiO-67 and a series of Rh-functionalized MOFs.
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IV.2 Photocatalytic activity of Cp*Rh@UiO-67 materials
IV.2.1

10%-Cp*Rh@UiO-67

The initial photolytic CO2 reduction assays were performed under similar conditions as
described in Chapter III. Samples containing a suspension of 1.4 mg of 10%-Cp*Rh@UiO-67
(corresponding to 0.09 µmol of Rh) and 1 mM of [Ru(bpy)3]Cl2 PS in CO2-saturated MeCN/TEOA
(5:1, v/v) solvent mixture were irradiated by a 300 W Xe arc lamp equipped with a 415 nm cut-off
filter and were vigorously stirred during the photolysis.
The kinetic evolution of photolytic CO2 reduction is shown in Table 21 and Figure 26. The
reaction started immediately upon illumination of the reaction suspension. Formate and H2 were
continuously produced up to 8 hours with an initial rate 7.5 h-1 and 5.4 h-1, respectively; while no CO
was observed. The overall stability of the system based on 10%-Cp*Rh@UiO-67 is comparable to
that based on molecular [Cp*Rh(5,5’-CO2H-bpy)Cl]Cl (Chapter III, Figure 15).
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Under the same photolytic conditions as Cp*Rh@UiO-67, increasing the concentration of
molecular [Cp*Rh(5,5’-CO2H-bpy)Cl]Cl above 0.1 mM leads to a drastic inactivation of the system,
with almost no production of either formate or H2 at 0.6 mM of Cat. In contrast, the heterogeneous
system is much more stable with the rate of total products formation reaching a plateau above a 10%
Rh incorporation into the UiO-67 framework. It confirms that Rh catalysts at or below 10% molar
incorporation occupy active sites that have formate productivity comparable to that of the
homogeneous photocatalytic systems (e.g., 0.64 vs. 0.88 µmol/h for 10%-Cp*Rh@UiO-67 vs.
[Cp*Rh(5,5’-CO2H-bpy)Cl]Cl). The observation of decreased activity of [Cp*Rh(5,5’-CO2Hbpy)Cl]Cl at higher concentrations in solution but constant activity of Cp*Rh@UiO-67 at higher
loadings suggests that the MOF might additionally provide a catalyst stabilization by disfavoring
possibly bimetallic deactivation pathways via site isolation of catalytic center.
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IV.3 Conclusion
In summary, we have investigated the heterogenization of [Cp*Rh(5,5’-CO2H-bpy)Cl]Cl
catalyst in the form of a metal-organic framework, UiO-67 (Zr), through PSE approach. The amount
of active species grafted in the cavities of MOF is synthetically controlled, with respectively 5%-,
10%-, 20%-, and 35%-Cp*Rh complex incorporated in UiO-67 (Zr). This series of new materials
allows us to set up the first photocatalytic system for CO2 reduction using a catalytic active MOF and
a homogeneous photosensitizer. Formate is confirmed as the only carbon-containing product
originated from CO2 by NMR labeling experiment. In the investigation of the different %Rh
incorporation in the MOF, 10%-Cp*Rh@UiO-67 represents a near-optimal %Rh incorporation for
formate production with the highest initial rate. Below 10% Rh loading, the Cp*Rh@UiO-67
catalysts favor the production of formate over H2. In contrast, beyond 10% Rh loading results in a
loss of formate selectivity which is due to the formate decomposition into CO2 and H2 catalyzed by
the Cp*Rh-functionalized MOF itself. This demonstrates that, beyond single site isolation, special
attention should be paid to find the optimum site density in the design of hybrid solid catalysts in
order to avoid undesired side-reactions. In the homogeneous photosystem, the molecular
[Cp*Rh(5,5’-CO2H-bpy)Cl]Cl catalyst favors formate production at low concentrations; but loses its
catalytic activity at high concentrations, which is attributed to the formation of the inactive dimer.
The different photocatalytic performance between high loadings of Cp*Rh@UiO-67 and high
concentrations of [Cp*Rh(5,5’-CO2H-bpy)Cl]Cl indicates that one of the benefits to heterogenize
catalysts is the stabilization of the catalyst through the inhibition of dimerization.
This study demonstrated for the first-time decoupling Cat and PS by immobilizing Cat into
a solid material and dissolving PS in the solvent. To further heterogenize the whole photosystem, in
addition to incorporating [Cp*Rh(5,5’-CO2H-bpy)Cl]Cl Cat in UiO-67, [Ru(bpy)3]Cl2 PS can also
be immobilized on the linkers of the MOF (Scheme 79a). Furthermore, instead of using [Ru(bpy)3]Cl2
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as PS, the amino-functionalized BPDC linkers (Scheme 79b) can serve as a light absorber as well by
extending the optical absorption of UiO-67 into the visible region.
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Scheme 79. a) Full heterogenization of Cp*Rh-based Cat and [Ru(bpy)3]2+ PS in UiO-67. b) Immobilization of Cp*Rhbased Cat into UiO-67 with amino-functionalized BPDC linker as the light absorber.
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Chapter V. Fully heterogeneous photosystem:
(Rh+Ru)@NH2-MIL-101 (Al)
V.1

Introduction
MOFs are a class of porous crystalline materials with tunable pore sizes, crystalline structure

and high surface areas.149–151 A partially heterogeneous photosystem for CO2 reduction has been
described in Chapter IV, in which the active molecular catalyst [Cp*Rh(5,5’-COOH-bpy)Cl]Cl was
immobilized on UiO-67 (Zr); while the photosensitizer remained in solution. This photosystem
exhibited similar catalytic ability, enhanced stability at higher loadings of molecular catalyst, and
good recyclability as compared to its analogous homogeneous system. However, decoupling light
absorber and catalyst has issues as the accessibility of catalyst within the MOF core, as well as the
difficulty of electron transfer from light absorber to catalyst. Therefore, we engage in a study in an
attempt to identify a photosystem wherein both photosensitizing dye and catalyst are heterogenized
by irreversible interaction with MOF pores, thereby working towards a fully heterogeneous
photosystem. Towards this goal, we sight to employ simple and scalable procedures: soaking
experiments, which means MOFs are treated with solutions containing different types of dyes and
catalysts to assay promising candidates. The overall goal is to ultimately be able to impregnate both
dye and catalyst in close proximity within the pores of MOFs in order to achieve fully
heterogenization as well as possibly templating favorable interactions for electron transfer and
improving photocatalytic CO2 reduction.
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V.3.2 Selection of dye
A series of organic dyes and metallic complexes as photosensitizers (Scheme 82) were
evaluated by soaking experiment with NH2-MIL-101 (Al). Regarding organic dyes, both Erythrosine
B and Rose Bengal are fluorescein-like dyes, possessing a strong absorption band in the visible region,
and can be easily quenched by oxygen and other quenchers once reaching the excited triplet state.25
Erythrosine B has been reported as a light absorber in photocatalytic H2 evolution reaction in the
presence of a molybdenum sulfide catalyst.154 Rose Bengal is widely used as a histological stain
which binds strongly and selectively to cellular components. Proflavine is used as PS to regenerate
NADH from NAD+ in biocatalysis.155 Regarding metallic complexes, [Ru(bpy)3]Cl2 is one of the
most common PSs. Two derivatives of Ru PS, [Ru(bpy)2(4,4’-CO2H-bpy)](PF6)2 and [Ru(bpy)2(5,5’CO2H-bpy)](PF6)2 were assessed as well in this study, since carboxylic acid groups on the complexes
is expected to enhance the interaction with amino groups of NH2-MIL-101 (Al). Compared to metallic
complexes, organic dyes are more promising as light absorbers due to the absence of noble metals,
which are toxic, expensive and can cause environmental pollution.
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Of note, in each soaking experiment, the mass of MOF utilized is 5 mg, containing accordingly 0.22
µmol of big cages, and the solvent utilized is 4 mL.
Table 24. Conversion of concentrations to numbers of moles
m (MOF)

n (big cage)

V

n (dye/cat.)

Conc. (dye/cat.)

n (dye/cat.)/n (big cage)

5 mg

0.22 µmol

4 mL

0.22 µmol

0.054 mM

1

5 mg

0.22 µmol

4 mL

0.44 µmol

0.108 mM

2

5 mg

0.22 µmol

4 mL

1.1 µmol

0.271 mM

5

For example, in the case of [Cp*Rh(4,4’-CO2H-bpy)Cl]Cl studied above, the initial solution
was prepared at a concentration of 0.1 mM in 4 mL MeCN, corresponding to 0.4 µmol of Rh complex.
The result of soaking experiment demonstrates that all the Rh complexes could be irreversibly
adsorbed by the big cages of MOF, indicating that 0.4 µmol Rh complex was adsorbed into the MOF
finally. The ratio between [Cp*Rh(4,4’-CO2H-bpy)Cl]Cl and big cages in this experiment is
accordingly ca. 2/1, which means statistically ca. 2 molecules of Rh complex are in one big cage of
NH2-MIL-101 (Al).
However, in the case of [Ru(bpy)2(4,4’-CO2H-bpy)](PF6)2 studied in soaking experiment, the
initial solution contained 0.4 µmol of Ru complex, while only a half could be adsorbed irreversibly
by NH2-MIL-101 (Al). Therefore, the ratio between Ru complex stocked in the MOF and big cages
of the MOF is ca. 1/1.

V.3.4 Preparation of a fully heterogenized photosystem
Now we have found out the promising candidates for both PS and Cat, the issue here is then
how to incorporate both irreversibly into MOF. Since both [Cp*Rh(4,4’-CO2H-bpy)Cl]Cl and
[Ru(bpy)2(4,4’-CO2H-bpy)](PF6)2 possess the same type of ligand, i.e., carboxylic acid substituents
on bpy ligand, they probably compete with each other when they are encapsulated together by MOF.
In addition, Rh complexes have been proven to be adsorbed more efficiently with a larger quantity
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Photocatalytic activity of E

V.4.1 Selection of solvent mixture
The soaking experiment performed above is in pristine MeCN, while photolytic CO2 reduction
requires a sacrificial efficient ED and proton source, such as TEOA. Therefore, we investigate here
the stability of E ((Rh+Ru)@NH2-MIL-101 (Al)) in the presence of TEOA in MeCN.
The experiment was performed by impregnating 5 mg of E into 4 mL of MeCN/TEOA solvent
mixtures with different volumetric ratios during 24 hours, followed by recording UV-vis spectra of
the residual solution (Table 25 and Figure 47). Based on Beer-Lambert law, we are able to calculate
the concentration of Rh complex and Ru complex in solution, thus determining the percentage of
these complexes released from the pores of MOF. According to Table 25, it is clear that no Rh
complex was released in the solution no matter what volume of TEOA was added into MeCN;
whereas in the case of Ru complex, more TEOA in the system, more Ru complex was released from
MOF. When the ratio between MeCN and TEOA was 20:1, only ca. 1% of Ru complex was released
after 24 hours.
Table 25. Soaking experiment within different solvent mixtures a

a

Entry

Solvent mixture (v/v)

% Rh released from E

% Ru released from E

1

MeCN/TEOA (5:1)

0

16

2

MeCN/TEOA (10:1)

0

7

3

MeCN/TEOA (20:1)

0

1

UV-visible absorption of the residual solution by impregnating 5 mg of E into 4 mL of MeCN/TEOA solvent mixtures

for 24 hours. The percentage of Rh complex and Ru complex released from E is calculated by Beer Lambert law.
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Based on the analysis, we can conclude that at a volumetric ratio of 20:1 of MeCN/TEOA
solvent mixture, TEOA cannot expel Ru and Rh complexes from MOF. While due to the large
quantity of TEOA presented in the solvent, the pores of MOF are fulfilled with TEOA, causing a
huge decrease of surface area of MOF.

V.4.2 photocatalytic activity of E
The fully heterogeneous system E was assessed in photolytic CO2 reduction within
MeCN/TEOA (20:1, v/v). Formate was the only product, no traces of CO and H2 were detected. As
shown in Table 26 and Figure 49, formate was produced quasi-linearly during the first 10 hours, while
the rate slowed down for the next 10 hours. The residual solution after photolysis was measured by
UV-vis as well, showing that no Rh complex was released, and ca. 1% of Ru was released from E.
Table 26. Kinetic study of CO2 photoreduction catalyzed by E a

a

Entry

Irradiation duration (h)

Conc. (formate)

TON (formate)

1

2

0.13

1.3

2

5

0.33

3.3

3

10

0.54

5.4

4

20

0.79

7.9

CO2 reduction catalyzed by E containing 0.1 µmol of [Cp*Rh(4,4’-CO2H-bpy)Cl]Cl and 0.2 µmol of [Ru(bpy)2(4,4’-

CO2H-bpy)](PF6)2 in 1 mL of CO2-saturated ACN/TEOA (20:1, v/v) solvent mixture upon irradiation with a 300 W Xe
arc lamp equipped with a 415 nm filter. TONs are calculated based on Rh complex.
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formate production. In addition, NH2-MIL-101 (Al) encapsulating either Rh complex or Ru complex
(Table 27 entries 4 and 5) did not show any comparable activity to E, indicating that both Rh complex
and Ru complex are necessary for photolytic CO2 reduction.
Table 27. Control experiments in photolytic CO2 reduction a
TON

a

Entry

Photosystem

formate

H2

1

Eb

3.28

0

2

NH2-MIL-101 (Al) c

0.22

0

3

Rh + Ru d

0.38

19.10

4

Rh@NH2-MIL-101 (Al) e

0.18

0

5

Ru@NH2-MIL-101 (Al) f

0.23

0

CO2 reduction investigated with different photosystems in 1 mL of CO2-saturated MeCN/TEOA (20:1, v/v) solvent

mixture upon 5 hours of irradiation using a 300 W Xe arc lamp equipped with a 415 nm filter. b assay of E performed in
the kinetic study. c NH2-MIL-101 (Al) without Rh and Ru complexes.

d

homogeneous system containing 0.1 µmol of

[Cp*Rh(4,4’-CO2H-bpy)Cl]Cl and 0.2 µmol [Ru(bpy)2(4,4’-CO2H-bpy)](PF6)2.

e

assay of NH2-MIL-101 (Al)

encapsulating in advance 0.1 µmol of [Cp*Rh(4,4’-CO2H-bpy)Cl]Cl. f assay of NH2-MIL-101 (Al) encapsulating in
advance 0.2 µmol [Ru(bpy)2(4,4’-CO2H-bpy)](PF6)2.
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Conclusion
In this chapter, we managed to use UV-vis spectroscopy to select several promising PS and

Cat, which can be irreversibly adsorbed by a MOF, NH2-MIL-101 (Al). To the best of our knowledge,
this is the first report describing the heterogenization of both PS and Cat for CO2 reduction in a solid
material through simple soaking experiment. A material E comprising of a Cat [Cp*Rh(4,4’-CO2Hbpy)Cl]Cl and a PS [Ru(bpy)2(4,4’-CO2H-bpy)](PF6)2 with a molar ratio nRh : nRu : nbig cage of 1 : 2 :
1 was prepared and further characterized by elemental analysis, BET and PXRD. The photocatalytic
activity of E in CO2 reduction was evaluated and proved to afford specifically formate as the product,
differing from the corresponding homogeneous photosystem, which yielded principally H2. It is
noteworthy that TEOA is a strong competitor to Ru complex, expelling the latter from the pores of
MOF when a considerable amount of TEOA is present in the solvent. The amount of TEOA within
MOF photosystems should be carefully considered, as a lot of reported MOF papers using TEOA
with a ca. 20% volumetric ratio in the solvent. Organic dyes, namely Rose Bengal and Erythrosine B
are also promising candidates of PS. However, due to the absence of activity in combination with Rh
complex in CO2 photoreduction, they were not further investigated in this chapter.
Albeit the material E exhibits good selectivity for formate production, the quantity of
produced formate is still very limited. Furthermore, TEOA proved to be a competitor of Ru complex.
The investigation of other photolytic conditions, such as varying electron and proton donor is
necessary for the enhancement of the catalytic activity of E. The change of photolytic conditions may
also drive photolytic CO2 reduction catalyzed by a MOF containing an organic dye as PS feasible.
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Chapter VI. Bpy-based periodic mesoporous organosilicas
heterogenized manganese complex for CO2 reduction
VI.1 Introduction
Re(bpy)(CO)3Cl photocatalyst was early reported by Lehn and co-workers in 1983 and
yielded exclusively CO.26 Although this catalyst exhibits reasonable efficiencies and has been
modified to enhance its catalytic performance,64,157 its further development is limited by the scarcity
of rhenium. In this context, earth-abundant metal analogues, such as Mn(bpy)(CO)3Br (Scheme 27),
have been recently discovered efficient catalysts for both electro- and photocatalytic CO2 reduction.
Initially reported by Chardon-Noblat, Deronzier and co-workers, electroreduction of CO2
catalyzed by Mn(bpy)(CO)3Br and Mn(4,4’-Me-bpy)(CO)3Br could be sustained for 4 hours of bulk
electrolysis in MeCN at a potential of -1.70 V vs. Ag/Ag+, affording CO as the sole reduction
product.45 When longer electrolysis was carried out (up to 22 hours), the faradaic efficiency for CO2
reduction to CO however decreased to 85%, the remaining 15% corresponding to H2 formation. It
should be noted that such activity only occurred in the presence of a proton source, here in the form
of 5% (v/v) water in the solvent. The reaction mechanism was identified by analysis of CV and UVvis spectra to proceed through the rapid formation of a [Mn(bpy)(CO)3]2 dimer after one-electron
reduction of the starting complex to an unstable radical [Mn(bpy)(CO)3]• species. This dimer could
be further reduced at a more negative potential to generate the doubly reduced anionic
[Mn(bpy)(CO)3]- species (Scheme 84).
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Scheme 84. Proposed mechanism for the reduction of Mn(bpy)(CO)3Br.

This catalytic cycle was further proofed by Pulsed-EPR experiments, revealing the presence
of a mer-isomer [MnII(4,4’-Me-bpy)(CO)3(C(O)OH)]+ species, formed after reaction of CO2 with the
Mn-Mn dimer (Scheme 85).158 This meridional species, 3.8 kcal/mol lower than its fac-isomer, can
be further reduced to yield CO and regenerate the catalyst.
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Scheme 85. Proposed mechanism for electrolytic CO2 reduction catalyzed by [Mn(4,4’-Me-bpy)(CO)3(MeCN)]+.

Interestingly, formation of the Mn-Mn dimer can be prevented by increasing the steric
hindrance around the metal center. 48,159–161 For example, when introducing a bulky substituents on
bpy ligand, such as 6,6’-dimestyl-2,2’-bipyridine (6,6’-Mes-bpy), the catalytic activity of Mn(6,6’Mes-bpy)(CO)3Br (Scheme 86) was increased with a TOF of 5000 s-1 in the presence of 2,2,2trifluoroethanol (TFE) as a proton source in MeCN, while Mn(bpy)(CO)3Br yielded a TOF of only
3000 s-1 under the same conditions.160
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Scheme 86. Chemical structure of Mn(mesbpy)(CO)3Br.

The dimerization of Mn-diimine complexes could also be prevented by substituting halide
ligand with strongly coordinating anions such as cyanide. Using Mn(bpy)(CO)3(CN) (Scheme 87) as
the electrocatalyst, Kubiak and co-workers proposed another mechanism pathway (Scheme 88), in
which the mean step was the disproportionation of two radical species formed upon one-electron
reduction to generate the doubly reduced species [Mn(bpy)(CO)3]-.159
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Scheme 87. Chemical structure of Mn(bpy)(CO)3(CN).

CN
N
2
CN

N

CO
Mn

N

CO
2e

CO

CN

CO
Mn

N

CO

2

CO

N

CO
Mn

CO

N
CO

CO, H 2O
Disproportionation

H
CO2H
N

CN

CO
Mn

N

CO

N

CO

CO
Mn

N

CO

CO
CO2, H +

Scheme 88. Proposed mechanism for electrolytic CO2 reduction catalyzed by Mn(bpy)(CO)3(CN).
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In 2014, Ishitani and co-workers evaluated the catalytic activity of Mn(bpy)(CO)3Br for CO2
reduction in photolytic conditions.46 Differ from electrocatalytic reduction affording CO, the catalyst
preferentially led to the generation of formate in both DMF/TEOA (4:1, v/v) and MeCN/TEOA (4:1,
v/v) solutions using [Ru(4,4’-Me-bpy)3]2+ as PS and BNAH as ED (149 TON and 78 TON after 12
hours of irradiation, respectively).
The catalytic performance of Mn(bpy)(CO)3(CN) was also assessed in photolytic CO2
reduction with [Ru(4,4’-Me-bpy)3]2+ PS and BNAH ED.48 Formate was produced as the major
product in DMF/TEOA (4:1, v/v) solvent mixture, while CO was the primary product in
MeCN/TEOA (4:1, v/v). The authors demonstrated that the singly reduced [Mn(bpy)(CO)3]• species
was more stable in DMF than in MeCN, allowing a hydrogen atom abstraction from TEOA or
BNAH•+ to generate formate via a Mn-H species. While in MeCN, [Mn(bpy)(CO)3]• reacted directly
with CO2 (Scheme 89).
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Scheme 89. Proposed catalytic intermediates in MeCN and DMF.

The catalyst Mn(phen)(CO)3Br (Scheme 90) was also evaluated in the presence of an earthabundant metal-based photosensitizer, ZnTPP, and TEA ED, in MeCN/H2O solvent mixture.162 After
3 hours of irradiation, CO2 was reduced mainly to CO (119 TON) with a small amount of formate (19
TON).
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Scheme 90. Chemical structure of Mn(phen)(CO)3Br.
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Recently, immobilization of Mn carbonyl catalysts on heterogeneous supports such as TiO2163
and Metal-Organic Frameworks (MOFs)47 has been reported. These heterogeneous strategies
improved the robustness, reprocessing and recyclability of the catalysts. The Mn(5,5’-CO2Hbpy)(CO)3Br complex was incorporated in UiO-67 via PSE method, affording Mn(CO)3Br@UiO67 (Scheme 91).47 This material exhibited higher catalytic activity (110 TON of formate and 5 TON
of CO after 18 hours of illumination) as compared to the molecular Mn(5,5’-CO2H-bpy)(CO)3Br
complex (57 TON of formate and 5 TON of CO) under the photolytic conditions using [Ru(4,4’-Mebpy)3]2+ as PS and BNAH as ED in DMF/TEOA (4:1, v/v) solvent mixture.

N CO
N Mn
Br

CO

CO

Mn(CO) 3Br@UiO-67

Scheme 91. Chemical structure of Mn(CO)3Br@UiO-67.

In this context, the utilization of Periodic Mesoporous Organosilicas (PMOs), a class of high
surface area hybrid organic-inorganic materials with organic functionalities uniformly distributed
within the pores and the walls of the silica matrix, is an attractive strategy to molecularly-defined
heterogeneous catalysts. For instance, PMOs bearing bpy/bp or ppy ligands have been recently used
for the successful immobilization of catalytic systems with molecular precision due to their rigid,
robust and highly-ordered mesoporous structure.164,165 We reasoned that PMOs derived from bpy
alkoxysilanes would be particularly suitable for the immobilization of Mn carbonyl catalysts,
providing a robust matrix with uniformly-distributed,166 well-defined coordination properties for the
site isolation. In general, the isolation of catalytic sites avoids both dimerization and
disproportionation mechanisms,167 thereby enabling unique CO2 reduction activity and selectivity of
such PMO-based catalysts. In the context of CO2 photoreduction, Re- and Ru-based PMO materials
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were recently reported by Inagaki and co-workers.63,168
The mesoporous bpy-containing PMO (Bpy-PMO) was synthesized by our collaborators
(Christophe Copéret and co-workers, Department of Chemistry and Applied Biosciences, ETH
Zürich). The porous structure of the material Bpy-PMO was confirmed by transmission electron
microscopy (TEM), Fourier Transform Infrared (FT-IR) and solid-state NMR. Analysis according to
the BET model revealed a surface area of 596 m2g-1 and a maximum pore-size distribution of 2.4 nm
(Figure 50). As expected, this material shows high degree of ordering demonstrated by sharp peaks
in PXRD with an interpore distance of 1.16(1) nm (Figure 51).

Figure 50. N2 Adsorption/Desorption isotherm for bpy-PMO.

Figure 51. PXRD spectrum of bpy-PMO.
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VI.2 Synthesis and characterization of Mn-PMObpy
A series of coral-colored PMO-supported Mn catalysts are synthesized by reaction of BpyPMO with manganese pentacarbonyl bromide in diethyl ether at room temperature (Scheme 92).
Materials with different loadings of Mn were obtained by varying the ratio between the amount of
Mn precursor introduced and the amount of bpy units of the material determined by elemental analysis.
We report here the synthesis of materials using nMn/nbpy ratio of 1/2, 1/10 and 1/50, respectively named
F.1, F.2 and F.3. However, while the elemental analysis of materials F.2 and F.3 are in agreement
with the expected Mn loading of 1.3% (nMn/nbpy = 1/13) and 0.4% (nMn/nbpy = 1/43) respectively,
material F.1 reveals a much lower Mn weight loading than expected if the post-synthetic
immobilization is quantitative (ca. 1.4% vs. 6.6% expected). This loading, comparable to that
obtained for material F.2, corresponds to a functionalization of ca. 10% of the bpy moieties in the
material, which appears to be the maximum loading achievable under these conditions. This result is
consistent with previous observations with analogous ppy-based PMO materials, for which a
maximum of 15% of the ppy units could be functionalized. Such a value is shown to correspond to
the functionalisation of one third of the surface ppy ligands, the walls of the material being composed
of four layers of ppy building blocks, out of which only the two outer layers are available for
functionalization.22,23
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Scheme 92. Synthetic pathway of [Mn(bpyPMO )(CO)3Br].

As a representative example, only the characterization of material F.2 will be described in
detail here. The porous structure of Bpy-PMO and materials F.2 was essentially the same, as
suggested by the similar TEM images and BET surface area. Scanning Transmission Electron
Microscopy - High-Angle Annular Dark-Field and X-ray Energy-Dispersive Spectroscopy (STEMHAADF and XEDS) analyses of F.2 confirmed the homogeneous distribution of Mn over the whole
material. The FT-IR spectrum of F.2 revealed bands at 2051, 2036, 1951 and 1936 cm-1 (black curve
in Figure 52). These signals cannot be assigned to a single species but are indicative of a mixture of
the fac- and mer-isomers of [Mn(bpyPMO)(CO)3Br] (νCO stretches at 2036, 1936 cm-1 and 2051, 1951
cm-1. respectively), with the fac-isomer representing the major species in the material.170 The presence
of these two isomers was further confirmed by UV-diffuse reflectance spectroscopy (UV-DRS). The
spectrum of F.2 (black curve in Figure 53) displays a broad absorption band from 450 to 600 nm, in
agreement with the presence of both fac- and mer-species. Indeed, molecular fac- and mer[Mn(bpy)(CO)3Br] complexes show absorption maxima at 460 and 510 nm, respectively.170,171
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The UV-DRS spectrum of F.2 (Figure 53) significantly changed upon light exposure, with the
appearance of two new bands at 395 nm and 510 nm attributed to mer-[Mn(bpyPMO)(CO)3Br],170,171
as well as a new band at 540 nm that becomes more pronounced after prolonged irradiation. This
feature is reminiscent of the Laporte-forbidden π*-π* transition of bpy•- ligands and could be
tentatively assigned to [Mn+(bpyPMO•-)(CO)3].3,173


Figure 53. UV-diffuse reflectance spectra of F.2 in Ar before (black) and after 1 min (red) or 30 min (blue) irradiation
with a 300 W Xe arc lamp equipped with a 400 nm filter at 20ºC. Symbols refer the species described in Scheme 93.

The FT-IR spectrum of a pellet of material F.2 mixed with KBr was recorded before and after
light exposure, under a CO atmosphere or dynamic vacuum. Under a CO atmosphere, at short
exposure time (1 min) the νCO bands assigned to the mer-isomer increased in intensity while those
assigned to the fac-isomer decreased (Figure 52). At longer exposure times (15 and 30 min), in
addition to a further increase of mer-/fac- ratio, new νCO bands at 2007, 1993, 1975, 1880 (broad),
1857 (broad) and 1820 cm-1 (broad) were observed. The bands at 1975 and 1857 cm-1 are likely due
to a singly-reduced Mn complex [Mn+(bpyPMO•-)(CO)3]. The features at 2007 and 1880 cm-1 can be
assigned to the formation of an octahedral Mn(I) carbonyl species resulting from the coordination of
a fifth ligand to the complex [Mn+(bpyPMO•-)(CO)3]. This ligand originates from a neighboring bpy
moiety in the PMO material or a fourth CO ligand, as both species are known to have similar
stretches.48,160,174 Since these bands rapidly disappeared when a sample was exposed to high vacuum,
 

Chapter VI

Bpy-based PMO heterogenized Mn catalyst for CO2 reduction

the presence of [Mn+(bpyPMO•-)(CO)4] species is more likely. The weak νCO bands at 1993 and 1820
cm-1 will be discussed below.
As fac- to mer- isomerization is known to occur in a two-step mechanism via decoordination/coordination of a CO ligand triggered by light,175 we reason that irradiation in the
dynamic vacuum could aid observing other reaction intermediates. Indeed, when a pellet of material
F.2 mixed with KBr was exposed to light for 30 minutes under the dynamic vacuum, a color change
to dark pink was quickly observed, concomitantly with significant changes in the FT-IR spectrum.
The intensity of the νCO stretches of both isomers of [Mn(bpyPMO)(CO)3Br] decreased, and new νCO
stretches at 1993, 1927, 1876 and 1820 cm-1 appeared (Figure 54). The shifts of νCO stretching peaks
to lower wavenumbers as well as their decreased intensity are likely reflecting a partial loss of CO,
consistent with the formation of coordinatively unsaturated bis- and mono- CO Mn(I) complexes.

Figure 54. Infrared spectra of F.2 under dynamic vacuum (10-5 mBar) before (black) and after (red) 30 minutes
irradiation with a 300 W Xe arc lamp. Symbols refer to the species described in Scheme 93.

After 24 h of light exposure under high vacuum, the CO stretching peaks in the 2100-1800
cm-1 region have almost fully disappeared, indicating that most of the Mn centers have lost all their
initial CO ligands. Such CO de-coordination has been previously observed with analogous
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VI.3 Photocatalytic condition investigation
The catalytic activity of F.2 and F.3 in photolytic CO2 reduction was evaluated. The
photosystem was optimized by varying ED, PS, solvent and the concentration of Cat. The photolysis
was carried out using 1 mL of a CO2-saturated sample in a 1 cm quartz cuvette. Samples were
maintained at 20ºC and illuminated with a 300 W Xe arc lamp equipped with a 400 nm cut-off filter.

VI.3.1

Sacrificial electron donor

The results of photocatalytic CO2 reduction under the conditions using 1 µmol of Mn sites of
material F.2 and 10 µmol of [Ru(bpy)3]Cl2 as PS in 1 mL MeCN/TEOA (5:1, v/v) solvent mixture
are presented in Table 28. No CO2 reduction activity was observed in the presence of only TEOA
(entry 1) or upon addition of BNAH either (entry 2). The addition of 0.1 M of BIH gave 49 TONs of
formate, 70 TONs of CO and 33 TONs of H2 after 16 hours of photolysis (entry 3). The lack of
catalytic activity in the presence of BNAH is intriguing, as a MeCN/TEOA/BNAH mixture has been
widely used46,47 for promoting the photocatalytic activity of Mn(bpy)(CO)3X complexes using Rubased PS. Consequently, BIH was used as ED in the following photocatalytic tests.
Table 28. Electron donor investigation for photolytic CO2 reduction a
TON

a

Entry

Electron donor

CO

Formate

H2

1

TEOA

0

0

0

2

BNAH (0.1 M)

0

1

0

3

BIH (0.1 M)

49

70

33

Samples containing 1 µmol of F.2 and 10 µmol of [Ru(bpy)3]Cl2 in 1 mL CO2-saturated MeCN/TEOA (5:1, v/v) solvent

mixture upon 16 hours of irradiation with a 300 W Xe arc lamp equipped with a 400 nm filter.
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Relative photosensitizer/catalyst ratios

While the concentration of Cat in the sample cannot be rigorously defined as the reaction is
heterogeneous, we describe here by convenience the amount of Mn sites present in the 1 mL sample
in µmol/mL. As presented in Table 29, for the concentration of F.2 of 0.1 µmol/L, the larger amount
of CO2 reduction products (CO + formate) is obtained when using a 10/1 PS/Cat ratio (entry 2) as
compared to a 1/1 ratio (entry 1): the overall TONs is ca. 20 times larger. Besides, the control
experiments in the absence of one of the components for both PS/Cat did not show any significant
activity.
Table 29. PS/Cat ratio investigation for photolytic CO2 reduction a
Products (µmol)

a

TON

Entry

PS (µmol)

Ratio PS/Cat

CO

Formate

H2

CO

Formate

H2

1

0.1

1/1

0.2

0.5

0.1

2

5

1

2

1

10/1

5.3

10.6

2.2

53

106

22

Samples containing 0.1 µmol of F.2, 0.1 µmol or 1 µmol of [Ru(bpy)3]Cl2 and 0.1 M of BIH in 1 mL CO2-saturated

MeCN/TEOA (5:1, v/v) solvent mixture upon 16 hours of irradiation with a 300 W Xe arc lamp equipped with a 400 nm
filter.

VI.3.3

Catalyst concentration

Keeping the constant PS/Cat ratio of 10/1, and varying both the concentration of PS and F.2,
CO2 photoreduction was investigated as well. As shown in Table 30, the overall TONs of the CO2
reduction products are not strongly influenced by the concentration of F.2 when it is varied from 1
µmol/L to 0.01 µmol/L. By contrast, the product selectivity is significantly affected: the CO/formate
ratio varied from 1/1.4 at 1 µmol/L of F.2 to 1/4.9 at 0.01 µmol/L of F.2.
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Table 30. Cat concentration investigation for photolytic CO2 reduction a
Products (µmol)

a

TON

Entry

Cat (µmol)

PS (µmol)

CO

Formate

H2

CO

Formate

H2

1

1

10

49

70

33

49

70

33

2

0.1

1

5.3

10.6

2.2

53

106

22

3

0.01

0.1

0.29

1.42

0.39

29

142

39

Samples containing the same ratio of [Ru(bpy)3]Cl2/F.2 at 10/1 and 0.1 M of BIH in 1 mL CO2-saturated MeCN/TEOA

(5:1, v/v) solvent mixture upon 16 hours of irradiation with a 300 W Xe arc lamp equipped with a 400 nm filter.

VI.3.4

Mn loading

The effect of dilution of the metal centers in the materials by comparing the activity of material
F.2 and F.3 was investigated as well (Table 31). As mentioned above, the Mn catalyst in F.3 is ca. 5
times more diluted than in F.2. In the photocatalytic CO2 reduction experiments with the same ratio
of PS/Cat at 10/1, catalyst F.3 yielded higher TONs than F.2 while being slightly less selective for
formate (entries 1-2). The higher TON values obtained with F.3 likely indicate that only a part of the
catalytic sites is accessible to the substrate when the loading of the Mn catalyst in the material is too
high. The TONs obtained with material F.3 are the highest observed with all materials described here,
and are ca. 6 times greater with respect to the [Mn(bpy)(CO)3]Br molecular analogue under the same
photolytic conditions (entry 3).
Table 31. Mn loading investigation for photolytic CO2 reduction a
Products (µmol)

a

TON

Entry

Cat

CO

Formate

H2

CO

Formate

H2

1

F.2

0.29

1.42

0.39

29

142

39

2

F.3

1.68

2.92

0.72

168

292

72

3

[Mn(bpy)(CO)3]Br

0.15

0.65

0.14

15

65

14

Samples containing 0.01 µmol of Cat., 0.1 µmol of [Ru(bpy)3]Cl2 and 0.1 M of BIH in 1 mL CO2-saturated MeCN/TEOA

(5:1, v/v) solvent mixture upon 16 hours of irradiation with a 300 W Xe arc lamp equipped with a 400 nm filter.
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VI.3.5

Solvent

Since DMF has been used as the solvent for photolytic CO2 reduction catalyzed by Mntricarbonyl complexes, the same catalytic tests (0.1 µmol of F.2, 1 µmol of Ru-based PS and 0.1 M
of BIH) in DMF were performed as well. As presented in Table 32, using DMF as the solvent showed
comparable selectivity but much lower overall TONs (entry 2, 27 TON for CO and formate) in CO2
reduction products with respect to MeCN solvent (entry 1, 159 TON).
Table 32. Solvent investigation for photolytic CO2 reduction a
Products (µmol)

a

TON

Entry

Solvent

CO

Formate

H2

CO

Formate

H2

1

MeCN

5.3

10.6

2.2

53

106

22

2

DMF

0.9

1.8

0.1

9

18

1

Samples containing 0.1 µmol of F.2, 1 µmol of [Ru(bpy)3]Cl2 and 0.1 of M BIH in 1 mL CO2-saturated MeCN/TEOA

(5:1, v/v) or DMF/TEOA (5:1, v/v) solvent mixture upon 16 hours of irradiation with a 300 W Xe arc lamp equipped with
a 400 nm filter.

VI.3.6

Nature of the photosensitizer

In addition to [Ru(bpy)3]Cl2 PS, ZnTPP, (earth-abundant metal-based complex) and
fluorescein (organic dye) were assessed in CO2 photoreduction using F.3 as Cat under the optimal
conditions described above (0.01 µmol of F.3, 0.1 µmol of PS and 0.1 M of BIH in 1 mL
MeCN/TEOA (5:1, v/v) solvent mixture). As shown in Table 33, fluorescein and ZnTPP yielded
lower TON values as compared to [Ru(bpy)3]Cl2, but higher selectivity for formate and no hydrogen
production. This indicates that [Ru(bpy)3]Cl2 is likely responsible for the H2 formation observed the
catalytic test presented above. These systems are ones of a few photocatalytic systems based
exclusively on earth-abundant elements.52,85,162
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Table 33. Photosensitizer investigation for photolytic CO2 reduction a
Products (µmol)

a

TON

Entry

PS

CO

Formate

H2

CO

Formate

H2

1

[Ru(bpy)3]Cl2

1.53

2.43

0.25

153

243

25

2

ZnTPP

0.17

0.52

0

17

52

0

3

fluorescein

0.11

0.65

0

11

65

0

Samples containing 0.01 µmol of F.3, 0.1 µmol of PS and 0.1 M of BIH in 1 mL CO2-saturated MeCN/TEOA (5:1, v/v)

solvent mixture upon 5 hours of irradiation with a 300 W Xe arc lamp equipped with a 400 nm filter.
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VI.4 Photocatalytic activity of F.3
Under the optimal photolytic conditions developed above (0.01 µmol of F.3 catalyst, 0.1 µmol
of [Ru(bpy)3]Cl2 PS and 0.1 M of BIH ED in 1 mL MeCN/TEOA (5:1, v/v) solvent mixture), the
time-dependent formation of CO, formate and H2 is presented in Table 34 and Figure 56. Formate
was produced with a slightly higher initial rate (TOF = 38 min-1) with respect to that for CO formation
(TOF = 30 min-1), which is consistent with the results presented in Table 31 Entry 2 as a higher
selectivity for formate was observed under these conditions. The decreased rate occurring after 2
hours of irradiation is likely due to the deactivation of Ru PS upon illumination.
Table 34. Kinetic study of CO2 photoreduction catalyzed by F.3 a
TON

a

Entry

Irradiation duration (h)

CO

formate

H2

1

0.5

20

/

9

2

1

45

77

13

3

1.5

80

/

16

4

2

95

125

16

5

2.5

102

/

17

6

3

110

161

20

7

3.5

115

/

22

8

4

121

175

24

9

4.5

124

/

25

10

5

129

203

25

11

5.5

133

/

28

12

6

138

207

28

13

TOF (min-1)

30

38

/

Samples containing 0.01 µmol of F.3, 0.1 µmol of [Ru(bpy)3]Cl2 and 0.1 M of BIH in 1 mL CO2-saturated MeCN/TEOA

(5:1, v/v) solvent mixture upon irradiation with a 300 W Xe arc lamp equipped with a 400 nm filter.
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VI.5 Reaction mechanism
Previous studies on photochemical CO2 reduction using molecular46,48 and heterogeneous
Mn(bpy)(CO)3X47 catalysts have proposed the formation of CO and formate through two distinct
reaction pathways. One involves the reaction of a photo-generated radical species [Mn(bpy)(CO)3]•
(from [Mn(bpy)(CO)3]2) with a hydrogen atom donor to afford a Mn-H intermediate which converts
CO2 into formate. The second one relies on the direct reduction of CO2 by a doubly reduced
[Mn(bpy)(CO)3]- species to afford CO.46,48,159,160 The ability of DMF in contrast to MeCN to stabilize
the singly reduced radical species [Mn(bpy)(CO)3]• is proposed to explain the higher selectivity for
formate in DMF.48
Building on these studies, we interpret our data in terms of the proposed catalytic mechanism
shown in Scheme 94. In the photosensitization step, the complex is singly reduced by PS–/BI• or via
homolysis of the Mn-Br bond. As the singly reduced species [Mn+(bpyPMO•-)(CO)3] was observed
under the light by FTIR even in the absence of PS or ED, this initial step likely occurs independently
of the ED used. In contrast to the reactions using analogous Mn complexes under homogeneous
conditions, in the case of reactions using Mn-containing Bpy-PMO materials, both formation of
dimeric species and disproportionation of singly-reduced radical intermediates are highly unlikely
events due to the immobilization and high dilution of the Mn centers in the materials. This is
consistent with the surprising stability of the radical [Mn+(bpyPMO•-)(CO)3] which can be observed by
FT-IR spectroscopy during light irradiation at room temperature. This species could be further
stabilized by coordination of solvent molecules (omitted in Scheme 93 for brevity). In particular,
DMF proved to strongly stabilize such a radical intermediate.48 The higher stability of the radical
species in the catalytic cycle in the presence of DMF could also explain the slower kinetics here
observed with this solvent.
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The singly reduced [Mn+(bpyPMO•-)(CO)3] species could then follow two parallel paths.
Abstraction of a hydrogen atom from BIH•+ generates a hydride species,47 which reacts then with CO2
to give formate. The larger selectivity for formate observed at lower catalyst concentration (i.e., at
higher relative BIH concentration) is consistent with this hydrogen atom abstraction step. Hydrogen
atom transfer could be potentially observed as well with BNAH and TEOA electron donors. However,
these are much weaker hydrogen atom donors than BIH, explaining the absence of formate product
when using these electron donors.
Alternatively, [Mn+(bpyPMO•-)(CO)3] can be further reduced to a [Mn(bpyPMO)(CO)3]- species.
Such doubly-reduced species have been shown to reduce CO2 to CO. 46,48,159,160 As no CO production
was observed in the absence of BIH, we reason that the second reduction of the complex cannot be
realized by PS- but requires the presence of a stronger reducing agent. This is in agreement with the
highly negative potential required for the second reduction of Mn-bpy complexes when dimerization
is prevented.159 As highlighted in Chapter I, the radical species BI• have very strong reduction power
and are the most likely reducing agent for the direct reduction of [Mn+(bpyPMO•-)(CO)3] species. The
lack of activity observed when BNAH is used instead of BIH corroborates this hypothesis.
Finally, after protonation of formate or CO release, both reaction paths lead to a
[Mn+(bpyPMO)(CO)3] species that can be further reduced by PS– or BI• to regenerate the active
[Mn+(bpyPMO•-)(CO)3] species.
In summary, the main difference of the mechanism proposed here and those proposed for
molecular species originates from the restraint to dimerization or disproportionation provided by the
site isolation in PMO. Since bimolecular interactions (formation of Mn-Mn dimers or
disproportionation reaction) are known to ease the two-electron reduction of molecular Mn-bpy
complexes,45,48 stronger reducing agents such as BI• are required to doubly reduce the Mn sites when
immobilized in PMO materials. In addition, the PMO material provides a higher stability to
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[Mn+(bpyPMO•-)(CO)3] intermediate, independently of the solvent used. This permits the observation
of different product selectivity than for its homogeneous counterparts.
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Scheme 94. Proposed mechanism for the formation of HCOOH and CO catalyzed by [Mn(bpyPMO)(CO)3Br].
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VI.6 Conclusion
Bpy-PMO material incorporating three different loadings of Mn-carbonyl complexes have
been synthesized (nMn/nbpy ratio of 1/2, 1/10 and 1/50, respectively named F.1, F.2 and F.3) and
characterized at the molecular level. The elemental analysis reveals that F.1 and F.2 are similar, both
having a functionalization of ca. 10% of the bpy moieties in the material and thus appears to be the
maximum loading achievable. Moreover, F.3 is in agreement with expected Mn loading. Site isolation
within the materials allowed the photoinduced isomerization of the Mn carbonyl centers from fac- to
mer- configuration to be observed by IR and UV-vis spectroscopies at room temperature.
The catalytic activity of these materials for CO2 reduction was assessed under photochemical
conditions, varying solvents, ED, PS type and concentration, Cat concentration as well as the Mn
loading within the PMO. Under optimal conditions (MeCN/TEOA (5:1,v/v) solvent mixture, 0.1 M
of BIH ED, 0.1 µmol/mL of [Ru(bpy)3]Cl2 PS, and 0.01 µmol/mL of F.3), 168 TON of CO and 292
TON of formate were obtained after 16 hours of irradiation. Furthermore, the material F.3 could be
recycled up to 3 times (5 hours each run), with ca. 720 cumulated TONs for CO and formate. The
decreased CO2 conversion is probably due to the deactivation of both catalyst and photosensitizer.
Spectroscopic and catalytic data indicate that site isolation of the Mn complex in the PMO
framework inhibits bimolecular processes such as dimerization or disproportionation and stabilizes
the intermediate one-electron reduced Mn complex. This radical species could further either abstract
un hydrogen atom to generate Mn-H hydride species, which affords formate production; or directly
interact with CO2, which yields CO. Furthermore, the catalytic activity is promoted by ED such as
BIH, capable of generation strong reducing species after reaction with the excited PS.
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Chapter VII. Porous-Hybrid Polymer heterogenized
cobaloxime for H2 evolution
VII.1 Introduction
Molecular H2 is considered as a clean fuel since the only combustion product is water when
it is combusted in pure oxygen, and it can be easily obtained from water splitting by different
strategies. To minimize the energy barrier, catalysts that perform proton-coupled electron transfer are
required. One of the best catalysts for H2 evolution is platinum, operating at the thermodynamic
potential for H+/H2 conversion (0 V vs. SHE, pH 0). Besides, inspired from nature, [FeFe], [NiFe]
and [Fe] hydrogenases also yield H2 in mild conditions.178,179 In photocatalytic H2 evolution, the
design premise is to use the solar energy in combination with catalysts to drive the thermodynamically
uphill H2 generation.180,181
In 1983, Lehn and co-workers initially investigated visible-light-driven catalytic H2 evolution
using Co(dmgH)2(OH2)2 (dmg = dimethylglyoximate, Scheme 95) as Cat with [Ru(bpy)3]2+ as PS in
a DMF/TEOA solvent mixture. 16 TONCo of H2 were obtained in 1 hour of irradiation. The addition
of 6 to 15 equivalents of dmgH2 ligand was found to be necessary to prevent the dissociation of
Co(dmgH)2(OH2)2 and to replace the hydrogenated ligand formed by side reactions.
OH2
O H
N
O
N Co N
O
N
H O
OH2
Co(dmgH)2(OH 2)2

Scheme 95. Chemical structure of Co(dmgH)2(OH2)2.
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Since then, a large number of groups made strive for the improvement of the catalytic
performance of cobaloxime combining with PS in different photolytic conditions for H2 production.
In general, three classes of cobaloximes are differed from ligands: the first one containing glyoximate
and axial neutral ligands (Scheme 96a); the second one containing glyoximate and halogen (Scheme
96b); the third one containing difluoroboroglyoximate (Scheme 96c). Besides, Co(diimine)(dioxime)
(Scheme 96d and 96e) also exhibited good catalytic performance in both electro- and photocatalytic
H2 evolution.182 It is noteworthy that the oxidation states of Co ion in these complexes are different:
a and c are Co(II), while b, d and e are Co(III). Based on the structure, the catalytic performance of
cobaloxime and Co(diimine)(dioxime) for visible-light-driven H2 production will be discussed in this
section.
L
O
N
O
H

H

N
O
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Co N
N
O
L
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O
N
O
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N
O
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N
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H
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X
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d

X = halogen
L = neutral ligand or solvent

Scheme 96. Chemical structures of cobaloxime and Co(diimine)(dioxime).

VII.1.1

Co(dmgH)2pyCl

Among the cobaloxime complexes, Co(dmgH)2pyCl (Scheme 97) is the most studied one in
solar H2 evolution in conjunction with different metal-based PS or organic dyes. The composition of
solvent systems and pH were also investigated. Based on the photophysical and electronic properties
of each component, different mechanisms involving cobaloxime and PS were proposed.
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Cl
O H
N
O
III
N Co N
O
N
H O
N

Co(dmgH)2pyCl



Scheme 97. Chemical structure of Co(dmgH)2pyCl.

VII.1.1.1

Photosensitizer investigation

A Pt-based complex (Scheme 98, Pt1) was initially utilized as PS since it can be reductively
quenched by TEOA and oxidatively quenched by methyl viologen (MV2+). In MeCN/H2O (3:2, v/v)
solvent mixture with TEOA as ED, the authors remarked that H2 evolution was strongly pHdependent: the amount of H2 maximized at pH 8.5, yielding ca. 400 TONPt1 upon 10 hours of
irradiation (20 TONCo, calculation based on the concentrations of Pt1 and cobaloxime given in the
paper); whereas when pH was below 7 or above 12, negligible H2 was produced.183 A mechanism
with different pathways was proposed (Scheme 99): in the first step, Pt1 in the excited state can be
both oxidatively quenched by cobaloxime and reductively quenched by TEOA; Co(III) is reduced to
Co(I) through two one-electron reduction pathways, followed by the formation of Co(III)-H hydride
species; the latter is subsequently reduced to Co(II)-H species; H2 is then generated via either
protonation of Co(II)-H, or a bimolecular reaction involving two Co(II)-H species. The bell-shaped
profile as a function of pH could thus be explained by the fact that at low pH, H2 evolution is limited
by the reduction power of ED; while at high pH, the production of H2 is hampered by the disfavored
protonation of the reduced Co(I) species.184 This bell-shaped profile against pH was observed in all
the photosystems for solar H2 evolution, and will not be discussed further.
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Scheme 98. Chemical structures of Pt-based photosensitizers.
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Scheme 99. Proposed mechanism for H2 evolution.

The Pt-based PS was further modified (Scheme 98, Pt2 – Pt8) and assessed in photolytic H2
evolution. The study using Pt2 – Pt5 as PS under the same conditions mentioned above showed that
the rate of H2 production followed the order Pt5 > Pt3 > Pt4 > Pt2,185 depending on the photon
absorptivity of photosensitizers and their oxidative quenching rate constant associated with
cobaloxime.186 Besides, the study using Pt6 – Pt8 as PS in a pH 8.5 MeCN/H2O(1:1, v/v) solvent
mixture with 0.5 M TEOA showed a H2 production trend of Pt6 < Pt7 < Pt8, opposite to the reduction
potential of Pt complexes in the excited state (Pt6 > Pt7 > Pt8), indicating thus that the reduction of
Pt-based PS was the rate-limiting step in H2 evolution.187 Furthermore, an induction period ca. 10–
20 minutes was observed in all cases, presumably being related to the conversion of Co(III) to Co(II).
In addition, both PS and Cat were proved to be decomposed during the photolysis, since after the
reaction ceased, the addition of both fresh photosensitizer and catalyst could revitalize the reaction.
The addition of excess dmgH2 ligand into the photosystem could partially slow down the
decomposition of cobaloxime and enhance accordingly the overall H2 production.
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[Ru(bpy)3]2+ PS was assessed as well in MeCN/H2O (1:1, v/v) solvent mixture in the presence
of ascorbate.184 The photocatalytic activity of cobaloxime maximized at pH 5 with ca. 180 TONCo of
H2 obtained after 1 hour of photolysis. However, compared to the photosystem containing Pt-based
PS, the production of H2 in this case stopped very quickly, which was owing to the decomposition of
[Ru(bpy)3]2+.
To reduce the cost of photosystems for H2 generation, noble metal-based complexes were
replaced by metalloporphyrins containing earth-abundant metals. Scandola and co-workers reported
an efficient photosystem conprising of Co(dmgH)2pyCl, an aluminum-based porphyrin, AlP(OH)
(Scheme 100) as PS and ascorbate as ED.188 Based on the investigation of different solvent systems,
the catalyst in acetone/H2O (7:3, v/v) at pH 6 exhibited the best catalytic activity, yielding 352 TONAl
and 117 TONCo of H2 respectively in 90 min. However, this photosystem was unstable since the
reaction stopped after 2 hours of illumination. Later, a zinc-based porphyrin, [ZnTMPyP]Cl4189 and
a tin-based porphyrin, [SnTPPC]Cl2190 (Scheme 100) were also utilized in conjunction with
Co(dmgH)2pyCl. In the case of [ZnTMPyP]Cl4, under the photolytic conditions (MeCN/H2O, 1:1,
v/v; 5% TEOA), the catalyst was more stable at pH 7 as compared to pH 8, affording ca. 280 TONZn
and 28 TONCo of H2 upon 20 hours of irradiation, despite having a less efficient initial rate. In the
case of [SnTPPC]Cl2, the photosystem in H2O at pH 8.5 with 60 mM of TEOA yielded 25 TONSn of
H2 upon 25 hours of irradiation (2.5 TONCo). The inefficiency of this photosystem with respect to the
systems containing Al- or Zn-based porphyrin PS was due to the impressive high redox potential
difference from TEOA to [SnTPPC]Cl2 (ΔE ca. 1.5 V) in this photosystem.



 

Chapter VII

Porous-Hybrid Polymer heterogenized cobaloxime for H2 evolution

O
Cl

OH

N

Cl

OH
N

N

N

N

N

Cl
N

Al

N
N

N

Cl

HO

N

N

Zn

N

N

O

N

OH

Sn
O

N
Cl

Cl

N
HO

AlP(OH)

[ZnTMPyP]Cl 4

O

[SnTPPC]Cl 2

Scheme 100. Chemical structures of metalloporphyrin photosensitizers.

Boron-dipyrromethene (BODIPY) is another alternative of PS, not only because of its
photophysical properties such as high extinction coefficients (> 7000 M-1cm-1), weak nonradiative
decay of the excited state and resistance to photobleaching,191 but also due to the fact that the addition
of heavy atoms onto the chromophore core can tune the energy levels of S1 and T1 excited states.192,193
A series of BODIPY dyes with either hydrogen or iodine atoms at the 2-position or 2,6-positions and
ortho- or para-carboxylic acid functionalized phenyl group at the 8-position on the BODIPY core
(Scheme 101) were assessed in photolytic H2 evolution with cobaloxime.194 The formation of H2 in
MeCN/H2O (4:1, v/v) solvent system at pH 8.5 containing 5% TEOA as ED followed the order
BODIPY5 (179 TONBODIPY) > BODIPY3 (126 TON) > BODIPY2 (77 TON) > BODIPY1 =
BODIPY4 = 0 upon 5 hours of irradiation, revealing that the presence of two iodine and ortho-COOH
anchoring groups favored the most the reaction. The photophysical study demonstrated that the
photoactivity of BODIPY2, BODIPY3, and BODIPY5 was related to the long-lived photoexcited
triplet-state and the internal heavy atom effect.
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Scheme 101. Chemical structures of BODIPY dyes.

In addition to BODIPY dyes, some other organic dyes, such as xanthene dyes, could also be
utilized as PS for solar H2 evolution. Eisenberg and co-workers reported in 2009 the photolytic
activity of Co(dmgH)2pyCl in the presence of xanthene dyes X1 - X4 (Scheme 102) in MeCN/H2O
(1:1, v/v) solvent at pH 7 with 5% TEOA.195 The photosystem with X1 afforded ca. 360 TONX1 of
H2 (ca. 73 TONCo) in 5 hours of photolysis, higher than the photosystems with X2 - X4. Same reason
as the case of BODIPY dyes, the higher activity observed with X1 was ascribed to the efficient
formation of the long-lived triplet-state of X1 via intersystem crossing (ISC) facilitated by the heavy
atom effect of their Br or I substituents. However, the deactivation of the photosystem was attributed
to the cleavage of C-X (X = halogen) from the reduced PS. In order to enhance the stability and the
efficiency of the photosystem, heavy atoms were removed, and the oxygen atom in the xanthene ring
was replaced by sulfur and selenium (Scheme 102, X5 – X7).196 The photosystem containing
selenium-substituted rhodamine dye X7 exhibited the best catalytic activity among the three,
affording over 9000 TONX7 of H2 (900 TONCo) after 8 hours of photolysis in MeCN/H2O (1:1, v/v)
solvent mixture at pH 7 with 5% TEOA. Based on the investigation, the authors pointed out that the
generation of a long-lived triplet-state photosensitizer is crucial for H2 evolution.
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Scheme 102. Chemical structures of xanthene dyes.

VII.1.1.2

Axial ligand investigation

Compared to other cobaloximes, one benefit of Co(dmgH2)pyCl is the easily electronic
modification on the axial pyridine ligand. Eisenberg and co-workers have studied the catalytic activity
of cobaloxime complexes 1 – 3 and 16 – 19 (Scheme 103) in the presence of a Pt-based PS (Scheme
98, complex Pt2) and TEOA in a pH 8.5 MeCN/H2O (3:2, v/v) solvent mixture.185 The formation of
H2 upon irradiation followed an order of 2 > 1 > 3, where 2 contains an electron-withdrawing
substituent on the axial pyridine ligand, while 3 contains an electron-donating group. This order was
in agreement with the oxidative quenching rate constants of each complex. Furthermore, complex 16
yielded a slower initial rate as compared to the others due to the low quenching rate constant.
Complex 18 showed less stability as the H2 production levelled off only after 4 hours of irradiation.
In addition, complexes 17 and 19 did not afford H2 under the same conditions, which was due to the
formation of stable Co(III)-H species yielding H2 only upon thermolysis at 150 ºC in the case of 17,
and the proton reduction potential relatively negative than the Co(II)/Co(I) couple in the case of 19.
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Scheme 103. Chemical structures of cobolaxime and its derivatives.

Wang and co-workers then studied a series of electron-donating and electron-withdrawing
substituents on para- or meta-position of the axial pyridine ligand (Scheme 103, complexes 1, 2, 5,
10 – 13).197 The authors demonstrated that under the conditions using Eosin Y as PS, 5% TEOA as
ED and in pH 7.5 MeCN/H2O (1:1, v/v) solvent mixture, both electron-donating and electronwithdrawing substituents could enhance the catalytic activity of the cobaloxime as compared to the
parent Co(dmgH)2pyCl. This was explained by the modulation of reduction potentials and pKa values,
since electron-withdrawing substituents on pyridine ligand could not only facilitate electron
harvesting of the cobaloxime from the excited PS to favor H2 formation but also decrease the pKa
values of the cobaloxime disfavoring the protonation and H2 generation; electron-donating
substituents exhibit the opposite effects. However, this observation is in contrast with the results
reported by Eisenberg and co-workers, in which the electron-donating group NMe2 on the pyridine
decreased the catalytic activity of the cobaloxime.185 In addition, Wang and co-workers showed that
meta-substitution was more efficient than para-substitution, and COOH group was slightly more
efficient than COOCH3 in photolytic H2 evolution. The complex 12 was the most active catalyst
among this series of cobaloxime, affording 111 TONCo of H2 upon 5 hours of irradiation under the


 

Chapter VII

Porous-Hybrid Polymer heterogenized cobaloxime for H2 evolution

conditions described above. This was attributed to the flexible methylene chain between pyridine and
COOH, making the direct interaction between COOH and dmgH2 possible and playing a role of
proton relay (Scheme 104).
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Scheme 104. A possible proton relay mechanism in complex 12.197

When pH of the solution (MeCN/H2O, 1:1, v/v; 5% TEOA) was adjusted to 7, and Eosin Y
PS was replaced by [ZnTMPyP]Cl4 (Scheme 100), the influence of functional substituents on the
axial ligand was modified. A series of cobaloxime containing an axial functionalized pyridine and
imidazole (Scheme 103, complexes 1, 4–9, 14 and 15) were assessed.198 The results demonstrated
that imidazole and pyridine with electron-donating substituents (except for 6 and 7) enhanced the
long-term stability of cobaloxime but reduced the initial rate of H2 formation with respect to the
parent Co(dmgH)2pyCl; while pyridine with electron-withdrawing substituents increased the initial
rate but decreased its stability. The authors rationalized this phenomenon on the basis of the basicity
of these N-based aromatic ligands: the high pKa value was correlated to the high stability of
cobaloxime. The complex 15 was shown to be the most active, yielding 1135 TONZn of H2 (93 TONCo)
after 50 hours of photolysis. The complexes 8 and 9 were proved to be inactive under these conditions,
which was attributed to the amine being protonated at pH 7, therefore resulting in a strong electron  
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withdrawing ammonium group in the case of complex 8, and the formation of a 4-pyridone tautomer
in the case of 9.
As demonstrated in the investigations mentioned above,185,197,198 the axial functionalized
pyridine ligands have different influences on the catalytic activity of the cobaloxime in different
photolytic conditions. The pH of the solvent system and the choice of a PS can affect the behavior of
axial pyridine ligands, and change accordingly the catalytic activity of cobaloxime in photolytic H2
evolution.

VII.1.2

Co(dmgH)2L2

30 years after the study of Lehn and co-workers, the investigation of Co(dmgH)2L2 (Scheme
98a) in photolytic H2 evolution was re-undertaken with Re(bpy)(CO)3Br (Scheme 105) as PS.199 The
photosystem consisting Co(dmgH)2L2 and Re(bpy)(CO)3Br was compared to the system containing
the same catalyst and [Ru(bpy)3]2+ PS under the photolytic conditions using 1 M of TEOA as ED,
0.1 M of acetic acid (AcOH) as the proton source and DMF as the solvent. The two photosystems
had a comparable initial rate, while the system with Re(bpy)(CO)3Br was more stable under the
photolytic conditions and afforded twice the amount of H2 as compared to the system with
[Ru(bpy)3]2+. The authors proposed an unambiguous mechanism (Scheme 106), in which
Re(bpy)(CO)3Br in the excited state was only reductively quenched by TEOA, not as the case of the
Pt-based photosensitizer, both reductive and oxidative quenching occurring.183 Furthermore, H2 was
confirmed to be produced by the reaction of two Co(III)-H.
Br
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N

CO
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CO
CO

CO
Ru(bpy)(CO) 3NCS

Scheme 105. Chemical structures of Re-based photosensitizers.
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Scheme 106. Proposed mechanism for H2 evolution.

Even though the photosystem containing Re(bpy)(CO)3Br could improve twice the amount of
H2 as compared to the photosystem with [Ru(bpy)3]2+, the long-term performance was still limited.
This was due to the lability of Br-, interrupting the photosensitizer cycle (Scheme 106). Furthermore,
the loss of Br- ligand was accelerated by the negative influence of AcOH. In order to enhance the
stability of the photosystem, Re(bpy)(CO)3Br was replaced by Re(bpy)(CO)3NCS (Scheme 105), in
which NCS- ligand has stronger coordinating power to the Re ion with respect to Br- ligand. Besides,
AcOH was also replaced by [HTEOA][BF4]. Under the photolytic conditions in DMF, the formation
of H2 was much more stable and efficient, yielding ca. 6000 TONRe upon 110 hours of irradiation
(360 TONCo).200

VII.1.3

Co(dmgBF2)2(H2O)2

Cobaloxime complexes containing BFx-bridged glyoximate ligands had been shown as
promising electrocatalysts for H2 evolution by several groups.201–203 However, they were proven less
active as compared to Co(dmgH)2 and Co(dmgH)2pyCl complexes in photolytic H2 evolution, which
was probably due to the relatively positive potential of Co(II)/Co(I) couple as compared to the
potential of proton reduction.185,194 Given the fact that the BFx bridge could enhance the coordination
stability of the ligands,204 Sun and co-workers made strive for the improvement of the catalytic
activity for H2 evolution by varying the functional groups on the ligand, as well as by adding another
glyoximate ligand on the Co center.205 Among the four cobaloxime presented in Scheme 107,
Co(dmgBF2)2(H2O)2 exhibited the best catalytic performance, affording 327 TONCo of H2 under the
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photolytic conditions using Rose Bengal as PS and TEA as ED in MeCN/H2O (1:2, v/v) solvent
mixture at pH 7. Co(dmg(BF2/3)3)(BF4) yielded 96 TONCo of H2 under the same conditions. The
different H2 evolution activities between these two complexes may be caused by the steric effect and
the enhanced stability induced by the third glyoximate ligand, as well as the different reduction
pathways of Co(II) complex (for the case of Co(dmgBF2)2(H2O)2) and Co(III) complex (for the case
of Co(dmg(BF2/3)3)(BF4)) to the Co(I) species. In addition, replacing methyl group on the glyoximate
ligand by phenyl group reduced dramatically the H2 generation.
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Scheme 107. Chemical structures of Co(dmgBF2)2(H2O)2 and its derivatives.

VII.1.4

Co(diimine)(dioxime)

Similar to Cobaloxime, Co(diimine)(dioxime) complexes were also assessed in both electroand photocatalytic H2 evolution.182 Fontecave, Artero and co-workers have reported the catalytic
activity of two Co(diimine)(dioxime) complexes, Co(DO)(DOH)pnBr2 and Co((DO)2BF2)pnBr2
(Scheme 108), in conjunction with [Ir(ppy)2(bpy)]+ PS and TEA ED in MeCN/H2O (1:1, v/v) solvent
mixture at pH 10.206 Co(DO)(DOH)pnBr2 exhibited higher activity with 307 TONCo of H2 after 4
hours of irradiation. Moreover, the addition of 2 equivalents of PPh3 relative to Co catalyst into the
photosystem after 2 hours of photolysis could enhance not only ca. twice H2 formation, but also the
stability of the photosystem. This was ascribed to the coordination between Co(I) and PPh3,
enhancing accordingly the stability of Co(I) intermediate.







Chapter VII

Porous-Hybrid Polymer heterogenized cobaloxime for H2 evolution

Br

N
O
H

Br

N
Co N
N
O
Br

N
O
F

Co(DO)(DOH)pnBr2

B
F

N
Co N
N
O
Br

Co((DO)2BF 4)pnBr2

Scheme 108. Chemical structures of Co(diimine)(dioxime).

VII.1.5

Dinuclear complexes containing cobaloxime

Same as the case for CO2 reduction, the intermolecular electron transfer could be a ratelimiting step for photolytic H2 evolution in photosystems containing two components (Cat and PS).
Fontecave, Leibl and co-workers initially reported a series of ruthenium-cobaloxime dinuclear
photocatalysts, and have shown that H2 production could achieve to 103 TON after 15 hours of
irradiation using the photocatalyst presented in Scheme 109 in acetone containing Et3N as ED and
Et3NHBF4 as the proton source.207 Ru-Co photocatalysts were further modified and proved to be
photoactive in H2 generation as well.208,209
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Scheme 109. Chemical structure of a ruthenium-cobaloxime photocatalyst.
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Iridium-cobaloxime dinuclear complexes were investigated in photolytic H2 evolution as
well.208,210 Fontecave and co-workers demonstrated that IrCo1 (Scheme 110) was more catalytically
active and stable as compared to RuCo complex, yielding 210 TON of H2 upon 15 hours of irradiation
in acetone containing Et3N and Et3NHBF4. Elias and co-workers also showed the photocatalytic
activity of IrCo2 (Scheme 110) with different light-emitting diodes (LED) sources. Under the
irradiation centered at 523 nm (green light), IrCo2 afforded 251 TON of H2 after 3 hours in MeCN
with TEOA as ED and HBF4 as the proton donor.
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Scheme 110. Chemical structures of iridium-cobaloxime photocatalysts.

Noble-metal-free dinuclear complexes containing a metalloporphyrin PS unit and cobaloxime
Cat unit were evaluated in photolytic H2 evolution.211–213 The ZnCo shown in Scheme 111 exhibited
photocatalytic activity with 22 TON of H2 upon 5 hours of irradiation in THF/H2O (8:2, v/v) solvent
in the presence of TEA.211 The authors indicated that a weak coordination between TEA and Zn ion
of the metalloporphyrin was necessary to enhance the inner-sphere electron transfer from TEA to the
PS unit, therefore enhancing the catalytic activity of the ZnCo complex.
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Scheme 111. Chemical structure of a zinc-cobaloxime photocatalyst.

As presented above, BODIPY was another noble-metal-free PS utilized in the bi-component
photosystems for H2 evolution. The combination of BODIPY and cobaloxime through covalent bond
was also investigated.214,215 The best photocatalytic performance so far is the BODIPY-Co (Scheme
112), affording 74 TON of H2 upon 5 hours of photolysis in MeCN/H2O (24:1, v/v) solvent mixture
with 5% TEOA.214
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Scheme 112. Chemical structure of a BODIPY-cobaloxime photocatalyst.

Eisenberg and co-workers investigated a complex consisting of a fluorescein derivative PS
and a cobaloxime (Scheme 113).216 However, this complex was proved less efficient for H2
production with respect to the corresponding bi-component photosystem. The authors indicated that
the reductive quenching of fluorescein in the excited state unit was not facilitated by covalent
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connection of PS and Cat; besides, the fluorescein unit enhanced the non-radiative excited-state
decay pathways for the dye.
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Scheme 113. Chemical structure of a Fluorescein-cobaloxime photocatalyst.

VII.1.6

Cobaloxime heterogenization

Given the fact that molecular cobaloxime can be decomposed very quickly upon illumination,
one strategy is to immobilize the cobaloxime onto solid supports to extend its stability under
photolytic conditions. Gascon and co-workers reported a heterogenized cobaloxime in a MetalOrganic Framework, NH2-MIL-125 (Ti) (Scheme 114).217 NH2-MIL-125 (Ti) had been confirmed to
produce a moderate amount of H2 under the visible light,218 while incorporating cobaloxime in the
MOF structure afforded 20-fold higher H2 production even after 65 hours of irradiation under the
same conditions (MeCN/TEA/H2O, 5:1:0.1, v/v). The authors proposed a mechanism: upon
illumination on NH2-MIL-125 (Ti), the charge separation occurred to generate Ti(III) and a hole at
the organic linker (ATA). After reductive quenching from TEA to ATA, one electron on Ti(III) was
transferred to the cobaloxime, leading to the formation of Co(II) species (Scheme 115). The catalytic
H2 generation part was however not discussed in this work.
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VII.2 Photocatalytic activity of G
The catalytic activity of G in visible-light-driven H2 evolution is investigated. As mentioned
in the introduction, a tiny change of photolytic condition parameters can influence the catalytic
performance. In our investigation, we chose [Ru(bpy)3]Cl2 as PS under the visible light irradiation,
and varied solvent systems including the proton source and the electron source, as well as the
concentration of Ru-based PS. All the photolytic assays were undertaken in the same procedure: a
suspension of ca. 1 mg of G (corresponding to 0.4 µmol of Co) was maintained in 1 mL solvent
mixture containing [Ru(bpy)3]Cl2. N2-saturated samples were irradiated by a 300 W Xe arc lamp
equipped with a 415 nm cut-off filter and were vigorously stirred during the photolysis.

VII.2.1

Condition I: MeCN/H2O/TEA (4.5:4.5:1, v/v)

Condition I is comprised of MeCN, H2O as the proton source and TEA as ED. According to
the study of Fontecave and co-workers, the addition of PPh3 ligand into the photosystem enhanced 2fold the catalytic activity of a cobalt(diimine)(dioxime) catalyst for H2 evolution.206 Therefore, the
addition of PPh3 was expected to improve the catalytic performance of our photosystem as well.
However, as shown in Table 35, no H2 was obtained in this solvent system, even increasing the
concentration of [Ru(bpy)3]Cl2 up to 10 mM or adding 1 equivalent of PPh3 into the reaction solution.
Table 35. Photolytic condition investigation for catalytic H2 evolution a

a

Entry

Conc. (Ru) [mM]

Equiv. (PPh3)

TON (H2)

1

1

0

0

2

1

1

0

3

10

0

0

H2 evolution catalyzed by 1 mg of G in N2-saturated MeCN/H2O/TEA (4.5:4.5:1, v/v) solvent mixture in the presence

of [Ru(bpy)3]Cl2 upon 5 hours of irradiation with a 300 W Xe arc lamp equipped with a 415 nm filter.
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Condition II: MeCN/TEOA (5:1, v/v)

In condition II, MeCN is combined with TEOA, which acts as both ED and the proton source.
As shown in Table 36, the photosystem containing 1 mM of [Ru(bpy)3]Cl2 did not produce H2 (entries
1 and 2). While increasing the concentration of PS to 10 mM led to the formation of 2.8 TON of H2
in 5 hours (entry 3). Furthermore, comparable amounts of H2 were obtained in the presence of 1 equiv.
or 10 equiv. of PPh3 (entries 4 and 5), suggesting that PPh3 ligand did not have significant influence
on the catalytic activity of G. No H2 was produced in the absence of the catalyst G or PS, or when
the reaction was undertaken in the dark.
Table 36. Photolytic condition investigation for catalytic H2 evolution a

a

Entry

Conc. (Ru) [mM]

Equiv. (PPh3)

TON (H2)

1

1

0

0

2

1

1

0

3

10

0

2.8

4

10

1

2.9

5

10

10

3.0

H2 evolution catalyzed by 1 mg of G in N2-saturated MeCN/TEOA (5:1, v/v) solvent mixture in the presence of

[Ru(bpy)3]Cl2 upon 5 hours of irradiation with a 300 W Xe arc lamp equipped with a 415 nm filter.

H2 production under the photolytic conditions presented in Table 36 entry 3 is plotted in TON as
a function of the irradiation time. Table 37 and Figure 59 show a sustained production of H2 up to 62
hours of photolysis, affording an initial rate of 0.82 h-1 and an overall TONCo of 21. The high stability
of cobaloxime is ascribed to the support from the solid material, as well as the moderate photolytic
conditions.
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VII.3 Conclusion
To our knowledge, we describe for the first time an approach to constructing permanently a
porous polymer of cobaloxime G. The photolytic activity of G was assessed in visible-light-driven
H2 evolution in conjunction with [Ru(bpy)3]Cl2 PS in three solvent conditions. No H2 was produced
under the first condition consisting of MeCN/H2O/TEA (4.5:4.5:1, v/v). Under the second condition
with MeCN/TEOA (5:1, v/v), G exhibited remarkable photostability since H2 was generated with a
slow initial rate (0.82 h-1) but kept active up to 62 hours of irradiation. Besides, G could be recycled
at least 5 times with the retention of the catalytic activity. The third condition is a fully aqueous
solution containing ascorbate. Based on the investigation of pH, a bell-shaped profile of H2
production against pH values is observed, with the peak pointing at pH 4. The previous study had
demonstrated that at too acidic pH, the reduction power of ascorbate is weakened; while at too basic
pH, catalysis is limited by the protonation of Co(I) intermediate species.184 Under this condition at
pH 4, H2 production was faster during the initial stage with a TOF of 6.36 h-1 and kept increasing up
to 71.3 TON after 16 hours of irradiation. However, the reaction leveled off after ca. 10 hours, which
is probably due to the acidic condition affecting the integrity of G. The recyclability experiment
proves as well the low stability in pH 4 aqueous solution, since the production of H2 decreased to a
half during the second run, and stoped during the third run. In addition, the comparison between G
and its precursor molecular cobaloxime nicely shows that G was slightly more active at the first stage
of photolysis and much more stable for a long-term run. The strategy of integrating molecular
cobaloxime into the backbone of a polymer can thus extend the lifetime of cobaloxime and render
the photosystem more active and stable.
However, we still face some issues, namely the instability of G in acidic aqueous solution, as
well as the inefficiency in MeCN solvent. It is recently demonstrated that stabilization of molecular
cobaloxime can be obtained using axial functional pyridine or imidazole ligands.185,197,198 Such a
strategy might also be used to further improve G catalyst in severe photolytic conditions. Besides, it
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has been shown that [Ru(bpy)3]Cl2 is not stable upon illumination. The replacement of [Ru(bpy)3]Cl2
to other long-lived excited-state photosensitizers is another alternative to enhance the catalytic
performance of the photosystem. In addition, as presented in the introduction section, most of the
studies about cobaloxime were in the MeCN/H2O solvent mixture with different volumetric ratios.
The effect of the MeCN/H2O ratio may be attributable to differences in the reduction potentials in
different media or a change in solvent dielectric constant. So we can also assess G in the MeCN/H2O
solvent system by varying the ratio.
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Chapter VIII. Conclusion
In this work, molecular CO2 catalysts in solution and supported on solid materials have been
investigated in photolytic conditions, with variations regarding solvent conditions, the nature of
photosensitizer and of electron donor.
Catalysts containing abundant metals, such as cobalt or manganese, as reported in Chapter II
and Chapter VI were evaluated. In Chapter II, four dinuclear complexes containing [Co(phen)2]2+ or
[Co(tpy)Cl]+ Cat and [Ru(diimine)2]2+ PS were assessed in MeCN/TEOA solvent mixture with BIH
as ED, yielding CO as the main product, alongside H2 with trace amounts of formate. The formate
production was further confirmed as the product catalyzed by [Ru(diimine)2]2+ species, which is wellknown to be generated upon illumination of [Ru(diimine)3]2+. The comparison among these
complexes demonstrated that the catalytic activity is very sensitive to small variations of the structure
of the ligands on each metal ion, as well as the linker between two units. Furthermore, the dinuclear
complex was proved to be more stable and more selective towards CO with respect to the separate
mononuclear system. Such supramolecular CO2 photoreduction systems containing a catalytic
component based on a non-noble metal are rare. The next step will be the introduction of a PS without
precious metal into the supramolecular systems.
The influence of functional groups in bpy ligand on the catalytic activity was studied in
Chapter III, in which a series of [Cp*Rh(diimine)Cl]+ complexes with different electronic
functionalities on bpy was investigated with [Ru(bpy)3]2+ PS. The catalytic performance of these
complexes is divided into two groups: complexes with electron-donating (ED) substituents affording
principally formate, while complexes with electron-withdrawing (EW) substituents yielding H2 as the
main product. This observation is in agreement with CV investigation, in which complexes with ED
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functions possess one reversible two-electron reduction wave, while complexes with EW functions
have two one-electron reduction waves.
[Cp*Rh(diimine)Cl]+ complex was further immobilized on metal-organic frameworks by two
methodologies. Chapter IV presented the post-synthetic exchange method, i.e., the catalyst was
grafted on the linker of MOF by linker exchange. [Cp*Rh(5,5’-CO2H-bpy)Cl]Cl and UiO-67 (Zr)
were chosen as Cat and the immobilization platform, respectively, as the length of 5,5’-CO2H-bpy,
the ligand of Rh complex, and the length of BPDC, the linker of UiO-67, are the same and both of
them have carboxylate functions. The immobilization of Cp*Rh catalyst prevented the formation of
inactive dimer, which inhibited the reaction at a high concentration of Cp*Rh complex in the
homogeneous system. Furthermore, in the investigation of the different %Rh loading in the MOF in
conjunction with [Ru(bpy)3]2+ in solution, 10%-Cp*Rh@UiO-67 represented a near-optimal %Rh
incorporation for formate production with the highest initial rate. Below 10% Rh loading, formate
was the main product alongside H2. Beyond 10% Rh loading, H2 was the main product, since the
produced format was confirmed to be decomposed into CO2 and H2 catalyzed by Cp*Rh@UiO-67
itself. The strong stability of Cp*Rh@UiO-67 was further confirmed by recyclability study, in which
the material could be recycled 6 cumulative times (16 hours for each run).
Chapter V presented the second methodology of molecular complex immobilization: namely
via impregnation of both Cat and PS in close proximity within the pores of MOF in order to build a
fully heterogeneous photosystem. NH2-MIL-101 (Al) was chosen as the support material due to its
big pore size and thermal and chemical stability. [Cp*Rh(4,4’-CO2H-bpy)Cl]Cl and [Ru(bpy)2(4,4’CO2H-bpy)](PF6)2 were further proved to be promising candidates of Cat and PS, respectively.
Ultimately, we managed to put Rh complex and Ru complex into big cages of MOF with a molar
ratio nRh:nRu:nbig cage of 1:2:1. PXRD confirmed the homogeneous dispersion of Rh and Ru complexes,
since the crystallinity of MOF were conserved. BET measurement further confirmed the retention of
the surface area of MOF. The (Rh+Ru)@NH2-MIL-101 (Al) material was further demonstrated to
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be active for CO2 photoreduction up to 20 hours, and was proved to be more selective towards formate
production as compared to the separate bimolecular homogeneous system. It is noteworthy that TEOA
is a powerful competitor to Ru complexes, as it can even expel Ru complexes out of the pores of
MOF. Therefore, the quantity of TEOA used in the photolytic assays should be carefully considered.
In addition to MOFs, periodic mesoporous organosilica (PMO) is an alternative as
immobilization platform for molecular complexes. In Chapter VI, Mn-tricarbonyl complex was
incorporated in bpy-functionalized PMO by the interaction between Mn(I) and bpy, [Mn(bpy)(CO)3]+
being one of the most studied electro- and photocatalyst for CO2 reduction. Site isolation within the
PMO allowed the photoinduced isomerization of the Mn carbonyl centers from fac- to merconfiguration to be observed by IR and UV-vis spectroscopies at room temperature. The catalytic
activity of Mn-PMO was evaluated under photolytic conditions and yielding both formate and CO,
by varying solvents, ED, PS type and concentration as well as the Mn loading within the PMO. The
proposed mechanism indicated that instead of dimerization or disproportionation, the generated
radical species [Mn(bpyPMO)(CO)3]• could either abstract a hydrogen atom to form Mn-H species,
followed by the insertion of CO2 and formate production, or react directly with CO2 to produce CO.
Chapter VII presented solar H2 evolution catalyzed by a cobaloxime embedded into a polymer,
as another strategy to heterogenize a molecular complex. The catalytic assays were performed in
acetonitrile with TEOA and in water with ascorbate, and demonstrated that the cobaloxime polymer
was more stable but less inefficient in the organic solvent, while less stable but 20 times more efficient
in aqueous solution. It is noteworthy that the catalytic activity of cobaloxime for H2 evolution in the
presence of ascorbate is pH dependent, since it is demonstrated that ascorbate only in the form of
AscH- can work as ED.
Overall, the work presented in this dissertation showed various strategies to shift catalysts for
photochemical CO2 reduction from their initial molecular state towards the immobilization in solid
materials. For each case, catalysts were evaluated within a variety of photolytic conditions to find the
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optimal one, followed by a kinetic investigation and recyclability test in the case of heterogeneous
systems. In combination with other methodologies, such as CV, FT-IR, UV-vis, PXRD, BET, studies
of the photocatalytic behavior could further help in fundamental mechanism investigations and in
technological applications.
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I.2 Product analysis
I.2.1

H2 detection
H2 measurements were performed by gas chromatography on a Shimadzu GC-2014 equipped

with a Quadrex column, a Thermal Conductivity Detector and using N2 as a carrier gas. Gas
chromatography calibration curves were made by sampling known volumes of H2 gas. The typical
volume of gas injected was 50 µL.

I.2.2

CO detection
CO measurements were performed using a Shimadzu GC-2010 Plus gas chromatography,

fitted with a Restek Shin Carbon column, Helium carrier gas, a methanizer and a Flame Ionization
Detector. Gas chromatography calibration curves were made by sampling known volumes of CO gas.
The typical volume of gas injected was 50 µL.

I.2.3

CH4 detection
CH4 measurements were performed using a Shimadzu GC-2010 Plus gas chromatography,

fitted with a Restek Shin Carbon column, Helium carrier gas, a methanizer and a Flame Ionization
Detector. Gas chromatography calibration curves were made by sampling known volumes of CH4
gas. The typical volume of gas injected was 50 µL.

I.2.4

Formate detection
Formate concentration was determined using a Metrohm 883 Basic IC plus ionic exchange

chromatography instrument, using a Metrosep A Supp 5 column and a conductivity detector. A
typical measurement requires the sampling of 200 µL of solution, followed by a 100-fold dilution in
deionised 18 MΩ water and injection of 20 µL into the instrument.

 

I.2.5

Oxalate detection
Oxalate concentration was determined using a Metrohm 883 Basic IC plus ionic exchange

chromatography instrument, using a Metrosep A Supp 5 column and a conductivity detector. A
typical measurement requires the sampling of 200 µL of solution, followed by a 100-fold dilution in
deionized 18 MΩ water and injection of 20 µL into the instrument.

I.2.6

Formaldehyde detection
Formaldehyde concentration was determined using the Nash colorimetric test using a

Shimadzu UV-1800 instrument.

I.2.7

Methanol detection
MeOH was measured through 1H NMR spectroscopy on a Brücker 300 MHz Instrument.





II.

Complexes B.1-B.5

II.1

Synthesis

and

characterization

of

[Ru(bpy-Me2)2(2,6-di(1H-

imidazo[4,5-f][1,10]phenanthrolin-2-yl)benzene)](PF6)2 and complexes B.1B.5
II.1.1 Materials.
Reagent grade chemicals and solvent obtained from commercial source were used as received.
1,10-phenanthroline-5,6-dione1 and cis-[Ru(bpy)2Cl2]2 were synthesized according to the literature
procedure. cis-[Ru(bpy-Me2)2Cl2] was prepared from a modified reported method using 5,5’dimethyl-2,2’-bipyridine

instead

of

2,2’bipyridine.3

2-(3-formylphenyl)imidazo[4,5-f]-

[1,10]phenanthroline, [Ru(bpy)2(2,6-di(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)benzene)](PF6)2,
Ru(bpy)2(2,6-di(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)4-tert-butylphenol)](PF6)2 and complex
B.5 were synthesized as previously described.4

II.1.2 Characterization.
Elemental (C, H and N) analyses were performed on a flash EA 1112 (ThermoFinnigan 2003)
instrument. Elemental (Ru and Co) analyses were determined by ICP-AES on a Perkin Elmer Optima
2000 DV after full digestion of complexes in a 2 M HNO3 solution. 1H NMR were recorded on a
Bruker AvanceIII 400 spectrometer with (CD3)2SO as solvent at room temperature. Electro-spray
mass spectra were obtained in acetonitrile at room temperature with an Alliance 2790 Waters analyser
with (CH3)2SO as mobile phase. UV-visible spectra were measured on a shimadzu UV-3600 UV-VISNIR spectrophotometer in acetonitrile at room temperature. Cyclic voltammetry was performed on a
biologic

SP

300

potensiostat.

The

supporting

electrolyte

was

tetrabutylammonium

hexafluorophosphate in dry and deaerated acetonitrile by purging with nitrogen. A standard three
electrodes system was used with a glassy carbon working electrode, platinum counter-electrode and
a nonaqueous Ag/AgCl reference electrode. Emission spectra and luminescence lifetime were
recorded with a Horiba FluoroMax-4 in deaerared acetonitrile at room temperature. The luminescence
 

lifetime was calculated with the Time Correlated Single Photon Counting method.

II.2

Synthesis.

II.2.1 Synthesis of [Ru(bpy-Me2)2(2,6-di(1H-imidazo[4,5-f][1,10]phenanthrolin2-yl)benzene)](PF6)2
A mixture of 2-(3-formylphenyl)imidazo[4,5-f]phenanthroline (80 mg, 0.28 mmol, 1.2 equiv.),
Ru(bpy-Me2)2(phendione)Cl2 (172 mg, 0.22 mmol, 1 equiv.) and ammonium acetate (351 mg, 4.56
mmol, 20 equiv.) in acetic acid (5 mL) was refluxed for 16 hours and then cooled to room temperature.
Addition of NH4PF6 gave a brown precipitate which was collected and then washed with water and
ethanol/ether. (216 mg, 74%)
Elemental analysis: calculated for C56H46N12P2F12Ru: C 52.63%, H 3.63%, N 13.15%; Found: C
52.32%, H 3.47%, N 13.38%.
1

H NMR (400 MHz, ppm, DMSO-d6): d 14.60 (s, 1H), 14.16 (s, 1H), 9.32 (s, 1H), 9.14-9.09 (m,

8H), 8.76 (s, 2H), 8.72 (m, 2H), 8.11 (d, J = 5.2 Hz, 2H), 8.01-7.88 (m, 5H), 7.68 (d, J = 5.6 Hz, 2H),
7.44 (m, 4H), 7.19 (d, J = 5.4 Hz, 2H), 2.57 (s, 6H), 2.47 (s, 6H).
ESI-MS (DMSO, m/z): 492.14 (M2+/2, [C56H42N12Ru]2+/2 requires 492.14).

II.2.2 Synthesis of B.1
A mixture of [Ru(bpy)2(2,6-di(1H-imidazo[4,5-f][1,10]phenanthrolin-2-yl)benzene)](PF6)2
(100 mg, 0.08 mmol, 1 equiv.) and Co(phen)2Cl2 (53 mg, 0.11 mmol, 1.3 equiv.) in methanol (3 mL)
was refluxed for 12 hours and then cooled to room temperature. Methanol was eliminated under
vacuum and the solid was washed with water and ethanol/ether. (98 mg, 72%)
Elemental analysis: calculated for C76H50N16P2F12Cl2RuCo: C 53.44%, H 2.95%, N 13.12%; Found:
C 53.13%, H 2.82%, N 13.30%.
ICP-AES (HNO3 2M/[B.1] = 84 mg/L): calculated Ru 5.92%, Co 3.45%; Found Ru 5.87%, Co 3.43%.
ESI-MS (DMSO, m/z): 448.76 (M3+/3, [C76H49N16RuCo]3+/3 requires 448.77).


 

II.2.3 Synthesis of B.2
The same procedure as for B.1 was used with [Ru(bpy)2(2,6-di(1H-imidazo[4,5f][1,10]phenanthrolin-2-yl)benzene)](PF6)2 (97 mg, 0.08 mmol, 1 equiv.) and Co(terpy)2Cl2 (64 mg,
0.10 mmol, 1.3 equiv.) as starting compounds. (86 mg, 70%)
Elemental analysis: calculated for C67H45N15P2F12Cl2RuCo: C 50.90%, H 2.87%, N 13.29%; Found:
C 51.22%, H 2.78%, N 13.41%.
ICP-AES (HNO3 2M/[B.2] = 82 mg/L): calculated Ru 6.40%, Co 3.73%; Found Ru 6.32%, Co 3.67%.
ESI-MS (DMSO, m/z): 406.41 (M3+/3, [C67H45N15RuCo]3+/3 requires 406.39).

II.2.4 Synthesis of B.3
The same procedure as for B.1 was used with [Ru(bpy-Me2)2(2,6-di(1H-imidazo[4,5f][1,10]phenanthrolin-2-yl)benzene)](PF6)2 (120 mg, 0.09 mmol, 1 equiv.) and Co(phen)2Cl2 (58 mg,
0.12 mmol, 1.3 equiv.) as starting compounds. (117 mg, 75%)
Elemental analysis: calculated for C80H62N16P2F12Cl2RuCo: C 54.34%, H 3.53%, N 12.67%; Found:
C 53.96%, H 3.38%, N 12.81%.
ICP-AES (HNO3 2M/[B.3] = 79 mg/L): calculated Ru 5.72%, Co 3.33%; Found Ru 5.78%, Co 3.37%.
ESI-MS (DMSO, m/z): 468.80 (M3+/3, [C80H62N16RuCo]3+/3 requires 468.81).

II.2.5 Synthesis of B.4
The same procedure as for B.1 was used with [Ru(bpy)2(2,6-di(1H-imidazo[4,5f][1,10]phenanthrolin-2-yl)4-tert-butylphenol)](PF6)2 (71 mg, 0.05 mmol, 1 equiv.) and Co(phen)2Cl2
(34 mg, 0.07 mmol, 1.3 equiv.) as starting compounds. (63 mg, 72%)
Elemental analysis: calculated for C80H58N16OP2F12Cl2RuCo: C 53.97%, H 3.28%, N 12.59%;
Found: C 54.12%, H 3.18%, N 12.87%.
ICP-AES (HNO3 2M/[B.4] = 80 mg/L): calculated Ru 5.68%, Co 3.31%; Found Ru 5.55%, Co 3.23%.
ESI-MS (DMSO, m/z): 472.77 (M3+/3, [C80H58N16ORuCo]3+/3 requires 472.81).
  

III.

Complexes C.2-C.7

III.1 Synthesis and characterization of C.2-C.7
III.1.1 Materials
All starting materials and solvents were commercially available and were used without further
purification.

III.1.2 Characterization
1

H NMR spectra were recorded on a Bruker Avance-III 3000 NMR spectrometer (300 MHz

for 1H) at room temperature. Cyclic voltammetry was performed on a biologic SP 300 potensiostat.
The supporting electrolyte was tetrabutylammonium hexafluorophosphate in dry and deaerated
acetonitrile by purging with nitrogen. A standard three electrodes system was used with a glassy
carbon working electrode, platinum counter-electrode and a sliver wire reference electrode.

III.2 Synthesis
III.2.1 Synthesis of Cp*Rh(bpy)Cl2·H2O (C.2)
A 50 mL reaction flask was charged with 0.506 g (0.820 mmol, 1 equiv.) of [Cp*RhCl2]2,
0.256 g (1.64 mmol, 2 equiv.) of 2,2’-bipyridine, and 25 mL of MeOH. The mixture was allowed to
stir at room temperature for 1 hour. Over on hour the reaction mixture was fully homogeneous and
the solution obtained an orange color. The reaction mixture was concentrated on in vacuo. Excess
diethyl ether was added to the reaction flask to yield an orange precipitate complex C.2, which was
further collected on a Buchner funnel and dried under vacuum (92%).
1

H NMR (300 MHz, CD3CN): δ 8.89 (d, J = 5.4 Hz, 2H), 8.44 (d, J = 8.0 Hz, 2H), 8.29-8.18 (m,

2H), 7.81 (t, J = 6.6 Hz, 2H), 1.66 (s, 15H).
Elemental analysis: Calculated for C20H25N2Cl2ORh: C 49.71%, H 5.21%, N 5.80%; Found: C
49.51%, H 4.94%, N 5.69%.


 

III.2.2 Synthesis of Cp*Rh(5,5’-CO2H-bpy)Cl2·H2O (C.3)
A 50 mL reaction flask was charged with 0.506 g (0.820 mmol, 1 equiv) of [Cp*RhCl2]2,
0.400 g (1.64 mmol, 2 equiv.) of 5,5’-carboxylic acid-2,2’-bipyridine, and 25 mL of MeOH. The
mixture was allowed to stir at room temperature for 1 hour. Over on hour the reaction mixture was
fully homogeneous and the solution obtained an orange color. The reaction mixture was concentrated
on in vacuo. Excess diethyl ether was added to the reaction flask to yield an orange precipitate
complex C.3, which was further collected on a Buchner funnel and dried under vacuum (81%).
1

H NMR (300 MHz, DMSO-d6): δ 9.27 (d, J = 1.6 Hz, 2H), 8.93 (d, J = 8.4 Hz, 2H), 8.76 (dd, J =

8.3, 1.8 Hz, 2H), 1.69 (s, 15H).
Elemental analysis: Calculated for C22H25N2Cl2O5Rh: C 46.26%, H 4.11%, N 4.90%; Found: C
46.16%, H 4.22%, N 4.88%.

III.2.3 Synthesis of Cp*Rh(4,4’-CO2H-bpy)Cl2·2H2O (C.4)
A 50 mL reaction flask was charged with 0.506 g (0.820 mmol, 1 equiv.) of [Cp*RhCl2]2,
0.400 g (1.64 mmol, 2 equiv.) of 4,4’-carboxylic acid-2,2’-bipyridine, and 25 mL of MeOH. The
mixture was allowed to stir at room temperature for 1 hour. Over on hour the reaction mixture was
fully homogeneous and the solution obtained an orange color. The reaction mixture was concentrated
on in vacuo. Excess diethyl ether was added to the reaction flask to yield an orange precipitate
complex C.4, which was further collected on a Buchner funnel and dried under vacuum (83%).
1

H NMR (300 MHz, DMSO-d6): δ 9.19-9.06 (m, 4H), 8.21 (dd, J = 5.7, 1.5 Hz, 2H), 1.68 (s, 15H).

Elemental analysis: Calculated for C22H27N2Cl2O6Rh: C 44.24%, H 4.25%, N 4.65%; Found: C
44.84%, H 4.62%, N 4.75%.

  

III.2.4 Synthesis of Cp*Rh(4,4’-CH3-bpy)Cl2·H2O (C.5)
A 50 mL reaction flask was charged with 0.506 g (0.820 mmol, 1 equiv.) of [Cp*RhCl2]2,
0.302 g (1.64 mmol, 2 equiv.) of 4,4’-methyl-2,2’-bipyridine, and 25 mL of MeOH. The mixture was
allowed to stir at room temperature for 1 hour. Over on hour the reaction mixture was fully
homogeneous and the solution obtained an orange color. The reaction mixture was concentrated on
in vacuo. Excess diethyl ether was added to the reaction flask to yield an orange precipitate complex
C.5, which was further collected on a Buchner funnel and dried under vacuum (89%).
1

H NMR (300 MHz, CD3CN): δ 8.70 (d, J = 5.7 Hz, 2H), 8.28 (s, 2H), 7.61 (d, J = 4.8 Hz, 2H), 2.58

(s, 6H),1.65 (s, 15H).
Elemental analysis: Calculated for C22H29N2Cl2ORh: C 51.68%, H 5.72%, N 5.48%; Found: C
51.69%, H 5.48%, N 5.38%.

III.2.5 Synthesis of Cp*Rh(4,4’-OCH3-bpy)Cl2·2H2O (C.6)
A 50 mL reaction flask was charged with 0.506 g (0.820 mmol, 1 equiv.) of [Cp*RhCl2]2,
0.355 g (1.64 mmol, 2 equiv.) of 4,4’-methoxyl-2,2’-bipyridine, and 25 mL of MeOH. The mixture
was allowed to stir at room temperature for 1 hour. Over on hour the reaction mixture was fully
homogeneous and the solution obtained an orange color. The reaction mixture was concentrated on
in vacuo. Excess diethyl ether was added to the reaction flask to yield an orange precipitate complex
C.6, which was further collected on a Buchner funnel and dried under vacuum (91%).
1

H NMR (300 MHz, CD3CN): δ 8.63 (d, J = 6.5 Hz, 2H), 7.96 (d, J = 2.7 Hz, 2H), 7.30 (dd, J = 6.5,

2.7 Hz, 2H), 4.07 (s, 6H),1.64 (s, 15H).
Elemental analysis: Calculated for C22H31N2Cl2O4Rh: C 47.08%, H 5.57%, N 4.99%; Found: C
47.33%, H 5.16%, N 5.08%.



 

III.2.6 Synthesis of Cp*Rh(4,4’-NH2-bpy)Cl2·2H2O (C.7)
A 50 mL reaction flask was charged with 0.506 g (0.820 mmol, 1 equiv.) of [Cp*RhCl2]2,
0.305 g (1.64 mmol, 2 equiv.) of 4,4’-amino-2,2’-bipyridine, and 25 mL of MeOH. The mixture was
allowed to stir at room temperature for 1 hour. Over on hour the reaction mixture was fully
homogeneous and the solution obtained an orange color. The reaction mixture was concentrated on
in vacuo. Excess diethyl ether was added to the reaction flask to yield an orange precipitate complex
C.7, which was further collected on a Buchner funnel and dried under vacuum (81%).
1

H NMR (300 MHz, DMSO-d6): δ 8.19 (d, J = 1.6 Hz, 2H), 7.20-7.04 (m, 6H), 6.81 (dd, J = 6.5, 2.4

Hz, 2H), 1.58 (s, 15H).
Elemental analysis: Calculated for C20H29N4Cl2O2Rh: C 45.21%, H 5.50%, N 10.55%; Found: C
45.54%, H 5.09%, N 10.81%.

III.3 Photocatalytic experimental details
For the entirety of the study, a 5:1 (v/v) mixture of MeCN/TEOA was used as a solvent mixture.
The photosensitizer used a 1 mM solution of [Ru(bpy)3]Cl2 (purchased from Strem Chemicals, used
without further purification). The concentration of the Rh complexes was 0.1 mM. Samples were
saturated with CO2 via directly bubbling CO2 through the solution mixture for 10 minutes.

 

IV.

UiO-67 and Cp*Rh@UiO-67 materials

IV.1 Syntheses
IV.1.1 Synthesis of UiO-67
UiO-67 was prepared according to the protocol established by Behrens et al. N2 adsorption
and Powder-XRD pattern obtained are in agreement with those described by Behrens.UiO67(bipyridine)-10% was prepared in a 20 mL glass flask. ZrCl4 (0.120 g, 0.51 mmol) was dissolved
in DMF (20 mL) containing acetic acid (0.96 ml) using ultrasound for about 1 minute. The biphenyl4,4'-dicarboxylic acid (bpdc; 0.111 g, 0.46 mmol) and the 2,2'- bipyridine-5,5'-dicarboxylic acid
(bpydc; 0.0125 g, 0.051 mmol) were added to the clear solution and suspended using ultrasound for
about 3 minutes. The flask was sealed and kept in an oven at 120°C under static condition. After 24
h, the solution was cooled to room temperature and the precipitate was isolated by centrifugation.
The solid was suspended in DMF. After standing at room temperature for 6 h the suspension was
centrifuged and the solvent was decanted. The obtained white solid was then washed with ethanol
and finally dried under reduced pressure at room temperature.

IV.1.2 Synthesis of Cp*Rh@UiO-67
In a 10 mL glass flask, UiO-67 (100 mg, 0.28 mmol bpdc) and the desired amount of
[Cp*Rh(5,5’-CO2H-bpy)Cl]Cl (C.3) were suspended in degassed deionized water. This solution was
stirred at room temperature for 24 h. The precipitate was isolated by centrifugation. The solid was
suspended in DMF. After standing at room temperature for 1h the suspension was centrifuged and
the solvent was decanted. The obtained orange solid was then washed with isopropanol and finally
dried under reduced pressure at room temperature.
For 5%-Cp*Rh@UiO-67, 8.5 mg (0.015 mmol) of C.3 are used.
For 10%-Cp*Rh@UiO-67, 17 mg (0.030 mmol) of C.3 are used.
For 20%-Cp*Rh@UiO-67, 34 mg (0.060 mmol) of C.3 are used.





IV.7

Photocatalytic experimental details
For the entirety of the study, a 5:1 (v/v) mixture of MeCN/TEOA was used as a solvent mixture.

The photosensitizer used a 1.0 mM solution of [Ru(bpy)3]Cl2 (purchased from Strem Chemicals, used
without further purification). The nature of the catalyst (identity and amount) was varied. Samples
were saturated with CO2 via directly bubbling CO2 through the solution mixture for 10 minutes.

 

amount of PS/Cat is adsorbed by MOF, the residual solution is removed and 4 mL of pristine MeCN
is added into the cuvette to check whether PS/Cat would be released from MOF, as shown by the
reappearance of the corresponding UV-vis spectrum of the soluble fraction. This step is repeated
several times to ensure that PS/Cat is irreversibly stored in the pores of MOF. The behavior of the
assay is directly compared to the control to account for any changes in the absorption spectra that are
attributed to the presence of MOF.

V.3

Photocatalytic experimental details
For the entirety of the study, the catalyst and/or photosensitizer was dissolved in a mixture of

MeCN/TEOA (20:1, v/v). The catalyst E was suspended in the solvent by a stirring bar. Samples were
saturated with CO2 via directly bubbling CO2 through the solution mixture for 10 minutes.

  

VI.

F.1-F.3 materials

VI.1 General considerations
Elemental analyses were performed by Mikrolabor Pascher, Remagen, Germany. All infrared
(IR) spectra were recorded using a Bruker FT-IR Alpha spectrometer placed in the glovebox.
Alternatively, a thin pellet of the sample was pressed in a glovebox and loaded to the reactor using a
sample holder into glass reactors with IR-transparent CaF2 windows. The spectra were then recorded
in a transmission mode on a Nicolet 6700 or a Shimadzu Prestige 21 FTIR spectrophotometer. The
samples were measured in vacuo (105 mbar) or in argon or carbon monoxide atmospheres. UV-vis
diffuse reflectance spectra were recorded on a Cary 5000 UV-vis-NIR spectrophotometer from
Agilent Technologies. Solid-state NMR spectra were recorded under MAS conditions on Bruker
Advance III 400 or 700 spectrometers with conventional triple resonance 2.5 and 4 mm CP- MAS
probe. Samples were introduced in zirconia rotors in the glovebox. Electron microscopy was done
using the ScopeM facilities, ETH Zürich. Nitrogen adsorption/desorption experi-ments were
performed on a BELsorp-mini II instrument, and the specific surface area of the samples was
determined using Brunauer–Emmett–Teller (BET) analysis. The pore size distributions were
calculated at the limit of Barrett–Joyner–Halenda analysis.

VI.2 Syntheses
VI.2.1 Synthesis of Bpy-PMO
Trimethylstearylammonium iodide (0.91 g) was dissolved in dist. water (49 mL) and NaOH(aq)
(10 M, 0.17 mL) and stirred for 1 h at room temperature. 5,5’-Bis(triisopropoxysilyl)-2,2’-bipyridine
(1.11 g, 2 mmol) was dissolved in ethanol (4 mL) and added via syringe pump (3.0 mL/h) to the
surfactant solution at 60 C. After complete addition the suspension was sonicated at 50 °C for 1 h,
before it was stirred at 60 °C for 3 days, followed by static conditions at 60 °C for 3 days. The solid
was then filtered and washed with water (2 X 100 mL) and acetone (2 X 100 mL). The white powder



 

was then suspended in a premixed solution of 2 M HCl, pyridine and water (50 mL :50 mL :17 mL)
and stirred at 65 °C for 16 h. The product was filtered and washed with deionized water (3 X 100 mL)
and acetone (3 X 100 mL). Drying under high vacuum (10-5 mbar) at 135 °C for 16 h yielded bpyPMO as a white powder (yield: 350 mg).
EA found: C, 40.62%; H, 2.54%; N, 8.94%.BET surface area (N2, 77 K) 596 m2 g-1; pore size: 2.4
nm. 

VI.2.2 Synthesis of F.1
In a Ar glovebox, the material Bpy-PMO (100 mg, 0.38 mmol bpy moieties) was charged
into a flask and suspended in Et2O (14 mL). A solution of [Mn(CO)5Br] (53.5 mg, 0.19 mmol) in
Et2O (6 mL) was added to this suspension. The suspension was stirred for 4 h, during which time the
material turns yellow/orange. The suspension was centrifuged and the solid part was then washed by
Et2O (4 X 6 mL). The material was subsequently dried under CO flow to give material F.1; yield:
170 mg. Care should be taken in handling this material as it is highly light-sensitive.
EA found: C, 41.62%; H, 2.67%; N, 8.32%, Mn 1.41%, corresponding to 0.045 Mn/N (0.09 Mn/bpy).

VI.2.3 Synthesis of F.2
Material F.2 was synthesized following identical procedure than for F.1 but using 10.7 mg of
[Mn(CO)5Br] (0.038 mmol, 1 equiv.) and 100 mg Bpy-PMO (0.38 mmol bpy moieties, 10 equiv.).
EA found: C, 40.86%; H, 2.60%; N, 8.37%; Mn 1.22% corre- sponding to 0.04 Mn/N (0.08 Mn/bpy).
BET surface area (N2, 77 K) 240 m2 g-1; pore size: 2.4 nm.

VI.2.4 Synthesis of F.3
Material F.3 was synthesized following identical procedure than for 1 but using 1.5 mg of
[Mn(CO)5Br] (5.4 mmol, 1 equiv.) and 70 mg (0.27 mmol bpy moieties, 50 equiv.).
EA found: C, 42.58%; H, 2.70%; N, 8.93%, Mn 0.41% corresponding to 0.01 Mn/N (0.02 Mn/bpy).
 

without further purification) and the electron donor used a 100 mM solution of BIH (BIH was
synthesized according to previously reported procedure5). The nature of the catalyst (identity and
amount) was varied. The catalyst was suspended by a stirring bar. Samples were saturated with CO2
via directly bubbling CO2 through the solution mixture for 10 minutes.

  

VII

Cobaloxime and G material

VII.1 Syntheses
VII.1.1 Synthesis of cobaloxime
In a 50 mL round bottom flask, a mixture of 4,4’-dibromobenzil (1.38 g, 3.78 mmol) and
hydroxylamine hydrochloride (1.38 g, 20 mmol) was prepared in THF (15 mL), EtOH (10 mL), and
triethylamine (3 mL). The mixture was held at refluxed for 24 h then the volume was reduced under
reduced pressure to 10 mL and MeOH was added and the solution cooled to 5°C to precipitate a white
crystalline solid (1.23 g, 3.11 mmol, 82.3 % yield) and characterized by FT-IR spectra of the product
as compared to that of benzil, stretching νC=N at 1671 cm-1 as compared to νC=O at 1704 cm-1.

VII.1.2 Synthesis of G
In a 100 mL sealable pressure vessel charged with a magnetic stirrer, a degassed DMF solution
(20 mL) of Co(OAc)2•4H2O (0.25 mmol, 0.062 g) was prepared. To this solution was added 1,2-bis(4-bromo-phenyl)-ethane-1,2-dione dioxime (0.5 mmol, 0.199 g), the solution color changed quickly
from faint pink to deep green upon addition of the oxime, and the solution was kept stirring at 80°C
under nitrogen for 1 h followed by addition of Et3N (3 mL). To this solution was then added 1,3,5triethynylbenzene (0.7 mmol, 0.105 g), Pd(PPh3)2Cl2 (0.015 g, 0.021 mmol ), triphenylphosphine
(0.01 g, 0.057 mmol), and CuI (0.01 g, 0.052 mmol). The vessel was then sealed under nitrogen and
the reaction mixture was stirred at 90°C. After 24 h, fine deep-brown precipitate formed inside the
reaction vessel, the reaction was continued for additional 14 h then cooled down to room temperature,
filtered through frit funnel (Note: Don’t let the solid to dry), exchanged in DMF kept at 80°C for 24
h, then filtered and washed with acetonitrile. The solid was then kept under 10 mL of acetonitrile at
which was dissolved Co(NO3)2•6H2O (0.25 mmol, 0.072 g) and the vial was sealed and maintained
at 80°C for 12 h. The solid was then filtered, washed with acetonitrile, and kept under acetonitrile in
sealed vial at 80°C for 2 h before filtering and drying (yield 90 mg) for subsequent characterization.
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Photocatalytic Carbon Dioxide Reduction with Rhodiumbased Catalysts in Solution and Heterogenized within
Metal–Organic Frameworks
Matthew B. Chambers,[a] Xia Wang,[a] No!mie Elgrishi,[a] Christopher H. Hendon,[d]
Aron Walsh,[d] Jonathan Bonnefoy,[c] J!r"me Canivet,[c] Elsje Alessandra Quadrelli,[b]
David Farrusseng,[c] Caroline Mellot-Draznieks,[a] and Marc Fontecave*[a]
The first photosensitization of a rhodium-based catalytic
system for CO2 reduction is reported, with formate as the sole
carbon-containing product. Formate has wide industrial applications and is seen as valuable within fuel cell technologies as
well as an interesting H2-storage compound. Heterogenization
of molecular rhodium catalysts is accomplished via the synthesis, post-synthetic linker exchange, and characterization of
a new metal–organic framework (MOF) Cp*Rh@UiO-67. While
the catalytic activities of the homogeneous and heterogeneous
systems are found to be comparable, the MOF-based system is
more stable and selective. Furthermore it can be recycled without loss of activity. For formate production, an optimal catalyst
loading of ~ 10 % molar Rh incorporation is determined. Increased incorporation of rhodium catalyst favors thermal decomposition of formate into H2. There is no precedent for
a MOF catalyzing the latter reaction so far.

to achieve easily tunable optimization and product selectivity,
which is a crucial aspect of CO2-reduction chemistry.[3] Therefore, the integration of molecular catalysts into solid-state systems offers the possibility to maintain the advantageous properties of homogeneous catalysis while moving towards practical system designs afforded by heterogeneous catalysis.
Among heterogenization methodologies, the incorporation
of active molecular catalysts into the framework of hybrid materials gives access to advantageous catalytic solids.[4] The crystalline nature of metal–organic frameworks (MOFs) makes this
class of porous solids promising as model materials for the
grafting of single-site catalytic organometallics, especially
through post-synthetic modifications.[5] Unlike the situation for
homogeneous catalysis, the covalent grafting of single-site organometallic species within high-surface-area supports can essentially eliminate the involvement of unexpected dimeric species, which might lead to catalyst deactivation[6] or undesired
reactions,[7] by site isolation of the catalytic species.[8] This has
usually been achieved by using ordered porous silicas, such as
MCM or SBA solids.[9] The monomeric nature of grafted molecular complexes within MOFs is rarely characterized by direct
means.[5b, i, 10] Surprisingly, very few examples of the incorporation of CO2 reduction homogeneous catalysts into MOFs for
CO2 photoreduction have been reported so far.[11] Previous reports appear limited to a rhenium–carbonyl photocatalyst included into a MOF for selective CO production[11a] and an iridium-based system within a nonporous coordination polymer
for formate production.[11b] Within these examples, the immobilized organometallic species serves as both the light-absorbing
entity and as the CO2-reduction catalyst. However, given the
potential of highly tuneable and optimized MOFs,[12] our strategy consists in decoupling and independently optimizing the
light absorption and catalytic functions within these hybrid
materials. To our knowledge, this strategy has never been achieved for CO2 reduction.
Herein, we report our initial efforts (i) to identify a novel selective molecular photocatalytic system for the reduction of
CO2 into formate, and (ii) to incorporate the catalyst into
a MOF as part of the framework while evaluating performance
parameters regarding activity, stability, and product selectivity
during CO2 photoreduction using a soluble photosensitizer,
[Ru(bpy)3]Cl2 (bpy = 2,2’-bipyridine).
The catalyst scope of our study has been limited to the
“Cp*Rh” (Cp* = pentamethylcyclopentadiene) class of complexes. Cp*Rh-based complexes have been widely reported for

Practical reduction of carbon dioxide (CO2) requires mediating
multielectron and multiproton processes while achieving desired product selectivity in a cost-effective manner. Discrete
molecular catalysts have been shown to be invaluable in achieving CO2 reduction while maintaining synthetic control over
the selectivity of the products within homogeneous systems.[1]
However, homogeneous catalysis often suffers from additional
costs associated with use of solvents, product isolation, and
catalyst recovery, amongst other factors.[2] Heterogeneous catalysis has the potential to avoid such expenses but often fails
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the catalytic reduction of NAD + enzyme cofactor.[13] Deronzier
and co-workers have previously reported Cp*Rh(bpy)Cl2 to
electrocatalytically reduce CO2 to a mixture of formate and hydrogen.[14] Recently, formate production from CO2 has garnered
widespread interest due the intrinsic value of formate within
fuel-cell technologies, as a means to store H2 and various other
industrial applications.[15] Of note, operative mechanisms
within formic acid fuel cells commonly invoke preliminary deprotonation of formic acid to generate formate prior to energy
conversion processes.[16]
The molecular compounds evaluated within this work are
Cp*Rh(bpy)Cl2 (1) and Cp*Rh(bpydc)Cl2 (bpydc = 2,2’-bipyridine-5,5’-dicarboxylic acid) (2), having in mind that 2 can act
as linker in MOFs. As the Cp*Rh class of compounds has solely
been evaluated electrochemically as a CO2 reduction catalyst,
this work represents the first successful study in which rhodium-based compounds are integrated into photochemical systems of any kind for CO2 reduction. Compounds 1 and 2 were
synthesized utilizing previously reported methods.[17] A crystal
structure of 2 is presented in the Supporting Information (Figure S1) and shows the typical stool-like coordination geometry
for these complexes. The catalytic performances of molecular
complexes 1 and 2 are also compared to those of rhodiumfunctionalized MOF solids, as detailed below.
We have selected the MOF UiO-67,[18] formulated as
Zr6(OH)4(O)4(O2C-C6H4-C6H4-CO2)6, as immobilization platform
for the Cp*Rh catalyst. Its large pore size and general stability
to water, ambient air, and high temperatures make UiO-67 suitable for post-synthetic modifications. Following post-synthetic
ligand exchange methodology,[5i] we reacted UiO-67 with the
synthesized molecular complex 2 in deionized water at room
temperature for 24 h (Scheme 1). The variation of the amount

all prepared samples are in line with the theoretical values calculated from percentages of linker exchange found by NMR
(Supporting Information, Table S2). Scanning electron microscopy (SEM) was performed on the MOFs and the images demonstrated constant particle shape and size (ca. 1 mm) across
the samples (Supporting Information, pp. S17).
The following results, based on current state-of-the-art protocols,[5] are consistent with incorporation of complex 2 into
the UiO-67 framework to give the Cp*Rh@UiO-67 solid. As the
most direct evidence for the reaction shown in Scheme 1,
during synthesis of the 10 %-Cp*Rh@UiO-67 sample, the linker
exchange reaction was performed in D2O and the release of
bpdc in solution was determined by 1H NMR analysis of the supernatant. In perfect agreement with the stoichiometry of the
reaction reported in Scheme 1, 10 mol % of bpdc was recovered in solution after the reaction. Furthermore, repeated
washings with H2O did not result in detectable liberation of 2.
When the same procedure was applied to complex 1, uptake
of 1 by UiO-67 was observed however with no parallel release
of bpdc in solution. In that case 1 could be recovered by washing with H2O (see Supporting Information, pp. S14–S16 for details).
The data shown in Figure 1 provide further support for the
direct incorporation of 2 within the MOF scaffold. Brunauer–
Emmett–Teller (BET) surface area measurements (Figure 1 a and
Supporting Information, Table S1) estimated from the nitrogen
adsorption isotherms for the four Cp*Rh@UiO-67 samples
show expected correlation between decreased surfaces area
and increased rhodium incorporation. Furthermore, as expected, porosity values are also found to decrease gradually with
increased rhodium incorporation (Figure 1 a). The powder X-ray
diffraction patterns before and after post-synthetic exchange
confirmed the retention of the crystalline UiO-67 framework,
with however a partial loss of crystallinity for the 35 %Cp*Rh@UiO-67 (Figure 1 c) (For details, see Supporting Information, pp. S4–S7). Finally, diffuse reflectance spectra of 5 %-,
10 %-, 20 %-, and 35 %-Cp*Rh@UiO-67 (Figure 1 b) allowed determination of an optical band gap (BG) value of 2.4 eV, independent of % rhodium incorporation. The intensity of the lowenergy feature was found to increase as a function of rhodium
incorporation. The optical BG value, which represents a decrease of 1.2 eV relative to the parent UiO-67,[19] is in perfect
agreement with that computed via state-of-the-art electronic
structure DFT calculations on a model of Cp*Rh@UiO-67 (Supporting Information, Figure S6). These calculations assign the
BG to a rhodium-localized d–d transition, in agreement with
the intensity variations observed in spectra in Figure 1 b.
Photochemical assays were performed in a 1 cm quartz cuvette maintained at 20 8C using a mixture of acetonitrile and
triethanolamine (TEOA) (5:1 volumetric ratio) as the solvent,
with TEOA as both an electron and proton donor, in the presence of 1.0 mm Ru(bpy)3Cl2 as the photosensitizer. Ru(bpy)3Cl2
has recently been shown to effectively diffuse into the pores
of UiO-67.[20] Compounds 1 and 2 were evaluated for activity
at concentrations of 0.1 mm (0.08 mmol of Rh). Assays on MOFbased catalysts were performed using 1.4 mg of solid (corresponding to 0.04, 0.09, 0.16, and 0.28 mmol of rhodium in the

Scheme 1. Heterogenization of a rhodium complex into the framework of
UiO-67 through post-synthetic linker exchange.

of 2 in the post-synthetic exchange yielded a series of four
rhodium-functionalized MOFs, namely 5 %-, 10 %-, 20 %-, and
35 %-Cp*Rh@UiO-67, isoreticular to their parent UiO-67 in
which respectively 5, 10, 20, and 35 % of the parent 4,4’-biphenyldicarboxylate (bpdc) linkers are exchanged with 2. The percentages of linker exchange were determined by liquid
1
H NMR analysis of dissolved samples of Cp*Rh@UiO-67 by
comparison of the signals integrations of the biphenyl and bipyridine linkers (Supporting Information, Figure S4). Elemental
analysis confirmed that the weight-percent ratios of Zr:Rh for
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tection of carbon monoxide, methane, methanol, formaldehyde, oxalate, or ethylene). H2 was the only other product of
the reaction (TON = 55 and 38 for 1 and 2 respectively after
10 h reaction). Interestingly, these performances are comparable to those reported for the best homogeneous systems
based on rhenium and ruthenium catalysts and [Ru(bpy)3]Cl2.[22]
Furthermore, the photocatalytic selectivity of compounds
1 and 2 appears to be in the same range as that which Deronzier and co-workers have reported for the electrocatalytic
systems: TONs between 16 and 25 for formate electroproduction and TONs between 6 and 14 for concomitant H2 production for 1 to 3 h electrolyses.[14] This suggests that light absorption does not necessarily disrupts the reaction intermediates,
unlike in recent manganese-based systems where products distribution drastically changes upon shifting a CO2 reduction
electrocatalyst into a photochemical system.[23]
The ca. 66 % decrease in formate production between catalysts 1 and 2 agrees with a previously reported generalized
trend wherein electron-rich ancillary ligands afford higher rates
for CO2 reduction.[24] This is further exemplified in the turnover
frequency (TOF) at early time points for formate production of
20 h!1 and 10 h!1 for 1 and 2 respectively (Supporting Information, Figures S7 and S8).The molecular complex 2 represents
the more appropriate comparison to the activity of
Cp*Rh@UiO-67, as the carboxylic acid functionality is required
for incorporation within the MOF and 2 is directly used for the
post-synthetic exchange.
Photolysis of 1.4 mg of 10 %-Cp*Rh@UiO-67 (10 % molar incorporation of Cp*Rh approximately corresponding to
0.09 mmol Rh) during 10 h gave TON values comparable to
those obtained during photolysis of 2 (0.08 mmol of Rh for
0.8 mL of 0.1 mm solutions of 2): TON[formate] = 47 vs 42 and
TON[H2] = 36 vs 38 for solid MOF vs molecular 2. The kinetic
evolutions of formate generated by 10 %-Cp*Rh@UiO-67 and 2
are shown in Figure 2 and indeed indicate comparable rates as
Figure 1. a) Surface area (red) and porosity (blue) values of Cp*Rh@UiO-67
as a function of % molar incorporation of 2. b) Transformed diffuse reflectance spectra of Cp*Rh@UiO-67 with 5 % (red), 10 % (orange), 20 % (green)
and 35 % (purple) molar incorporation of 2. c) PXRD patterns for UiO-67 and
Cp*Rh@UiO-67 samples with various molar incorporation of 2.

5 %, 10 %, 20 % and 35 % loading, respectively). CO2-saturated
samples were irradiated by a 300 W Xe arc lamp equipped
with a 415 nm cutoff filter and were vigorously stirred during
the photolysis. As control experiments we found that both
UiO-67 MOF and bpydc substituted analogues were inactive in
the absence of the photosensitizer. Note that the large computed BG value of 3.6 eV for UiO-67 and UiO-67-bpydc models
are representative of wide band gap insulators and make absorption of visible light by these compounds impossible (Supporting Information, Figure S6). Furthermore UiO-67 MOF was
also inactive in the presence of the photosensitizer (Supporting Information, pp. S10).[21]
Both complexes 1 and 2 showed good activity during selective CO2 photoreduction into formate (TON = 125 and 42 for
1 and 2 respectively after 10 h reaction) as the only carboncontaining product detected in appreciable quantities (no deChemSusChem 2015, 8, 603 – 608
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Figure 2. Equivalents of formate produced as a function of time for the photolyses of 1.4 mg of 10 %-Cp*Rh@UiO-67 (&) and 0.1 mm of (2) (~) under
standard conditions described within the main text. Production of H2 is presented within the inset.

early time point TOFs for formate production by 10 %Cp*Rh@UiO-67 and 2 are found to be 7.5 hr!1 and 10 hr!1 respectively (Supporting Information, Table S4). This situation is
different for H2 production (Figure 2, inset) as 2 is found to
produce H2 (TOF = 14 hr!1) more efficiently than 10 %605
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Cp*Rh@UiO-67 (TOF = 5.4 hr!1) (SI, Table S4). Therefore, by disfavoring the generation of H2, 10 %-Cp*Rh@UiO-67 can achieve
nearly a two-fold increase in initial kinetic selectivity for formate over H2. The overall stability was also comparable for
both systems and the loss of activity during the photolysis has
been attributed to the decomposition of the [Ru(bpy)3]Cl2 photosensitizer over several hours. This was determined by NMR
experiments and via the recovery of activity upon the addition
of more [Ru(bpy)3]Cl2 solution after 6 h of photolysis (Supporting Information, pp. S12 and S13).
Given the comparable activity observed between the heterogeneous and homogeneous systems, careful attention was focused on determining if the Rh complex is retained within the
MOF host structure during catalysis or whether it is leached
out. First, 1H NMR analysis of the reaction mixtures after photolysis assays did not reveal any evidence of Cp*Rh being liberated from the MOF. Second, recyclability of a 10 %-Cp*Rh@UiO67 sample was demonstrated (Supporting Information, Figure S10). The facile nature in which heterogeneous catalysts
can be re-isolated and re-used while maintaining intrinsic activity represents a major benefit over analogous homogeneous
systems. The same 4 mg sample of 10 %-Cp*Rh@UiO-67 could
be recycled up to 6 times (16 h photolysis each run) with approximately 90 % of the material re-isolated after each run. The
10 % loss is primarily attributed to the small sample size being
continually handled and is more representative of quite low
total catalysts loss from the perspective of mass lost. Overall,
80 % catalytic activity towards formate production was retained even after 4 days of cumulative photolysis time. The retention of the activity of the sample indicates that the active
rhodium-based catalyst is retained within the heterogeneous
framework. Furthermore, the parentage of formate was confirmed to be CO2 as utilization of 13CO2 resulted in a strongly
enhanced 13C NMR resonance corresponding to formate at d =
169 ppm (Supporting Information, Figure S14). The latter observations corroborate the fact that assays performed in the
absence of CO2 do not yield any detectable carbon-containing
reduction products, providing a robust confirming that CO2 is
the primary source for formate production.
Figure 3 shows the effect of increasing the amount of rhodium in Cp*Rh@UiO-67 on the initial rates of formate and H2
production. For comparison the effect of increasing the concentration of 2 in the homogeneous system is also shown in
Figure 3.
Under homogeneous conditions, increasing the concentration of 2 above 0.1 mm (Figure 3 b) led to a drastic inactivation
of the system, with almost no production of either formate or
H2 at 0.6 mm of 2. In contrast, the heterogeneous system was
much more stable with the rate of total product formation
reaching a plateau above a 10 % Rh incorporation into the
UiO-67 framework. While Figure 3 a shows that between 5 %and 10 %-Rh incorporation the rates of formate and H2 production nearly doubles, beyond 10 % Rh incorporation the H2/formate ratio increased as a function of increasing amounts of
rhodium incorporation, with the formate production decreasing by approximately the same amount as the H2 production
increased. These data indicate that 10 %-Cp*Rh@UiO-67 repreChemSusChem 2015, 8, 603 – 608
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Figure 3. Effect of rhodium catalyst loading on the rate of mmols of formate
produced (~), H2 production produced (&), and total products generated (*)
per hour for the heterogeneous Cp*Rh@UiO-67 (a) and homogeneous solution of 2 (b). a) Different rhodium catalyst loadings were obtained by varying
the %Rh molar incorporation within Cp*Rh@UiO-67. All samples contained
1.4 mg of MOF sample in 0.8 mL of the reaction mixture and results are reported as the quantities detected for each sample. b) Rhodium catalyst loadings were altered by varying the concentration of 2 in the 0.8 mL of the reaction solution. Quantities of products detected are reported based on
values found per each sample.

sents a near-optimal %Rh incorporation for formate production
and that the ratio of formate to H2 produced can be tuned
based on %Rh incorporation. Additionally, it confirms that
Cp*Rh catalyst at or below 10 % molar incorporation occupy
active sites that have formate productivity comparable to that
of the homogeneous photocatalytic system (e.g. 0.64 vs.
0.88 mmol hr!1 for the solid with 10 %-Rh incorporation vs. the
complex 2 at 0.1 mm concentration). The observation of decreased activity of 2 at higher concentrations in solution but
constant activity of 2 at high loadings when immobilized
within UiO-67 suggests that the MOF might additionally provide a catalyst stabilization by disfavoring possibly bimetallic
deactivation pathways via site isolation of catalytic centers.
It is remarkable that the overall activity remains constant
upon increasing Cp*Rh-catalyst loadings above 10 % (Figure 3 a) suggesting that the increased formation of H2 and the
decreased formation of formate are likely coupled. This can be
assigned to the catalytic activity of Cp*Rh@UiO-67 towards formate dehydrogenation, leading to CO2 and H2, which has precedent for similar homogeneous compounds.[25] To observe this
reactivity specifically with the Cp*Rh@UiO-67 system, 2 mg of
35 %- Cp*Rh@UiO-67 were added to 1 mL of a CO2 saturated
ACN:TEOA (5:1, v:v) solution containing 22.1 mm sodium
formate. The mixture was maintained at room temperature
and shielded from direct light for 18 hrs during which time
the formate concentration was found to decrease to
13.3 mm (Supporting Information, Figure S11). This corresponds to an approximate rate of formate decomposition of
0.25 mmol hr!1 mg!1 for 35 %-Cp*Rh@UiO-67 under these conditions. This is the first report of a MOF catalyzing thermal decomposition of formate into H2. It is likely that 10 % Rh incorporation in Cp*Rh@UiO-67 generates the optimal balance between CO2 reduction to formate and formate decomposition
to H2 for maximal formate production. Below 10 %, there is
likely good accessibility of the external photosensitizer to the
catalytic sites, favouring CO2 reduction by the Rh centers.
Above 10 %, in agreement with the decreased porosity beyond
that limit (Figure 1 a) inhibiting the access of the photosensitiz606
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er, thermal decomposition of formate by the rhodium centers
is favoured.
In summary, we have demonstrated for the first time the
ability to photosensitize a molecular rhodium-based catalytic
system and found conditions for an efficient reduction of CO2
into formate. Furthermore, we have shown that it is possible,
using post-synthetic exchange approaches, to heterogenize
such complexes in the form of a rhodium-functionalized
metal–organic framework (MOF), with the possibility to synthetically control the amount of active species grafted in the
cavities. This new material allowed us to set up the first photocatalytic system for CO2 reduction using a catalytic MOF and
an homogeneous photosensitizer. Remarkably, the MOF catalyst, at low rhodium loadings, retains the activity of the homogeneous system but displays higher initial rate selectivity for
formate and unprecedented stability and recyclability. In contrast, larger loading results in a loss of formate selectivity
which we show is due to formate decomposition into CO2 and
H2 catalyzed by the functionalized MOF itself. This demonstrates that, beyond single site isolation, special attention
should be paid to find the optimum site density in the design
of hybrid solid catalysts in order to avoid undesired side-reactions. We strongly believe that this account will stimulate the
development of new functionalized MOFs thus offering a possible versatile and efficient platform for selective CO2 photoreduction catalysis.
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ABSTRACT: A number of permanently porous polymers containing
Ru(bpy)n photosensitizer or a cobaloxime complex, as a proton-reduction
catalyst, were constructed via one-pot Sonogashira−Hagihara (SH) crosscoupling reactions. This process required minimal workup to access porous
platforms with control over the apparent surface area, pore volume, and
chemical functionality from suitable molecular building blocks (MBBs)
containing the Ru or Co complexes, as rigid and multitopic nodes. The
cobaloxime molecular building block, generated through in situ metalation,
aﬀorded a microporous solid that demonstrated noticeable catalytic activity
toward hydrogen-evolution reaction (HER) with remarkable recyclability. We
further demonstrated, in two cases, the ability to aﬀect the excited-state lifetime
of the covalently immobilized Ru(bpy)3 complex attained through deliberate
utilization of the organic linkers of variable dimensions. Overall, this approach
facilitates construction of tunable porous solids, with hybrid composition and pronounced chemical and physical stability, based
on the well-known Ru(bpy)nor the cobaloxime complexes.
KEYWORDS: porous−organic polymers, Ru complexes, photochemical heterogeneous catalysis, solid-state NMR,
hydrogen evolving cobaloxime catalysts
amenable to the bottom-up assembly from judiciously designed
molecular building blocks (MBBs). POPs are an emerging class
of polymeric materials accessible through covalent linkage of
preselected MBBs. POPs commonly exhibit rigid structures,
high thermal and chemical stabilities, low densities, and in
certain cases permanent porosity with speciﬁc surface areas
surpassing those of well-known zeolites and porous silicates.19−21 Recent reports outlined several synthetic pathways
to construct POPs including the Sonogashira−Hagihara (SH)
cross-coupling reaction.22 This approach, as being further
exploited here, opens the door for utilization of a wider range of
functional MBBs, namely, brominated aromatic moieties, as
compared with previous systems reported by Lin and coworkers that demonstrated photocatalytic activity of PCPs
constructed through cobalt-catalyzed alkyne trimerization
reaction.16,17 Our approach allowed the simultaneous incorporation of diﬀerent building blocks into the solids backbone by

INTRODUCTION
Current and future global energy demands necessitate
innovations to tap most available energy resources eﬀectively
and responsibly.1,2 In creating such innovations, scientists are
actively exploring new technologies to design and develop new
materials for harvesting solar energy. Despite the extensive
eﬀorts devoted to accomplish this goal, utilizing solar energy
eﬃciently and cost-competitively has yet to be realized.3−5 In
addition to photoelectrical applications of Ru dyes,6−8 Ru and
Co complexes have desirable photocatalytic properties for
photochemical energy conversion applications, primarily for
photocatalytic water splitting.9,10 Of particular interest are
heterogeneous photocatalysts that can easily be separated and
recycled from a reaction mixture.11−13
In eﬀorts to address certain demanding applications, such as
gas storage and separation, CO2 capture, catalysis, and energy
conversion, a large number of porous solids, namely, metal−
organic frameworks (MOFs),14 conjugated microporous
polymers (CMPs), 1 5 porous cross-linked polymers
(PCPs),16,17 and porous−organic polymers (POPs),18 are
being actively investigated. Porous solids, in general, are
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Scheme 1. Synthesis Scheme for PRP-1 (Left) and a Geometrically Optimized Polymer Fragment Model Showing Extension
Points Highlighted in Yellow (Right)a

a

Nitrate ions are omitted for clarity. C, gray; H, white; N, blue; Ru, deep red.

including diﬀerent brominated aromatic building blocks in the
one-pot synthesis reported herein. Moreover, the multitopic
nature of the brominated Ru or Co complexes (up to six and
four extension points, respectively) utilized in this study
resulted in enhanced microporosity of the solids, in contrast
to previous systems utilizing lower connectivity of the building
blocks and consequently resulting in nonporous solids.17
In order to generate artiﬁcial photosynthesis systems, several
attempts were made to mimic the energy transfer processes of
photogenerated excitons in naturally occurring photosystems.23−26
A platform material that is amenable to rational design is thus
of signiﬁcance, facilitating optimization of intermolecular
interactions toward applications in photochemical catalysis.
Furthermore, a porous solid platform oﬀers the potential for
stability against several catalyst degradation processes, including
leaching out of the support and/or self-induced degradation.18,27 The broad range of chemistry that can be
implemented to ﬁne-tune certain platform materials includes
(i) the degree of conjugation, length, connectivity, and
functionality of the linkers, (ii) the various types of
chromophores, (iii) the large number of derivatives available
for each chromophore, and (iv) the possibility of introducing
heterogeneity into the structures by utilizing mixed chromophores. A number of MOFs based on certain chromophores
have been recently reported, and their photocatalytic behavior
has been explored.25,28−30 Such solids with crystalline structures
rely on coordination bonds between functional organic
molecules, as linkers, and metal ions/clusters, as nodes, to
sustain their structure. This very nature of MOFs can cause
electronic isolation of the chromophores as well as, in some
cases, chemical instability in certain environments, such as
moisture or acidic or alkaline solutions, due to the reversible
nature of the coordination bond. Our focus here is directed
toward porous platform solids constructed through covalent
linkage of designed multitopic chromophore, namely, the
ruthenium-polypyridyl photosensitizer,31 linked through proper
organic linkers to generate a family of ﬁve porous, rutheniumbased, polymers (PRP-1−PRP-5). A structure dependence of
excited-state lifetime is demonstrated for two of the reported
PRPs. Additionally, we investigated the potential to construct a
porous, cobaloxime-based, polymer (PCoP) incorporating the
known proton-reduction catalyst, the cobaloxime.32 Finally, the
catalytic performance of the PCoP was investigated and
demonstrated remarkable catalytic behavior in terms of the
turnover number in hydrogen evolving reaction and recyclability under certain conditions.

RESULTS AND DISCUSSION
In this report, we developed a one-pot synthesis strategy based
on previously established SH cross-coupling pathways to
construct porous organic polymers, where, under carefully
selected reaction conditions,33,34 porous polymers from
bridging alkyne linkers and brominated ruthenium-polypyridyl
or cobaloxime derivatives were successfully constructed,
Scheme 1. In our approach, we expanded the realm of
previously utilized cross-coupling reactions of rigid and
directional molecular building blocks (MBBs)22,33,34 into
more intricate ruthenium-based and cobaloxime-based brominated metal complexes. This new approach aﬀorded extended
porous solids containing the ruthenium-polypyridyl or
cobaloxime functionalities as integral parts of the polymers’
backbone. Construction of porous solids from the aforementioned building blocks was accomplished under relatively mild
reaction conditions that preserved the functionality and
directionality of the building blocks. Indeed, ﬁve diﬀerent
compounds, PRP-1−PRP-5, were isolated and characterized by
several characterization techniques. Additionally, the cobaloxime-based polymer, PCoP, was synthesized and then
characterized similarly.
Due to the irreversible C−C bond formation step, POPs
constructed through cross-coupling reactions are widely
amorphous solids insoluble in most common solvents.35 This
aspect, while desirable for ease of separation and recyclability,
however, precluded utilization of several solution- or
diﬀraction-based structure characterization techniques. However, a wide range of structural characterization techniques
including spectroscopic techniques such as Fourier transform
infrared (FTIR), solid-state NMR, UV−vis spectroscopy, and
energy-dispersive X-ray (EDX) spectroscopy were used to
characterize the reported compounds. Other used characterization techniques, including scanning electron microscopy
(SEM), gas sorption, elemental analysis, and thermogravimetric
analysis techniques, facilitated drawing a more detailed picture
for the chemical composition of the obtained compounds.
In particular, the reaction between tris(4,4′-dibromo-2,2′dipyridyl)ruthenium(II) nitrate and 1,3,5-triethynylbenzene
resulted in a deep-brown solid, PRP-1. The isolated solid was
found to be insoluble in water and common organic solvents
including DMF, DMSO, acetone, DCM, acetonitrile, MeOH,
and EtOH. Similar reaction conditions with diﬀerent alkyne
linkers and/or additional spacers were utilized to construct
compounds PRP-2−PRP-5 (please refer to the Supporting
Information, SI). The materials obtained were isolated by
simple ﬁltration and were subjected to solvent/guest exchange
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Figure 1. N2 gas sorption isotherms for the porous polymers PRP-1−PRP-5 and for PCoP.

presence of a mixed microporous/mesoporous pore system or
alternatively can be attributed to gas condensation within the
voids between sub-micrometer agglomerates.37 This behavior
could be ascribed to structural defects resulting from less than
complete cross-coupling of the six-connected nodes through
the linear ditopic alkyne linker. In compound PRP-3, the 3,4dibromothiophene molecule was added to the reaction mixture
to introduce the thiophene ring as a ditopic linker. Thiophene
was selected due to its wide utilization as a molecular
component in organic solar cells and molecular wires.
Additionally, it appears that the directionality of the 3,4dibromothiophene ring led to some backbone twist during
formation of PRP-3, thus increasing its surface area as
compared to PRP-1. In an additional example, the triphenylamine extended linker was used to construct PRP-4 which
demonstrated increased surface area and pore volume as

to remove residual solvent and/or precursors. To extend our
previous methodology into the realm of porous cobaloximecontaining polymers, in situ metalation of the 1,2-bis(4bromophenyl)ethane-1,2-dione dioxime by cobalt ions was
ﬁrst attempted (SI). When followed by addition of the terminal
alkyne and proper catalyst, the targeted cobaloxime-based
porous polymer was isolated as deep-brown solid, PCoP. N2
sorption isotherms for PRP-1−PRP-5 and PCoP were collected
and are shown in Figure 1. The Brunauer−Emmett−Teller
(BET) model applied to the N2 isotherm of the prototypal
PRP-1 demonstrated a type-I-like isotherm36 with calculated
BET surface area of 541 m2/g. Similar analysis of compounds
PRP-2−PRP-5 indicated surface area values in the range of
348−826 m2/g. In PRP-2, the ditopic 1,4-diethynylbenzene was
used as the bridging alkyne linker. The observed reversible
type-II-like isotherm36for PRP-2 could potentially indicate the
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compared to PRP-1 (644 m2/g, 0.43 cm3/g for PRP-4 as
compared to 541 m2/g, 0.34 cm3/g for PRP-1). In compound
PRP-4, the triphenylamine MBB, utilized as an extended threeconnected linker, was judiciously selected due to its wide
utilization as an electron donor species (hole transport
medium) in organic photovoltaic cells. The observed N2
sorption isotherm for PRP-3,-4 can be classiﬁed as type-IVlike character demonstrating H2-type hysteresis.37 This
behavior is common among porous organic polymers and can
be associated with swelling of the polymers rather than taken to
indicate the presence of mesoporosity inside the material.37 In
PRP-5, the heteroleptic Ru(NCS)2(bpy)2 coordination cluster
was utilized for its known photoactivity38 and resulted in a
microporous polymer with fully reversible, type-I N2 sorption
isotherm (BET surface area of 349 m2/g). The pore size
distribution in PRP-5 is remarkable as it indicates uniform and
narrow distribution at ranges of 5, 10, and 15 Å (SI).The
reduced apparent surface area of PRP-5 relative to the rest of
the reported compounds here can be attributed to the reduced
number of extension points (four brominated aromatic carbons
as compared to six in the earlier examples) from which polymer
growth and interchain linkage commenced. The N2 sorption
isotherm for PCoP, Figure 1, demonstrated a type-I-like
character. For PCoP the calculated apparent BET surface area
and total pore volume were found to be 874 m2 g−1 and 0.5 cm3
g−1, respectively.
The solid-state 13C-CPMAS-NMR spectra collected for PRP1−PRP-5, shown in Figure 2, clearly indicated the targeted

the repeat unit structures proposed for the respective PRPs.
The distinctly observed signal (∼143 ppm) in the 13C-CP-MAS
NMR spectrum of PRP-5 falls within the range expected for
isothiocyanate ions. This observation further supports the
proposed structure of PRP-5, to contain Ru-coordinated
isothiocyanate. The presence, if any, of unreacted brominated
aromatic carbon atoms (expected chemical shift at ∼135 ppm)
cannot be ascertained from the collected spectra due to
masking by signals from other parts of the polymers. The 13CCP-MAS spectrum for PCoP is shown in the SI and
demonstrated peaks at chemical shifts of 89.47 ppm (attributed
to the internal alkyne sp carbon atoms) and at 129.7 ppm
(assigned to the aromatic carbons in the backbone). The
broadness of the observed peaks indicated a relatively
heterogeneous texture of the material and can be ascribed to
polymer length/connectivity polydispersity. No additional
peaks were detected in the spectrum, and the absence of
other characteristic peaks could potentially be ascribed to
broadening to the signal due to interactions with the Co center.
The successful assembly of the MBBs into PRP-1−PRP-5
and in PCoP was also evidenced by attenuated total reﬂectance
FTIR spectroscopy (SI). Linkage through alkyne groups was
shown from the absence or the strong attenuation of the
terminal alkyne νC−H stretching band (observed at 3272 cm−1
for 1,3,5-triethynylbenzene and at 3260 cm−1 for 1,4diethynylbenzene) and the detection of the νCC stretching
band shifted toward higher wave numbers in the products as
compared to reactants (from 2105−2112 cm−1 in starting
alkynes to 2170−2200 cm−1 in the products). Additional
infrared spectroscopic markers in the FTIR spectra of the
isolated compounds included a nitrate stretching band at ∼820
cm−1 and bpy-centered bands, ν(C−C/C−N), at 1570−1600 cm−1
and ν(C−C/Ru−N) at 1480 cm−1.40 Additionally, in PRP-5, a
strong absorption band observed at 2094 cm−1 was assigned to
the νCN stretching of the isothiocyanate ion. For the PCoP,
additional characteristic IR spectroscopic markers were
observed, including a broad νO−H stretching band centered at
3300 cm−1 and a νCN stretching band at 1670 cm−1, further
supporting the incorporation of the oxime functionality into the
isolated solid.
Since time-resolved laser spectroscopy is an extremely
powerful technique to probe the excited-state deactivation
pathways directly, we performed ultrafast pump−probe experiments with femtosecond and broadband capabilities to record
the time-resolved, excitation-induced diﬀerence spectra. Detailed information about the experimental setup can be found
elsewhere.41,42 The transient absorption and the excited-state
decay data for PRP-1, -3, and -4, recorded following 340 nm
optical excitation pulses, are shown in Figure 3. As can be
clearly seen, the triplet-state lifetime of PRP-3 and PRP-4 are
almost seven times larger than that of PRP-1 (1.21 μs, 1.18 μs,
and 168 ns, respectively), indicating the dependence of the
triplet-state lifetime on the backbone structure and hence
microenvironment of the chromophore in the PRPs.
Indeed, the more widely spaced chromophores in PRP-3 and
-4 displayed prolonged excited-state lifetimes. One possible
explanation for this observation is that enhanced excited-state
stabilization through solvation by enclathrated solvent molecules is more pronounced in PRP-3 and -4 with larger pore
volumes and surface area values. Alternatively, enhanced
geometrical separation of the chromophores, in PRP-3 and -4
as compared to PRP-1, could be responsible for the observed
increase in the excited-state lifetime. This is to be expected

Figure 2. Stacked 13C-CP-MAS NMR spectra of PRP-1−PRP-5.

assembly of molecular building blocks into extended networks.
The observed 13C chemical shifts include those for internal
alkyne (80−90 ppm), aromatic carbons (120−140 ppm), and
aromatic carbons (α) to the nitrogen atoms in the bpy rings
(C6 and C2 expected at ∼150 and ∼157 ppm, respectively).39
Comparison between the relative 13C peak intensities at the ﬁve
PRPs indicates an increase in the ratio of aromatic, 13C signals
(∼120 ppm) relative to the other 13C signals moving from
PRP-1 to PRP-4. This is in agreement with the expected
increase in the number of aromatic secondary carbons per
polymeric repeat unit from PRP-1 to PRP-4, further supporting
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photochemical catalytic activity. Eﬃcient excited-state migration via Dexter triplet-to-triplet energy transfer among the
chromophore framework was postulated in these polymers.29−31 Similarly, the excited-state lifetime of the PCoP
was measured (101 ns) and was found to relax relatively quickly
to its ground state.
To characterize the surface morphology of some of the
constructed solids, ﬁeld-emission (FE-SEM) images were
obtained for PRP-1 and PCoP, Figure 4. The FE-SEM image
of PRP-1 revealed relatively smooth surface morphology
indicative of small particle/grain size. The FE-SEM image of
PCoP revealed rough surface texture indicative of larger
particle/grain size. Additionally, EDX color-coded elemental
analysis maps were recorded for the aforementioned two solids,
Figure 4. The EDX maps clearly indicated mostly carbon
composition of the compounds analyzed, with the noticeable
presence of Ru in PRP-1 and Co in PCoP. Additionally, the
EDX analysis for both solids indicated the presence of Br,
ascribed to polymer chain termination with brominated
aromatic molecules, SI.
The proton-reduction photocatalytic activity of PCoP was
studied under standard conditions using [Ru(bpy)3]Cl2 as a
photosensitizer under visible-light irradiation (λ > 415 nm)
(Table 1). In the ﬁrst system, an organic solvent, acetonitrile
(ACN), was combined with triethanolamine (TEOA) acting
both as a sacriﬁcial electron donor and a proton donor,
respectively (5:1, v/v). Under these conditions PCoP proved
active, as 0.90 μmol of H2/mg was produced after 5 h
irradiation (entry 1 in Table 1). Based on EDX analyses, our
material was shown to contain ∼1.9 ± 0.4 wt % cobalt; thus the
activity translated in 2.8 TON in 5 h reaction time. If TEOA
was replaced by triethylamine (TEA) (entry 2 in Table 1) or
ascorbic acid (entry 3 in Table 1) in the presence of water as
the proton donor, almost no catalytic activity could be observed
in the same period of irradiation time. In the second system
water under moderately acidic conditions (pH 3.0−5.0) was
used as the solvent. Interestingly, when the catalyst PCoP was
assayed in water containing 0.1 M ascorbic acid (entries 4−8 in
Table 1), especially when the pH of the solution was at 4 and
4.5, an impressive H2 production (10.17 μmol/mg, 32 TON,
and 7.49 μmol/mg, 24 TON, respectively) was observed during
5 h photolysis. This pH dependence is well-known:45 indeed at
too acidic pH, the reducing power of ascorbic acid is weakened.
At too basic pH, catalysis is limited by the availability of protons
in the system. In both solvent conditions, no H2 was detected
in the absence of the catalyst PCoP, or the photosensitizer
Ru(bpy)3Cl2, or when the reactions were undertaken in the
dark. Under the optimal conditions, using 10 mM photosensitizer, a time curve was obtained for long-term experiments,
Figure 5, showing a sustained production of H2. An initial rate
of 0.14 (μmol of H2/mg)/h and 21 TONs after 62 h were
obtained using the ACN/TEOA system, while the water/
ascorbate system was about 20 times more eﬃcient, with an
initial rate of 2.46 (μmol/mg)/h and 62 TONs after 10 h.
However, the former proved much more photostable, as the
PCoP under this condition could be recycled for at least 5 times
(16 h photolysis each run) with maintaining full activity, Figure
6a. The retention of the activity of the solid catalyst after 5 days
of cumulative photolysis time proves the impressively good
photostability of PCoP in this system. In contrast in the water/
ascorbate system, the catalyst lost more than half of its activity
during the second run and was totally inactivated during the
third one, Figure 6b. It is possible that the acidic condition of

Figure 3. Transient absorption spectra for PRP-1, PRP-4, and PCoP
and the triplet-state decay curves for PRP-1, PRP-3, PRP-4, and PCoP.

assuming certain relaxation pathways, such as the Dexter tripletto-triplet energy transfer process, to be weaker in PRP-3 and -4
with more spaced chromophores. It is worth pointing out that
the triplet-state lifetime values of our compounds, especially
PRP-3 and -4, are much longer than triplet-state lifetimes of
other derivatives of the Ru photosensitizer that are commonly
used in dye-sensitized solar cells.38,43 It is relevant here to
mention recent reports on almost nonporous Ru-based
conjugated polymers (CPs)17,44 which demonstrated good
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Figure 4. SEM images of PRP-1 (a) and the PCoP (b) and the corresponding color-coded EDX elemental analysis maps (labeled images).

Table 1. Photocatalytic H2 Production under Diﬀerent
Solvent Systemsa
entry

solvent system

H2 production
(μmol/(mg of catalyst))

1
2
3
4
5
6
7
8

ACN/TEOAb
ACN/H2O/TEAc
ACN/H2O/ascorbic acid, pH 4.0d
H2O/ascorbic acid, pH 3.0e
H2O/ascorbic acid, pH 3.5e
H2O/ascorbic acid, pH 4.0e
H2O/ascorbic acid, pH 4.5e
H2O/ascorbic acid, pH 5.0e

0.90
0
0.02
0
1.43
10.17
7.49
0

a
Photocatalytic H2 production in the presence of PCoP as a catalyst
and Ru(bpy)3Cl2 as a photosensitizer and with a 415 nm cutoﬀ ﬁlter.
b
Volumetric ratio of ACN/TEOA is 5:1. cVolumetric ratio of ACN/
H2O/TEA is 4.5:4.5:1. dVolumetric ratio of ACN/H2O is 1:1; 0.1 M
ascorbic acid; pH adjusted by NaOH. e0.1 M ascorbic acid; pH
adjusted by NaOH.

Figure 6. H2 production measured during recyclability experiments:
(a) ACN/TEOA solvent system (runs of 16 h photolysis each); (b)
H2O/ascorbic acid (0.1 M) pH 4 solvent system (runs of 16 h
photolysis each).

coordination polymers and functionalized metal−organic
frameworks (MOFs) have been reported to function as
catalysts for light-driven hydrogen generation, however in
general with much less stability. For example, a Cu(II)
coordination polymer was inactivated after 5 h reaction.46
Incorporation within MOFs of dinuclear iron complexes
mimicking the active site of hydrogenases gave catalysts for
photocatalytic hydrogen generation. However, the reaction
stopped after a very short reaction time (<2 h) due to catalyst
deactivation.47,48 Finally, it is interesting to note that while
molecular cobaloximes are good catalysts as well, they also
suﬀer, within comparable photochemical conditions, from low
stability, with full inactivation after a few hours.49,50 We also
found that the cobaloxime precursor of PCoP was active using
the ACN/TEOA system and Ru(bpy)3Cl2 as the photosensitizer under the conditions used with PCoP (SI). Since the
amount of Co was comparable to that provided by the PCoP
catalyst, the data show that the free cobaloxime was slightly less
eﬃcient. Furthermore, it was found to be much less stable as H2
production stopped after about 10 h reaction. It was recently
demonstrated that stabilization of these homogeneous molecular catalysts can be obtained using axial N-ligands such as
imidazole derivatives.51 Such a strategy might also be used to
further improve the PCoP catalyst. A recent report by Cooper
and co-workers demonstrated a photochemically active family

Figure 5. Catalytic activity for the PCoP toward H2 production in the
two systems reported. Conditions: Ru(bpy)3Cl2, 10 mM; ﬁlter, >415
nm. Symbols: black squares, H2 evolution in a 5:1 (v:v) ACN/TEOA
solvent system under N2 saturated conditions; red circles, H2 evolution
in an H2O/ascorbic acid (0.1 M) pH 4 solvent system under N2
saturated conditions.

the system, while favoring proton reduction, aﬀected the
integrity of the catalyst, under irradiation. The stability of the
PCoP-based system is remarkable. Recently heterogeneous
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pressure. The crude product loaded on the silica was subjected to
column chromatography on silica with a mobile phase consisting of
saturated aqueous K(NO3):water:acetonitrile (1:1:20), and the second
band was collected. Evaporation of the solvent gave a deep-red solid
(0.194 g, yield 60%, based on a molecular formula weight of 1167 g
mol−1). ESI/FT-MS for [C30H18Br6N6Ru]2+: found, 521.783252;
calculated, 521.783215.
Synthesis of PRP-1. In a glass pressure vessel ﬁtted with a Teﬂon
screw cap (100 mL) charged with a magnetic stirrer a mixture of DMF
(15 mL) and Et3N (5 mL) was prepared. The vessel was capped with a
silicon septum, and the solvent mixture was evacuated and backﬁlled
with nitrogen three times through a needle and then was kept under
nitrogen for 10 min. To this mixture and under nitrogen atmosphere
was added tris(4,4′-dibromo-2,2′-bipyridine)ruthenium(II) nitrate
(0.09 g, 0.077 mmol), 1,3,5-triethynylbenzene (0.023 g, 0.155 mmol,
2 equiv), bis(triphenylphosphine)palladium(II) dichloride (0.014
mmol, 10 mg), triphenylphosphine (0.02 mmol, 0.005 g), and CuI
(0.025 mmol, 0.005 g); the ﬂask was then evacuated/backﬁlled with
nitrogen and sealed, and the mixture was stirred at 80 °C for 24 h
(deep red-brown precipitate and clear colorless solution). The reaction
vessel was then cooled to room temperature, opened to air, and
ﬁltered through a fritted funnel, washed with DMF−acetone−
MeOH−DCM, and then kept under MeOH for 1 week prior to gas
sorption measurements. The total dry weight of the solid was found to
be 64 mg, 88% yield, calculated based on combined weights of the
starting materials excluding terminal bromine and hydrogen atoms.
Photolysis. The photochemical reactions are performed using a
300 W, high-pressure Xe arc lamp. The beam is passed through an
infrared ﬁlter, a collimating lens, and a ﬁlter holder equipped with a
415 nm cutoﬀ ﬁlter. Samples are prepared in a 1 cm path length quartz
cubic cuvette, which is placed in a temperature controlled cuvette
holder maintained at 20 °C with a circulated water bath. Samples are
prepared by adding 0.8 mL of solution containing photosensitizer
[Ru(bpy)3]Cl2 and solid polymer, and by saturating with N2 for 10
min. After photolysis, H2 measurement is performed by gas
chromatography (Shimadzu GC-2014) with a thermal conductivity
detector.

of linear, planarized conjugated polymers of ﬂuorene, carbazole,
dibenzo[b,d]thiophene, and dibenzo[b,d]thiophene sulfone
functionalities. The reported polymers were investigated for
photochemical hydrogen evolution, where among the reported
polymers the most active dibenzo[b,d]thiophene sulfone
copolymer showed the most activity.52 Our PCoP performed
with comparable TOF to most of the reported polymers by
Cooper and co-workers in terms of micromoles of H2 per hour
produced for each milligram of catalyst used, with the
exceptions being the two most active polymers P6 and P7.
Because our PCoP catalyst is microporous with relatively large
surface area, in contrast to the nonporous polymers studied in
this recent report, there is a wide potential to tune and further
enhance its catalytic activity through controlled diﬀusion of
redox shuttles, electrolytes, and/or photosensitizers.

CONCLUSION
In conclusion, we describe, for the ﬁrst time and to the best of
our knowledge, an approach to constructing permanently
porous polymers of the ruthenium-tris(2,2′-bipyridyl), Ru(bpy)3,and cobaloxime with large surface areas, variable
backbone functionality, and long-lived excited-state lifetimes
that can potentially be exploited for applications in
heterogeneous photocatalysis. In addition, our approach utilizes
one-pot Sonogashira−Hagihara cross-coupling synthesis, with
minimal workup through simple ﬁltration and solvent/guest
exchange, making it very appealing for large-scale production.
Our results clearly indicate a lifetime dependence of the
chromophores on the chemical nature of the backbone, and
furthermore photocatalytic activity toward proton reduction
and recyclability of the porous catalyst is explored.

■
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EXPERIMENTAL SECTION

All air-sensitive manipulations were performed under a dry N2
atmosphere using standard Schlenk line techniques. Chemicals were
purchased from Alfa-Aesar (triphenylphosphine, 1,3,5-triethynylbenzene, a nd 1,4-diethynylbenzene), Sigma-Aldrich (bis(triphenylphosphine)palladium(II) dichloride, silica gel, ethanol,
THF, and absolute ethanol), Fisher-UK (methanol, potassium nitrate,
RuCl3, DMF, and acetonitrile), Combi-Blocks (4,4′-dibromo-2,2′dipyridine), Acros Organics (CuI,), and VWR (triethylamine
Chromanorm, HPLC grade). All reagents were used as received
without further puriﬁcation. Nitrogen and CO2 gases for sorption were
purchased from AirLiquide (N2 AlphaGaz2 (99.999%) and CO2
(99.995%)). Gas sorption analysis was performed on a Micromeretics
ASAP2020 instrument, and the variable temperature CO2 isotherms
were recorded in insulated Dewar ﬂask connected to a LAUDA RA-8
circulating chiller. UV−vis spectra were acquired on a ThermoScientiﬁc Evolution600 UV−vis spectrophotometer equipped with integrating sphere for solids. Infrared absorption spectra were recorded on a
ThermoScientiﬁc Nicolet is-10 apparatus. Thermogravimetric analyses
were conducted on a Thermal Analysis-Q50 instrument. Synthetic
reactions were performed under nitrogen atmosphere in oven-dried
glassware.
Tris(4,4′-dibromo-2,2′-bipyridine)ruthenium(II) Nitrate. In a
glass pressure vessel ﬁtted with a Teﬂon screw cap (50 mL) charged
with a magnetic stirrer was added absolute ethanol (40 mL) and the
solvent degassed through three cycles of freeze−pump−thaw and kept
under nitrogen. To this degassed solvent was added 4,4′-dibromo-2,2′bipyridine (0.314 g, 1 mmol) and tetrakis(dimethyl sulfoxide)ruthenium(II) chloride (0.154 g, 0.32 mmol) and the vessel closed
under nitrogen. The reaction mixture was maintained at 70 °C for 24 h
(color changes to deep red-brown). The solution was then cooled to
room temperature and ﬁltered through a fritted funnel and the ethanol
removed under reduced pressure. The crude solid was loaded on silica
as acetonitrile solution and then the silica dried under reduced
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Molecular polypyridine-based metal complexes as
catalysts for the reduction of CO2
Noémie Elgrishi, Matthew B. Chambers, Xia Wang and Marc Fontecave*
Polypyridyl transition metal complexes represent one of the more thoroughly studied classes of
molecular catalysts towards CO2 reduction to date. Initial reports in the 1980s began with an emphasis
on 2nd and 3rd row late transition metals, but more recently the focus has shifted towards earlier metals
and base metals. Polypyridyl platforms have proven quite versatile and amenable to studying various
parameters that govern product distribution for CO2 reduction. However, open questions remain regarding
the key mechanistic steps that govern product selectivity and efficiency. Polypyridyl complexes have also
been immobilized through a variety of methods to afford active catalytic materials for CO2 reductions.
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While still an emerging field, materials incorporating molecular catalysts represent a promising strategy

DOI: 10.1039/c5cs00391a

for electrochemical and photoelectrochemical devices capable of CO2 reduction. In general, this class
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of compounds remains the most promising for the continued development of molecular systems for
CO2 reduction and an inspiration for the design of related non-polypyridyl catalysts.

Laboratoire de Chimie des Processus Biologiques, Collège de France,
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is one extensively explored option. Chemical storage, within the
chemical bonds of an energy-dense compound such as hydrogen
from water splitting, offers better gravimetric densities.3 Recently
energy storage via reduction of CO2 has enjoyed renewed
interest.4,5 Although reduction of CO2 into energy-dense liquid
or gaseous fuels is a fascinating fundamental issue, its practical
implementation in technological devices (electrolyzers coupled to
photovoltaics or photoelectrochemical cells) is highly challenging
due to the high stability of CO2 and thus the endergonic nature of
its transformation. Furthermore, the reactions involve multiple
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1. Introduction
In the context of global warming and the necessary substitution
of fossil fuels with renewable energies (solar and wind energy),
efficient energy storage technologies need to be urgently
developed.1,2 Electrochemical storage, in the form of batteries,
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electrons and protons and thus require efficient catalysts to
mediate these transformations. Finally, a recurring issue is the
competition with proton reduction into dihydrogen which
calls for the development of selective catalysts and appropriate
tuning of the reaction conditions. Although not the focus of
this review, it ought to be noted that a complete energy storage
system would necessitate the coupling of CO2 reduction with an
anodic process, such as water or halide oxidation.
Regarding catalysts for CO2 reduction, current research
focuses primarily on two types of compounds: solid materials
and homogeneous metal complexes (coordination and organometallic complexes). While appreciating the first approach,
a particular focus will be placed in this review on the benefits
of molecular catalysts, which are often ideal for fine tuning
reactivity via synthetic modifications of the ligands. To mediate
the multi-electron/multi-proton transformations necessary for
catalytic CO2 reduction, molecular catalysts must have the ability
to store multiple reducing equivalents. This can be achieved
either by reducing the metal centre, which then necessitates a
ligand field capable of stabilizing the reduced metal ions, or by
reducing the ligand scaffold, with the metal serving as a
mediator for electron relay. In this context, polypyridine ligands
have been appropriate to support catalysts for CO2 reduction,
as they offer the ability to not only stabilize the reduced metal
centres but also accept reducing equivalents within the ligand
p system, allowing for the storage of multiple reducing equivalents
across the entire molecule.6–9
Polypyridine ligands have been used extensively in catalysis for
the activation of small molecules, amongst other applications, and
thus represent an extremely broad and diverse class of ligands.10,11
Within the context of this review, we define polypyridyl ligands
as possessing a minimum of two conjugated pyridine motifs,
which might be more appropriately referred to as oligopyridines.
According to the nomenclature convention within organometallic
catalysis, we have opted to use the term polypyridine to describe
these ligands. The main classes of parent polypyridine ligands

and their abbreviations are presented in Fig. 1. These include
bipyridine (bpy), terpyridine (tpy), quaterpyridine (qtpy), where
2, 3 or 4 pyridine groups are linked and conjugated, and also
phenanthroline (phen) derivatives which offer a more rigid
structure.
Early developments of molecular CO2 reduction catalysts have
indeed involved polypyridine ligands, with the seminal work
of Sauvage/Lehn using [Re(bpy)(X)(CO)3] for photocatalytic and
photo-assisted CO2 reduction to CO.12 Many more followed in
the 1980s and 1990s, but the field was revitalized in the 2010s
with a particular focus on first row transition metals. As no
comprehensive review of the field exists to date, this review
aims to cover the entirety of the field of molecular CO2 reduction
catalysed by polypyridyl complexes, focusing on mechanistic and
selectivity aspects.13 In each section molecular polypyridyl complexes will be reviewed both for their electrochemical and
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Fig. 1 Structure and abbreviation of the most common polypyridyl ligands
discussed herein (R = 2-pyridyl). Abbreviations: phen = 1,10-phenanthroline,
bpy = 2,2 0 -bipyridine, tpy = 2,2 0 :6 0 ,200 -terpyridine, qtpy = 2,2 0 :6 0 ,200 :600 ,2 0 0 0 quaterpyridine, tptz = 2,4,6-tri(pyridine-2-yl)-1,3,5-triazine, hamc-phen =
diaza-1,3(2,9)-diphenanthrolinacyclobutaphane, hamc-bpy = diaza-1,2,4,5(2,6)tetrapyridinacyclo-hexaphane, tppz = 2,3,5,6-tetra(pyridine-2-yl)pyrazine.
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photosensitized catalytic activity towards the reduction of CO2.
Key advances and landmark papers will be discussed for Ru- and
Re-based catalysts, and comprehensive review will be given for all
other metals. In the last section, advances towards applications
with catalyst immobilization are presented providing a wider
picture of the state-of-the-art in the field.

2. A note on comparing
catalytic activity
Within this review, efforts are undertaken to allow for comparison of the reactivity of different catalysts. This is achieved
through tables, to help compare the activity and product
selectivity of the different catalysts assessed electrochemically
and in photochemical systems. When systems are studied electrochemically, all potentials are converted to Fc+/Fc whenever possible, and an emphasis is placed on product selectivity and faradaic
yields. For photochemical systems, turn-over-numbers (TON) are
given, referring to the moles of product measured divided by the
moles of catalyst. It is important to note that variations in
experimental setups can render direct comparisons difficult. An
important aspect of the value of this review is in providing these
comparisons whenever possible. For this reason, ‘‘TON’’ reported
after bulk electrolysis of homogeneous catalysts is not provided in
this review. These numbers are too sensitive to the cell design to
be meaningful to compare catalysts, unless exhaustive electrolysis
is performed which is rarely the case in practice.
For photocatalytic systems, an important parameter to report is
the wavelength or range of wavelengths that are being used to
irradiate the catalysts. Within this review, the wavelength of
irradiation will be reported in nm for photocatalytic results. While
normalization cannot be made across different wavelengths, it
should be noted that ranges of wavelengths contain more energy
than single wavelengths, and short wavelengths are more energetic
than longer wavelengths. Additionally, photon flux is an important
factor in photocatalytic systems and is often unreported. Direct
comparisons across different photocatalytic systems are difficult
and the use of standards for normalizing the irradiation energy per
unit time represents an area that needs improvement within the
field of molecular photocatalytic CO2 reduction.
Furthermore, the photocatalytic systems reported for CO2
reduction are often multi-component systems requiring a photosensitizer and a sacrificial electron donor. As a consequence, the
choice of photosensitizer and sacrificial electron donor can
affect the rates and product distribution by changing the nature
of the rate-limiting step and the thermodynamic driving force.
A direct catalyst evaluation would ideally assess these aspects
within such multi-component photocatalytic systems. As the
effects of photosensitizers and sacrificial electron donors are
not always reported in detail, we encourage the readers to be
mindful of the complexities of the photocatalytic systems discussed herein and the possible role of each component in the
observed activity.
Electrocatalytic systems ought to be compared against a consistent reference potential. For aqueous systems, NHE (or SHE)
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is typically used as the reference potential. For organic solutions, the situation is more complex as various references exist
and are used throughout the literature. For this review, we have
recalculated all potentials with respect to the Fc+/Fc potential in
a given solvent. The Fc+/Fc couple provides a practical reference
that has been studied across a variety of solvents. For ease of
comparison, we have also converted aqueous potentials to be
reported versus Fc+/Fc using well documented estimates of the
Fc+/Fc potential versus NHE in aqueous conditions. Therefore,
all potentials discussed within the review are directly comparable to one another. A few exceptions are present, due to some
complex solvent mixtures or when the nature of the reference
electrode used in the study is not fully specified. In some reports,
the data were referenced internally using the ferrocenium/ferrocene
couple but converted back to a different reference scale for
publication. In such cases where the conversion used by the
authors is explicitly stated, we have used this value for the
conversion back to the Fc+/Fc scale. The other conversions used
are outlined below. When solvent mixtures were used, the conversion for the major solvent was selected to provide the best
estimate. A combination of the reference paper by Astruc14 and
the Handbook of Electrochemistry by Zoski15 has proven useful
to obtain the following conversions.
! The conversion factor for the SCE reference to Fc+/Fc is
"0.382 V in CH3CN, "0.470 V in DMF and "0.435 V in DMSO.14
! The conversion from NHE to Fc+/Fc is "0.720 V in DMF,
"0.690 V in CH3CN and "0.400 V in H2O.15
! The conversion used from SSCE to SCE is "0.005 V, and
+0.241 V is used from SCE to NHE in H2O.15
! The pseudo reference 10 mM Ag+|Ag in CH3CN is converted to Fc+/Fc using "0.089 V, and Ag/AgCl in 3 M KCl/NaCl is
converted to SCE using "0.032 V.15
! Finally the conversion used from saturated Ag/AgCl to NHE
is +0.197 V, and "0.044 V is used for SCE.15
An important component of catalytic activity is the distribution of carbon-containing products obtained from CO2 reduction.
From a thermodynamic perspective, the driving force for the
formation of each product can vary significantly depending on
solvent conditions.16 Within this manuscript, catalysis in a
variety of different solvents and conditions will be described.
The lack of a standard set of conditions inhibits direct comparisons of products distributions and overpotentials. However,
regarding product distributions, it should be noted that the
more reduced products of CO2 reduction are thermodynamically
preferred but not always kinetically accessible.

3. 4d and 5d transition metals
3.1.

Polypyridyl complexes of Mo/W

Recently the [M(bpy)(CO)3X] architecture was extended to
Mo- and W-based catalysts. [M(L)(CO)4] (M = Mo and W with
L = bpy and tBu-bpy) complexes were shown, by Kubiak and
collaborators, to be catalysts for the reduction of CO2 to CO in
CH3CN, even in the absence of a proton source.17 The reported
TOF, as determined by cyclic voltammetry (CV), appears modest
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Tungsten polypyridyl complexes assessed for catalytic CO2 reduction through CPE

Table 1
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Published on 13 January 2017. Downloaded by Universite Pierre et Marie Curie on 13/01/2017 15:15:10.

a

Potentials in V vs. Fc+/Fc.

b

=
=
=
=

2

Solvent

Applied potentiala (V)

Proton source

Time

CH3CN

"2.68

—

b

CH3CN

"2.58

—

1h

t

R = Bu
H
H;
R3 = C6H5

Polypyridyl complexes of Re

Lehn, Ziessel and Hawecker,12,21,22 in the early 1980s, reported
that Re(bpy)(CO)3Cl catalyses the reduction of CO2 to CO (90%
faradaic efficiency) electrochemically in a DMF/water mixture
(90 : 10, v : v) with Et4NCl as the supporting electrolyte (Table 2,
entries 1–4). Catalysis occurred at "1.97 V vs. Fc+/Fc, in the oneelectron reduction wave, on a glassy carbon electrode, suggesting
that [Re0(bpy)(CO)3Cl]" was the active catalytic species. Following
these early observations, many bpy-derivatives of Re(CO)3(L)Cl
were assayed for CO2 reduction and were generally shown to
behave in similar fashions. Additional details regarding other

Table 2

Entry

17
18

derivatives can be found within more comprehensive reviews of
the field.23,24 Within the context of this discussion, landmark
studies and unique reports regarding the Re(bpy)(CO)3X class
of compounds will be emphasised.
In 1985, Meyer and collaborators studied by CV the electrochemical reduction of CO2 catalysed by Re(bpy)(CO)3Cl in CH3CN
and began proposing mechanistic models.25 The first reversible
feature at "1.68 V vs. Fc+/Fc was attributed to the one-electron
reduction of the bpy ligand. The second, irreversible, feature, at
around "1.98 V vs. Fc+/Fc, was assigned to a ReI/0 metal-centred
reduction. Two pathways, depending on the applied potential,
were proposed for the catalytic reduction of CO2 to CO and
formation of CO32", operating through either a one- or twoelectron reduction of the catalyst (Scheme 1). Going down the
two-electron reduction path (Scheme 1, right), transient formation of the two-electron reduced [Re0(bpy! ")(CO)3Cl]" complex
was claimed to be accompanied by fast loss of a Cl" ligand
and an intramolecular electron transfer from the ligand to the
metal ion, to formally yield [Re(bpy)(CO)3]" which is the active
species for CO2 binding and reduction to CO. In the oneelectron pathway (Scheme 1, left), a slow intramolecular electron
transfer in [ReI(bpy! ")(CO)3Cl]" resulting in [Re0(bpy)(CO)3Cl]"
is required before the slow loss of the Cl" ligand. The Re0 centre
is presumably capable of interacting with CO2 and reducing
it into CO.
In 1996 Johnson and collaborators studied the electrochemical reduction of CO2 to CO and formation of CO32" catalysed
by the Re(L)(CO)3X class of complexes using IR spectroelectrochemistry.26 They reported that the two-electron reduction
yielding [Re(bpy)(CO)3]" was necessary for interaction with
CO2 in CH3CN. In weakly coordinating solvents such as THF,

Rhenium polypyridyl complexes assessed for catalytic CO2 reduction through CPE

Molecule

R

1
2
3
4
5
6
7
8
9
10
11
12
13
a

CO (109%)
H2 (o3%)
CO (35%)
H2 (o3%)

Ref.

24 min, 2 h and 12 h CPE was performed; it was not immediately apparent which one was used for product analysis.

(on average 2 s"1) compared to the ones (4300 s"1) reported
for rhenium-based systems (vide infra) in the presence of TFE
(trifluoroethanol). Only one tungsten complex, in Table 1, was
analysed through controlled potential electrolysis (CPE). The
main product observed during bulk electrolysis was CO, although
traces of H2 were observed as well, usually o3%. Nervi, Gobetto
and co-workers investigated the effect of introducing phenyl ring
substituents to extend the p system and shift the reduction
potential to less negative values.18 The results of the CPE indicate
a lower faradaic yield of 35% for CO production. Hartl and coworkers reported the interaction of [Mo(CO)2(Z3-allyl)(bpy)(NCS)]
with CO2 in THF solutions,19 and explored the reactivity of the
parent M(bpy)(CO)4 (M = Mo or W) with CO2 on gold electrodes.20
Using a combination of cyclic voltammetry and IR-spectroscopy,
they propose [M(CO)3(bpy)]2" as the active catalyst and explain
the higher activity in N-methyl-2-pyrrolidone (NMP) versus THF
by the easier dissociation of the CO ligand in NMP. These remain
the only examples to date of Mo and W polypyridine-based
homogeneous catalysts for CO2 reduction.
3.2.

Products (faradaic yields)

% given by volume.
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R
R
R
R
R
R
R
R
R
R
R
R
R
b

=
=
=
=
=
=
=
=
=
=
=
=
=

H
H
H
H
t
Bu
dacb
dacb
dacb
dacb
CH3
CH3
CH3
CH3

Solvent

Applied potential (V)

Proton sourcea

Time (h)

Products (faradaic yields in %)

Ref.

DMF
DMF
DMF
DMF
CH3CN
CH3CN
CH3CN
CH3CN
DMF
CH3CN
CH3CN
CH3CN
DMF

"1.97
"1.97
"1.97
"1.97
"2.38
"2.01
"2.01
"2.61
"2.50
"2.01
"2.01
"2.61
"2.50

—
H2O (5%)
H2O (10%)
H2O (20%)
—
—
TFE (0.5 M)
—
H2O (10%)
—
TFE (0.5 M)
—
H2O (10%)

5
4
14
3.5
2

CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO

22
22
22
22
27
42
42
42
42
42
42
42
42

c
c
c
c
c
c
c
c

(92)
(93)
(Z94)
(91)
(99)
(56)
(73)
(54)
(95)
(46)
(65)
(90)
(95)

dac = methyl acetamidomethyl. c Not specified.
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Scheme 1 One- and two-electron pathway mechanisms proposed by
Meyer in 1985. ‘‘A’’ is an oxide ion acceptor. The bipyridine ligand is abbreviated
to N^N.

the one-electron pathway becomes operational as solvent
exchange with the chloride ligand is more likely. In the case
of Re(dmbpy)(CO)3Cl (dmbpy = 4,4 0 -dimethyl-2,2 0 -bipyridine) the
five coordinate complex [Re(dmbpy! ")(CO)3]" can react with CO2
directly, even in CH3CN, via the one-electron pathway. These
spectroscopic results demonstrated that both mechanistic pathways can be operational and are dependent upon solvent conditions, the nature of the bpy ligand as well as the applied potential.
More recently, in 2010, Kubiak and collaborators reported a
systematic study of ligand variations, using Re(CO)3(L)Cl complexes (L = bpy; dmbpy; dcbpy, 4,4 0 -dicarboxyl-2,2 0 -bipyridine;
t
Bubpy, 4,40 -di-tert-butyl-2,20 -bipyridine; MeObpy, or 4,40 -dimethoxy2,20 -bipyridine) in CH3CN.27 They observed an increased catalytic
current for more electron-donating substituents. The best activity,
as defined by the calculated turnover frequency corresponding
to the measured peak catalytic current, was obtained with the
t
Bu-substituted derivative (Table 2, entry 5). It was proposed that
the steric strain of the tBu functionality served to inhibit the
formation of an inactive dimer [ReI(L! ")(CO)3]2. This was in
agreement with IR spectroelectrochemistry data which showed
that, at potentials more positive than that for the second
reduction event, formation of the Re dimer [ReI(bpy! ")(CO)3]2
was significant, while no [ReI(tBubpy! ")(CO)3]2 could be detected.
At potentials more negative than the second reduction potential
(ReI/0), the mononuclear [Re0(tBu-bpy! ")(CO)3]" complex was
found to be the major species, while it was the inactive dimer
[ReI(bpy! ")(CO)3]2 using the bpy-based complex. Therefore, in
the absence of steric strain on the polypyridyl ligand, an inactive
dimer of the type [ReI(L! ")(CO)3]2 is formed. This is strong
evidence highlighting the potential importance of monomeric
active catalysts for this family of Re complexes.
The steric and electronic effects on the bpy ligand were
further investigated by Kubiak and collaborators in 2014.28 By
studying Re(CO)3(n,n 0 -dimethyl-bpy)Cl complexes (n = 3 and 5),
they observed a higher catalytic current response with catalysts
having methyl groups at 5- and 5 0 -positions as compared to
unmodified bpy. In contrast, catalysts with methyl groups at
3- and 3 0 -positions, bpy derivatives having similar Hammett
parameters as 5,50 -methyl-bpy, showed a decreased catalytic current
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response as compared to bpy. Again the different behaviours could
be explained by the larger steric hindrance created by methyl
groups on 3- and 3 0 -positions of bpy.
The effect of adding weak Brönsted acids to related electrochemical Re-based systems was first studied by Wong and
collaborators in 1998.29 The authors reported that the rate
of electrocatalytic reduction of CO2 by [Re(bpy)(CO)3(py)]+ in
CH3CN could be enhanced by increasing the pKa of an external
acid source (water, MeOH, trifluoroethanol and phenol). Under
optimized conditions, electrocatalytic reduction of CO2 to CO
occurs with nearly 100% faradaic efficiency. The reaction was
reported to be second order in protons. As a confirmation,
in 2012, Kubiak and collaborators proposed on the basis of a
H/D kinetic isotope study that the transfer of protons to Re–CO2
is the rate-determining step.30
The deactivation pathways of these catalysts were studied in
more detail in 2012 by Kubiak and collaborators.31 The inactive
dimer [Re(bpy)(CO)3]2, supported by a Re–Re bond, was shown to
be stable towards a one-electron reduction, but a second reduction
event was required to break the metal–metal bond. Further studies
on photochemical deactivation of Re(dmbpy)(CO)3Cl were
undertaken recently by Rieger and collaborators, who confirmed that the two main photo-deactivation pathways involve
[Re(dmbpy! ")(CO)3Cl]", with monovalent Re and a radical anion
on the ligand. This structure represents an electronic configuration required for catalysis, yet is also susceptible to deactivation
through dimerization.32
As these Re-based systems have extensive experimental data
available as a guidepost, the mechanism of CO2 reduction by
Re(bpy)CO3(X) has been thoroughly studied computationally
as well. Three major studies focus on explaining the selectivity
between CO2 and proton reduction,33 the influence of weak
Brönsted acids,34 and the differences between the Re system
and an analogous Mn-based system.35 Specifically with regards
to mechanistic considerations, DFT analysis indicated that, in
the complex [Re0(bpy! ")(CO)3]" obtained from a two-electron
reduction, a portion of the electronic charge in the p* orbital of
bpy weakly overlaps with the Re 5d orbitals and the HOMO thus
involves both the metal centre and the ligand. This electronic
configuration drives the selectivity towards CO2 reduction over
H+ reduction through an essentially barrier-less interaction with
CO2 as opposed to an approximately 21 kcal mol"1 unfavourable interaction with H+ (Scheme 2).30,33,36,37 The resulting
[Re(bpy)(CO)3(CO2)]" intermediate was then computed to be
susceptible to a barrier-less protonation to yield Re(bpy)(CO)3(CO2H)
as a second intermediate. Conversion of Re(bpy)(CO)3(CO2H) into
[Re(bpy)(CO)4]! requires an additional electron and proton. The
protonation step is rate limiting, and DFT calculations show that
whether proton transfer or electron transfer occurs first depends on
the applied potential.38,39
Most computed reports so far target the reduction of CO2 in
the presence of excess H+ to CO and H2O. However, CO2 reduction
with these catalysts often results in the formation of CO and
CO32" through the disproportionation of two equivalents
of the one-electron reduced form of CO2. Since generation of
[CO2]! " is thermodynamically unfavourable and cannot occur
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Scheme 2 Mechanism proposed by Kubiak and Carter (ref. 33). The bipyridine
ligand is abbreviated to N^N.

at the potentials used experimentally, it is assumed that the
reaction involves a bimetallic disproportionation of two reduced
Re–CO2 complexes. In 2003, Fujita and collaborators reported
the presence of an important CO2-bridged dimer intermediate,
(CO)3(dmb)Re–CO(O)–Re(dmb)(CO)3.40 Later, in 2012, Muckerman
and collaborators proposed a mechanism (Scheme 3) in dry DMF
(no proton source) involving the intermediate formation of
(CO)3(bpy)Re–CO(O)–Re(bpy)(CO)3, as proposed by Fujita.41 Then
a second CO2 molecule inserts into the Re–O bond of the dimer,
followed by an intramolecular rearrangement and a carbon–oxygen
bond cleavage, finally yielding CO and carbonate.

Scheme 3 Mechanism proposed by Muckerman41 ([ ]‡ denotes a transition
state). The bipyridine ligand is abbreviated to N^N.
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In 2014, to evaluate further this bimetallic mechanism,
Gilson, Kubiak and collaborators synthesised a modified version
of the [Re(bpy)(CO)3]+ architecture by including substituents
capable of hydrogen-bonding: 4,40 -bis(methyl acetamido-methyl)2,2 0 -bipyridine (= dac).42 The ligand was designed to help in the
assembly of two Re-centres in close proximity and promote
the electrocatalytic disproportionation of two molecules of CO2
to CO and CO32" as opposed to converting CO2 and excess H+
to CO and water.42 This synthetic modification resulted in
increased activity and supported the role of bimetallic constructs in the formation of CO and CO32" from two equivalents
of CO2 (Table 2, entries 6–9).
Re-based catalysts have also been extensively studied for
photochemical CO2 reduction since 1983.12 Re(bpy)(CO)3X is
a photocatalyst. In a DMF–triethanolamine (TEOA) mixture
(5 : 1, v : v), where TEOA serves as both electron and proton
donor, it converts CO2 into CO (27 TON within 3 hours photolysis) (Table 3). In this reaction Re catalysts are excited by light
(l 4 400 nm) forming a triplet metal-to-ligand charge transfer
(3MLCT) excited state, which is quenched by TEOA to produce
the one-electron reduced complex [Re(bpy! ")(CO)3X].43 In 1997,
Ishitani and collaborators demonstrated that the latter reacts
with CO2 in the dark.44
The effect of the ligand X on Re(bpy)(CO)3X (X = NCS", Cl"
and CN") activity was investigated in 2008 by Ishitani and
collaborators.45 The ligands NCS" and Cl" can be quickly released
upon excitation and reduction, while this was not the case for CN".
Thus Re(bpy)(CO)3CN is not a photocatalyst. It has been proposed
that the reduced complex [Re(bpy)(CO)3NCS]" was not only the
source of the catalytically competent species [Re(bpy)(CO)3]", but
also an electron donor (Scheme 4).
Recently the active catalyst in all these systems using
Re(bpy)(CO)3(X) in DMF/TEOA solutions was identified as the
Re(bpy)(CO)3(CO2-TEOA) species shown in Fig. 2. This provided
new insights into the role of TEOA which also contributes to
capture CO2. Formation of this intermediate was shown to be
very effective, and to allow trapping CO2 at low concentrations,
even at atmospheric levels.46
Ishitani and collaborators also contributed to improve these
systems by using different sacrificial electron donors: a NAD(P)H
model compound 1-benzyl-N,N-diethylnicotinamide (BNAH)47 as
well as two benzoimidazole derivatives 1,3-dimetheyl-2-phenyl2,3-dihydro-1H-benzo[d]imidazole (BIH)48 and, more recently,
1,3-dimethyl-2-(o-hydroxyphenyl)-2,3-dihydro-1H-benzo[d]imidazole
(BI(OH)H)49 (Fig. 3). With these compounds a base is needed, such
as TEA or TEOA. BIH and BI(OH)H can provide two electrons at
once, and BI(OH)H can provide two protons as well.
Ishitani and collaborators have also made great strides in
extending these Re catalysts towards visible-light driven photosensitized systems. One of the major advances resides in the
development of supramolecular photocatalysts combining a
Re-based unit with a Ru-based photosensitizing unit, which proved
more efficient than systems in which the two units are separate
(Table 3, entries 3–7 and 9).50 These studies nicely demonstrated
that conjugated bridging linkers were not appropriate and that the
best performances were obtained with systems having an aliphatic
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Entry Molecule
=
=
=
=

c

H, X = Cl
H, X = Br
CH3, X = Cl
CH3, X = Cl

Photosensitizer/
electron donor

Time Products
(h)
(TON)

Ref.

—/TEOA
—/TEOA
[Ru(dmb)3]2+/BNAH
—/BNAH

4
4
16
16

CO
CO
CO
CO

12
12
50
50

16
18.5

CO (14)
CO (28)

1
2
3
4

R
R
R
R

5
6

X = (4dmbpy)2Ru, Y = Re(CO)3(Cl)
X = Re(CO)3(Cl), Y = (4dmbpy)2Ru

7
8

R = H, X = Re(CO)3(Cl); Z = CH2CH(OH)CH2 4500d —/BNAH
12.5
R = H, X = Re(CO)3(Cl); Z = CH2CH2
4500d —/sodium ascorbate 24

9
10

X = Re(CO)3(Cl); Z = CH2CH(OH)CH2
Z = CH2CH2; X = Re(CO)2(P(pF-Ph)3)2

4500d —/BNAH
4500 —/BNAH

16
20

11
12

Z = CH2CH2; X = Re(CO)2(P(pF-Ph)3)2
X = Re(CO)2(PPh3)2; Z = CH2CH2

4500
4500

—/BIH
—/BNAH

20
20

13

X = Re(CO)2(P(OEt)3)2; Z = CH2CH2

4500

—/BNAH

20

14
15
16

X = Re(CO)2(P(OEt)3)2; Z = CH2OCH2
X = Re(CO)2(P(OEt)3)2; Z = (CH2)3
X = Re(CO)2(P(OEt)3)2; Z = CH2SCH2

4500
4500
4500

—/BNAH
—/BNAH
—/BNAH

4400
4400c
4500
4500

4500d —/BNAH
4500d —/BNAH

17

18

a
d

X = Os(5dmbpy)2, Y = Re(CO)2(P(pCl-Ph)3)2;
Z = CH2CH2

Scheme 4 Mechanism proposed by Ishitani in photochemistry.45 The
bipyridine ligand is abbreviated to N^N.
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50
50

CO (50)
50
HCOOH (25); 60
CO (1); H2 (5)

20
20
20

CO (170)
CO (207)
H2 (9)
CO (3029)
CO (144)
H2 (15)
CO (22)
H2 (10)
CO (253)
CO (178)
CO (73)

55
55
55

4500d —/BNAH

16

CO (240)

50

4620d —/BIH

20

CO (1138)
HCOOH (4)

61

All experiments were run in DMF/TEOA (1 : 5, v/v) except entry 8 which was run in H2O at pH 5.5.
500 W high pressure Hg lamp.

Fig. 2

(27)
(20)
(101)
(15)

b

50
54
48
54
54

Irradiation wavelength. c 250 W halogen lamp.

Structure proposed for the Re–CO2–TEOA complex.

chain as the linker (Table 3, entry 7). Variations were then brought to
these systems via introduction of P-based43,51 and pyridyl52–54
ligands on the Re catalytic site, insertion of one O/S atom in the alkyl
bridge,55 and synthesis of Ru/Re tri-56 and tetra-nuclear50 supramolecular catalysts. Zn/Pd-based porphyrin photosensitizing units
have also been coupled to a [Re(bpy)(CO)3L]+ (L = picoline) unit.57–59
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Fig. 3 Structure of the electron donors BNAH, BIH and BI(OH)H proposed
by Ishitani.

Recently, Ishitani and collaborators reported a supramolecular
Ru–Re complex that can photocatalytically reduce CO2 to formic
acid when photolysed in aqueous solution with ascorbate as the
electron donor (Table 3, entry 8).60 The system also produces a
small amount of H2 and CO (25 TON of HCOOH, 4.6 TON of H2
and 1.2 TON of CO). These product distributions are especially
intriguing for two reasons. First, this is a rare example of a
Re-based polypyridyl catalyst that reduces CO2 to a product
other than CO. Second, this system is capable of reducing
CO2 selectivity over H+ in an aqueous environment. However,
in aqueous conditions, ligand substitution is observed on the
photoactive Ru centre, which is believed to lead to catalyst
deactivation.
Ishitani and collaborators also developed a supramolecular
catalyst Ru/Os–Re(CO)2(PR3)2,54,61 with two CO and two P-based
ligands to the Re center. With R = p-FPh, the catalyst was
remarkably active with a high turnover frequency of CO formation
(281 h"1), allowed by a fast and exergonic electron transfer from
the reduced Ru moiety to the Re center (Table 3).
In summary, reports on Re–polypyridyl complexes as CO2
reduction catalysts are plentiful and primarily involve a family
of complexes with the general structure of Re(bpy)(CO)3(X).
These catalysts are stable and synthetically tuneable, which
has afforded the opportunity to evaluate the mechanism of CO2
reduction in detail. As these systems predominantly and selectively produce CO from CO2 reduction, in-depth mechanistic
considerations regarding factors governing selectivity for CO
over other carbon containing products as well as CO2 reduction
over H+ reduction are unavailable. Since Re–polypyridyl catalysts
have been demonstrated to be quite active in both electrocatalytic
and photocatalytic systems, numerous ligand modifications
have been reported. However, these modifications predominantly involve the electronic tuning of the parent bpy ancillary
ligand, with significantly fewer reports on the use of other
polypyridyl structures of higher denticity or different coordination geometries.
3.3.

Polypyridyl complexes of Ru/Os

Ru and Os complexes have afforded an interesting variety of
mechanistic observations. A particular emphasis will be placed
on the mechanisms proposed for the Ru(bpy)x and Ru(tpy)(bpy)
family. Furthermore, as they generate a greater variety of products (as opposed to Re which almost exclusively yields CO
as a CO2 reduction product) the product selectivity issue has
been specifically addressed. On the other hand, similar Ru
and Os complexes have been reported to result in different
catalytic behaviour. Given the common usage of Ru(bpy)32+ as a
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photosensitizer during photocatalytic reduction of CO2 and the
propensity of this complex to decompose under irradiation, the
behaviour of compounds derived from Ru(bpy)x is of particular
interest.
3.3.1. Polypyridyl ruthenium complexes. The [Ru(bpy)2(CO)n(X)m](2"m)+ family of compounds has received much attention
over the past decades. Electrochemical CO2 reduction catalysed by
[Ru(bpy)2(CO)2]2+ and [Ru(bpy)2(CO)Cl]+ was initially investigated
by Ishida et al. using a H2O/DMF (90 : 10, v : v) solvent mixture.62,63
Bulk electrolysis at "2.14 V vs. Fc+/Fc yielded different products
depending on the pH of the solution. In slightly acidic conditions
(pH = 6) a mixture CO and H2 was produced, but under more basic
conditions (pH = 9.5) formate was the major product (Table 4).
[Ru(bpy)2(CO)(COOH)]+ was proposed to be the critical selectivitydetermining intermediate (Scheme 5). Under acidic conditions,
[Ru(bpy)2(CO)(COOH)]+, resulting from the protonation of the
CO2 adduct, [Ru(bpy)2(CO)(CO2)]0, is protonated to yield an
equivalent of H2O and [Ru(bpy)2(CO)2]2+. Subsequent twoelectron reduction triggers the loss of CO and allows the complex
[Ru(bpy)2(CO)]0 to coordinate a new molecule of CO2. Formation
of H2 occurs via a different mechanism, initiated by the
protonation of the [Ru(bpy)2(CO)2]2+ intermediate. In basic
conditions, [Ru(bpy)2(CO)(COOH)]+ is proposed to react with
a proton and two electrons to yield HCO2" and regenerate
[Ru(bpy)2(CO)]0. Of note, this process directly does not generate
the [Ru(bpy)2(CO)2]2+ complex and thus much less H2 is produced.
These proposed mechanisms are supported by the changes in the
observed product distribution as a function of the pKa of the
externally added acid source. At high pKa production of formate is
favoured whereas CO and H2 are favoured in the presence of
stronger acids (Table 4).62
An alternative mechanism for formate production by this class
of compounds was proposed by Meyer and co-workers while
studying the catalytic activity of cis-[Ru(bpy)2(CO)H]+ (Table 4).64
Under preparative electrolysis of cis-[Ru(bpy)2(CO)H]+ under CO2
reduction conditions, FTIR spectroscopy was used to identify
cis-[Ru(bpy)2(CO)H]+ along with cis-[Ru(bpy)2(CO)(OC(O)H)]+
and cis-[Ru(bpy)2(CO)(NCCH3)]2+ within the solution. They thus
proposed a mechanism of formate production through the
direct insertion of CO2 into the Ru–H bond (Scheme 6).64 This
mechanism was unique in that it suggested (i) that a Ru–H
bond was critical to the production of formate, (ii) that no
direct CO2 adduct to a Ru centre was necessary for formate
production and (iii) that redox equivalents were stored on the
polypyridyl ligands.64
One of the most commonly used photosensitizers is [Ru(bpy)3]2+.
Lehn and Ziessel in 1990 studied the activity of [Ru(bpy)3]2+ and
[Ru(phen)3]2+ as photocatalysts for CO2 reduction.74 In DMF/water
mixtures, in the presence of TEOA, irradiation of solutions of
[Ru(bpy)3]2+ at l 4 400 nm resulted in the conversion of CO2
into formate. The amount of formate formed depended on the
water content, with the highest activity obtained with 15%
of water (Table 5, entries 1–6).74 This activity was proposed
to arise from the partial transformation of [Ru(bpy)3]2+ into
[Ru(bpy)2]2+, which behaves as an active catalyst. The lack of
reactivity of the [Ru(phen)3]2+ complex further supported this
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Entry Molecule

Solvent
2+

1
2
3
4
5

[Ru(bpy)2(CO)2]

6
7
8
9
10
11
12
13

[Ru(bpy)2(CO)Cl]2+

14

cis-[Ru(bpy)2(CO)H]+

g

Applied potentiala Proton sourceb

Time
(h) Products (faradaic yields in %)

H2O/DMF (1 : 1)
H2O/DMF (9 : 1) pH 6
H2O pH 6
H2O/DMF (1 : 1) pH 6
H2O/DMF (9 : 1) pH 9.5

"1.5 V vs. SCE
"1.66 V
"1.66 V
"1.5 V vs. SCE
"1.66 V

—
—
—
—
—

c

H2O/DMF (1 : 1)
H2O/DMF (9 : 1) pH 6
H2O/DMF (9 : 1) pH 9.5
CH3CN
CH3CN
CH3CN
CH3CN
CH3CN

"1.5 V vs. SCE
"1.66 V
"1.66 V
"1.68 V
"1.68 V
"1.68 V
"1.68 V
"1.68 V

—
—
—
0.2 M MeNH2#HCl
0.2 M Me2NH#HCl
0.2 M Me3N#HCl
PhCO2H
PhOH

d

CH3CN

"1.68 to "1.98 V H2O 3 mM to 0.40 M

f

c
c
c
c

c
e
c
c
c
c
c

CO
CO
CO
CO
CO

(51);
(27);
(17);
(42);
(26);

H2
H2
H2
H2
H2

(—); HCO2 (35)
(35)
(54)
(3)
(37); HCO2" (38)
"

Ref.
63
63
63
63
63

CO (55); H2 (5); HCO2" (17)
CO (21); H2 (42);
CO (28); H2 (44); HCO2" (26)
HCO2" (64); CO (20); H2 (3)
HCO2" (84); CO (2); H2 (7)
HCO2" (56); CO (6); H2 (31)
HCO2" (23); CO (10); H2 (51)
HCO2" (81); CO (16); H2 (o1)

63
63
63
62
62
62
62
62

CO (57); H2 (8); HCO2" (17)

64

15
16g

trans(Cl)–Ru(Mesbpy)(CO)2Cl2

CH3CN
CH3CN

"1.7 V
"2.2 V

Phenol 0.5 M
Phenol 0.5 M

h

17

Ru(tpy)(CO)(Cl)2

CH3CN

"1.64 V

H2O 20%

i

CO (60); HCO2" (10)

66

CH3CN

"1.82 V

—

1

CO (95)

67

18

h

CO (63); H2 (2);
CO (95); H2 (1)

HCO2" (h)

65
65

19j

[Ru(tpy)(6DHBP)(S)]2+

CH3CN

"2.3 V

—

1

CO (6); HCO2" (9)

68

k

2+

CH3CN

"2.3 V

—

1

CO (14); HCO2 (18)

68

DMF/H2O (2 : 8) pH 9

"1.70 V vs. Ag+|Ag —

h

20

[Ru(tpy)(4DHBP)(S)]

21
22

EtOH

"1.70 V vs. Ag |Ag H2O 20%

h

23

EtOH

"1.70 V vs. Ag+|Ag H2O 20%

c

24
25

CH3CN
CH3CN

"2.3 V
"2.21 V

—
—

1
5

26
27

CH3CN
CH3CN

"1.99 V
"1.99 V

28

CH3CN

"1.99 V

H2O 10%
H2O 10% H2PO4
50 mM
H2O 10% H2PO4
0.25 M

CH3CN

"2.15 V

CH3CN

29l

[Ru(tpy)(Mebim-py)(S)]2+

30l

+

"

CO (35); HCO2H (30); H2 (20);
CH3OH (0.4)
CO (h); HCO2H (h); H2 (h);
CH3OH (0.3)
HCHO (h); HCO2H (h);
H(O)COOH (h);
HOCH2COOH (h); CH3OH (h);
CO (h);

69
69
69

3
3

CO (30); HCO2" (8)
CO (76); HCO2" (o20%);
HCO3" (h); CO32" (h)
CO (90); H2 (o2)
CO (43); H2 (52)

71
71

3

CO (35); H2 (65)

71

—

5

"2.14 V

H2O 5%

3

HCO3" (h); CO32" (h); CO (85); 70
HCO2" (o20)
CO (85); H2 (o2); CH3OH (—); 72
HCHO (—); HCO2" (—)

31m
32m

[(bpy)2Ru(dmbbbpy)]2+

CH3CN
CH3CN

"2.08 V
"2.08 V

H2O 2%
—

d

33m
34m

[(bpy)2Ru(dmbbbpy)Ru(bpy)2]4+ CH3CN
CH3CN

"1.98 V
"1.98 V

H2O 2%
—

h

n

h

68
70

HCO2" (89); CO (2–3)
73
C2O42" (64); CO (—); HCO2" (—) 73
HCO2" (90)
C2O42" (70)

73
73

a

Potentials in V vs. Fc+/Fc except otherwise noted. b % given by volume. c After 100 C passed. d After 90 C. e After 75 C. f After 4.8 to 28.2 C.
Mesbpy = 6,6 0 -dimesityl-2,2 0 -bipyridine. h Not specified. i After 68 C. j 6DHBP = 6,6 0 -dihydroxy-2,2 0 -bipyridine. k 4DHBP = 4,4 0 -dihydroxy-2,2 0 bipyridine. l Mebim-py = 3-methyl-1-pyridylbenzimidazol-2-ylidene. m dmbbbpy = 2,2 0 -bis(1-methylbenzimidazol-2-yl)-4,4 0 -bipyridine, S = solvent.
n
After 50 C.
g
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Scheme 5 Mechanism proposed by Ishida et al., see ref. 62 and 63. The
bipyridine ligands are abbreviated to N^N.

Scheme 6 Mechanism proposed by Meyer in 1991, see ref. 64. The bipyridine
ligands are abbreviated to N^N.

Table 5

Ruthenium polypyridyl complexes assessed for photocatalytic CO2 reduction

Solventa

Entry Molecule
2+

1
2
3
4
5
6
7b
8
9

[Ru(bpy)3]

10
11

[Ru(phen)3]2+

DMF/H2O
DMF/H2O
DMF/H2O
DMF/H2O
DMF/H2O
DMF/H2O
DMF/H2O
DMF
CH3CN

12
13
14

a

hypothesis since the latter is more stable under irradiating
conditions (Table 5, entry 10).74
With a better understanding of the reactivity of these photosensitizers, Ziessel and Lehn used [Ru(bpy)3]2+ and [Ru(phen)3]2+
to photosensitize a variety of ruthenium bis-bipyridine catalysts.74
The conditions yielding the most productive systems are presented in Table 6. The general trend observed is that higher
activities were obtained in the absence of water. Moreover,
formate production was lower with [Ru(phen)3]2+ than with
[Ru(bpy)3]2+ as the photosensitizer.74 This general behaviour
was confirmed by Tanaka and co-workers (Table 6).76
More recently, the selectivity for CO or formate production
was investigated as a function of CO2 pressure. It was shown
that CO production (i) increases linearly with CO2 pressure up to
150 bars and (ii) is enhanced in a biphasic water/DMF supercritical CO2 mixture. Formate production on the other hand
is independent of CO2 pressure in the 10–150 bar range in
water/DMF solutions.75 These observations support the Ishidamechanism for CO production through a direct Ru–CO2 interaction and the Meyer-mechanism for formate production through
CO2 insertion into a Ru–H bond.
In NMP instead of DMF, with an iridium-based photosensitizer,
Beller and co-workers observed the production of mixtures of CO,
formate and hydrogen using ruthenium bis-bipyridine catalysts
(Table 6).77 The iridium photosensitizer [Ir(ppy)2(bpy)]+ (ppy =
2-phenylpyridine) was selected to avoid potential formate production from the decomposition of [Ru(bpy)3]2+ and NMP was
preferred to DMF as mixtures of DMF and TEA/TEOA have been
shown to generate some formate.78,79
Ishitani and co-workers developed a supramolecular compound,
with a [Ru(bpy)2(CO)2]2+ unit tethered to two [Ru(4dmbpy)3]2+
(4dmbpy = 4,4 0 -dimethyl-2,2 0 -bipyridine) units, which generates
formate as the major product, although the activity and selectivity were dependent on the electron donor used (Table 5,
entries 12–14).49 The activity of this photocatalyst is higher than the
sum of the activity of the two separate units (Table 6, entry 35).49

% given by volume.

Chem. Soc. Rev.

b

Irradiation (nm) Electron donor Time (h) Products (TON)
0%
5%
15%
30%
40%
50%
30%

(—)
(40)
(69)
(58)
(41)
(22)
(0.4); CO (2)
(7)
(0)

Ref.

4400
4400
4400
4400
4400
4400
455
4320
4320

TEOA
TEOA
TEOA
TEOA
TEOA
TEOA
BNAH
TEOA
TEOA

2
2
2
2
2
2
2
20
20

HCO2
HCO2"
HCO2"
HCO2"
HCO2"
HCO2"
HCO2"
HCO2"
HCO2"

DMF/H2O 0–15% 4400
DMF
4320

TEOA
TEOA

3
20

HCO2" (—)
HCO2" (7)

DMF/TEOA 20% 4500
DMF/TEOA 20% 4500
DMF/TEOA 20% 4500

BI(OH)H
BIH
BNAH

20
20
20

HCO2" (2766); CO (215); H2 (212) 49
HCO2" (641); CO (237); H2 (13)
49
49
HCO2" (562); CO (69); H2 (29)

"

74
74
74
74
74
74
75
76
76
74
76

Performed in supercritical CO2 at 150 bar.
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Ruthenium polypyridyl complexes photosensitized for photocatalytic CO2 reduction

Published on 13 January 2017. Downloaded by Universite Pierre et Marie Curie on 13/01/2017 15:15:10.

Irradiation Photosensitizer/electron
(nm)
donor

Solventa

Entry Molecule
2+

DMF
DMF/H2O
DMF
DMF/H2O
DMF
DMF
CH3CN
DMF
DMF/H2O
DMF/H2O

Time
(h)
Products (TON)

Ref.

[Ru(phen)3] /TEOA
[Ru(phen)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/ TEOA
[Ru(phen)3]2+/ TEOA
[Ru(bpy)3]2+/ TEOA
[Ru(bpy)3]2+/BNAH
[Ru(bpy)3]2+/BNAH
[Ru(bpy)3]2+/BNAH

3
3
2
4
20
20
20
10
10
10

HCO2
HCO2"
HCO2"
HCO2"
HCO2"
HCO2"
HCO2"
HCO2"
HCO2"
HCO2"

74
74
74
74
76
76
76
76
76
76

HCO2" (193)
HCO2" (13); CO (1); H2 (2)

76
77

2+

1
2
3
4
5
6
7
8
9
10

[Ru(bpy)2(CO)2]

11
12

Ru(bpy)2(Cl)2

DMF
NMPb

4320
400–700

[Ru(bpy)3]2+/ TEOA
[Ir(ppy)2(bpy)]+/TEOA

20

13
14
15
16
17

[Ru(bpy)2(CO)Cl]+

DMF
DMF
DMF/H2O 15%
DMF/H2O 15%
NMPb

4400
4400
4400
4400
400–700

[Ru(bpy)3]2+/TEOA
[Ru(phen)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(phen)3]2+/TEOA
[Ir(ppy)2(bpy)]+/TEOA

2
3
2
3

HCO2" (163)
HCO2" (36)
HCO2" (42)
HCO2" (17)
CO (40); HCO2" (419); H2 (67)

74
74
74
74
77

18
19
20
21
22d
23

[Ru(bpy)2(CO)H]+

DMF/H2O 15%
DMF
DMF
DMF/H2O 15%
DMF/H2O 30%
NMPb

4400
4400
4400
4400
455
400–700

[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(phen)3]2+/TEOA
[Ru(phen)3]2+/TEOA
[Ru(bpy)3]2+/BNAH
[Ir(ppy)2(bpy)]+/TEOA

1
2
3
3
2

HCO2" (21)
HCO2" (161)
HCO2" (43)
HCO2" (19)
CO (1020); HCO2" (100)
CO (25); HCO2" (225); H2 (62)

74
74
74
74
75
77

24
25

[Ru(bpy)2(py)Cl]+

DMF
DMF H2O 15%

4400
4400

[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA

2
2

HCO2" (60)
HCO2" (12)

74
74

26

[Ru(bpy)2(DMF)2]2+

DMF

4400

[Ru(bpy)3]2+/TEOA

2

HCO2" (66)

74

27

Ru(bpy)2(CO3)

NMPb
2+

28

[Ru(bpy)2(acetone)2]

29

[Ru(bpy)2(CO)(H2O)]2+

4400
4400
4400
4400
4320
4320
4320
4400
4400
4400

15%
15%

10%
30%

400–700

[Ir(ppy)2(bpy)]+/TEOA
+

c

c

c

(29)
(13)
(54)
(19)
(394)
(150)
(93)
(o10); CO (o10)
(155); CO (125)
(50); CO (125)

c

HCO2" (21); CO (2); H2 (4)

69

CO (4); HCO2 (75); H2 (44)

77

CO (45); HCO2" (335); H2 (65)

77
74
74

b

NMP

400–700

[Ir(ppy)2(bpy)] /TEOA

c

NMPb

400–700

[Ir(ppy)2(bpy)]+/TEOA

c

2+

"

"

30
31

Ru(bpy)(CO)2(Cl)2

DMF
DMF H2O 15%

4400
4400

[Ru(bpy)3] /TEOA
[Ru(bpy)3]2+/TEOA

2
2

HCO2 (128)
HCO2" (24)

32
33

trans(Cl)–Ru(bpy)(CO)2(Cl)2

DMAe/H2O 10%
DMAe/H2O 10%

4400
4400

[Ru(bpy)3]2+/BNAH
[Ru(4dmbpy)3]2+/BNAH

4
4

HCO2" (1000); CO (2800); H2 (o5) 80
CO (2800); HCO2" (750); H2 (o5) 80

34f

trans(Cl)–Ru(Mesbpy)(CO)2(Cl)2 DMAe/H2O 10%

4400

[Ru(bpy)3]2+/BNAH

0.25 CO (38); HCO2" (o5); H2 (o5)

g

35
a
f

[Ru(4dmbpy)2(CO)2]

2+

DMF/TEOA 20%

b

c

4500

2+

[Ru(4dmbpy)3] /BI(OH)H 20
d

"

c

c

HCO2 (1969); CO ( ); H2 ( )
"

80
49

e

% given by volume. NMP = N-methyl-2-pyrrolidone. Not specified. Performed in supercritical CO2 at 150 bar. DMA = dimethylacetylamide.
Mesbpy = 6,6 0 -dimesityl-2,2 0 -bipyridine. g 4dmbpy = 4,4 0 -dimethyl-2,2 0 -bipyridine.

Chardon-Noblat et al. demonstrated that both cis(Cl)–
[Ru(bpy)(CO)2Cl2] and cis(CO)–[Ru(bpy)(CO)2(C(O)OMe)Cl] were
pre-catalysts for the electroreduction of CO2. They proposed
that loss of Cl" results in the formation of a Ru–Ru dimer
which would catalyse CO2 reduction to CO alongside traces of
formate. Instead the trans(Cl)–[Ru(bpy)(CO)2Cl2] complex led
to the formation of a polymeric film, [Ru(bpy)(CO)2]n, on the
electrode, thus showing that the homogeneous or heterogeneous
nature of the catalyst can be controlled simply through the
stereochemistry of the pre-catalyst in solution.81
Investigating the same system further, Ishida reported the
photosensitization of trans(Cl)–[Ru(bpy)(CO)2Cl2] with [Ru(bpy)3]2+
in DMA/water mixtures.80 CO and formate are formed

This journal is © The Royal Society of Chemistry 2017

(Table 6, entries 32 and 33), with ratios depending on catalyst
concentration. The authors explain this selectivity by invoking
the formation of a Ru dimer which is responsible for the
production of formate while a monomeric catalyst is proposed
to generate CO. To test this hypothesis, the authors synthesized
trans(Cl)–Ru(Mesbpy)(CO)2Cl2 in which the formation of a dimer
is hindered by the mesityl groups on the bpy ligand. With this
complex, photocatalytic CO2 reduction led to the selective evolution of CO with only traces of formate (Table 6, entry 34).80
Kubiak in 2015 while studying the electrochemical CO2 reduction by the same catalyst confirmed the inhibition of dimer
formation.65 CO was also the major product in CPE in the presence of phenol as a proton source (Table 4, entries 15 and 16),
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although the selectivity was shown to be dependent on the
applied potential.65
CPE at 20 1C using [Ru(tpy)(bpy)(CO)]2+ as a catalyst in DMF/
H2O (2 : 8) as well as EtOH/H2O (8 : 2) resulted in the formation
of CO, formate and H2 along with trace amounts of methanol.69
When the CPE was conducted at "20 1C, however, a variety of
products including CO, formate, formaldehyde, methanol, glyoxylic
acid and glycolic acid were obtained (Table 4, entries 21–23).69 The
study of the stoichiometric reactivity of [Ru(bpy)2(CO)(CHO)]+ as a
mechanistic model led to the proposal of the formyl complex
[Ru(tpy)(bpy)(CHO)]+ as an intermediate in the formation of HCO2"
rather than the formato and hydroxycarbonyl intermediates
proposed thus far.82
In 2006 while investigating this system further, Gibson and
collaborators isolated a [Ru(tpy)(bpy)CO]+ derivative in which
one of the pyridine rings of the tpy ligand is de-coordinated and the
carbonyl bridges the Ru and N atoms from this dangling ring.83
This compound was proposed as a possible catalytic intermediate;
however no supporting evidence beyond the existence of this
structure has been reported.83
Recently, the activity of [Ru(tpy)(bpy)(S)]2+ (S = solvent)
was revisited, along with the related [Ru(tpy)(Mebim-py)(S)]2+
(Mebim-py = 3-methyl-1-pyridylbenzimidazol-2-ylidene).70 The
catalysts displayed remarkable activity in CH3CN at "2.21 V vs.
Fc+/Fc, CO being the major product (B80% faradaic efficiency
after 5 h) with detectable traces of CO32"/HCO3" and HCOO"
(o20%).70 Overtime during CPE, the solution turned purple
and a precipitate formed, attributed to the insoluble nature of the
combination of the catalyst with CO32". Upon addition of water, the
catalytic current decreased; however CO remained the major product (Table 4).71,72 The performances of [Ru(tpy)(Mebim-py)(S)]2+
stimulated its integration in an electrochemical device to split CO2
to CO and O2 using a Nafion membrane to separate the cathodic
and anodic compartments.72 In this device, [Ru(tpy)(Mebim-py)(S)]2+
was also used in the anodic compartment as a water oxidation
catalyst. Electrolysis of a CO2-saturated CH3CN solution in the
presence of H2PO4" and using complex [Ru(tpy)(bpy)(S)]2+ as a
catalyst resulted in the synthesis of syngas (mixtures of CO
and H2) (Table 4).71 The proposed mechanism for CO2 reduction
to CO by this family of complexes, in Scheme 7, has similarities
with the one proposed for the [Ru(bpy)2(CO)2]2+ system in that
the oxidation state of the ruthenium centre remains constant
while the ligands store reducing equivalents. The rate limiting
step is proposed to be the reaction of the resting state
[Ru(tpy! ")(bpy! ")(S)]2+ with CO2.
Ott and collaborators have reported the synthesis of a library
of [Ru(tpy)(N^N)Cl]+ complexes (N^N = bipyridine-based ligand)
with the goal of assigning all the features observed by cyclic
voltammetry in the presence and absence of CO2.84 Based on
their assignments, the authors now propose that the resting
state of the catalyst involves a doubly reduced ancillary ligand
sphere [Ru(tpy! ")(N^N! ")(CO2)]0. To enter the catalytic cycle,
an electron transfer takes place generating [Ru(tpy! ")(N^N)Cl]0.
A second reduction and the loss of the Cl" ligand (the ligand loss
can precede the electron transfer depending on the potential)
transiently generates [Ru(tpy! ")(N^N! ")]0, which quickly binds
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Scheme 7 Mechanism proposed by Meyer for the electrocatalytic CO2
reduction to CO by [Ru(tpy)(bpy)(S)]2+ (see ref. 72). The bipyridine ligand is
abbreviated to N^N and N^N^N represents the terpyridine ligand.

CO2 to afford [Ru(tpy! ")(N^N! ")(CO2)]0. From this intermediate,
catalysis can proceed via two different pathways depending on
the applied potential.84 Regardless of the pathway, the mechanism proposed by Ott and co-workers is unique in that it implies
that reduced ancillary ligand spheres exist in the catalytic resting
state, facilitating the observed multi-electron transformations.84
In a later report the authors were successful in changing the
mechanism leading to the formation of [Ru(tpy)(N^N)(CO2)]0
from EEC to ECE (Scheme 8) by modifying the substituents on
the bpy ligand while using an electron rich tBu-tpy ligand.67 The
EEC pathway is favoured with electron enriched bpy ligands
(4,4 0 -dimethyl-bipyridine) whereas the ECE pathway is accessed
when 2-methyl-bipyridine is used instead. Subsequent catalytic steps are not described, but CPE confirmed CO as the
only product (95% faradaic yield) (Table 4). The electrons in

Scheme 8 Competing pathways accessed by Ott and collaborators by
varying the electronic nature of the substituents where N^N^N is a tpy
derivative and N^N is a bpy derivative (ref. 67).
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[Ru(tpy)(N^N)(CO2)]0 are proposed to be localized on the CO2
ligand in this study, while they were initially proposed to be
localized on the polypyridine ligands.67,84
Fujita, Muckerman and co-workers examined the influence
of proton-responsive ligands containing pendant bases on
the catalytic activity of [Ru(tpy)(bpy)(S)]2+ derivatives (Table 4,
entries 19 and 20).68 Interestingly, CPE revealed the formation of
formate as well as CO, suggesting that a new catalytic pathway
was opened. The faradaic yields were overall lower, and CO
binding to the catalyst was proposed as a deactivation pathway.68
In 1998, Tanaka et al. investigated the effect of increasing
further the number of N atoms in the coordination environment by studying the mononuclear [Ru(bpy)2(dmbbbpy)]2+
and the binuclear [(bpy)2Ru(dmbbbpy)Ru(bpy)2]4+ (dmbbbpy =
2,2 0 -bis(1-methylbenzimidazol-2-yl)-4,4 0 -bipyridine) complexes.73
CPE of [(bpy)2Ru(dmbbbpy)]2+ in CO2-saturated CH3CN led to
the formation of formate (89% faradaic yield) in the presence of
2.5% of water (Table 4). However, in the absence of a proton
source (using anhydrous CH3CN as the solvent) a faradaic
efficiency of up to 64% for oxalate was observed. The bimetallic
species [(bpy)2Ru(dmbbbpy)-Ru(bpy)2](PF6)4 was reported to
have a similar behaviour (Table 4). Intriguingly, the related
[Ru(bpy)2(btpy)]2+ (btpy = 2-(2-pyridyl)benzothiazole) was also
shown to exhibit catalytic CO2 reduction activity whereas the
1-methylbenzimidazole analogue did not.85 It is noteworthy
that these systems seemingly are competent catalysts despite
the absence of an open coordination site for CO2 coordination.
Overall, this study nicely demonstrates the ability to drastically tune product selectivity on the Ru–polypyridyl platform
with H2O.
In summary, Ru–polypyridyl systems have been invaluable in
the fundamental mechanistic study of CO2 reduction catalysis to
mostly formate and CO. The synthetic tunability, general stability and high activity towards the catalysis of CO2 reduction of
this class of compounds have resulted in a wealth of reports in
the literature as well as continuing investigations into various
aspects of the reactivity.
3.3.2. Polypyridyl complexes of osmium. Building on the
successes of the Ru systems, polypyridyl Os complexes have
also been studied for their potential as CO2 reduction catalysts.
In 1988, Meyer and collaborators reported the electrocatalytic
reduction of CO2 catalysed by cis-[Os(bpy)2(CO)H]+ in CH3CN
solutions using cyclic voltammetry.86 CO was observed as the

major product under anhydrous conditions, but up to 25%
formate was produced in the presence of water in CH3CN, as
confirmed by a later study (Table 7, entries 1–3).87 The reactivity
of the trans- derivatives was also reported, and kinetic studies
based on cyclic voltammetry led to a proposed mechanism in
which, similar to the analogous Ru system, cis-[Os(bpy)2(CO)H]"
is a key intermediate.
Upon investigation of the behaviour of trans(Cl)–[Os(bpy)(CO)2Cl2], Deronzier, Hartl and Chardon-Noblat reported polymerization of the complex on carbon electrodes in a manner
related to that of the Ru derivative, leading to an Os–polymer
wire-type catalyst competent for the reduction of CO2 in aqueous media to CO and formate in 60% and 10% faradaic yields
respectively.88 Deronzier and Chauvin subsequently reported the
photocatalytic reduction of CO2 by trans(Cl)–[Os(bpy)(CO)2(Cl2)]
and trans(Cl)–[Os(dmbpy)(CO)2(Cl2)] in DMF, with 0.1 M TBAPF6
as a supporting electrolyte and with 1 M TEOA as the electron
donor, yielding CO as the only product (Table 8, entries 1–4).89
The photocatalysts show remarkable stability over 4 h, and
addition of [Ru(bpy)3]2+ to create a photosensitised system is
reported to increase the TON observed for CO by 30% after 4.5 h.
With a 620 nm cut-off filter, however, Ishitani and collaborators
recently reported no activity for the photocatalytic CO2 reduction by [Os(5-dmbpy)3]2+ (Table 8, entries 5–7) in DMF–TEOA
solutions with 0.1 M 1,3-dimethyl-2-phenyl-2,3-dihydro-1Hbenzo[d]imidazole (BIH) as the electron donor.61
Overall, while still in the early stages of development, the
behaviour of Os–polypyridyl complexes towards CO2 reduction
closely mimics that of the more-studied Ru analogues. These
complexes, although promising, have not received more interest possibly because of osmium toxicity considerations.
3.4.

Polypyridyl complexes of rhodium and iridium

Group 9 metal–polypyridyl complexes of second and third row
transition metals were initially investigated as catalysts for the
electrochemical reduction of CO2 in a report by Meyer and
co-workers in 198590 and 1988.91 The activity of both rhodium and
iridium complexes of 2,2 0 -bipyridine complexes, cis-[M(bpy)2X2]+
(X = Cl" or trifluoromethanesulfonate, "OTf), was assessed using
cyclic voltammetry (Fig. 4). All cyclic voltammograms of the
complexes presented in Fig. 4 under CO2 were reported to give
rise to increased cathodic current densities which the authors
attribute to catalytic CO2 reduction.

Table 7

Osmium polypyridyl complexes assessed for catalytic CO2 electroreduction through CPE

Entry

Molecule

1
2
3d

R

Solvent

Applied potentiala (V)

Proton source

Time (h)

Products (faradaic yields)

Ref.

R=H
R=D
R=H

CH3CN
CH3CN
CH3CN

"1.78
"1.78
"1.78

0.15 M H2Ob
0.15 M H2Ob
0.1 M H2Ob

B1c
B1c
B1c

CO (80%) HCOO" (20%)
CO (45%) HCOO" (20%)
CO (75%) HCOO" (5%)

87
87
87

a
Potentials in V vs. Fc+/Fc. b Estimated from the background current observed at the Pt electrode. c After 40 C were passed.
was used to separate the working and auxiliary compartments.
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Osmium polypyridyl complexes assessed for catalytic CO2 photoreduction

Entry Molecule

R
H
CH3
H
H

1
2
3
4
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Solvent

Irradiation (nm) Photosensitizer/electron donor

DMF
DMF
DMF
PrCNb

a

Time (h) Products (TON) Ref.

—/TEOA 1 M
—/TEOA 1 M
—/TEA 1 M
—/TEOA 1 M

a
a
a

4.5
4.5
4.5
4.5

5
6

DMF/TEOA (5 : 1) 4650
DMF/TEOA (5 : 1) 4650

—/BIHc 0.1 M
20
Re(CO)3(P(p-Cl-C6H4)3)2/BIHc 0.1 M 20

7

DMF

Re(CO)3(P(p-F-C6H4)3)2/BIHc 0.1 M

a

250 W Xe lamp, P = 1.8 W at 400 nm.

b

4650

(12)
(19)
(4.3)
(3.5)

89
89
89
89

CO (—)
CO (363)
HCOOH (3)
H2 (o1)
CO (240)
HCOOH (3)
H2 (o1)

61
61
61

PrCN = n-butyronitrile. c 1,3-Dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole.

Fig. 4 Scheme of compounds studied by Bolinger et al. in 1988 using
cyclic voltammetry for R = H and X = Cl or OTf (OTf = trifluoromethanesulfonate) and for R = tBu and X = Cl.

The rhodium complexes were further studied by bulk electrolysis at "1.93 V vs. Fc+/Fc in CH3CN, and mixtures of H2 and
formate were produced (Table 9, entries 1–3).91 The faradaic
yields varied depending on the total charge passed, starting
close to 100% and dropping as more coulombs were passed.
For example, the faradaic yield for formate dropped from 83%
to 47% as the charge passed increased from 77 C to 111 C, while
the faradaic yield for H2 diminished slightly, from 17% to 15%.
Observations of the formation of a black precipitate during
bulk electrolysis, coupled to the disappearance of the bpy-based
reduction features by CV, have led the authors to propose
possible degradation by hydrogenation of the bpy ligands.
No added proton source was reported in this study, which led
to speculations regarding the source of the required proton for
formate production.91 Hofmann degradation of the electrolyte
salt, [(n-Bu)4N](PF4), was proposed as the source of protons,
according to the following reactions:

H2O/CH3CN mixtures.92 The major products observed were once
again formate and H2 with trace amounts of CO. The formate to
H2 ratio was observed to vary with the applied potential and the
water content of the CH3CN solution.
Although seemingly forgotten for almost 20 years, these
Rh(bpy)Cp*-based catalysts were recently revisited in a homogeneous photosensitised CO2 reduction system. The results
(Table 10, entries 1–4) confirmed the activity of the complex for
CO2 reduction formate along with H2 production. Furthermore,
the complex proved also active and stable when incorporated into
the metal organic framework UIO-67 (vide infra).94
Regarding polypyridyl ligands with greater denticity, Rh(tptz)Cl3,
Rh(tpy)Cl3 and Rh(tpy)(bpca) (Table 9, entries 14–17) were investigated by Paul et al. and were shown to catalyse the reduction
of CO2 to formate in DMF at potentials ranging from "1.84 V to
"2.00 V vs. Fc+/Fc.93,97 Whereas a general observation can be
made that Ir and Rh complexes are often more selective for
formate production over other potential carbon-containing
products, this need not always be the case. Interestingly, related
complexes of Ir with tpy and phenylpyridine-based ligands
(Table 10, entries 5–8) are reported as photocatalysts and
electrocatalysts for the reduction of CO2 to CO in CH3CN
solutions, even in the presence of water.95,96 The proposed
mechanism (eqn (4) to (8)) for the production of CO highlights the redox active nature of the tpy backbone, which allows
the storage of reducing equivalents (D = sacrificial electron
donor, TEOA):96
[Ir(tpy)(ppy)Cl] + D + hn - [Ir(tpy! ")(ppy)Cl] + D+

[Rh(bpy)2]" + CO2 - [Rh(bpy)2CO2]"

(1)

[Rh(bpy)2CO2]" + (nBu)4N+ - [Rh(bpy)2CO2H]

+

[Ir(tpy )(ppy)Cl] + H + e - [Ir(tpy)(ppy)H] + Cl

(5)

[Ir(tpy)(ppy)H] + D + hn + CO2 - [CO2 adduct] + D+

(6)

+

+ H3CCH2CHQCH2 + (nBu)3N

(2)

[Rh(bpy)2CO2H] - [RhI(bpy)2]+ + HCOO"

(3)

Similar general behaviour of Rh and Ir complexes of the form
[M(bpy)Cp*]+ (Table 9, entries 5–13) was reported by Deronzier
et al. in 1997 for the electrocatalytic reduction of CO2 in

(4)

"

!"

Chem. Soc. Rev.

20

CO
CO
CO
CO

"

[CO2 adduct] + H + e - [Ir(tpy)(ppy)H] + CO

(7)

[CO2 adduct] + [Ir(tpy! ")(ppy)H] - Ir dimer

(8)

"

Details regarding the nature of the proposed electron transfers
that do not involve light absorption are not clear, but they are
speculated to involve disproportionation reactions. The authors
propose a M–H bond to be an intermediate for CO2 capture and

This journal is © The Royal Society of Chemistry 2017
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Table 9

Rhodium and iridium polypyridyl complexes assessed for catalytic CO2 electroreduction through CPE

Entry

Molecule

Solvent
+

1
2
3

cis-[Rh(bpy)2(Cl)2]

4

cis-[Rh(bpy)2(OTf)]2+

Applied potentiala (V)

Proton sourceb

Time (h)

Products (faradaic yields in %)

Ref.

HCO2 (47); H2 (15)
HCO2" (83); H2 (17)
HCO2" (23); H2 (6)

91
91
91

CH3CN
CH3CN
CH3CN

"1.93
"1.93
"1.93

—
—
H2O (5%)

c

CH3CN

"1.94

—

1

HCO2" (64); H2 (12)
CO
CO
CO
CO
CO
CO

"

d
e

90

5
6
7
8
9
10

CH3CN
CH3CN
CH3CN
CH3CN
CH3CN
CH3CN

"1.69
"1.79
"1.69
"1.79
"1.69
"1.79

—
—
H2O
H2O
H2O
H2O

(5%)
(5%)
(20%)
(20%)

6.8
5.8
4.4
2.6
3.6
2.1

11
12
13

CH3CN
CH3CN
CH3CN

"1.79
"1.79
"1.79

—
H2O (5%)
H2O (20%)

6.9
4.2
5.1

CO (o1); H2 (2); HCO2" (16)
CO (o1); H2 (f); HCO2" (22)
CO (2); H2 (5); HCO2" (20)

92
92
92

"1.96

H2O (2.5%)

5–6

HCO2" (83)

93

(—); H2 (1); HCO2 (5)
(—); H2 (6); HCO2" (24)
(o1); H2 (14); HCO2" (32)
(o1); H2 (19); HCO2" (34)
(o1); H2 (32); HCO2" (36)
(o1); H2 (16); HCO2" (49)
"

92
92
92
92
92
92

14

Rh(tpy)(Cl)3

DMF

15

Rh(tptz)(Cl)3

DMF

"1.84

H2O (2.5%)

5–6

HCO2 (82)

93

16

[Rh(tptz)2]3+

DMF

"1.92

H2O (2.5%)

5–6

HCO2" (71)

93

DMF

"2.00

H2O (2.5%)

5–6

HCO2" (78)

93

17

a

Potentials in V vs. Fc+/Fc.
passed. f Not measured.

Table 10

Entry

% given by volume. c Not specified, after 111 C passed.

d

Not specified, after 77 C passed. e Not specified, after 156 C

Rhodium and iridium polypyridyl complexes assessed for catalytic CO2 photoreduction

Molecule
R
R
R
R

=
=
=
=

H
H
COOH
COOH

R = CH3
X = Cl
R = CH3
X=I
R=H
X = Cl
R=H
X = Cl

5
6
7
8
Irradiation wavelength.

la (nm)

Solvent

1
2
3
4

a

b

"

b

Photosensitizer/electron
donor
2+

Products (TON)

Ref.

2.5
24
2.5
24

HCOOH
HCOOH
HCOOH
HCOOH

94
94
94
94

CH3CN
CH3CN
CH3CN
CH3CN

4415
4415
4415
4415

CH3CN

450

—/TEOA

1

CO (33)

95

CH3CN

450

—/TEOA

1

CO (54)

95

410–750

—/TEOA

4.2

HCO2H (—); CO (40); H2 (—)

96

410–750

—/TEOA

4.2

HCO2H (—); CO (28); H2 (—)

96

CH3CN
b

CH3CNH2O (5%)

[Ru(bpy)3] /TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA

Time
(h)

(35); CO (—); H2 (32)
(110); CO (—); H2 (54)
(20); CO (—); H2 (32)
(49); CO (—); H2 (46)

% given by volume.

reduction to CO as the product. This is in marked contrast to
that which is generally proposed, wherein protonation of a
metal-bound CO2 yields CO while insertion of CO2 into a M–H
bond affords formate. Finally, this work identifies the formation
of an inactive Ir dimer during the course of catalysis (eqn (8))
which limits the overall system activity.

This journal is © The Royal Society of Chemistry 2017

3.5.

Polypyridyl complexes of Pd

Palladium complexes of derivatives of bipyridine and phenanthroline were assessed as CO2 reduction catalysts by Ogura in
1997 (Table 11). In CPE, in dry CH3CN, CO was the only product
measured whereas formate was observed when H2O was added
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Palladium polypyridyl complexes assessed for catalytic CO2 reduction through CPE

Molecule

Solvent

Applied potentiala (V)

Proton sourceb

Time

Products (faradaic yields)

Ref.

1
2

CH3CN
CH3CN

"1.39
"1.39

H2O (8%)
—

1
1

CO (32); HCO2 (40)
CO (61); HCO2" (—)

98
98

3
4

CH3CN
CH3CN

"1.39
"1.39

H2O (8%)
—

1
1

CO (44); HCO2" (30)
CO (81); HCO2" (—)

98
98

a

Potentials in V vs. Fc+/Fc.

b

% given by volume.

to the solution. The activity and faradaic efficiencies reported
are on par with the homologous cobalt complexes also assessed
in this report and presented in Section 4.4.

catalyst involves a molecule grafted onto an electrode, and this
system will be presented in Section 5.99
4.2.

4. 3d transition metals
4.1.

Polypyridyl complexes of Cr

To date, [Cr(CO)4(bpy)] is the only example of a polypyridyl
molecular homogeneous Cr complex reported to catalytically
reduce CO2.20 In their 2015 report, Hartl and Dryfe based on the
combination of cyclic voltammetry, IR-spectroscopy and DFT
propose [Cr(CO)3(bpy)]2" as the active catalyst. The only other
example of a Cr–polypyridyl system used as a CO2 reduction
Table 12

Entry

"

Polypyridyl complexes of Mn

The CO2 reduction catalytic activity of manganese analogues
to [Re(bpy)(CO)3]+ complexes was first reported in 2011 by
Deronzier and collaborators. Electrocatalytic reduction of CO2
to CO occurred at a potential of "1.789 V vs. Fc+/Fc, using the
precatalysts Mn(bpy)(CO)3Br and Mn(dmbpy)(CO)3Br (Table 12).100
Catalytic activity was sustained for the 4 h of bulk electrolysis,
with CO observed as the major product and trace H2 measured.
After longer bulk electrolysis, up to 22 h, the faradaic efficiency for CO2 reduction to CO is 85% and the remaining 15%

Manganese polypyridyl complexes assessed for catalytic CO2 electroreduction through CPEa

Molecule

1
2
3
4
5

R=H
X = Br
R=H
X = Br
R = CH3
X = Br
R = tBu
X = Br
R=H
X = CN

Applied potentialb (V)

Proton sourcec

"1.789

H2O (5%)

4

"1.789

H2O (5%)

22

"1.789

H2O (5%)

"2.58

0.8 M TFE

Time (h)

18

100

3

"2.2

0.5 M Phenol

d

1.2
24
6

X = OTf
X = OTf
X = OTf

"2.2
"1.6
"1.6

0.3 M TFE
1.3 M TFE
—e

9

R1 = Ph
R2 = H

"2.18

—

4

10

R = Ph
R2 = CH3

"2.18

—

4

11
12

R=H
R = CH3

"1.88
"1.88

H2O (5%)
H2O (5%)

4
4

a
All experiments were in CH3CN. b Potentials in V vs. Fc+/Fc. c % given by volume.
sacrificial Mg counter electrode is used as well.

Chem. Soc. Rev.

d

Ref.

CO (100)
H2 (0)
CO (85)
H2 (15)
CO (100)

6
7
8

1

Products (faradaic yields in %)

100
100

CO (100)

101

CO (98)
H2 (1)

102

CO (98)
CO (96)
CO (98); H2 (1)

103
104
104

CO (70)
HCOOH (22)
H2 (B1)
CO (70)
HCOOH (22)
H2 (B1)
CO (86)
CO (83)

105
105

106
106

Not specified. e Mg(OTf)2 is added to the solution and a

This journal is © The Royal Society of Chemistry 2017

View Article Online

Published on 13 January 2017. Downloaded by Universite Pierre et Marie Curie on 13/01/2017 15:15:10.

Chem Soc Rev

corresponds to H2 formation. This activity, observed in acetonitrile, only occurred in the presence of a proton source, in the
form of 10% (v : v) water in the solvent. Building on this report,
the group of Kubiak made strides to understand the influence
of protons on the catalytic activity by studying the effect of weak
Brönsted acids in solution.101
By studying the platform Mn(tBubpy)(CO)3Br they reported
increased TOF depending on the proton source and concentration, with the highest TOF of 340 s"1 obtained when using
1.6 M trifluoroethanol in CH3CN in the presence of 0.27 M CO2.
In both reports, dimerization of the Mn0 to form an inactive
[Mn(bpy)(CO3)]2 is reported to occur after the 1-electron reduction of the starting MnI complex followed by loss of the halide
counter anion. To minimize dimer formation, the strategy of
increasing the steric strain around the metal center was first
investigated, using the ligand 6,60 -dimesityl-2,20 -bipyridine (Mesbpy,
entry 6 in Table 12).103 The resulting tremendous increase of
the activity observed was attributed indeed to the inhibition of
the formation of the inactive Mn-dimer during catalysis.103 Two
further strategies to minimize dimerization were investigated,
either by immobilizing the complexes within metal organic frameworks107 (discussed in Section 5) or by replacing the halide counter
anions with a cyano group, which stabilizes the reduced Mn0.102
Subsequently, the mechanism was probed by experimental108,109
and computational34,35 methods by several groups. The proposed
mechanism, depicted in Scheme 9, supports the experimental
observations and was obtained through a combination of DFT
and microkinetics simulations. The mechanism involves the twoelectron reduction of the pre-catalyst to reach [Mn(bpy)(CO)3]"
which can subsequently interact with H+ or CO2. The energy
barrier for protonation of [Mn(bpy)(CO)3]" is 10 kcal mol"1 higher
than for reaction with CO2 in these conditions,35 explaining the

Scheme 9 Reaction mechanism proposed for the catalytic reduction of
CO2 to CO catalysed by [Mn(bpy)(CO)3]" in the presence of weak Brønsted
acids. The bpy ligand is abbreviated to N^N for clarity.

This journal is © The Royal Society of Chemistry 2017
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observed selectivity for CO2 reduction over H+ reduction. Further
reaction with a proton yields [Mn(bpy)(CO)3COOH]0. Two pathways are then opened, depending on the acid source and applied
potential.34,35 At high overpotentials, the mechanism proceeds
through a reduction first followed by reaction with a proton and
loss of water to yield [Mn(bpy)(CO)4]0. At lower overpotential,
the reaction proceeds through protonation first and loss of
H2O, followed by reduction to yield [Mn(bpy)(CO)4]0. A further
reduction and liberation of the product CO closes the cycle in
both cases.
Recently a Mn-based system with a variation on the bpy ligand
was tested. The ligands are 4-phenyl-6-(1,3-dihydroxybenzen-2yl)2,2 0 -bipyridine (dhbpy), with a local proton source, and the related
4-phenyl-6-(1,3-dimethoxybenzen-2yl)-2,2 0 -bipyridine (dmobpy),
which acts as a control without the local proton source (entries 9
and 10 in Table 12).105 The Mn(dhbpy)(CO)3Br complex was
reported to catalyse the electrochemical reduction of CO2, even
in the absence of an external proton source, with only two
equivalents of protons in the form of dihydroxybenzenyl groups
on the ligand. In contrast, the methoxy derivative showed no
activity under the same conditions. These results confirmed
the influence of the alcohol group as an effective local proton
source. Interestingly, the inclusion of a local proton source
afforded a more complicated mixture of products, with both
CO and formate being detected with 70% and 22% faradaic
efficiency respectively.105 This is in contrast to Deronzier’s catalyst,
which selectively produces CO as the only carbon-containing
product.100 No further comment has been reported regarding this
change in selectivity. Bocarsly and co-workers further investigated
the influence of a local proton source using MnBr(6-(2-hydroxyphenol)-2,2 0 -bipyridine)(CO)3 as well as the corresponding
2-methoxyphenyl derivative (entries 11 and 12 in Table 12).106
In the presence of 5% water as the proton source, they observed
increased catalytic activity by the hydroxyphenol derivative in
terms of current density and products formed as compared to
the 2-methoxyphenyl derivative.
Taking a different approach to increasing the efficiency of
the catalyst, Kubiak and co-workers recently explored the use of
Mg2+ as a Lewis acid to both lift the requirement of a Brønsted
acid and diminish the overpotential for catalysis by 600 mV
using [Mn(Mesbpy)(CO)3](OTf).104 Addition of Mg2+ has been
employed in Fe-based systems110 to favour C–O bond cleavage
as well as in Ni-based systems to sequester carbonate formed
during the catalytic cycle.111 Kubiak and co-workers observed a
catalytic current increase at "1.6 V vs. Fc+/Fc with the addition of
Mg2+ under CO2 and confirmed catalytic CO formation through
CPE with 98% faradaic efficiency in the absence of Brønsted
acids (Table 12, entries 7 and 8).
Whereas photosensitisation of the Mn(bpy)(CO)3Br catalyst
with [Ru(dmbpy)3]2+ would be expected to yield CO as the only
product (as observed electrocatalytically), it was shown that
instead it leads to the formation of a mixture of CO and formate
in DMF/TEOA solutions (4 : 1, v/v), with BNAH (1-benzyl-1,4dihydronicotinamide) as a sacrificial electron donor (Table 13,
entries 1–4).112 This observation was independently confirmed
in two reports by Kubiak in which the CO2 reduction catalytic
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Table 13

Manganese polypyridyl complexes assessed for catalytic CO2 reduction through photolysis

R

Solventa

lb (nm)

Photosensitizer/
electron donor

Time (h)

1

R=H

DMF/TEOA (25%)

480

[Ru(dmb)3]2+/BNAH

12

2

R=H

DMAc/TEOA (25%)

480

[Ru(dmb)3]2+/BNAH

12

3

R=H

CH3CN/TEOA (25%)

480

[Ru(dmb)3]2+/BNAH

12

Entry
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Molecule

2+

4

R=H

DMF/TEOA (25%)

480

[Ru(bpy)3] /BNAH

12

5

R=H

DMF/TEOA (25%)

470

[Ru(dmb)3]2+/BNAH

18

6

R = COOH

7

a

DMF/TEOA (25%)

470

[Ru(dmb)3] /BNAH

18

DMF/TEOA (25%)

470

[Ru(dmbpy)3]2+/BNAH

15

CH3CN/TEOA (25%)

8

% given by volume.

b

Surprisingly, very few reports of Fe–polypyridyl catalysts for the
reduction of CO2 exist, even though the Fe–porphyrin family

112
112
112
107
107

113
113

is among the most active homogeneous catalysts reported in
the literature.114–116
Durand and collaborators in 1988 reported the electrocatalytic reduction of CO2 by [Fe(phen)3]2+ in DMSO at "1.84 V
vs. Fc+/Fc with CH4 as the only gaseous product observed
(Table 14, entry 1).117 Iron complexes based on phenanthroline
derivatives were later investigated for their possible electrocatalytic CO2 reduction activity (Table 14, entries 2–12).
[Fe(dophen)(N-MeIm)2]+ and the related [Fe(dophen)(Cl)] are
reported to be electrocatalysts for the reduction of CO2 into
mixtures of CO, formate, and oxalate in DMF and DMSO. During
bulk electrolysis in the absence of an acid source, at "2.0 V vs.
Fc+/Fc, formate is the major product. Addition of weak Brönsted
acids is reported to increase the overall catalytic activity but does
not lead to better selectivity, as formate remains the major
product but upwards of 40% faradaic yield for either H2 or CO
is observed.118

Solvent Applied potentiala (V) Proton sourcec Time (h) Products (faradaic yields in %)

[Fe(phen)3]

2+

2
3
4
5
6
7
8

9d
10d
11d
12d

15

HCOOH (130)
CO (9.1); H2 (1.6)
HCOOH (9.0)
CO (21); H2 (1.3)

112

Iron polypyridyl complexes assessed for catalytic CO2 electroreduction through CPE

Entry Molecule
1

[Ru(dmbpy)3] /BNAH

HCOOH (149)
CO (12); H2 (14)
HCOOH (98)
CO (9); H2 (14)
HCOOH (78)
CO (40); H2 (17)
HCOOH (157)
CO (12); H2 (8)
HCOO" (170)
CO (5); H2 (o1)
HCOO" (57)
CO (5); H2 (o1)

Ref.

Irradiation wavelength. c DMA = dimethylacetylamide.

Polypyridyl complexes of Fe

Table 14

2+

470

activity of Mn(bpy)(CO)3Br and Mn(bpy)(CO)3CN was assessed in
the same photosensitized system (Table 13, entries 5–8).107,113
The selectivity of the reaction towards CO or formate in the
photosensitized system with Mn(bpy)(CO)3CN was shown to be
dependent on the nature of the solvent, with formate production
favoured in DMF and CO production favoured in CH3CN.
As a conclusion, whereas the analogous Re systems give CO as
the primary product of CO2 reduction with very few counterexamples, the Mn-derivatives have already been shown to be capable
of producing formate in addition to CO. Although there are currently
fewer reports on Mn-bpy catalysts for CO2 reduction, the studies to
date suggest that Mn-bpy platforms are possibly more susceptible to
product selectivity tuning via simple system modifications.
4.3.

2+

Products (TON)

[Fe(dophen)Cl]2

DMSO

b

b

b

DMSO
DMSO
DMSO
DMSO
DMF
DMF
DMF

"2.0
"2.0
"2.0
"2.0
"2.0
"2.0
"2.0

—
1.23
1.23
0.16
—
1.23
1.23

DMF
DMF
DMSO
DMSO

"2.0
"2.0
"2.0
"2.0

—
1.23 M TFE
—
1.23 M TFE

1
M TFE
1
M MeOH 1
Mc
1
1
M TFE
1
M MeOH 1

1
1
1
1

CH4 ( )

117

CO (19); C2O42" (10); HCOO" (67); H2 (—)
CO (30); C2O42" (3); HCOO" (65); H2 (—)
CO (26); C2O42" (6); HCOO" (66); H2 (—)
CO (10–11)c; C2O42" (—)c; HCOO" (—)c; H2 (70–79)c
CO (23); C2O42" (13); HCOO" (57); H2 (—)
CO (30); C2O42" (11); HCOO" (52); H2 (—)
CO (31); C2O42" (9); HCOO" (53); H2 (—)

118
118
118
118
118
118
118

CO
CO
CO
CO

(24);
(42);
(13);
(26);

C2O42"
C2O42"
C2O42"
C2O42"

(11); HCOO" (59); H2 (—)
(3); HCOO" (46); H2 (—)
(7); HCOO" (74); H2 (—)
(5); HCOO" (64); H2 (—)

a
Potentials given in V vs. Fc+/Fc. b Unspecified. c Three ammonium acids tested: (CH3)3NH+Cl", (CH3)2NH2+Cl" and (C2H5)3NH+Cl".
2,9-bis(2-hydroxyphenyl)-1,10-phenanthroline.
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b

d

118
118
118
118
H2dophen =
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Preliminary study of the electrocatalytic activity of [Fe(bpy)(P(OET3)3)H]+ in CH3CN showed current enhancement under
CO2 at an applied potential beyond two reduction features,
at about "2.03 V vs. Fc+/Fc, suggesting that the two-electron
reduced species is a potential CO2 reduction catalyst. However,
no carbon-containing products were identified in this study.119
In 1992, Abruña and collaborators reported that the cyclic
voltammograms of [Fe(tppz)2]2+, [Fe(tpy)2]2+ and [Fe(tptz)2]2+ in
DMF (0.1 M TBAP as a supporting electrolyte) exhibited current
enhancement under CO2 starting at "2.03, "1.62 and "1.85 V
vs. Fc+/Fc respectively. The authors ascribed this behaviour
to catalytic activity for the electrochemical reduction of CO2;
however no bulk electrolysis or product analysis was reported.120
This behaviour was confirmed by the authors in 1994 for
[Fe(tpy)2]2+ with an observed current enhancement of 100% at
"1.6 V vs. Fc+/Fc in DMF (0.1 M TBAP as supporting electrolyte)
and 500% at "1.74 V vs. Fc+/Fc. Both electrochemical events
are proposed to be ligand-based processes.121 A later study
of [Fe(tpy)2]2+ in DMF, in the presence of H2O (95 : 5, v/v)
however, reported no current enhancement under CO2 up to
"2.0 V vs. Fc+/Fc.122
Iron complexes of phenanthroline were recently investigated
as CO2 reduction catalysts in a photosensitised system with
Table 15

Entry

copper-based photosensitisers (Table 15, entries 1–3). Remarkably,
the products obtained are a mixture of H2 and CO without
any formate in contrast to what has been observed electrochemically for iron phenanthroline derivatives. This change in
selectivity in photosensitized systems echoes the observations
on Mn(bpy)(CO)3Br where CO and H2 were produced in electrocatalytic systems while formate was produced in photosensitised
systems.
On the whole, the general class of Fe–polypyridyl complexes
have offered promising preliminary results as potential catalysts
for the electrochemical reduction of CO2. However, greater
emphasis needs to be placed on understanding trends in
products distribution and system stability.
4.4.

Polypyridyl complexes of Co

The first Co–polypyridyl complex catalysing CO2 reduction was
reported by Lehn and Ziessel in 1982.124 In this initial report,
it was evaluated with [Ru(bpy)3]2+ as the photosensitiser in
CO2-saturated solutions of aqueous CH3CN (20% H2O) and TEOA
as a sacrificial electron donor (Table 16, entries 1–5). As for the
catalyst, no discrete molecular species was pre-synthesised and
characterised, but rather variable concentrations of CoCl2 and
bpy were added to the mixture and assumed to form Co-bpy

Iron polypyridyl complexes assessed for catalytic CO2 reduction through photolysis

Molecule

1
2
3

Solventa

Irradiation (nm)

CH3CN/TEOA (20%)
CH3CN/TEOA (20%)
CH3CN/TEOA (20%)

436
436
436

Photosensitizer/electron donor
I c

d

[Cu ] /BIH
[CuI]c/BIHd
—/BIHd

Time (h)

Products (TONb)

Ref.

1
5
1

CO (73); H2 (45)
CO (95); H2 (56)
CO (56); H2 (38)

123
123
123

a

% given by volume. b Calculated based on the concentration of iron catalyst. c Bimetallic CuI complex of the type CuI(phenR)(P)2+ with phenR a
derivative of 1,10-phenanthroline and P a phosphine ligand. d BIH = 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole.

Table 16

Cobalt polypyridyl complexes assessed for catalytic CO2 reduction through photolysis

Entry Complexa
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

CoCl2 : bpy (1 : 0)
CoCl2 : bpy (1 : 0.3)
CoCl2 : bpy (1 : 1)
CoCl2 : bpy (1 : 3)
CoCl2 : bpy (1 : 10)
CoCl2 : bpy (1 : 3)
CoCl2 : phen (1 : 3)
CoCl2 : dm-phen (1 : 3)
CoCl2 : dph-phen (1 : 3)
CoCl2 : bathophen-S2 (1 : 3)
CoCl2 : bathocup-S2 (1 : 3)
CoCl2 : dmdph-phen (1 : 3)
CoCl2 : bpyR2 (1 : 3)
CoCl2 : bpyR4 (1 : 3)
CoCl2 : bpyR3 (1 : 3)
[Co(bpyF44)3]2+
[Co(bpyF62)3]2+

Solventb
CH3CN/H2O
CH3CN/H2O
CH3CN/H2O
CH3CN/H2O
CH3CN/H2O
DMF
DMF
DMF
DMF
DMF
DMF
DMF
DMF
DMF
DMF
CO2c
DMF-CO2d
CO2e
DMF-CO2f

Irradiation (nm) Photosensitizer/electron donor Time (h) Products (TON)
(20%)
(20%)
(20%)
(20%)
(20%)

4400
4400
4400
4400
4400
4400
4400
4400
4400
4400
4400
4400
4400
4400
4400
400–750
400–750
400–750
400–750

2+

[Ru(bpy)3] /NEt3
[Ru(bpy)3]2+/NEt3
[Ru(bpy)3]2+/NEt3
[Ru(bpy)3]2+/NEt3
[Ru(bpy)3]2+/NEt3
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpy)3]2+/TEOA
[Ru(bpyF44)3]2+/TEOA
[Ru(bpyF44)3]2+/TEOA
[Ru(bpyF62)3]2+/TEOA
[Ru(bpyF62)3]2+/TEOA

22
22
22
22
22
15
15
15
15
15
15
15
15
15
15
48
48
48
48

CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO

(0.85); H2 (1.23)
(0.50); H2 (1.07)
(0.23); H2 (1.02)
(0.23); H2 (1.55)
(0.07); H2 (2.57)
(0.60); H2 (1.08)
(0.19); H2 (0.38)
(1.85); H2 (12.04)
(0.37); H2 (0)
(0.32); H2 (0.10)
(0.65); H2 (5.89)
(0.05); H2 (11.85)
(0.68); H2 (1.65)
(1.67); H2 (1.16)
(0); H2 (1.37)
(6); H2 (1.2)
(27.1); H2 (3.3)
(17.7); H2 (1.8)
(15.6); H2 (0.5)

Ref.
124
124
124
124
124
125
125
125
125
125
125
125
125
125
125
126
126
126
126

a

dm-phen: 2,9-dimethyl-phen; dph-phen: 4,7-diphenyl-phen; dmdph-phen: 2,9-dimethyl-4,7-diphenyl-phen; bathophen-S2: disodium, 4,7diphenyl-phen-4 0 ,400 -disulfonate; bathocup-S2: disodium, 2,9-dimethyl-4,7-diphenyl-phen-4 0 ,400 -disulfonate; bpy-R2: 4,4 0 -dimethyl-bpy; bpy-R4:
4,4 0 ,5,5 0 -tetramethyl-bpy; bpy-R3: 3,3 0 -dimethyl-bpy; bpyF44: 4,4 0 -bis(p-(4-(perfluorobutyl)butoxy)phenyl)-2,2 0 -bipyridine; bpyF62: 4,4 0 -bis(2(perfluorohexyl)ethoxy)-2,2 0 -bipyridine. b % given by volume. c 35 1C, 6.8 MPa. d 50 1C, 7.3 MPa. e 35 1C, 6.8 MPa. f 50 1C, 6.6 MPa.
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complexes in situ (presumed to have the chemical identity
[Co(bpy)3]2+). Utilizing a 400 nm cut-off filter, photolysis of
these systems resulted in the formation of mixtures of H2 and
CO. Upon varying the ratios of bpy : CoCl2, the general trend
was observed wherein larger amounts of additional bpy ligand
in solution significantly decreased the amount of CO produced
but increased the production of H2. Interestingly, under the
same conditions, simply replacing the CoCl2 salt with RhCl3,
NiCl2, CuCl2 or K2PtCl4 did not result in any observable reduced
carbon products. This report was the first indication that
Co–polypyridyl complexes could be potentially used in catalytic
systems for CO2 reduction and possibly generated in straightforward in situ procedures.
Soon after, Lehn and Ziessel extended their previous observations to other polypyridyl ligands.125 Using similar conditions, by
mixing cobalt salts with a variety of bidentate ligands in DMF,
mixtures of CO and H2 were observed (Table 16, entries 6–15).
Isotopic labelling experiments using 13CO2 confirmed the source
of CO to be CO2. Subsequently, the mechanism depicted in
Scheme 10 was proposed to account for the production of H2
and CO. Within the mechanism, the authors suggested that a
CoI–polypyridyl complex was the active catalyst, which could
react with either a H+ source or CO2 in the selectivity determining
step. By reaction with H+, a CoIII–H would form and was proposed
to be susceptible to further protonation to yield H2 and a
CoIII–polypyridyl complex. If the CoI–polypyridine complex
instead reacts with CO2, CO was directly produced along with
an equivalent of H2O and a CoIII–polypyridyl compound. While
not excessively detailed, this mechanistic proposal directed subsequent investigations of Co–polypyridyl systems. It suggested
CoI as being the likely identity of an active catalytic species, as
well as the need for open coordination sites for interaction with
H+ or CO2.
The first pre-synthesised Co–polypyridyl system evaluated as
a CO2 reduction catalyst was [Co(bpy)3]Cl2 and the investigation
was reported by Sutin and co-workers in 1985.127 The study
was conducted in aqueous solution with a bicarbonate buffer
(pH = 8.5–10) instead of an organic solvent. The preparation of

Scheme 10 General mechanism proposed by Lehn in 1986 to explain the
two competitive pathways for CO2 and proton reduction (ref. 125). ‘‘S’’ is a
solvent molecule.

Chem. Soc. Rev.
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Fig. 5

Structure of the proposed Co dimer studied by Sutin (ref. 127).

[Co(bpy)3]+ was reported and afforded the opportunity to monitor
the behaviour of the Co(I)–polypyridyl complex towards CO2
spectrophotometrically. In the dark and in the presence of CO2,
the pre-synthesised [Co(bpy)3]+ disappears, in parallel to the
production of CO, alongside H2 with trace amounts of formate.
However, CO then further reacts with [Co(bpy)3]+ and yields the
insoluble dimer [Co(bpy)(CO)2]2 (identified by diagnostic IR
features) according to eqn (9) and (10) (Fig. 5).127
2[Co(bpy)3]+ + HCO3" + H2O - 2[Co(bpy)3]2+ + CO + 3HO"
(9)
[Co(bpy)3]+ + CO - 14[Co(bpy)(CO)2]2 + bpy + 12[Co(bpy)3]2+
(10)
[Co(bpy)(CO)2]2 + 6 H+ - 4CO + 2H2 + 2Co2+(aq) + 2bpyH+
(11)
Of note, the production of CO could be quantified via acidification of the solution (pH = 1), which decomposes the proposed
dimeric species and liberates the trapped CO according to
reaction (11).
Despite these initial efforts towards incorporating Co–
polypyridyl complexes into photochemical systems for CO2 reduction catalysis, the electrochemistry of Co–polypyridyl complexes
under CO2 reduction conditions was not explored until 1988 by
Durand and collaborators.117 In this study, the authors reported
cyclic voltammograms of [Co(phen)3]2+ in DMSO. Under an N2
atmosphere, the complex exhibits a metal-based reduction wave
at "1.28 V vs. Fc+/Fc (CoII/CoI) and a two-electron feature at
"1.97 V vs. Fc+/Fc, described as the CoI/Co"I redox event. Under
an atmosphere of CO2, the current increased in the region of the
electrochemical feature at "1.97 V vs. Fc+/Fc. This current
enhancement was attributed to the reduction of CO2 to formate,
as no CO was detected. The only gaseous product detected was
CH4, but it is hypothesised to arise from the decomposition
of the solvent. As the primary catalytic wave occurs within an
electrochemical feature containing significant ligand-reduction
character, it was proposed that the loss of a phen ligand occurred
at that potential, liberating a coordination site for interaction
with CO2.
Towards assessing Co–polypyridyl complexes with ligands
having different denticities, Abruña reported in 1992 observations of current enhancement under CO2 in the cyclic voltammograms of [Co(tptz)2]2+, [Co(tppz)2]2+ and [Co(tpy)2]2+. In DMF
solutions, these complexes are reported to catalyse the electrochemical reduction of CO2 at potentials of "1.40, "1.67 and
"2.00 V vs. Fc+/Fc, respectively.120 While the characterisation of
the activity of these complexes is limited to the observation of
current enhancement under an atmosphere of CO2, this report
indicates a strikingly high degree of versatility of Co–polypyridyl
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Table 17

Cobalt polypyridyl complexes assessed for catalytic CO2 reduction through CPE

Entry

Molecule
2+

1

[Co(phen)3]

2
3
4
5
6
7

[Co(tpy)2]

2+

8
9
10

CoCl2 : tpy (1 : 2)
CoCl2 : tpy (1 : 1)
CoCl2 : tpy (1 : 0.5)

Solvent

Applied potentiala (V)

DMSO

c

Proton sourceb

Time (h)

Products (faradaic yields in %)

Ref.

—

c

CH4 (traces); H2 (—); CO (—)

117

d

HCO2" (c)

3
3
3
3
3

CO
CO
CO
CO
CO

121
122
122
122
122
122

DMF
DMF
DMF
DMF
DMF
DMF

"2.17
"1.93
"2.03
"2.08
"2.13
"2.23

—
H2O
H2O
H2O
H2O
H2O

DMF
DMF
DMF

"2.03
"2.03
"2.03

H2O (5%)
H2O (5%)
H2O (5%)

2
1.5
2

CO (7)
CO (76)
CO (46)

122
122
122

11
12

CH3CN
CH3CN

"1.39
"1.39

H2O (8%)
—

1
1

CO (33); HCO2" (41)
CO (63); HCO2" (—)

98
98

13
14

CH3CN
CH3CN

"1.39
"1.39

H2O (8%)
—

1
1

CO (45); HCO2" (29)
CO (83); HCO2" (—)

98
98

a

Potentials in V vs. Fc+/Fc.

b

% given by volume. c Not specified.

d

(20); H2 (1)
(12); H2 (5)
(9); H2 (7)
(7); H2 (11)
(3); H2 (12)

After 4 equivalents of charge per cobalt center were passed.

systems as CO2 reduction catalysts. Taken with the previously
described results, there is a general observation of activity
for almost any variant of Co–polypyridyl systems. Abruña and
collaborators elaborated further on the behaviour of [Co(tpy)2]2+
in solutions in DMF by cyclic voltammetry and controlledpotential electrolysis. In general agreement with previous systems,
the cyclic voltammograms indicated that two ligand-based
cathodic features could be observed past the CoII/I reduction
event, and for both features a current enhancement under CO2
could be observed of 95% at "2.03 V vs. Fc+/Fc and 820% at
"2.38 V vs. Fc+/Fc. In contrast to the previous Co–polypyridyl
catalysts however, bulk electrolysis at "2.17 V vs. Fc+/Fc is
reported to yield formate as the product of this catalytic process
after four equivalents of charge per Co centre were passed
(Table 17, entry 2).121
Renewed interest in the [Co(tpy)2]2+ platform prompted
further mechanistic studies. Using DMF/H2O mixture as the
solvent (95 : 5; v : v), the observation of reversible one-electron
waves at "0.17 and "1.17 V vs. Fc+/Fc corresponding to CoIII/II
and CoII/I as well as two ligand based reductions at "2.03 and
"2.46 V vs. Fc+/Fc was confirmed. Cathodic current enhancement in the "2.03 V vs. Fc+/Fc wave in CO2-saturated solutions
was observed and CPE was performed to identify the nature
of the CO2 reduction products.122 The only carbon-containing
product reported is CO, alongside varying ratios of H2. No CH4,
formaldehyde and more surprisingly, no formate were detected
above background levels in these conditions. The ratios of CO
and H2 produced can be tuned with the applied potential
during CPE, allowing for the production of syngas of specific
composition (Table 17, entries 3–7). The overall low faradaic
efficiency (15–21%) for this catalytic system was probed further.
Mixing varying ratios of CoCl2 and the tpy ligand in a manner

This journal is © The Royal Society of Chemistry 2017

(5%)
(5%)
(5%)
(5%)
(5%)

reminiscent of the previous study described by Lehn and
Ziessel124,125 and monitoring product evolution during CPE
gave surprising results. While a metal to ligand ratio of 1 : 2
exhibited similar activity and product selectivity as the presynthesized [Co(tpy)2]2+ complex, confirming the in situ formation
of the complex, lower ligand ratios showed higher faradaic
efficiency for CO2 reduction to CO (Table 17, entries 8–10).
Using a 1 : 1 ratio of CoCl2 and tpy, up to a 76% faradaic
efficiency for CO production was measured after 60 min of
CPE at "2.03 V vs. Fc+/Fc.122 The identity of the active catalyst
was theorized to contain only one tpy ligand per cobalt center,
leaving open coordination sites for reaction with CO2. The
overall constant albeit slow activity for CO2 reduction to CO
was attributed to the formation of a resting state inactive cobalt
species proposed to be dimeric following the observations by
Sutin and co-workers on the related [Co(bpy)3]2+ system.127
Modifications of the H2 : CO ratio produced was also found
to be attainable through tailoring of the electronic structure.128
Ligand modifications at the positions para to the nitrogen with
withdrawing or donating groups yielded complexes exhibiting
minimal perturbation of the potential of the CoII/CoI reduction
wave but a strong correlation was found between the first ligand
based reduction and the Hammet parameter of the substituent
para to the central nitrogen. Cathodic current enhancement in
CO2-saturated solutions was observed for all five complexes
studied. The catalytic activity for CO2 reduction was confirmed
through chronopotentiometry, where a constant current was
applied and the evolution of the potential was measured overtime. This set-up allowed for straightforward comparison of all
5 catalysts at a constant catalytic speed of reaction (Table 18).
Interestingly, the selectivity for CO2 reduction to CO over
proton reduction to H2 was dependent on ligand substituents,
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Cobalt polypyridyl complexes assessed for catalytic CO2 reduction through chronopotentiometry

Entry Molecule

2

Published on 13 January 2017. Downloaded by Universite Pierre et Marie Curie on 13/01/2017 15:15:10.

3
4
5

Solvent Applied currenta (mA) Proton sourceb Time (h) Products (faradaic yields in %) Ref.

R
R1
R2
R1
R2
R1
R1
R2
R1

1

a

Chem Soc Rev

=
=
=
=
=
=
=
=

H
PhCl
H
PhCH3
R2 = H
H
OCH3
R2 = tBu

DMF

"300

H2O (5%)

4

CO (31); H2 (2)

128

DMF

"300

H2O (5%)

4

CO (12); H2 (5)

128

DMF
DMF

"300
"300

H2O (5%)
H2O (5%)

4
4

CO (11); H2 (18)
CO (4); H2 (23)

128
128

DMF

"300

H2O (5%)

4

CO (37); H2 (4)

128

Cathodic current applied at a 1.5 cm diameter pool of mercury working electrode.

with the more donating groups yielding better proton reduction catalysts.128
The use of polypyridyl ligands on a Co centre as a component of a heteroleptic ancillary ligand field for CO2 reduction
electrocatalysts was initially reported by Ogura in 1997.98 Using
[Co(dmbpy)(PPh3)2]2+ and [Co(mphen)(PPh3)2]2+ as homogeneous
catalysts in an anhydrous CO2-saturated CH3CN solution, CPE
resulted in the production of CO with 60–80% faradaic efficiency
(Table 17, entries 11–14). However, when 8% water was added
as a co-solvent to the system, the product selectivity shifted
to 25–32% faradaic yields for CO and 29–43% faradaic yields
for formate. These results nicely demonstrated the ability of
Co–polypyridyl systems to be amenable to significant changes
in product selectivity upon inclusion of alternative ligand types.
Several noteworthy examples of significantly modified
Co–polypyridyl systems have also been reported. In 2010, Hirose
modified the bpy ligand to include fluorinated alkyl chains
in the 4,4 0 -positions which afforded complexes of the type
[Co(bpyR)3]2+ (Table 16, entries 16–19) soluble in supercritical
CO2. In this solvent, under irradiation, at a pressure of 6.8 MPa
and a temperature of 35 1C, mixing [Co(bpyR)3]2+ with the
photosensitiser [Ru(bpyR)3]2+ in the presence of an aminebased sacrificial electron donor resulted in the conversion of
CO2 to CO with H2 as a side product.126
The last class of polypyridyl ligands assayed on a cobalt centre
for CO2 reduction catalysis was investigated by Costamagna
and co-workers. They reported Co–polypyridyl systems wherein
the polypyridyl ligand was fully conjugated and macrocyclic.
Discrete Co complexes of hexaaza-macrocyclic ligands derived
from the condensation of bipyridines ([Co(hamc-bpy)]2+) and
phenanthrolines ([Co(hamc-phen)]2+) were synthesised and
characterised. Cyclic voltammetry under CO2 resulted in cathodic
current enhancement which the authors described as evidence
of catalytic CO2 reduction.129,130 Formation of CO and trace
amounts of formaldehyde are detected in CPE in the presence
of water.130
In summary, while not exhaustively studied mechanistically,
the Co–polypyridyl platform is reported to be a versatile and
active catalytic system for CO2 reduction, resulting in primarily
CO and H2 production. While we better understand how to
control the selectivity of the reaction via steric and electronic
effects, the low faradaic yields are still intriguing. Whether other

Chem. Soc. Rev.

b

% given by volume.

products still not identified are produced and how to improve
these numbers are issues which deserve further investigations.
Furthermore, stability is often limited, possibly due to catalyst
poisoning with CO, and here again appropriate modifications
of the polypyridine ligands might improve the system if one
understands the deactivation mechanism better.
4.5.

Polypyridyl complexes of Ni

Investigations of Ni–polypyridyl platforms as CO2 reduction
catalysts date back to the late 1980s. The electrochemical reduction
of CO2 catalysed by [Ni(bpy)3]2+ was reported by Fiorani and
collaborators in 1987.131 Under an inert atmosphere, [Ni(bpy)3]2+
undergoes a two-electron reduction at "1.58 V vs. Fc+/Fc. This
reduction event was proposed to be accompanied by the loss of
a bpy ligand to yield [Ni(bpy)2]0 as the active catalyst. When
exposed to CO2, cathodic current at potentials beyond "1.58 V
vs. Fc+/Fc increased and was assigned to catalytic CO2 reduction.
The major products detected are reported to be CO and CO32".
Stability of this system was found to be limited and two
deactivation pathways were identified, with the overall reaction
mechanism presented in eqn (12)–(15):
[Ni(bpy)3]2+ + 2e" 2 [Ni(bpy)2] + bpy
[Ni(bpy)2] + 2CO2 + bpy - [Ni(bpy)3]2+ + CO + CO32"
2CO + [Ni(bpy)2] - [Ni(bpy)(CO)2] + bpy

(12)
(13)
(14)

m(CO32") + [Ni(bpy)3]2+ - [Ni(bpy)3"n(CO32")m](2"2m)+ + n (bpy)
(15)
The carbonyl and carbonate complexes of Ni-bpy are reported
to be inert, and as such eqn (14) and (15) represent deactivation
pathways of the catalyst. Faradaic yields were around 30% for CO
production. If bound CO molecules trapped in a Ni–carbonyl
complex are taken into account, an extra 40–49% faradaic yield
was found, thus resulting in upwards of 79% faradaic efficiency
for total CO production by this system. The faradaic yield for
total CO32" detected was found to be around 90%. Product
inhibition and trapping was identified as a problem, and the
authors proposed a bulk electrolysis setup with no separation
between the working and counter electrode compartment to
resolve this issue. In theory, the deactivated species could
diffuse to the counter electrode where oxidation could occur,

This journal is © The Royal Society of Chemistry 2017

View Article Online

Published on 13 January 2017. Downloaded by Universite Pierre et Marie Curie on 13/01/2017 15:15:10.

Chem Soc Rev

resulting in the continuous liberation of the bound equivalents
of CO. Upon evaluating this reaction setup, no deactivation of
the catalyst was observed and a constant stream of CO was
obtained. Although circumventing the deactivation pathways,
it should be noted however that faradaic yields were significantly
lower in this cell design. Furthermore, the need to oxidize the
catalyst as part of a cycle to liberate the generated CO would
hinder possible energy storage applications.
In 1989, Périchon and collaborators more deeply evaluated
the behaviour [Ni(bpy)3]2+ using DMF or NMP (N-methyl-2pyrrolidone) as a solvent system for the electrochemical synthesis of symmetrical ketones from alkyl halides and CO2.111
Périchon and collaborators also proposed the initial formation
of [Ni(bpy)2]0, at an applied potential of "1.67 V vs. Fc+/Fc.
However, they suggested the next steps in the catalytic cycle to
be a reaction with four equivalents of CO2 accompanied by a
rapid six-electron reduction affording a free bpy ligand, two
equivalents of CO32" and a nickel complex with the stoichiometry [Ni(bpy)(CO)2]0. While no further comments were made
regarding the nature of this complicated transformation, the
authors state that [Ni(bpy)(CO)2]0 is further reduced by oneelectron reduction at "2.07 V vs. Fc+/Fc to yield [Ni(bpy)(CO)2]"
which is claimed to be capable of performing an electron
transfer to CO2 yielding the radical species CO2! " and regenerating [Ni(bpy)(CO)2]0. Two equivalents of the one-electron reduced
radical CO2! " species are then proposed to undergo an electronic
disproportionation to generate CO and CO32". An interesting
experimental detail is that the authors utilised stoichiometric
amounts of Mg2+ cations to sequester the carbonate generated as
part of the reaction so as to avoid the deleterious side reactions
observed by Fiorani and coworkers. In general, the Périchon’s
mechanism for Ni-bpy electrocatalytic reduction of CO2 is unique
in that it proposes the active catalyst to be [Ni(bpy)(CO)2]0 and
that reduction of CO2 occurs through one-electron reduction and
formation of a transient CO2! " species with minimal direct
interaction with a Ni-centre.
As was the case for cobalt systems, Durand and co-workers
extended the scope of polypyridyl ligands of Ni to phen (1,10phenanthroline) by reporting the electrochemical reduction of
CO2 catalysed by [Ni(phen)3]2+ at a potential of "1.63 V vs. Fc+/Fc in
DMSO (0.1 M TBAP as the supporting electrolyte). The products are
CO and a small amount of CH4.117 These results are in agreement
with the observations for the related [Ni(bpy)3]2+ system. Of note,
the cyclic voltammograms of [Ni(phen)3]2+ are qualitatively identical to that of [Ni(bpy)3]2+, with a two-electron cathodic feature
under an inert atmosphere that exhibits current enhancement in
CO2-staurated solutions. However, there is a significant difference
in the assignment of this feature. Whereas the initial reports for
[Ni(bpy)3]2+ identified the two-electron reduction as metal-based,
accompanied by ligand loss, Durand and coworkers identify the
two-electron reduction feature for [Ni(phen)3]2+ as two coincidental
one-electron reductions, one ligand-based and one metal-based,
accompanied by loss of a ligand. The authors postulate that the
reduction of the polypyridyl ligand could be instrumental in the
observation of CO2 reduction catalysis, but further mechanistic
considerations are not given.
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In a report that ultimately combines the notion of the active
species having the structural identity of [Ni(L)(CO)2] (L = polypyridine) as well as the importance of ligand reduction events for
catalysis, Christensen et al. studied the behaviour of [Ni(dmbpy)3]2+
(dmbpy = 4,4 0 -dimethyl-2,2 0 -dipyridyl) and [Ni(phen)3]2+ under
electrocatalytic CO2 reduction conditions in CH3CN using in situ
FTIR spectroscopy.133 Using IR resonances, the authors directly
identified the formation of [Ni(dmbpy)2]0 and [Ni(phen)2]0 upon
the two-electron reduction of [Ni(dmbpy)3]2+ and [Ni(phen)3]2+
at "1.68 V vs. Fc+/Fc. Complexes [Ni(dmbpy)2]0 and [Ni(phen)2]0
were further reported to react slowly with multiple equivalents of
CO2 to yield the corresponding [Ni(L)(CO)2] structures, presumably via a mechanism similar to that proposed by Périchon.111
Using the carbonyl vibrational frequencies as a spectroscopic
handle, the authors observed new frequencies under electrocatalytic conditions. They assigned these IR features to a catalytically competent [Ni(L! ")(CO)2]" state, with a ligand-localised
radical anion, that is derived from one-electron reduction of the
[Ni(L)(CO)2] complex. The authors proposed that decomposition
of these species could occur in basic reducing conditions with
[Ni(dmbpy! ")(CO)2]" and [Ni(phen! ")(CO)2]" reacting with trace
water to yield inactive bimetallic clusters of the proposed structure
[Ni2(m-H)(CO)6]".
In conjunction with reports on analogous Co- and Fe–polypyridyl
systems, efforts were made towards assessing the activity of
Ni–polypyridyl systems with ligands of higher denticity as catalysts
for the reduction of CO2. Abruña and collaborators published in
1992 that cyclic voltammograms in DMF of Ni complexes of tppz
and tpy displayed cathodic current increase in the presence of
CO2, at "2.01 and "1.67 V vs. Fc+/Fc respectively; however, no
insights into the mechanism or selectivity were reported.120
Further probing of the [Ni(tpy)2]2+ system in DMF (0.1 M TBAP
as a supporting electrolyte) under an atmosphere of N2 by cyclic
voltammetry revealed the presence of three reversible electrochemical features at +1.18, "1.67, and "1.85 V vs. Fc+/Fc.121
The features at +1.18 and "1.67 V vs. Fc+/Fc are attributed
respectively to NiIII/II and NiII/I metal-centred reductions; however
the feature at "1.85 V vs. Fc+/Fc is reported to be ligand-centred.
The onset of catalytic current under an atmosphere of CO2 is
shown to occur within the feature at "1.67 V vs. Fc+/Fc. No further
information is provided, but the assignments by the authors
imply that, unlike the systems with bpy and phen ligands, no
ligand reduction is required for catalysis in these examples and
that generation of a NiI centre affords a catalytically active species
towards CO2 reduction.
The [Ni(tpy)2]2+ system was recently probed further in DMF
through both cyclic voltammetry and controlled-potential
electrolysis.122 Cyclic voltammograms confirmed the observations of two one-electron reduction waves close in potential,
reported at "1.62 V and "1.88 V vs. Fc+/Fc. Interestingly, both
waves are assigned to ligand based reduction events by comparison to cyclic voltammograms of [Zn(tpy)2]2+ which exhibit
two one electron-reduction waves at "1.68 V and "1.81 V vs.
Fc+/Fc.122 CPE at potentials ranging from "1.72 V to "2.14 V vs.
Fc+/Fc yielded CO as the only carbon-containing product
detected in faradaic yields of B20% (Table 19, entries 5–8).
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Nickel polypyridyl complexes assessed for catalytic CO2 reduction through CPE

Molecule

Solvent
2+

1
2

[Ni(bpy)3]

3

[Ni(phen)3]2+

4

5
6
7
8

[Ni(tpy)2]2+

a

Potentials in V vs. Fc+/Fc.

b

Applied potentiala (V)

Proton sourceb

Time (h)

"1.63
"1.88

—
—

c

CO (free: 26, bound: 49) CO3 (90)
CO (free: 39, bound: 40) CO32" (92)

131
131

DMSO

d

—

d

CH4 (d) CO (d)

117

CH3CN

"2.08c

—

d

CO (traces)

132

DMF
DMF
DMF
DMF

"1.72
"1.76
"1.89
"2.14

H2O
H2O
H2O
H2O

3
3
3
3

CO
CO
CO
CO

5%
5%
5%
5%

Entry

Molecule

Solvent
CH3CN
CH3CN
CH3CN
CH3CN-EtOH (1 : 1)
CH3CN-H2O (1 : 1)

Irradiation
313
313
313
313
313

d

H2
H2
H2
H2

(0)
(0)
(0)
(0)

122
122
122
122

Not specified.

the species [Ni(bpy)2]+ was identified as the product of the
one-electron reduction of the excited state of [Ni(bpy)3]2+, which
implies a rapid loss of a bpy ligand upon reduction. The
authors further identified a second reduction event yielding
[Ni(bpy)2]0. This formally Ni0 species is proposed to react with
CO2 to yield CO as the only product (Table 20). If water was
added as a co-solvent, no CO production was observed. While no
explanation was directly given for this behaviour, the observations
are in agreement with those previously made by Christensen et al.133
Also, in agreement with electrochemical investigations, Fujita
and co-workers proposed that the CO produced from CO2 reduction can lead to the formation of multimetallic and catalytically
inactive adducts to [NiI(bpy)2]+ or [Ni(bpy)2]0. This inhibition
explains the sub-stoichiometric amounts of CO produced during
photocatalysis (0.5 mol of CO produced per mole of starting
[Ni(bpy)3]2+).
Upon considering precedent for Ni–polypyridyl systems as CO2
reduction catalysts, a few general observations can be made. First,
the major product is predominantly CO. Second, production of H2
through H+ reduction is exceedingly rare, which suggests that
Ni-based systems might be ideal candidates for selective reduction
of CO2 over H+ sources. Third, catalysts are often reported to be
inhibited by CO and/or CO32". Finally, the active catalytic species
might not necessarily require an entirely polypyridyl ancillary
ligand field, but rather a combination of polypyridyl ligands and
carbonyl ligands could be optimal. This heteroleptic ligand
environment would have some similarities to those ligand fields
found within active Re, Ru, Mn, W, and Mo systems.

Nickel polypyridyl complexes assessed for catalytic CO2 reduction through photolysis

[Ni(bpy)3]

(18);
(17);
(17);
(16);

% given by volume. c After 8 mol of electrons per mol of nickel was passed.

Table 20

1
2
3b
4
5

Ref.

2"

CH3CN
CH3CN

Despite being performed in the presence of added water (95 : 5 in
CH3CN), no hydrogen was detected during CPE. The selectivity of
[Ni(tpy)2]2+ towards CO2 reduction to CO is all the more remarkable given the inactivity of related Ni(bpy)3 complexes for CO2
reduction in the presence of trace amounts of water.111,131 Overall
the low faradaic efficiency combined with the slow decrease of
the catalytic current during CPE raised concerns over the long
term stability of this catalytic platform.122
The qtpy (2,2 0 :6 0 ,200 :600 ,2 0 0 0 -quaterpyridine) complexes of
nickel were also investigated. In contrast to the analogous
[Co(qtpy)(OH2)2]2+ complexes, [Ni(qtpy)(CH3CN)2]2+ (Table 19,
entry 4) did not lead to the formation of an electroactive film on
glassy carbon electrodes. Traces of CO were observed during
controlled-potential electrolysis of [Ni(qtpy)(CH3CN)2]2+ at "2.08 V
vs. Fc+/Fc under CO2.132 Thus, whereas nickel complexes supported by bidentate and tridentate polypyridyl ligands are found
to be catalytically active for CO2 reduction, tetradentate polypyridyl ligands seemingly behave differently and do not allow
for the formation of an active species.
Ni complexes of bpy-based134 and phen-based129 hexa-azamacrocycles [Ni(hamc-bpy)]2+ and [Ni(hamc-phen)]2+ have been
reported to exhibit CO2 reduction electrocatalytic activity in
DMF.130 However, no product detection was reported.
In 1998, Fujita and coworkers published initial efforts towards
evaluating Ni-bpy systems as photocatalysts.135 In the absence of
an external photosensitiser, the authors reported the results of
photolysing solutions of [Ni(bpy)3]2+ in CO2-saturated CH3CN/TEA
solutions using a 313 nm cut-off filter. Via UV-Vis spectroscopy,

2+

Products (faradaic yields in %)

c

Photosensitizer/electron donor
None/TEA
None/TEA
None/TEA
None/TEA
None/TEA

0.5
0.5
0.5
0.5
0.5

M
M
M
M
M

Time (h)
1.7
0.8
1.7
0.7
0.8

Products (TON)
CO
CO
CO
CO
CO

a

(0.49 )
(0.38a)
(0.46a)
(0.34a)
(0a)

Ref.
135
135
135
135
135

a

Calculated based on catalyst concentration. Solutions were kept in the dark for 2 h, and then 0.1 mL of air and 0.1 mL of water were added just
before GC analysis. b 1 mM bpy added to the catalytic run.
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Scheme 11 Mechanism proposed for the catalytic reduction of CO2 to
CO catalysed by the copper complexes reported by Kubiak and Haines.
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catalysts for CO2 reduction is exemplified in the mere two-year gap
between the initial publication of the ubiquitous Re(bpy)(CO)3Cl
catalyst by Lehn in 1983 and the first attempts to immobilize a
variant of that species by Meyer in 1985.144 Polypyridyl ligands
in general are robust and can be easily synthetically modified,
which makes them amenable to facile immobilization. In this
section a non-exhaustive survey of important advancements will
be presented, highlighting the various approaches to heterogenization investigated over the years. The discussion will be
organized through the type of surface that is supporting the
molecular species and we will focus on three main classes of solid
supports: electrodes, coordination polymers and membranes. An
additional class, semiconductors, will not be presented as comprehensive reviews have recently been published. For more information on these supports, we direct the reader to recent reviews
and references in this rapidly evolving area.24,145–153
5.1.

4.6.

Polypyridyl complexes of Cu

Reports on Cu–polypyridyl complexes as catalysts for CO2
reduction are limited. From initial synthesis and activity studies
by Haines and collaborators136 and with further investigations by
Kubiak and Haines,137 the dinuclear [Cu2(mPPh2bpy)2(CH3CN)2]2+
(PPh2bpy = 6-diphenylphosphino-2,2 0 -bipyridine) complex was
found to catalyse the production of CO and CO32" selectively
under CO2 electroreduction conditions, as assessed by IR
spectroelectrochemistry. The proposed mechanism is depicted
in Scheme 11. The polypyridyl framework was proposed to assist
in storing multiple redox equivalents, and to take an active role
in catalysis. The authors point to comparable rate constants as
well as redox behaviour and potentials to related Os catalysts as
supporting evidence for mechanistic similarities.
Durand and collaborators mentioned in their 1988 report that
cyclic voltammograms of [Cu(phen)3]2+ in DMSO exhibit cathodic
current enhancement under CO2 within the two electrochemical
features assigned to ligand-based reductions at "1.96 V and
"2.12 V vs. Fc+/Fc respectively.117 They generally define the process
as catalytic CO2 reduction induced by ligand reduction.117 Building
on this work, Costamagna reported a similar behaviour of Cu
complexes of hexaaza-macrocyclic ligands derived from the condensation of bipyridines ([Cu(hamc-bpy)]2+) and phenanthrolines
([Cu(hamc-phen)]2+), but, while qualitatively similar, no product
detection is provided.129,130,138 The activity of [Cu(tpy)2]2+ for
electrocatalytic CO2 reduction was similarly assessed and current
increase was reported under CO2, along with deposition on carbon
electrodes.122 This observation echoes the rich literature of electrocatalytic formate production from CO2 reduction by copper-based
electrodeposited materials and copper electrodes.139–143

5. Towards applications: catalyst
immobilization and devices
The development of molecular catalysts for CO2 reduction was
closely followed by efforts to immobilize these catalysts onto
solid supports. The immediate interest in immobilizing molecular

This journal is © The Royal Society of Chemistry 2017

Modified electrodes

There had been several reports of the electropolymerization of
modified bpy ligands on various electrode surfaces making a
logical extension to CO2 reduction catalysis.154–158 The first
such publication was by Meyer and co-workers in 1985 in which
they reported the electropolymerization of Re(vbpy)(CO)3Cl
(vbpy = 4-vinyl-40 -methyl-2,2 0 -bipyridine) on a platinum electrode
to afford poly-[Re(vpbpy)(CO)Cl] films.144,159 Electrochemically
initiated polymerization of complexes bearing a vbpy ligand
proceeded through the one-electron reduction of the vinyl functional group followed by fast and indiscriminate radical coupling
at the electrode surface. The polymerization could be achieved
by CV upon sweeping cathodically at slow scan rates (0.1 V s"1)
in CH3CN to afford a green film.144,159 This colour was attributed
to the formation of a dimer via reduction of Re(vbpy)(CO)3Cl
followed by the loss of a Cl" to transiently yield Re(vbpy)(CO)3
which can dimerize via the formation of a Re–Re bond within the
film. Upon exposure to air, the dimeric species was re-oxidized to
a monomeric state within the polymer, thus affording a bright
yellow colour. This assignment was supported by the presence
of an oxidation feature at "0.54 V vs. Fc+/Fc for the green-gold
film which is in remarkable agreement with the observations
regarding the oxidation of the analogous homogeneous Re–Re
bonded species. When the film was generated with an excess of
PF6" anions present, XPS data showed minimal incorporation
of phosphorus or fluorine. This suggested that Cl" was retained
in the film and that polymerization occurred faster than complete loss of Cl". Thus the green film is a mixture of polymerized
[Re(vbpy)(CO)3Cl]" and [Re(vbpy)(CO)3]2 species. The precise
steps leading to polymer formation are a complicated combination of electron transfers and ligand loss events that are
discussed in detail within ref. 159.
The deposition behaviour of Re(vbpy)(CO)3Cl was elaborated
on a year later by Abruña and co-workers in the context of a
broader study involving semiconducting surfaces.160 The authors
reported that direct formation of the bright yellow film occurred
using the same system (Re(vbpy)(CO)3Cl, Pt electrode, CH3CN
solvent) but at faster scan rates of 0.5 V s"1. The green film
representative of a polymer with Re–Re bonds was only generated
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with scan rates slower than 0.2 V s"1. This indicated that the
nature of the polymerized catalyst can be controlled simply
through deposition kinetics. The electrocatalytic activity of the
yellow films originating from Re(vbpy)(CO)3Cl was evaluated by
CV under atmospheres of N2 and CO2 in a CH3CN solution.159
Under N2, an apparent reversible electrochemical feature is
observed on the surface of the electrode at "2.01 V vs. Fc+/Fc.
Under a CO2 atmosphere however, that feature is replaced by
catalytic current enhancement with an onset potential near
"1.79 V vs. Fc+/Fc and a pre-feature with a peak current
potential at "1.69 V vs. Fc+/Fc. When a constant potential of
"1.94 V vs. Fc+/Fc was applied for 80 minutes (Table 21, entry 1),
the authors report the evolution of CO with a faradaic efficiency of
92.3% with no apparent loss of current density. By estimating the
surface coverage of the Re-species, a TON of 516 was calculated.
While the evaluation of the activity of the homogeneous analogue
also led to the detection of high amounts of CO32" anions, no
carbonates were detected with the heterogeneous polymeric
catalyst. The high TONs and the lack of carbonate formation
suggest that, upon polymerization of the Re(vbpy)(CO)3Cl catalyst,
a different mechanism is operative. This led to the exciting notion
that, beyond any practical benefits of motivating the heterogenization of polypyridyl-based catalysts for CO2 reduction,
such strategies might afford the ability to control and alter
mechanisms and possibly product selectivity.
A different strategy for electropolymerization of a variant of
Re(bpy)(CO)3Cl was reported by Deronzier and co-workers.162
The ligand 4-(4-pyrrol-l-ylbuty1)4 0 -methyl-2,2 0 -bipyridine (pyrbpy,
entries 6 and 7 in Table 21) was developed and Re(pyrbpy)(CO)3Cl
was synthesized as a deposition precursor. Upon electrochemical
oxidation of a solution of Re(pyrbpy)(CO)3Cl with a Pt electrode
in CH3CN, a feature in the CV with a peak potential of 0.93 V vs.
Fc+/Fc was attributed to an irreversible pyrrole oxidation leading
to the formation of a polymer film on the electrode. Subsequent
cathodic sweeps indicated another irreversible feature attributed
to reduction of the polymeric species followed by loss of the Cl"
ligand. Repeated cycling afforded a polymeric film with no
noteworthy observations regarding the colour or composition.
Since there is no opportunity for the Re-complex to dimerize prior
to polymerization, it was claimed that the oxidative deposition
led cleanly to the formation of poly-[Re(pyrbpy)(CO)3Cl]. The film
could also be prepared by holding a constant potential at 0.86 V vs.
Fc+/Fc. Upon evaluating the electrocatalytic behaviour towards CO2
reduction, the poly-[Re(pyrbpy)(CO)3Cl] film qualitatively behaved
as the poly-[Re(vbpy)(CO)3Cl] film.162 When Re(pyrbpy)(CO)3Cl was
polymerized onto a Pt gauze electrode and a potential of "1.94 V vs.
Fc+/Fc was applied in a CO2-saturated CH3CN, the only reduction
product detected was CO (Table 21, entry 6). However, the polymer
derived from pyrbpy was less stable than that derived from vbpy
with substantial current losses observed. Furthermore, equimolar
formation of carbonate along with CO was observed. Thus, the
Re(pyrbpy)(CO)3Cl polymer likely follows a mechanism similar to
that of the homogeneous systems whereas Re(vbpy)(CO)3Cl follows
an alternative pathway.
Meyer and co-workers investigated a Rh-based system making
use of polymerized vbpy on carbon and platinum electrodes.164
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Beginning with [Rh(vbpy)(COD)]Br (COD = 1,5-cyclooctadiene)
solutions in CH3CN, a gold-orange film could be deposited by
cycling cathodically under an inert atmosphere. The film was
found to have two reduction features at "1.54 V and "2.19 V vs.
Fc+/Fc. Under an atmosphere of CO2, the first cathodic feature
became partially reversible but, upon scanning through a second
feature, reversibility and electroactivity were lost for the modified
electrode. This loss of activity at more negative potentials was
explained as Rh(I) dissolving into solution upon the film being
further reduced near the second reduction potential. An important consideration of all polymeric films for CO2 reduction is
that the reduced metal centres are often more labile and can
leach out from the film into solution. For this system, this
could be overcome by studying the film in the presence of
excess [Rh(COD)Cl2]2 in solution. The poly-[Rh(vbpy)COD]Br
film proved indeed active in the presence of CO2 and excess
[Rh(COD)2Cl2]2 in CH3CN as shown by current enhancements
within CV experiments. No catalytic current enhancements
were observed for bare electrodes (Pt, carbon or Rh) or for
[Rh(COD)Cl]2 in the absence of the deposited film. Surprisingly,
while very little formate, oxalate or CO was observed, the
reaction produced significant amounts of CH4 and CH3OH,
with faradaic yields of up to 18% and 38% respectively, along
with H2. Furthermore, in the presence of acid, ethylene and
propylene were also observed. While the exact structure of the
active film is unknown, the authors proposed that the activity
was due to the formation of Rh(0) as shown by XPS data and is
in agreement with the observation of a black colour on the film
during the 1 minute induction period for catalysis. However,
the ability to obtain highly reduced products of CO2 reduction
and possibly C–C bond formation products is unique to the
poly-[Rh(vbpy)COD]Br system as neither metallic Rh nor molecular Rh–polypyridyl complexes have been reported to catalyse
such transformations.
The same strategy using vinyl-substituted polypyridyl ligands
has also been used to generate Fe-, Ni- and Co-based films.121,165
Catalytic current enhancement in CO2-saturated DMF solutions
was observed for poly-[Co(vtpy)2] (vtpy = 4 0 -vinyl-2,2 0 :6 0 ,200 terpyridine) films under CO2 at "1.29 V vs. Fc+/Fc. This activity
is reported at potentials 0.80 V more positive than that required
for the homogeneous counterpart, [Co(tpy)2]2+. This remarkable effect, while not well understood, was also observed in the
case of poly-[Ni(vtpy)2] films in acetonitrile solution with catalytic currents occurring at potentials 0.8 V more positive than
that required for the soluble Ni(tpy)22+ analogue ("1.61 V and
"2.39 V vs. Fc+/Fc respectively). While the current enhancement
is less apparent for poly-[Fe(vtpy)2], a significant diminution of
the overpotential for catalysis is also reported. The quantification and identification of the products of CO2 reduction were
not emphasized but the constant trend of more positive onset
potentials is observed upon polymerization. Controlled potential
electrolysis of the poly-[Co(vtpy)2] modified electrode revealed
efficient production of formate as the primary product of CO2
reduction (Table 21, entry 9). This strategy has also been extended
to aqueous systems, where poly-[M(vtpy)2] (M = Co, Fe Cr) were
surprisingly found to generate formaldehyde as the major
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Electrode immobilized polypyridyl complexes assessed for catalytic CO2 reduction through CPE
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1
2
3
4

Immobilisation method
X
X
X
X

Cl
Cathodic cycling on Pt or glassy
Cl
carbon electrode
NCCH3
Cl
Cathodic cycling with illumination
on p-Si and P-WSe2
X = Cl
Cathodic cycling on TiO2 in CH3CN

5

=
=
=
=

M = Re
X = CO
M = Ru
X = Cl

6
7

Anodic cycling on Pt electrode
CPE at 0.57 V vs. SCE on Pt or
carbon electrode in CH3CN

Solvent

CO
CO
CO
CO

CH3CN

—

—

—

161

CH3CN

"1.94

2.8

CO (78) CO32"(81)

162

b

CO (97) HCOO" (3) 163

CH3CN/H2O "1.64
(80 : 20)

"1.99

DMF

"1.68

10
11
12

[Co(40 -vinyl-2,2 0 :60 ,200 -terpyridine)2]PF6 Cathodic cycling on glassy carbon H2O
[Fe(4 0 -vinyl-2,2 0 :6 0 ,200 -terpyridine)2]PF6 electrode in CH3CN
H2O
H2O
[Cr(4 0 -vinyl-2,2 0 :6 0 ,200 -terpyridine)2]PF6

"1.30
"1.28
"1.30

CH3CN/H2O
"1.94 to "1.98
(95 : 5)
CPE at "2.03 V or cathodic cycling H O
"1.36 to "1.51
2
on Pt or carbon electrode in CH3CN

14

15
16

CPE at 0.57 V vs. SCE on Pt or
carbon felt in CH3CN

17

Cathodic cycling on Pt or carbon
electrode in CH3CN

X
Y
X
Y

18
19

22

Cl
CO
CO
Cl

CoCl2

CH3CN/H2O
"1.88
(95 : 5)
"1.52
H2O

CH3CN

Cathodic CPE on carbon electrode
H2O
in CH3CN
Cathodic CPE on carbon electrode H2O
in CH3CN

Soaking pyrolytic graphite
electrodes in CH2Cl2 solutions

20

21

=
=
=
=

h

60 1C in EtOH mixture with
graphitic carbon

Ref.

1.3
0.5
0.5
—

[Co(40 -vinyl-2,2 0 :60 ,200 -terpyridine)2]PF6

13

CO32" (—)
C2O42" (5)
C2O42" (—)

"1.94
"1.94
"1.94
—

9

Cathodic cycling on Pt or glassy
carbon electrode in CH3CN

Time Products (faradaic
(h) yields in %)

CH3CN
CH3CN
CH3CN
CH3CN

Cathodic cycling on glassy carbon
CH3CN
electrode

8

Applied
potentiala
(V)

"1.99

"1.50
"1.50

(92);
(90);
(95);
(100)

144
159
159
160

H2 (0–2) CH3OH
(0–38) CH4 (5–18)

164

4

HCOOH (100)

165

d

H2CO (39)
H2CO (28)
H2CO (87)

99
99
99

b

CO (90–100)

166,167

b

CO (80–97)

166,167

b

CO (90)

166

b

CO (80)

166

b

CO (50) HCOO" (2) 163

g

CO (60) HCOO" (15) 66

g

CO (60) HCOO" (15) 66

c

e
f

CH3CN

"2.30

1.25 CO (70)

168

DMF

"2.00

0.5

CO

169

CH3CN

i

—

CO (96)

170

a

Potentials in V vs. Fc+/Fc. b After 60 C are passed. c After 8 to 16 C are passed. d After 2.3 C are passed. e After 2.9 C are passed. f After 1.1 C are
passed. g After 20 C are passed. h Pretreatment of glassy carbon electrode with 4 0 -para diazonium phenyl-2,2 0 :6 0 ,200 -terpyridine followed by soaking
in DMF solution. i 0.5 or 1.0 mA cm"2 constant current.
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product of CO2 reduction (Table 21, entries 10–12).99 Of note,
poly-[Cr(vtpy)2] is the only instance of an immobilized chromium
complex for CO2 reduction and was reported to produce formaldehyde with a remarkable faradaic efficiency of 87%.
Whereas vinyl-substituted polypyridyl ligands are polymerized
via the ligand, Ziessel and co-workers have also demonstrated
that CO2 reduction catalysts can be deposited as polymers onto
electrode surfaces via the formation of one-dimensional chains
supported by metal–metal bonds.66,163,166,167 Controlled-potential
electrolysis of a solution of Ru(bpy)(CO)2Cl2 in aqueous acetonitrile at "1.74 V vs. Fc+/Fc results in the formation of a dark
blue film on the electrode surface (either carbon or Pt). FTIR,
UV-visible, mass spectroscopy, and elemental analysis suggested
that the film had a polymeric nature with a monomeric unit
of [Ru(bpy)(CO)2] containing a network connected via Ru–Ru
bonds as depicted in Fig. 6. Cyclic voltammograms taken in
CO2-saturated CH3CN in the presence of H2O showed catalytic
current enhancement near "1.39 V vs. Fc+/Fc. Bulk electrolysis
performed at "1.94 V vs. Fc+/Fc resulted in the production of
CO with 100% faradaic yield (Table 21, entry 13). At longer time
points, currents were found to decrease suggesting a degree of
instability of the film. Qualitatively identical results were found
in unbuffered aqueous solutions. A poly-[Ru(tpy)CO] film could
also be prepared using Ru(tpy)(CO)Cl2 as a homogeneous precursor. In that case, CO and formate were produced in water
(faradaic yields 60% and 14% respectively) and the film was
shown to decompose at a faster rate. This result exemplifies
the ability to synthetically control product distribution of the
Ru-based film through modifications of the polypyridine ligand.
A possible advantage of forming a polymeric network via metal–
metal bonds is that the polypyridyl ligand can still be modified
to modulate the activity of the electrocatalyst.
A parallel method to electropolymerization of catalysts onto
electrodes is the preparation of polypyridyl copolymers followed
by drop casting onto conductive surfaces. The polymerization
of pyridyl halides and bipyridyl halides has been shown to
afford polymers capable of binding transition metal centres
capable of proton reduction.171–173 Yamamoto and coworkers
have demonstrated that such polymeric pyridyl networks can
coordinate with NiCl2.174 Upon evaporation of a solution of
the copolymer onto a Pt electrode, electrolysis within a CO2saturated DMF solution afforded production of CO with 15%
faradaic efficiency. While reports such as these are limited, the
preparation of polymers through chemical means followed
by integration onto a conductive surface offers an advantage

Fig. 6 Proposed structure of poly-[Ru(bpy)(CO)2]. Figure adapted from
ref. 166.

Chem. Soc. Rev.

Chem Soc Rev

Fig. 7 Depiction of a noncovalently attached catalyst through p stacking
between pyrolytic graphite and pyrene moieties.

of direct electropolymerization in that a more diverse set of
polymeric materials could be utilized.
An alternative method for immobilizing polypyridyl complexes
on electrode surfaces, not as polymeric species but rather as
discrete molecular entities more closely resembling the homogeneous precursors, uses non-covalent p–p interactions between
pyrene-functionalized ligands and pyrolytic graphite. For example,
pyrene-substituted bpy variants can be synthesized,168 which serve
to generate Re(pyrene-bpy)(CO)3Cl. Soaking a pyrolytic graphite
electrode in a solution of Re(pyrene-bpy)(CO)3Cl in CH2Cl2
resulted in a modified electrode surface as evidenced by CV
and XPS (Fig. 7). The electrochemical behaviour of such an
immobilized Re catalyst was reported to be similar to that of vbpybased Re films, with an initial reduction followed by the loss of Cl"
and dimerization to form surface bound [Re(pyrene-bpy)(CO)3]2n+.
CVs recorded in the presence of CO2 showed catalytic current
enhancement near "1.8 V vs. Fc+/Fc. Bulk electrolysis experiments
at "2.3 V vs. Fc+/Fc for 1.25 hours afforded 58 TON for CO with a
faradaic yield of 70% (Table 21, entry 20). However, current
densities were shown to return to background levels beyond
1 hour of electrolysis. It was proposed that reduction of the
pyrenyl moiety occurred and resulted in electrostatic repulsion
between the ligand and the electrode.
Vinyl-polymerization offers poor control over film thickness
and film morphology and noncovalent linkages possibly decompose upon reduction. In contrast, aryl-diazonium-substituted
polypyridyl ligands can be used to electrochemically generate
modified carbon electrode surfaces with a more uniform distribution of catalyst sites with possible covalent linkages to a
carbon electrode surface. The reaction proceeds via liberation
of an equivalent of N2 and formation of an aryl radical that is
believed to react with the carbon surface (Scheme 12). It was
recently demonstrated that a glassy carbon electrode can be
modified by cycling between 0.30 V and "0.90 V vs. Fc+/Fc

Scheme 12 Preparation of a glassy carbon modified electrode via aryldiazonium modified ligands and with post-modification metalation.
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Scheme 13 Preparation of a highly conjugated covalently linked immobilized catalyst on a pyrolytic graphite electrode.

at 0.05 V s"1 while immersed in an acetonitrile solution of tpyPh-N2+ BF4" for 10 scans.169 Soaking this modified electrode in
a solution of CoCl2 in DMF resulted in a modified electrode
with CV features similar to that of Co(tpy)Cl2 (Scheme 12).
CVs taken in DMF in the presence of CO2 resulted in catalytic
current enhancement with an onset near "1.62 V vs. Fc+/Fc.
Bulk electrolysis experiments at "2.00 V vs. Fc+/Fc resulted in
the formation of CO, which represented 70 TON per cobalt
atom after 30 minutes (Table 21, entry 21). Beyond 30 minutes,
the current essentially returned to baseline with no detectable
CO released. This can be attributed to CO binding to the cobalt
centres with rate-limiting release of CO.
Recently, a different immobilization method with covalent
linkages has been reported. As o-quinone moieties found on
the edge planes of graphite can condense with substituted
o-phenylenediamines, Re(5,6-diamino-phen)(CO)3Cl was used to
modify graphite electrodes (Scheme 13).170 The increased conjugation between the catalyst and the electrode was proposed to
overcome poor conductivity issues in other polymeric films
deposited onto electrodes. Catalytic current enhancement
using this modified electrode was observed in CO2-saturated
acetonitrile with an onset near "2.0 V vs. Fc+/Fc. CO was the
primary product of CO2 reduction with a faradaic yield of 96%
(Table 21, entry 22). Tafel analysis of the modified electrode
indicated that the reaction was limited by a one-electron transfer.
This is distinct from the observations with the homogeneous
Re(phen)(CO)3Cl analogue which operates with an equilibrium
electron transfer followed by a rate limiting chemical event. This
system allowed TONs near 12 000, outperforming all other immobilized Re systems and illustrating the importance in conductivity
through catalyst linkage to the electrode.
5.2.
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not readily amenable to electrocatalysis. Therefore, studies
involving immobilized catalysts for CO2 reduction within these
supports have primarily focused on integration within photocatalytic systems.
The first example came from Lin and co-workers in 2011.175
UiO-67 has the chemical formula Zr6O4(OH)4(bpdc)6, with
zirconium oxide/hydroxide nodes connected by bpdc linkers
(structures depicted in Fig. 8). The photocatalyst Re(dcbpy)(CO)Cl
was successfully incorporated into UiO-67 synthetically by
treating ZrCl4 with a mixture of H2dpdc and Re(dcbpy)(CO)3Cl
during the preparation of the UiO-67 framework. The nanocrystalline powder obtained after the synthesis was confirmed
by powder XRD to be isostructural to UiO-67 and was found to
contain 2.7 mole percent of Re(dcbpy)(CO)3Cl. Catalytic assays
with a suspension of this new MOF Re(CO)3@UiO-67 were performed in CO2 saturated acetonitrile with 5% volume triethylamine included as a sacrificial electron donor. Irradiation with a
300 nm long pass filter for 6 hours resulted in the formation of CO
and H2 (10 : 1 ratio) with a turnover number of 5 (Table 22, entry 1).
Control reactions in which the samples were photolysed in the
absence of CO2 or left in the dark yielded no detectable CO,
confirming the photocatalytic generation of CO from CO2.
A major benefit of catalyst immobilization is the ease of
catalyst reclamation and reuse. Lin and co-workers demonstrated that Re(CO)3@UiO-67 could be re-isolated via centrifugation and drying in 75% yield. When reintroduced into a catalytic
run, the activity of the material was fully retained. However, the
activity was lost when the procedure was reproduced for a third
catalytic run. In total, after 20 hours of irradiation, a TON of 10.9
was estimated. The deactivation of the material was attributed
to slow leaching of Re into the solution upon reduction. As a
homogeneous catalyst under identical conditions and after
6 hours of irradiation, Re(dcbpy)(CO)Cl was found to produce
2.5 TONs for CO and 0.5 TONs for H2. Irradiation beyond 6 hours

Coordination polymers

Coordination polymers and metal–organic frameworks (MOFs)
have emerged as an interesting class of solids that are composed of an extended array of inorganic subunits connected by
organic linkers. The latter can also function as ligands for
catalysts thus affording the opportunity to immobilize homogeneous catalysts within the coordination polymers and MOFs.
One of the most common linker motifs is a dicarboxylate phenyl
moiety that is capable of bridging two inorganic clusters. When
that linker is biphenyl-4,4 0 -dicarboxylate (bpdc), substitution
with a 5,5 0 -dicarboxylate-2,2 0 -bipyridine (dcbpy) unit is often
convenient. These substitutions open up the possibility of
coordinating a polypyridyl catalyst within the polymer directly.
One major drawback of the use of coordination polymers and
MOFs is that these materials tend to be poorly conductive and
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Fig. 8 Schematic representation of the UiO-67 framework and organic
linkages and catalysts found within modified MOFs for photocatalytic
reduction of CO2.
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Functionalized coordination polymers assessed for photocatalytic CO2 reduction

Entry

Coordination polymer

Solvent

Irradiation (nm)

Photosensitizer/electron donor

Time (h)

Products (TON)

Ref.

1
2
3
4
5
6

Re(CO)3@UiO-67
CpRh@UiO-67
Mn(CO)3@UiO-67
Re(CO)3@MOF-1

CH3CN
CH3CN
DMF
CH3CN
THF
CH3CN

4300
4415
470
410
410
4500

None/TEA
Ru(bpy)3Cl2/TEOA
Ru(dmb)3(PF6)2/BNAH and TEOA
None/TEA
None/TEA
TEOA

6
10
4
6
6
6

CO (5); H2 (0.5)
HCO2" (47); H2 (36)
HCO2" (50) CO (4.5); H2 (1)
CO (6.44); H2 (0.4)
CO (0.32); H2 (4.15)
HCO2" (1.5)

175
94
107
176
176
177

[Ir(ppy)2(dcbpy)]2Y(OH)3

did not afford more products. Thus, upon heterogenization
within a MOF, the Re catalyst becomes more selective for CO
and has about a 2-fold increase in stability.
The parent UiO-67 framework has been shown to be a versatile
MOF capable of supporting other polypyridyl CO2 reduction
catalysts with alternative synthetic strategies. The incorporation
of Cp*Rh(dcbpy)Cl2 within UiO-67 was also reported through
post-synthetic exchange procedures to afford Cp*Rh@UiO-67.94
Soaking UiO-67 nanocrystals in an aqueous solution of
Cp*Rh(dcbpy)Cl2 resulted in substitution of the catalyst for the
bpdc linker. The length of time during which the nanocrystals
were allowed to soak in the solution of the Rh catalyst provided
a variable amount of catalyst substitution ranging from 5 to
35 mole percent. This synthetic strategy resulted in much higher
catalyst loadings within the UiO-67 crystals than observed
for the earlier Re(CO)3@UiO-67 system. Photocatalysis was
evaluated in a CO2-saturated acetonitrile/triethanolamine mixture
(5 : 1 volumetric ratio) with 10 mM Ru(bpy)3Cl2 as a photosensitizer. Upon irradiation (4415 nm) the Cp*Rh@UiO-67 produced
only two products, formate and H2 (Table 22, entry 2). Catalysis
continued steadily for 6 hours before deactivation, due to decomposition of the photosensitizer. Use of 13CO2 as a substrate
resulted in the production of H13CO2" as identified by
13
C NMR. Cp*Rh@UiO-67 could be re-isolated with 90% yield
and reused 6 times. Over the course of 6 catalytic runs (representing a total photolysis time of over 4 days) 80% of the activity
of the material was retained, which demonstrated the remarkable stability of the heterogenized catalyst.
As previously mentioned in Section 3.4, the homogeneous
catalyst Cp*Rh(dcbpy)Cl2 at low concentrations (below 0.1 mM)
gave similar TONs and product distributions after 6 hours of
irradiation under similar conditions. However, at higher catalyst
loadings, significant decomposition of the catalyst was observed.
In contrast, higher catalyst loadings within Cp*Rh@UiO-67 did
not result in any loss of activity. This suggests a possible
bimetallic decomposition pathway that is operative in solution
but not upon heterogenization due to the site isolation of the
catalytic centres. For Cp*Rh@UiO-67, there was increased production of H2 relative to formate when the catalyst was incorporated
beyond 10 mol%. This is attributed to thermal decomposition of
formate into H2 and CO2 known to be catalysed by [Cp*Rh(bpy)]2+
systems.
The groups of Kubiak and Cohen have reported the immobilization of the Mn(dcbpy)(CO)3Br catalyst within UiO-67 as
well.107 In that case, UiO-67 was first prepared with a 1 : 1 ratio
of dcbpy and bpdc. Using a post-synthetic modification procedure, soaking the crystalline solid in a solution of Mn(CO)5Br
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in Et2O, 76% of the available dcbpy linkers coordinated to the
Mn to afford an immobilized Mn(dcbpy)(CO)3Br within UiO-67,
Mn(CO)3@UiO-67, with 38 mole percent catalyst loading. Photocatalysis experiments were performed in CO2-saturated DMF/TEOA
(4 : 1 volumetric ratio) containing 0.5 mM (Ru(dimethyl-bpy)3)(PF6)2
as a photosensitizer and 0.2 M BNAH as a sacrificial electron donor.
Irradiation with a 470 nm LED light source led to the formation
of formate (with 96% selectivity and 50 TONs after 4 hours and
110 TONs after 18 hours (Table 22, entry 3)). The catalyst could
be recovered and reused with a slight decrease in TONs over the
course of 4 experimental runs (from 50 TONs for the first 4 hour
photolysis to 17 TONs for the fourth 4 hour photolysis). The
heterogeneous Mn(CO)3@UiO-67 catalyst was found to outperform the homogeneous analogue Mn(dcbpy)(CO)Br, in terms
of both activity and stability. The framework was proposed to
contribute to the stabilization of reduced intermediates and to
the inhibition of bimetallic decomposition pathways that are
known to be operative in the Mn(bpy)(CO)3Br system.
With this report, UiO-67 has been shown to support three
different catalysts and to replicate the activity of homogeneous
systems while consistently affording increased catalyst stability.
Despite the success in using UiO-67 as a MOF solid support,
one important consideration is that activity could be limited by
diffusion of photosensitizers, substrates, electron donors, and
products through the pores. Lin and co-workers sought to demonstrate that larger pore sizes could result in enhanced activity.176 An
analogous structure of UiO-67 using a tetraphenyl-dicarboxylate
linker (dctp) was prepared, referred to as MOF-1 within the
manuscript. Returning to the Re(bpy)(CO)3Cl parent system, a
related biphenylcarboxylate-bipyridyl ligand (bpcbpy) could be
prepared and used to synthesize Re(bpcbpy)(CO)3Cl. Treatment of
ZrCl4 with a mixture of dctp and Re(bpcbpy)(CO)3Cl afforded the
MOF-1 structure with an immobilized Re catalyst, Re(CO)3@MOF-1.
In CO2-saturated organic solvents containing TEA as a sacrificial
donor irradiation with a 410 nm LED led to CO and H2 (Table 22,
entries 4 and 5), in solvent-dependent ratios (1 : 13 and 16 : 1 in
THF and CH3CN, respectively) and TONs (TONCO = 0.32 in THF
and 6.44 CH3CN). However, catalyst deactivation occurred and
was proposed to arise from desorption of the Re centre from the
MOF along with partial hydrogenation of the pyridine rings.
Again the catalytic MOF proved more stable than the soluble
Re(bpcbpy)(CO)3Cl analogue. While not claimed to be definitive
proof of enhanced activity with larger pore size, these results
clearly suggest a benefit to tuning the pore sizes of MOFs to
facilitate diffusion.
Luo and co-workers have synthesized a one-dimension coordination polymer comprised of yttrium-hydroxide nodes linked
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together by dcbpy.177 The bipyridyl moiety can coordinate
with an ‘‘Ir(ppy)2’’ fragment resulting in a coordination polymer with the monomeric unit having the chemical formula
[Y(OH)2((dcbpy)Ir(ppy))2]. Photocatalytic assays were performed
in CO2-saturated acetonitrile with 5% triethanolamine as a
sacrificial electron donor. Irradiation was performed using
420–800 nm light. Upon irradiation of 40 mg of coordination
polymer for 6 hours, 38 mmol of formate was detected as the
only product. Whereas the exact nature of the catalytic centre is
unknown, the quantity of formate represents just over 1.5 TON
per Ir centre (Table 22, entry 6). Compared to the homogeneous
analogue Ir(ppy)2(dcbpy), the coordination polymer had identical
selectivity with a slight enhancement in activity. However, after
6 hours of irradiation, the homogeneous system was completely
inactive. In contrast, the coordination polymer could be easily
recollected and was shown to retain full activity over 5 successive
catalytic runs with only slight leaching of Ir into solution.
The use of MOFs and coordination polymers as solid supports for CO2 reduction catalysts is still an emerging field. With
the ubiquitous nature of biphenylene linkers used within these
structures, substitutions with functionalized polypyridyl catalysts have been shown to be a convenient strategy to integrate
catalysts with these polymers. To date, catalytic activity has
generally been conserved upon immobilization with substantial
increases in overall stability and recyclability of the catalysts.
While primarily limited to photocatalytic applications so far, as
advances are being made in conductive MOFs and coordination
polymers, integration into electrocatalytic systems should become
more feasible moving forward.
5.3.

Membranes

The use of porous membranes as solid supports for catalyst
immobilization offers several practical advantages over other
strategies. Membranes are often conductive and interface easily
with electrode surfaces, thereby affording direct integration with
electrode materials. They can also be tuned to have hydrophobic
properties, which should assist in inhibiting proton reduction.
Membranes are versatile and have good stability in various
solvents and at various pHs in aqueous media. Furthermore,
immobilization of catalysts can often occur simply via adsorption
from a solvent in which the catalysts are soluble. The modified
membrane can then operate in solvents where the catalyst is
typically insoluble and in which homogeneous catalysis would be
impossible.
The most important membrane for immobilizing CO2 reduction catalysts is the Nafionr membrane which consists of a polytetrafluoroethane backbone with perfluorovinyl substituents that
terminate in sulfonate functionalities. Kaneko and co-workers first
reported the immobilization of Re(bpy)(CO)3Br and Re(tpy)(CO)3Br
within a Nafionr membrane in 1993.178 The electrochemical
behaviour of the immobilized Re catalysts in aqueous media
closely mimics that of the homogeneous analogues previously
described, with reduction followed by loss of Br" and then
by the formation of a dimeric species. CO2 electroreduction
produced formic acid, CO and H2. The selectivity for CO2 vs. H+
reduction and for formic acid vs. CO was shown to be
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dependent on the applied potential (Table 23, entries 1–6). For
both the Re(bpy)(CO)3Br and Re(tpy)(CO)3Br systems, applying
more negative potentials resulted in greater H+ reduction. When
more positive potentials are used with the Re(bpy)(CO)3Br system, the reaction favours formic acid over CO as a product of CO2
reduction. It thus appears as if CO was produced at a relatively
constant faradaic efficiency regardless of applied potential.
However, more positive potentials favour the formation of formic
acid, while more negative potentials favour the formation of H2.
Thus, it is likely that productive cycles affording formic acid and
H2 share a common intermediate with a potential-dependent
selectivity determining step.
Kaneko and co-workers quickly extended this strategy of
immobilization to the [Co(tpy)2]2+ catalytic system (Table 23,
entries 7–9).179 Using analogous procedures to those reported
with the Re systems, they prepared glassy carbon electrodes
coated with Nafionr containing [Co(tpy)2](PF6)2. Qualitatively
similar results could be found in which CO2 electroreduction is
favoured at more positive potentials. Of note, the major CO2
reduction product was formic acid and not CO, with faradaic
efficiencies as high as 51.4% at "1.26 V vs. Fc+/Fc applied
potential.
Cowen and co-workers have revisited Nafionr as a solid
support. Using similar methods to those reported by Kaneko
and co-workers, Mn(bpy)(CO)3Br could be immobilized within
Nafionr by soaking the membrane in an acetonitrile/propanol
solution of Mn(bpy)(CO)3Br.180 The modified Nafionr was
then drop cast onto glassy carbon electrodes or mixed with
carbon nanotubes (CNTs) as high surface area electrodes. Cyclic
voltammograms in aqueous solutions at pH 7 were qualitatively
similar to those of the homogeneous system, with evidence for
dimerization occurring upon reduction. This suggests that the
Mn catalysts either freely diffuse within the membrane or are
immobilized in localized clusters allowing them to interact with
each other. Controlled potential electrolysis of the films on
glassy carbon electrodes between "1.5 and "1.8 V vs. Fc+/Fc in
a CO2 saturated aqueous solution at pH 7 led to the production
of CO along with H2 (Table 23, entries 10–13). Total faradaic
efficiencies were found to be as high as 51% with as much as
471 TONs for CO production.180 When the modified Nafionr
is supported on multi-walled carbon nanotubes (MWCNTs),
a 10-fold current density enhancement was observed by CV at
slow scan rates.181 However, controlled potential electrolysis
determined that the current enhancement was primarily due to
the formation of H2, now the major product in a 2 : 1 ratio
(Table 23, entries 16 and 17).
An attractive feature of catalyst immobilization within
Nafionr is that most synthetic variants of a catalyst should be
amenable to heterogenization. There should be a high degree of
functional group tolerance to immobilization so activity could be
synthetically tuned similarly to homogeneous systems. To demonstrate this, Cowen and co-workers further reported the immobilization of three variants of Mn(bpy)(CO)3Br: Mn(bpy-tBu)(CO)3Br,
Mn(bpy-COOH)(CO)3Br and Mn(bpy-OH)(CO)3Br.181 All three
complexes were homogeneous catalysts for CO2 reduction
to CO in acetonitrile. However, upon immobilization of
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Entry Molecular precursor
1
2
3
4
5
6

R
R
R
R
R
R

7
8
9

a

=
=
=
=
=
=

H
H
H DMF/alcohol solution mixed with Nafionr
H and drop-cast onto basal-plane pyrolytic graphite
Py
Py

Co(tpy)2(PF6)2

10
11
12
13
14
15
16
17
18
19
20

Time
Applied
potentiala (V) (h) Products (faradaic yields in %) Ref.

Immobilisation method

Soaking Nafionr/basal plane pyrolytic graphite
electrode in aqueous solution of catalyst
R=H
R=H
R=H
R=H
R=H
R=H
R=H
R=H
R = tBu
R = tBu
R = OH

4.30
4.27
2.08
2.38
3.04
3.19

"1.26
–1.51
–1.71

4.84 HCOOH (51); H2 (13)
3.89 HCOOH (10); H2 (68)
3.06 HCOOH (5); H2 (87)

–1.50
–1.60
–1.70
–1.80
–1.45
CH3CN/alcohol solution mixed with Nafionr
and CNT drop-cast onto glassy carbon electrode
–1.65
CH3CN/alcohol solution mixed with Nafionr
–1.60
and MWCNT drop-cast onto glassy carbon electrode –1.70
–1.60
–1.70
–1.60
CH3CN/alcohol solution mixed with Nafionr
drop-cast onto glassy carbon electrode

4
4
4
4
4
4
4
4
4
4
4

HCOOH
HCOOH
HCOOH
HCOOH
HCOOH
HCOOH

(48); CO (17); H2 (39)
(12.4); CO (29); H2 (53)
(12); CO (17); H2(78)
(7); CO (8); H2 (68)
(15); H2 (51)
(8); H2 (82)

"1.46
"1.56
"1.66
"1.76
"1.66
"1.76

CO
CO
CO
CO
CO
CO
CO
CO
CO
CO
CO

(26); H2 (17)
(22); H2 (24)
(51); H2 (24)
(7); H2 (81)
(11); H2 (52)
(22); H2 (47)
(50); H2 (14)
(52); H2 (11)
(44); H2 (46)
(75); H2 (24)
(40); H2 (1)

178
178
178
178
178
178
179
179
179
180
180
180
180
180
180
181
181
181
181
181

Potentials in V vs. Fc+/Fc.

Mn(bpy-COOH)(CO)3Br within Nafionr and then on MWCNTs,
no CO2 reduction could be observed in aqueous solution at
pH 7. In contrast, the immobilized Mn(bpy-tBu)(CO)3Br demonstrated high activity for CO2 reduction under similar conditions
with the formation of H2 and CO in a 3 : 1 ratio, with 46.1 TONs
of CO in 4 hours (Table 23, entries 19 and 20). These observations indicate that catalyst performance within Nafionr cannot
be assumed to directly relate to solution behaviour. However,
it also shows that there is a possibility to tune activity through
substitution. Replacing bpy with bpy-tBu resulted in an increase
in TONs for CO over 4 hours from 35.9 to 46.1, representing an
activity enhancement of over 28%.181

6. Conclusions and perspectives
Polypyridine–metal complexes make up the largest class of
molecular catalysts for CO2 electro- and photo-reduction. This
journey through this family of catalysts provides a clear view of
their potential for applications. This is in particular due to a
quite broad and quick development of electrode materials
based on such complexes, taking advantage of the modern
methodologies available for immobilizing ligands or complexes
within solids or at the surface of electrodes. Indeed there is no
doubt that future technological devices for CO2 reduction will use
solid materials, thus challenging molecular chemists positively
with regard to the contribution of their science to the development
of new energy technologies.
On the other hand, despite these interesting conclusions,
it is striking to observe a number of limitations and challenges
that need to be addressed.
First, while there is a general consensus that efforts should
focus on non-noble metals, the vast majority of studies still
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concern catalysts based on 4d and 5d metals, with Re and Ru
complexes continuing to enjoy broad investigations. In contrast,
probably because the initial observations on Fe- and Cu-complexes
were underwhelming, these metals have been essentially ignored.
This is not true for Co-complexes, and to a lesser extent for
Ni-complexes. However, so far, the performances of this subclass of catalysts, in terms of faradaic yields, stability and
turnover numbers, have not reached the appropriate level for
further developments. Probably the most novel and interesting
system is the Mn-based catalyst discovered by Deronzier and
collaborators. Nevertheless, there is an urgent need to explore
the polypyridine platform more extensively for discovering new
catalysts based on Fe, Co, Ni, Mn and Cu.
Second, while polypyridines can potentially be modified
synthetically to afford a variety of ligands with various electronic
and steric effects (important to control critical monomer/dimer
equilibria), it is surprising to see so little variation in the
structure of the most studied ligands, such as bipyridine,
phenanthroline and terpyridine for example. The substituents
are generally limited to methyl, tert-butyl and carboxyl groups.
This is due to the fact that only few such derivatives are
commercially available and little effort has been made in
developing synthetic strategies for producing original derivatives of bpy, phen and tpy ligands. It is even more surprising
when one considers the importance of such ligands in general
inorganic, coordination and organometallic chemistry. These
efforts should be engaged now, in order to further understand
the basic aspects of the reactivity and selectivity of the best
catalysts and further improve their performances.
Third, with the exception of the Re- and Ru-based catalysts,
so far the number of deep mechanistic investigations is very
limited. Still, catalytic intermediates are incompletely characterized and sometimes contradictory mechanisms have been
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proposed for similar systems. While indeed there is no relevance
of spending excessive efforts to mechanistically characterize
weakly active systems, some of the catalysts described in this
review article clearly deserve more in-depth mechanistic investigations. Here again, this knowledge will obviously inspire the
chemists towards new and more efficient, selective and stable
systems.
Even though the advent of a new world based on renewable
energies and storage technologies is urgent, enough time and
support should be given to the chemists to address some of
these very fundamental questions.
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Proc. Natl. Acad. Sci. U. S. A., 2014, 111, 14990–14994.
116 C. Costentin, M. Robert and J. M. Savéant, Acc. Chem. Res.,
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et Marie Curie, 11 Place Marcelin Berthelot, 75231 Paris Cedex 05, France
‡
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Institut de Chimie Moléculaire et des Matériaux d’Orsay, Université Paris-Sud, UMR CNRS 8182, Université Paris-Saclay, 91405
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ABSTRACT: A series of [Re(N^N)(CO)3(X)] (N^N = diimine
and X = halide) complexes based on 4-(2-pyridyl)-1,2,3-triazole
(pyta) and 1-(2-pyridyl)-1,2,3-triazole (tapy) diimine ligands have
been prepared and electrochemically characterized. The ﬁrst ligandbased reduction process is shown to be highly sensitive to the nature
of the isomer as well as to the substituents on the pyridyl ring, with
the peak potential changing by up to 700 mV. The abilities of this
class of complexes to catalyze the electroreduction and photoreduction of CO2 were assessed for the ﬁrst time. It is found that
only Re pyta complexes that have a ﬁrst reduction wave with a peak
potential at ca. −1.7 V vs SCE are active, producing CO as the
major product, together with small amounts of H2 and formic acid. The catalytic wave that is observed in the CVs is enhanced by
the addition of water or triﬂuoroethanol as a proton source. Long-term controlled potential electrolysis experiments gave total
Faradaic yield close to 100%. In particular, functionalization of the triazolyl ring with a 2,4,6-tri-tert-butylphenyl group provided
the catalyst with a remarkable stability.
functionalized ligands and a variety of available methods for
grafting them at the surface of conductive materials.5−10
Surprisingly only a few classes of molecular electrocatalysts
have been investigated since the 1980s with very limited
structure−activity relationship studies. Compounds that have
been receiving renewed attention include iron porphyrins,11 on
one hand, and polypyridine metal complexes (based on
diﬀerent metals such as Re, Ru, Ir, Rh, Mn, and Co), on the
other.4 The latter has indeed the ability to store multiple
electrons across the entire molecule, not only at the metal
center but also in the ligand π system, thus facilitating the
reduction of CO2. The prototypical catalyst from this second

INTRODUCTION
Carbon dioxide electroreduction into energy-dense carbonbased liquid or gaseous products is an attractive way to store
renewable energies into chemical energy. However, because of
the high stability of CO2, its transformation implies multiple
electron- and proton-transfers. Thus, catalysts are required for
overcoming the slow kinetics, minimizing overpotentials, and
controlling product selectivities. While solid metal-based
catalysts are currently extensively investigated, homogeneous
molecular metal complexes (coordination and organometallic
complexes) provide unique opportunities to rationally address
some of the issues discussed above, since their reactivity can be
ﬁnely tuned via synthetic modiﬁcations of the ligands.1−4
Furthermore, solid electrodes decorated with molecular
complexes can be quite easily obtained using appropriately

■

© 2017 American Chemical Society

Received: December 20, 2016
Published: February 21, 2017
2966

DOI: 10.1021/acs.inorgchem.6b03078
Inorg. Chem. 2017, 56, 2966−2976

Inorganic Chemistry

Article

corresponding Re complexes are also reported here. The
complexes have been evaluated for their electrocatalytic activity
for CO2 reduction, via rotating disk electrode (RDE)
experiments, cyclic voltammetry (CV), and controlled potential
electrolysis (CPE), as well as for their photocatalytic properties.
To our knowledge this is the ﬁrst structure−activity relationship study of a whole new class of electrocatalysts for CO2
reduction based on such a large ensemble of molecules.

family is [2,2′-bipyridine]-chlorotricarbonylrhenium(I) ([Re(bpy)(Cl)(CO)3]), as it has a high Faradaic eﬃciency for the
generation of CO in the presence of Brønsted acids.12
However, optimizing the system via modiﬁcations of the bpy
ligand has been limited to a small number of functionalized
bpys, with [Re(bpy-tBu)(Cl)(CO)3] (bpy-tBu = 4,4′-di-tertbutyl-2,2′-bipyridine) being the most eﬃcient catalyst to date.13
This is in part due to the complexity of functionalizing the bpy
ligand with moieties that can tune the electronic and steric of
the metal complex, particularly in a dis-symmetric manner.14,15
To explore other classes of Re diimine complexes, using
original diimines as alternative ligands to bpys, we investigated
[Re(pyta)(X)(CO)3] and [Re(tapy)(X)(CO)3] complexes, in
which pyta designates 4-(2-pyridyl)-1,2,3-triazole derivatives,
while tapy designates 1-(2-pyridyl)-1,2,3-triazole derivatives,
and X = Cl or Br (Scheme 1), as catalysts for CO 2

■

EXPERIMENTAL SECTION

Synthesis. General Considerations. 1H and 13C{1H} NMR
spectra were recorded on a Bruker Avance 300 or 400 spectrometers
using residual solvent peaks as internal references. The following
abbreviations are used: singlet (s), doublet (d), doublet of doublets
(dd), triplet (t), doublet of triplets (td), quintuplet (quint), sextuplet
(sext), and multiplet (m). Mass spectrometry (MS) services were
performed at the ICMMO (Université Paris Sud, Orsay, France). The
following abbreviations are used: MS, high-resolution mass spectrometry (HRMS), electrospray ionization (ESI), time-of-ﬂight (TOF).
Analytical reversed-phase high-performance liquid chromatography
(HPLC) was performed on a Dionex Ultimate 3000 equipped with a
variable wavelength detector, using a PROTO200 C18 3 μm 100 × 4.6
mm (Higgins Analytical Inc.) column. The results were analyzed using
Chromeleon software. Thin-layer chromatography (TLC) analysis was
performed on silica gel (Merck 60F-254) with visualization at 254 and
366 nm. Preparative ﬂash chromatography was performed with Merck
silica gel (Si 60, 40−63 μm). Reagents and chemicals were purchased
from Sigma-Aldrich, Alfa Aesar, or Strem Chemicals and used without
further puriﬁcation. Anhydrous solvents (acetonitrile (MeCN),
dichloromethane (DCM), dimethylformamide (DMF), tetrahydrofuran (THF), and toluene) were purchased from Sigma and used without
further puriﬁcation. IR spectra were recorded on a PerkinElmer
Spectrum 100 FT-IR spectrometer. Caution! Though no problem was
encountered in the handling of any of the azides used, these compounds are
potentially explosive and should thus be manipulated with caution. [2-(1Dodecyl-1H-1,2,3-triazol-4-yl)-pyridine]-chlorotricarbonylrhenium(I)
(1), [3-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)propan-1-ol]chlorotricarbonylrhenium(I) (4), [2-(1-dodecyl-1,2,3-triazol-4-yl)quinoline]-bromotricarbonylrhenium(I) (7), [2-(1-dodecyl-1H-1,2,3triazol-4-yl)-pyridine]-bromotricarbonylrhenium(I) (8), [2-(4-dodecyl-1H-1,2,3-triazol-1-yl)pyridine]-chlorotricarbonylrhenium(I) (1′),
and [2-(4-dodecyl-1H-1,2,3-triazol-1-yl)pyridine]bromotricarbonylrhenium(I) (8′) were previously described by
Bertrand et al.17 [2,2′-Bipyridine]-chlorotricarbonylrhenium(I) (9)
and [2,2′-bipyridine]-bromotricarbonylrhenium(I) (10) were prepared according to classical rhenium coordination procedures as
described for the pyta complexes. 4-Azidotoluene was prepared
according to Gjonaj and Roelfes,19 dodecyl azide was prepared
according to Jurič́ ek et al.,20 and 1,3-dimethyl-2-phenyl-2,3-dihydro1H-benzo[d]imidazole (BIH) was prepared according to Zhu et al.21
General Procedure A: Preparation of Rhenium Complexes.
Chloropentacarbonylrhenium(I) (1.0 equiv) was dissolved in hot
toluene (110 °C) under argon. The diimine ligand (1.1 equiv) was
added, and the solution was reﬂuxed overnight. The mixture was
cooled to room temperature, and if a precipitate was formed, it was
isolated by centrifugation, washed with cold toluene and cold diethyl
ether, and dried in vacuo; otherwise, the solvent was evaporated, and
the crude compound was puriﬁed by column chromatography. The
puriﬁcation protocols for each complex are described below.
2-(1-(p-Tolyl)-1H-1,2,3-triazol-4-yl)pyridine. 4-Azidotoluene (333
mg, 2.5 mmol, 1.0 equiv) and 2-ethynylpyridine (250 mg, 2.5 mmol,
1.0 equiv) were dissolved in 1:1 DCM/water (10 mL) mixture.
Copper(II) sulfate pentahydrate (62 mg, 0.25 mmol, 0.1 equiv) and
sodium ascorbate (100 mg, 0.5 mmol, 0.2 equiv) in water (1 mL) were
added to the mixture. After it was stirred overnight at room
temperature under argon, more copper(II) sulfate pentahydrate (62
mg, 0.25 mmol, 0.1 equiv) and sodium ascorbate (100 mg, 0.5 mmol,
0.2 equiv) in water (1 mL) were added. After it was stirred for 48 h,
DCM (50 mL) was added to the mixture. The organic phase was

Scheme 1. Structure of the Ligands and Rhenium Complexes
Synthesized and Investigated in This Study

electroreduction. Not only can such ligands be easily prepared
in good yields via a clean and eﬃcient copper-catalyzed
alkyne−azide cycloaddition (CuAAC) reaction (a widely used
example of “click” chemistry)16,17 but also this synthetic
strategy allows controlled functionalization of both the pyridine
and the triazole moieties and production of a great variety of
ligands and complexes with ﬁnely tuned stereoelectronic
properties. While some of the complexes studied here have
been previously reported by us and found to display interesting
luminescent properties,17,18 a set of new pyta ligands and
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decanted, and aqueous ammonium hydroxide (20 mL, 0.1 M) and
sodium ethylenediaminetetraacetate (20 mL, 0.1 M) solutions were
added to the aqueous phase. The aqueous phase was extracted with
DCM (3 × 50 mL). The organic phases were combined, dried over
sodium sulfate, ﬁltered, and evaporated. The residue was puriﬁed by
column chromatography on silica gel (eluent 3:2 cyclohexane/ethyl
acetate) to yield a pale yellow solid (270 mg, 48% chemical yield).
Characterizations were in accordance with those published in Bolje et
al.22
[2-(1-(p-Tolyl)-1H-1,2,3-triazol-4-yl)pyridine]chlorotricarbonylrhenium(I) (2). This complex was obtained following the general procedure A starting from 2-[1-(p-tolyl)-1H-1,2,3triazol-4-yl]pyridine (74 mg, 0.31 mmol, 1.1 equiv). The desired
product precipitated as a pale yellow solid (154 mg, quantitative).
1
H NMR (300 MHz, CD3CN): δ (ppm) 9.06 (s, 1H), 9.00 (ddd, J
= 5.5, 1.4, 0.8 Hz, 1H), 8.18 (ddd, J = 7.9, 7.8, 1.4 Hz, 1H), 8.08 (ddd,
J = 7.9, 1.4, 0.8 Hz, 1H), 7.78 (m, 2H), 7.55 (ddd, J = 7.8, 5.5, 1.4 Hz,
1H), 7.49 (m, 2H), 2.46 (s, 3H). 13C{1H} NMR (75 MHz, CD3CN):
δ (ppm) 154.2, 150.3, 150.0, 142.2, 141.5, 131.6, 127.4, 124.2, 123.5,
121.9, 21.3. MS (ESI+) m/z (%): 525.0544 (100) [M − Cl + water]+,
507.0435 (75) [M − Cl]+, 565.0011 (25) [M + Na]+. HRMS (ESI+)
calcd for C17H12ClN4NaO3Re 565.0039, found 565.0011. HPLC (50
to 100% MeCN in 10 min): retention time (rt) 4.94 (>95%). IR: νmax/
cm−1 2027, 1943, 1920, 1892 (CO).
2,4,6-Tri-tert-butylphenylazide. 2,4,6-Tri-tert-butylaniline (400 mg,
1.5 mmol, 1.0 equiv) was dissolved in anhydrous MeCN (4 mL) under
argon. The solution was cooled to 0 °C, and tert-butyl nitrite (274 μL,
2.3 mmol, 1.5 equiv) was added dropwise, followed by azidotrimethylsilane (238 μL, 1.8 mmol, 1.2 equiv) dropwise. After the solution
was stirred overnight at room temperature, the solvent was evaporated
to dryness, and the residue was puriﬁed by column chromatography on
silica gel (eluent 2:1 cyclohexane/DCM) to yield a white crystalline
solid (313 mg, 75% chemical yield)).
Rf (2:1 cyclohexane/DCM) = 0.93. 1H NMR (300 MHz, CDCl3): δ
(ppm) 7.35 (s, 2H), 1.48 (s, 18H), 1.32 (s, 9H). 13C{1H} NMR (75
MHz, CDCl3): δ (ppm) 148.3, 145.3, 134.9, 122.5, 36.2, 35.0, 31.4,
31.3. MS (ESI+) m/z (%): 260.2370 (100) [M-N2 + H]+. HRMS (ESI
+) calcd for C18H30N 260.2378, found 260.2370.
2-(1-(2,4,6-Tri-tert-butylphenyl)-1H-1,2,3-triazol-4-yl)pyridine.
2,4,6-Tri-tert-butylphenylazide (50.0 mg, 0.17 mmol, 1.0 equiv) and 2ethynylpyridine (18.0 mg, 0.17 mmol, 1.0 equiv) were dissolved in 1:1
DCM/water (4 mL) mixture. Copper(II) sulfate pentahydrate (4.3
mg, 0.017 mmol, 0.1 equiv) and sodium ascorbate (6.8 mg, 0.035
mmol, 0.2 equiv) in water (0.5 mL) were added to the mixture. After it
was stirred for 48 h, DCM (10 mL) was added to the mixture. The
organic phase was decanted out and aqueous ammonium hydroxide
(10 mL, 0.1 M) and sodium ethylenediaminetetraacetate (10 mL, 0.1
M) solutions were added to the aqueous phase. The aqueous phase
was extracted with DCM (3 × 10 mL). The organic phases were
combined, dried over sodium sulfate, ﬁltered and evaporated. The
residue was puriﬁed by column chromatography on silica gel (eluent
4:1 cyclohexane/ethyl acetate) to yield a white crystalline solid (30
mg, 45% chemical yield).
Rf (4:1 cyclohexane/ethyl acetate) = 0.53. 1H NMR (300 MHz,
CDCl3): δ (ppm) 8.61 (ddd, J = 4.8, 1.7, 1.0 Hz, 1H), 8.33 (s, 1H),
8.29 (dt, J = 7.9, 1.0 Hz, 1H), 7.81 (td, J = 7.9, 1.7 Hz, 1H), 7.57 (s,
2H), 7.27 (td, J = 4.8, 1.0 Hz, 1H), 1.38 (s, 9H), 1.01 (s, 18H).
13
C{1H} NMR (75 MHz, CDCl3): δ (ppm) 152.0, 150.3, 149.5, 147.5,
147.1, 136.9, 131.7, 129.1, 123.7, 122.9, 120.4, 36.9, 35.3, 32.2, 31.3.
MS (ESI+) m/z (%): 391.2857 (100) [M + H]+, 413.2671 (30) [M +
Na]+. HRMS (ESI+) calcd for C25H35N4 391.2856, found 391.2857.
[2-(1-(2,4,6-Tri-tert-butylphenyl)-1H-1,2,3-triazol-4-yl)pyridine]chlorotricarbonylrhenium(I) (3). This complex was obtained following the general procedure A starting from 2-[1-(2,4,6-tri-tertbutylphenyl)-1H-1,2,3-triazol-4-yl]pyridine (14 mg, 0.036 mmol, 1.1
equiv). The desired product precipitated as a cream solid (20 mg, 85%
chemical yield).
1
H NMR (300 MHz, DMSO-d6): δ (ppm) 9.76 (s, 1H), 9.01 (m,
1H), 8.33 (m, 2H), 7.77 (m, 1H), 7.63 (s, 2H), 1.37 (s, 9H), 1.07 (s,
9H), 1.05 (s, 9H). 13C{1H} NMR (75 MHz, DMSO-d6): δ (ppm)

153.3, 153.0, 148.2, 147.8, 147.0, 146.8, 140.9, 132.0, 129.9, 126.9,
124.0, 123.9, 122.8, 36.5, 36.4, 35.0, 31.9. MS (ESI+) m/z (%):
719.1761 (100) [M + Na] + . HRMS (ESI+) calcd for
C28H34ClN4NaO3Re 719.1761, found 719.1761. HPLC (80 to 100%
MeCN in 10 min): rt 4.77 (>95%). IR: νmax/cm−1 2023, 1925, 1883,
1868 (CO).
4-Nitro-2-(trimethylsilyl)ethynyl)pyridine. 2-Bromo-4-nitropyridine (437.0 mg, 2.15 mmol, 1.0 equiv) was dissolved with DMF
(3.0 mL) and Et3N (1.0 mL). The mixture was bubbled with argon for
15 min. Bis(triphenylphosphine)palladium(II) dichloride (16.6 mg,
0.0236 mmol, 1.1 mol %) and CuI (1.7 mg, 0.0086 mmol, 0.4 mol %)
were added under an atmosphere of argon, followed by trimethylsilylacetylene (365 μL, 2.58 mmol, 1.2 equiv). The mixture was stirred
at 60 °C under argon for 4 h. The mixture was diluted with DCM and
washed with saturated aqueous ammonium chloride solution (2×) and
saturated brine. The organic phase was dried over sodium sulfate,
ﬁltered, and evaporated. The residue was puriﬁed by column
chromatography on silica gel (eluent 9:1 cyclohexane/ethyl acetate)
to aﬀord the product as a pale brown solid (395.0 mg, 83% chemical
yield). Characterizations were in accordance with those published in
Carlsson et al.23
2-Ethynyl-4-methoxypyridine. 4-Nitro-2-(trimethylsilyl)ethynyl)pyridine (375.0 mg, 1.7 mmol, 1.0 equiv) was dissolved in methanol
(30.0 mL), and potassium carbonate (247.0 mg, 1.79 mmol, 1.05
equiv) was added. The mixture was stirred at room temperature under
argon for 3 h. The mixture was diluted wih DCM and water and
extracted with DCM (2×). The combined organic phases were dried
over sodium sulfate, ﬁltered, and evaporated. The residue was puriﬁed
by column chromatography on silica gel (eluent 7:3 cyclohexane/ethyl
acetate) to aﬀord 2-ethynyl-4-methoxypyridine as a brown oil (166.0
mg, 73% chemical yield). Characterizations were in accordance with
those published in Carlsson et al.23
2-(1-Dodecyl-1H-1,2,3-triazol-4-yl)-4-methoxypyridine. 2-Ethynyl-4-methoxypyridine (21.0 mg, 0.16 mmol, 1.0 equiv) and 1azidododecane (36.0 mg, 0.17 mmol, 1.05 equiv) were dissolved in
a mixture of DCM (1.0 mL) and water (0.6 mL). Copper(II) sulfate
pentahydrate (4.0 mg, 0.016 mmol, 0.1 equiv) and sodium ascorbate
(9.0 mg, 0.048 mmol, 0.3 equiv) were added under argon, and the
mixture was stirred at room temperature for 23 h. The mixture was
diluted with DCM and water and decanted. The organic phase was
dried over sodium sulfate, ﬁltered, and evaporated. The residue was
puriﬁed by column chromatography (eluent ethyl acetate) to aﬀord 2(1-dodecyl-1H-1,2,3-triazol-4-yl)-4-methoxypyridine as a white solid
(30.3 mg, 55% chemical yield).
Rf (eluent ethyl acetate) = 0.71. 1H NMR (300 MHz, CDCl3): δ
(ppm): 8.37 (d, J = 5.8 Hz, 1H), 8.21 (s, 1H), 7.76 (d, J = 2.6 Hz,
1H), 6.78 (dd, J = 5.8, 2.6 Hz, 1H), 4.40 (t, J = 7.2 Hz, 2H), 3.94 (s,
3H), 1.94 (quint, J = 7.6 Hz, 2H), 1.51−1.10 (m, 18H), 0.86 (t, J = 6.0
Hz, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ (ppm): 166.9, 151.8,
150.0, 147.8, 122.4, 110.5, 105.3, 55.6, 50.7, 32.0, 30.4, 29.7, 29.6, 29.5,
29.45, 29.1, 26.6, 22.8, 14.2. MS (ESI+) m/z (%): 345.2652 (100) [M
+ H]+. HRMS (ESI+) calcd for C20H33N4O 345.2654, found
345.2652.
[2-(1-Dodecyl-1H-1,2,3-triazol-4-yl)-4-methoxypyridine]chlorotricarbonylrhenium(I) (5). This complex was obtained following the general procedure A starting from 2-(1-dodecyl-1H-1,2,3triazol-4-yl)-4-methoxypyridine (24 mg, 0.07 mmol, 1.0 equiv). The
residue was dried under reduced pressure and puriﬁed by column
chromatography on silica gel (eluent ethyl acetate) to yield the
product as a pale yellow solid (41.7 mg, 92% chemical yield).
1
H NMR (300 MHz, CDCl3): δ (ppm): 8.70 (d, J = 6.4 Hz, 1H),
8.41 (s, 1H), 7.35 (d, J = 2.7 Hz, 1H), 6.86 (dd, J = 6.4, 2.7 Hz, 1H),
4.39−4.23 (m, 1H), 4.14−3.98 (m, 1H), 3.91 (s, 3H), 1.93−1.82 (m,
2H), 1.46−1.16 (m, 18H), 0.87 (t, J = 7.5 Hz, 3H). 13C{1H} NMR (75
MHz, CDCl3): δ (ppm): 167.8, 153.8, 151.3, 149.1, 124.4, 113.1,
107.3, 57.4, 52.3, 32.0, 30.1, 29.7, 29.6, 29.5, 29.4, 29.0, 26.5, 22.8,
14.3. MS (ESI+) m/z (%): 673.1538 (100) [M + Na]+. HRMS (ESI
+): calcd for C23H32ClN4NaO4Re 673.1567, found 673.1538. HPLC
(80 to 100% ACN in 10 min): rt 6.15 (>95%). IR: νmax/cm−1 2019,
1885 (CO).
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diatomaceous earth was washed with Et2O (2 × 25 mL). The ﬁltrate
was washed with water (3 × 25 mL) and saturated brine (3 × 25 mL).
Combined organic phases were dried over sodium sulfate and ﬁltered,
and the solvent was removed in vacuo. The crude product was puriﬁed
by column chromatography on silica gel (eluent 7:3 cyclohexane/ethyl
acetate) to aﬀord the product as pale yellow crystals (159 mg, 42%
chemical yield).
Rf (7:3 cyclohexane/ethyl acetate) = 0.64. 1H NMR (400 MHz,
CDCl3): δ (ppm): 8.75 (d, J = 4.8 Hz, 1H), 8.66 (d, J = 8.0 Hz, 1H),
8.57 (d, J = 8.8 Hz, 1H), 8.23 (d, J = 8.8 Hz, 1H), 8.19 (d, J = 8.4 Hz,
1H), 7.92−7.84 (m, 2H), 7.74 (t, J = 7.6 Hz, 1H), 7.56 (t, J = 7.6, 1H),
7.39−7.33 (m, 1H). 13C{1H} NMR (100 MHz, CDCl3): δ (ppm):
156.2, 156.0, 149.0, 147.8, 136.8, 136.6, 129.7, 129.4, 128.1, 127.4,
126.6, 123.8, 121.7, 118.8. HRMS (ESI+): calcd for C14H11N2 ([M +
H]+) 207.0917, found 207.0194; calcd for C14H10N2Na ([M+Na+]+)
229.0736, found 229.0732.
[2-Pyridin-2-yl-quinoline]-chlorotricarbonylrhenium(I) (11). This
complex was obtained following the general procedure A starting from
2-pyridin-2-yl-quinoline (30.3 mg, 0.155 mmol, 1.0 equiv). The
residue was dried under reduced pressure and puriﬁed by column
chromatography on silica gel (eluent 5:5 cyclohexane/ethyl acetate) to
yield a bright orange solid (44.2 mg, 56% chemical yield).
Rf (eluent ethyl acetate) = 0.40. 1H NMR (300 MHz, acetone d-6):
δ (ppm): 9.29 (d, J = 5.1 Hz, 1H), 8.97−8.81 (m, 3H), 8.75 (d, J = 8.7
Hz, 1H), 8.41 (t, J = 7.6 Hz, 1H), 8.23 (d, J = 8.4 Hz, 1H), 8.13 (t, J =
8.4 Hz, 1H), 7.88 (q, J = 7.4 Hz, 2H). 13C{1H} NMR (75 MHz,
acetone d-6): δ (ppm): 159.7, 158.3, 154.1, 148.4, 142.2, 141.0, 133.6,
131.4, 130.2, 128.7, 126.7, 121.0. HRMS (ESI+): calcd for
C17H10ClN2NaO3Re ([M + Na]+) 534.9821, found 534.9807. HPLC
(50 to 100% ACN in 10 min): rt 4.19 (>95%). IR: νmax/cm−1 2015,
1891, 1860 (CO).
Crystallography. X-ray diﬀraction data were collected by using a
Kappa X8 APPEX II Bruker diﬀractometer with graphite-monochromated Mo Kα radiation (λ = 0.710 73 Å). Crystals were mounted on a
CryoLoop (Hampton Research) with Paratone-N (Hampton
Research) as cryoprotectant and then ﬂash-frozen in a nitrogen-gas
stream at 100 K. The temperature of the crystal was maintained at the
selected value (100 K) by means of a 700 series Cryostream cooling
device to within an accuracy of ±1 K. The data were corrected for
Lorentz polarization and absorption eﬀects. The structures were solved
by direct methods using SHELXS-9724 and reﬁned against F2 by fullmatrix least-squares techniques using SHELXL-9725 with anisotropic
displacement parameters for all non-hydrogen atoms. Hydrogen atoms
were located on a diﬀerence Fourier map and introduced into the
calculations as a riding model with isotropic thermal parameters. All
calculations were performed by using the Crystal structure crystallographic software package WINGX.26 Additional crystallographic
information is available in the Supporting Information.
Electrochemistry. Rotating disk and cyclic voltammetry were
performed with a classical three-electrode single compartment cell at
room temperature, using a glassy carbon disk working electrode (3
mm diameter, Origalys, France), a Pt wire counter electrode, and a
Ag/AgCl wire pseudoreference electrode. The experiments were
performed using a VSP Potentiostat (Bio-Logic, France). Fc/Fc+ (0.46
V vs saturated calomel electrode (SCE)) was used as an internal
standard. The working electrode was polished with 1200 grit and then
2400 grit SiC papers, and at the start of each experiment with 3 and
0.3 μm diamond pastes followed by extensive rinsing and sonication
with ultrapure water and ethanol. With the same set up, microelectrode voltammetry was performed using a microcarbon ﬁber
electrode (33 μm dia., IJ Cambria Scientiﬁc Ltd., U.K.) instead of the 3
mm disk electrode. IR drop was compensated to 75% using the ZIR
built-in compensation method of the Bio-Logic potentiostat. MeCN
solutions containing 0.1 M Bu4NPF6 as the supporting electrolyte were
deaerated with Ar or saturated with CO2 for at least 10 min before
cyclic voltammograms (CVs) were recorded.
Controlled-potential electrolysis experiments were performed at
room temperature in a custom-built, gas-tight two-compartment
electrochemical cell. The cathodic compartment, which contained a
ﬁtting for a 15 mm diameter glassy carbon disk working electrode, was

4-Nitro-2-(triisopropylsilyl)ethynyl)pyridine. 2-Bromo-4-nitropyridine (150.0 mg, 0.74 mmol, 1.0 equiv) was dissolved with DMF
(2.0 mL) and Et3N (0.1 mL). The mixture was bubbled with argon for
15 min. Bis(triphenylphosphine)palladium(II) dichloride (11.0 mg,
0.015 mmol, 2 mol %) and CuI (1.4 mg, 0.0071 mmol, 1 mol %) were
added under an atmosphere of argon, followed by triisopropylsilylacetylene (0.2 mL, 0.89 mmol, 1.2 equiv). The mixture was stirred at
room temperature under argon for 30 h. The mixture was ﬁltered and
evaporated to dryness, and the residue was puriﬁed by column
chromatography on silica gel (eluent 10:1 cyclohexane/ethyl acetate)
to aﬀord 4-nitro-2-(triisopropylsilyl)ethynyl)pyridine as a yellow
liquid, (99.8 mg, 44% chemical yield), which was used directly in
the next step.
2-Ethynyl-4-nitropyridine. 4-Nitro-2-(triisopropylsilyl)ethynyl)pyridine (99.8 mg, 0.33 mmol, 1.0 equiv) was dissolved in 2.0 mL
of THF and cooled at 0 °C. Tetrabutylammoniumﬂuoride, (TBAF;
0.31 mL, 0.31 mmol, 0.95 equiv, 1 M in THF) was added, and the
mixture was stirred at 0 °C under argon for 30 min. The mixture was
diluted wih water and extracted with DCM. The organic phase was
dried over sodium sulfate, ﬁltered, and evaporated. The residue was
puriﬁed by column chromatography on silica gel (eluent 7:3
cyclohexane/ethyl acetate) to aﬀord 2-ethynyl-4-nitropyridine as a
beige solid (37.2 mg, 76% chemical yield). Characterizations were in
accordance with those published in Carlsson et al.23
2-(1-Dodecyl-1H-1,2,3-triazol-4-yl)-4-nitropyridine. 2-Ethynyl-4nitropyridine (37.0 mg, 0.25 mmol, 1.0 equiv) and 1-azidododecane
(58.0 mg, 0.28 mmol, 1.05 equiv) were dissolved in a mixture of DCM
(2.0 mL) and water (1.5 mL); copper(II) sulfate pentahydrate (8.0
mg, 0.03 mmol, 0.12 equiv) and sodium ascorbate (16.0 mg, 0.08
mmol, 0.36 equiv) were added under argon, and the mixture was
stirred at room temperature for 16 h. The mixture was diluted with
DCM and water and decanted. The organic phase was dried over
sodium sulfate, ﬁltered, and evaporated. The residue was puriﬁed by
column chromatography (eluent 7:3 cyclohexane/ethyl acetate) to
aﬀord 2-(1-dodecyl-1H-1,2,3-triazol-4-yl)-4-nitropyridine (79.0 mg,
88% chemical yield.)
Rf (eluent 7:3 cyclohexane/ethyl acetate) = 0.39. 1H NMR (300
MHz, CDCl3): δ (ppm): 8.89 (d, J = 2.2 Hz, 1H), 8.85 (d, J = 5.4 Hz,
1H), 8.21 (s, 1H), 7.93 (dd, J = 5.4, 2.2 Hz, 1H), 4.45 (t, J = 7.2 Hz,
2H), 1.97 (quint, J = 7.0 Hz, 2H), 1.52−1.11 (m, 18H), 0.87 (t, J = 6.0
Hz, 3H). 13C{1H} NMR (75 MHz, CDCl3): δ (ppm): 154.9, 153.6,
151.6, 146.7, 123.0, 115.0, 113.0, 50.9, 32.0, 30.4, 29.7, 29.6, 29.5,
29.46, 29.1, 26.6, 22.8, 14.25. MS (ESI+) m/z (%): 382.2222 (100)
[M + Na]+. HRMS (ESI+) calcd for C19H29N5NaO2 382.2219, found
382.2222.
[2-(1-Dodecyl-1H-1,2,3-triazol-4-yl)-4-nitropyridine]chlorotricarbonylrhenium(I) (6). This complex was obtained following the general procedure A starting from 2-(1-dodecyl-1H-1,2,3triazol-4-yl)-4-nitropyridine (30 mg, 0.08 mmol, 1.0 equiv). The
residue was dried under reduced pressure and puriﬁed by column
chromatography on silica gel (eluent 1:1 cyclohexane/ethyl acetate) to
yield the product as an orange solid (55.5 mg, quantitative chemical
yield).
1
H NMR (300 MHz, acetone-d6): δ (ppm): 9.42 (dd, J = 6.1, 0.7
Hz, 1H), 9.39 (s, 1H), 9.00 (dd, J = 2.4, 0.7 Hz, 1H), 8.35 (dd, J = 6.1,
2.4 Hz, 1H), 4.76 (t, J = 7.2 Hz, 2H), 2.21−2.06 (m, 2H), 1.53−1.13
(m, 18H), 0.86 (t, J = 6.0 Hz, 3H). 13C{1H} NMR (75 MHz, acetoned6): δ (ppm): 156.6, 156.2, 153.3, 148.6, 127.5, 119.7, 116.6, 53.1,
32.6, 30.4, 30.2, 30.1, 30.06, 29.6, 26.9, 23.3, 14.35. MS (ESI+) m/z
(%): 688.1285 (100) [M + Na]+. HRMS (ESI+): calcd for
C22H29ClN5NaO5Re 688.1312, found 688.1285. HPLC (80 to 100%
ACN in 10 min): rt 6.03 (>95%). IR: νmax/cm−1 2023, 1897 (CO).
2-Pyridin-2-yl-quinoline. 2-Chloroquinoline (303.0 mg, 1.852
mmol, 1.0 equiv) and 2-(tributylstannyl)pyridine (600.0 μL, 1.852
mmol, 1.0 equiv) were added to degassed anhydrous DMF (3.9 mL).
The mixture was degassed with argon for 5 min, bis(triphenylphosphine)palladium(II) dichloride (130.0 mg, 0.185
mmol, 0.1 equiv) was added, and the mixture was stirred at 110 °C
for 24 h under argon. The mixture was diluted with water (20 mL) and
Et2O (20 mL) and ﬁltered over diatomaceous earth, and the
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Scheme 2. Synthesisa of Complexes 2, 3, 5, and 6

a
(i) Trimethylsilylacetylene (1.2 equiv), CuI (0.4 mol %), Pd(PPh3)Cl2 (1.1 mol %), DMF, Et3N, 60 °C, 4 h, 83%; (ii) K2CO3 (1.05 equiv), MeOH
73%; (iii) triisopropylsilylacetylene (1.2 equiv), CuI (1 mol %), Pd(PPh3)Cl2 (2 mol %), DMF, Et3N, room temperature, 30 h, 44%; (iv) TBAF
(0.95 equiv), THF, 0 °C, 76%; (v) CuSO4.5H2O (0.1 equiv), sodium ascorbate (0.2 or 0.3 equiv) 1:1 DCM/water; (vi) [Re(CO)5Cl] (1.0 equiv),
toluene, reﬂux.

separated from the anodic compartment via a glass frit of ﬁne porosity.
The counter electrode was a platinum wire gird (10 × 40 mm), and
the reference electrode was a saturated Ag/AgCl/KCl electrode that is
separated from the solution by a Vycor tip. MeCN solutions
containing 0.1 M Bu4NPF6 as the supporting electrolyte were
saturated with CO2 for at least 15 min prior to bulk electrolysis and
was stirred rigorously during the experiment. Typically, the solution
volume of the cathodic compartment was 9 mL with a headspace
volume of 50 mL.
Photochemistry. Photochemical reactions were performed using a
300 W, high-pressure Xe arc lamp (Oriel Instruments). The beam was
passed through an infrared ﬁlter, a collimating lens, and a ﬁlter holder
equipped with a 415 nm band-pass ﬁlter. Samples were prepared in a 1
cm path length quartz cuvette (Starna), which was placed in a
temperature-controlled cuvette holder (Quantum Northwest) maintained at 20 °C with a circulated water bath. For the entirety of the
study, a MeCN/triethanolamine (TEOA) mixture (5:1 v/v) was used
as the solvent. Samples containing 50 μM of Re complex (catalyst),
500 μM of [Ru(bpy)3]Cl2 (photosensitizer), and 100 mM of BIH
(electron donor) were saturated with CO2 by bubbling CO2 directly
into the solution mixture for 10 min. All samples were assayed under
an atmosphere of CO2. Control experiments in the absence of Re
complexes were also performed, and the evolution of the products was
subtracted from the experiments containing Re complexes.
Chemical Analysis. H2 and CO evolution were monitored by gas
chromatography during bulk electrolysis and photocatalysis by
periodically sampling 50 μL of the headspace. Measurements for H2
were performed by gas chromatography on a Shimadzu GC-2014
equipped with a Quadrex column, a thermal conductivity detector, and
using N2 as a carrier gas. CO was measured using a Shimadzu GC2010 Plus gas chromatography, ﬁtted with a Restek Shin Carbon
column, helium carrier gas, a methanizer, and a ﬂame ionization
detector. Gas chromatography calibration curves were made by
sampling known volumes of CO and H2 gas, respectively. Formate
concentration was determined using a Metrohm 883 Basic IC plus
ionic exchange chromatography instrument, using a Metrosep A Supp
5 column and a conductivity detector. A typical measurement consists
of sampling 200 μL of the reaction mixture, which is diluted 100-fold
in deionized 18 MΩ water, followed by a 20 μL injection into the
instrument.

numbered x, the corresponding tapy-based complex is
numbered x′. Some have already been reported and were
thus synthesized according to literature procedures.17,18 The
synthesis and characterization of the new ligands and
complexes are described in detail in the Experimental section.
The pyta-based complexes have diﬀerent alkyl and aryl
substituents at N1triazole (complexes 1−4), diﬀerently parasubstituted pyridine moieties (complexes 1, 5, 6), or diﬀerent
halide terminal ligands (X = Cl or Br) (complexes 1, 8). The
tapy-based compounds all contain a dodecyl chain at C4triazole
and diﬀerent X (Cl or Br) ligands (complexes 1′ and 8′). For
comparison we also synthesized and studied the reference
[Re(bpy)(X)(CO)3] complexes 9 and 10, with X = Cl and Br,
respectively, as well as [Re(quinpy)(Cl)(CO)3] (11), where
quinpy is a 2-(2-quinolyl)-pyridine ligand.
The ligands were synthesized following the pathways
described in Scheme 2. The pyta ligands were synthesized by
copper-catalyzed azide−alkyne cycloadditions (CuAAC) using
the corresponding azido intermediates and 2-ethynylpyridine
derivatives. The diﬀerent azido intermediates were prepared
using standard azidation conditions from the corresponding
anilines or by direct substitution of halogen-substituted
precursors.19,20 2-Ethynyl-4-nitropyridine was prepared from
2-bromo-4-nitropyridine by Sonogashira coupling with triisopropylsilylacetylene followed by triisopropylsilane (TIPS)
cleavage using TBAF (33% yield over two steps). Sonogashira
coupling with trimethylsilylacetylene aﬀorded instead the
tetramethylsilane (TMS)-protected 2-ethynyl-4-nitropyridine
in good yield (83%). Subsequent TMS deprotection by
treatment with potassium carbonate in methanol led to 2ethynyl-4-methoxypyridine as the major product (73% isolated
yield). The same reactivity was reported by Carlsson et al.23
during the course of our studies. CuAAC reactions on these
derivatives with dodecyl azide aﬀorded ligands for complexes 6
and 7. 2-Pyridin-2-yl-quinoline, the ligand of complex 11, was
synthesized in one step by modifying a previously described
Stille coupling procedure using 2-chloroquinoline and 2(tributylstannyl)pyridine.27,28 The synthesis of the new
complexes followed classical procedures by reﬂuxing the desired
ligand with rhenium pentacarbonyl chloride in toluene
(Scheme 2).
Single crystals suitable for X-ray diﬀraction were isolated in
the case of complex 3 by slow evaporation of a chloroform

RESULTS AND DISCUSSION
Synthesis of Ligands and Complexes. Scheme 1 shows
the nine [Re(pyta)(X)(CO)3] and [Re(tapy)(X)(CO)3]
complexes, as well as one [Re(quinta)(Br)(CO)3] complex
(7), where quinta is a 4-(2-quinolyl)-1,2,3-triazole ligand, which
have been investigated. When a pyta-based complex is
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CVs are shown in the Table S1 and referenced to SCE using
Fc/Fc+ (0.46 V vs SCE) as an internal standard.
Scanning toward positive potentials, a ﬁrst irreversible
oxidation is observed at ∼1.45 V vs SCE, associated with the
Re(II)/Re(I) couple, followed by a second oxidation at ∼1.9 V
vs SCE, assigned to the oxidation of the ligand.16 The redox
potential values of these features are given in Table S1. Both are
only very slightly sensitive to modiﬁcations of the ligands: as
expected, more positive values are obtained with electronwithdrawing ligands, while less positive values are obtained with
electron-donating ligands (compare 5 and 6, e.g.). Scanning
toward negative potentials, an irreversible feature is observed in
the case of Re pyta complexes. This feature has been previously
assigned to the multielectron reduction of the ligand in DCM.16
This redox process is more signiﬁcantly aﬀected by the
electronic properties of the ligands (ca. −1.65 V for 1−4;
−1.79 V for 5; −1.08 V for 6 vs SCE). The reduction peak
current displays a linear relation to the square root of the scan
rate (e.g., Figure S1 for complexes 2 and 3), indicating that the
active species are molecular in nature and that they function in
a diﬀusion-controlled regime. This reduction process was
further investigated by rotating disk and microelectrode
voltammetry on complex 2 (Figure S2). Solving the Levich−
Koutecky equation and the equation for limiting current at a
microelectrode simultaneously,32,33 the diﬀusion coeﬃcient was
found to be 1.6 × 10−5 cm2·s−1, which is comparable to related
complexes.13,34 The number of electrons for this peak was 1.3
suggesting that this feature in the CV is predominately a oneelectron process.
In agreement with tapy ligands having poorer electrondonating ability than the corresponding pyta ligands,31 the
redox features of Re tapy complexes are in general anodically
shifted with respect to their corresponding Re pyta complexes
(e.g., 1 vs 1′). In particular, the irreversible cathodic feature was
shifted up to almost 200 mV. The same remark must be applied
to the [Re(quinta)(Br)(CO)3] complex (7), which has a
cathodic feature at −1.29 V vs SCE, in agreement with the
quinta ligand being less electron-donating than the corresponding pyta ligand. Furthermore, CVs of Re tapy complexes display
an additional feature when scanning further cathodically at ca.
−1.64 V vs SCE, which is assigned to a further reduction of the
complex. In the case of 6 an additional reversible signal at −0.5
V is assigned to the reversible reduction of the nitro group.

solution of the complex. A summary of the crystal data
collection and reﬁnement parameters are listed in Table S2.
Selected interatomic bond lengths and angles are listed in Table
S3. An ORTEP diagram of complex 3 is shown in Figure 1. The

Figure 1. ORTEP plot of 3, with 50% probability thermal ellipsoids
and the atom numbering scheme. (Only one of the disordered
positions is represented by clarity).

Re(I) ion attains the usual distorted octahedral coordination
geometry with bond lengths and angles within the typical range
found for tricarbonyl rhenium complexes.13,16,17,29−31 Besides
the bidentate pyta ligand, the Re(I) ion has three carbonyl
ligands adopting the expected facial arrangement, while the
coordinated chloride occupies the other apical position. The
Re, C(27), Cl(1), and O(2) atoms are disordered over two sites
with occupancies 0.867:0.133. Compared to the structures of
related compounds,30 the dihedral angle between the triazole
cycle and the 2,4,6-tri-tert-butylphenyl ring is close to 90° and is
likely due to the steric inﬂuence of the tert-butyl groups. This
steric bulk also hinders the rotation around the triazole-phenyl
bond as reﬂected by the solution 1H NMR of 3, where the
protons of the tert-butyl groups at the 2- and 6-positions of the
phenyl ring are no longer equivalent.
Electrochemical Characterization of the Re Complexes in
the Absence of CO2. The electrochemical behavior of the
various complexes, at a concentration of 1 mM, was
investigated by cyclic voltammetry (CV) at 100 mV s−1 in
argon-saturated MeCN in the presence of Bu4NPF6 (0.1 M) as
the supporting electrolyte, using a glassy carbon electrode. All

Figure 2. CVs of 1 mM of compounds 1, 2, 3, and 1′ (left to right) in MeCN with 0.1 M Bu4NPF6 under argon or CO2 and with or without water
recorded at 0.1 V·s−1 at a glassy carbon disk electrode at room temperature.
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further. Complex 6 also did not display any catalytic activity,
because its reduction potential is too positive, due to the strong
electron-withdrawing power of the nitro substituent on the pyta
ligand. Similarly complex 7 does not show any catalytic activity
in the range of potentials studied here. Note that this is also the
case for compound 11, indicating that substituting a quinoline
moiety for a pyridine in a diimine ligand has a drastically
adverse eﬀect on the catalytic activity. Typical experiments are
shown in Figure 2, and in all cases (complexes 1−3), in the
presence of CO2, the catalytic wave is observed at a potential
more negative (−1.8 V vs SCE) than that corresponding to
ligand reduction (ca. −1.65 V vs SCE; Table 1). Interestingly

Reduction of the complexes is also observed to occur at lower
potential with X = Cl vs X = Br (compare 1 and 8).
The well-deﬁned redox events described above are observed
in the same potential range as in the CVs of the reference
[Re(bipy)(X)(CO)3] complexes 9−10. However, the reduction of the bipy ligand occurs at much less negative potentials
(ca. −1.3 V vs SCE), allowing, as in the case of Re tapy
complexes, a second reduction of the complex to occur at ca.
−1.5 V vs SCE, in agreement with previous reports.12,13 Finally,
complex 11, which has a ligand where one of the bipy pyridines
has been changed to a quinoline, displays greatly anodically
shifted features in its CV (Table S1).
Electrochemical Characterization of the Re Complexes in
the Presence of a Proton Source. For Re pyta and Re tapy
complexes, the addition of increasing amounts of water results
in more complex CVs, notably in the −1.5/−1.8 V vs SCE
region (Figure 2, Figures S3), without showing a signiﬁcant
catalytic process. In all cases the ﬁrst reduction feature occurs at
more positive potential, shifting anodically with the amount of
water. Furthermore, a new feature appears at ca. −1.8 V vs SCE
and increases in intensity upon addition of water. This change
was most prominent and resolved for 3. The titration end point
occurred at ∼4%, 6%, and 14% v/v water for 1, 2, and 3,
respectively. At saturation, the peak potential of the ﬁrst
reduction wave has shifted by ca. +150 mV in the case of 3 and
slightly less for 1 and 2. The size and shape of the new feature
at −1.8 V vs SCE are consistent with a second one-electron
process favored by the addition of water. These observations
are tentatively interpreted as reﬂecting ﬁrst a displacement of
the anionic chloride ligand by a neutral aqua ligand thus making
the complex more easily reduced (Scheme S1). The same trend
has been observed with [Re(bipy)(X)(CO)3] complexes.29,35
The irreversibility of the ﬁrst reduction wave suggests that the
aqua ligand decoordinates from the complex as is the case for
the halide analogues. Then, the singly reduced complex is
protonated, most likely at the triazolyl ligand, favoring a second
one-electron reduction. A similar process involving protonation
and electron transfer has recently been postulated for a
ruthenium polypyridyl complex containing accessible Brønsted
base sites.36 Protonation of the coordinated triazolyl ligand is
also suggested by the diﬀerent water titration end points that
were observed for complexes 1−3.
The proposed mechanism shown in Scheme S1 is also
supported by CV experiments using triﬂuoroethanol (TFE) at
increasing concentrations up to 1.2% v/v (Figure S4). While
the peak potential of the ﬁrst reduction wave has shifted only
slightly, because TFE is a poorer ligand than water, thus less
eﬃcient for chloride ligand exchange, a second reduction wave
is observed at −1.8 V vs SCE even at this low TFE
concentration. This is also consistent with protonation of the
complex, facilitating reduction, since TFE (estimated pKaMeCN
≈ 33.637) is a stronger Brønsted acid than water (pKaMeCN ≈
38−4137).
Electrochemical Characterization of the Re Complexes in
the Presence of CO2. Catalytic activity with respect to the
electroreduction of CO2 was ﬁrst evaluated using CV under
conditions described above, but in a CO2-saturated electrolyte.
A catalytic wave is observed in the case of selected Re pyta
complexes (Figure 2). In contrast, for reasons requiring further
investigations, this wave was much less intense with Re tapy
complexes (Figure 2). For this reason, we exclusively studied
the former. Furthermore, as the reduction of complex 5 occurs
at a more negative potential (−1.8 V), it was not studied

Table 1. Comparison of the Catalytic Peak Current (Ec),
Overpotential (η), and (ic/ip)2 with Proton Sources for
Selected Complexes
1
2
3
3
9

proton source (v/v)

Ec (V vs SCE)

η (mV)

(ic/ip)2

H2O (4%)
H2O (4%)
H2O (14%)
TFE (4.6%)

−1.67
−1.64
−1.69
−1.87
−1.58

690
670
640
760
570

14
15
12
176
75

the peak potential corresponds to the second reduction of the
complex in the presence of a proton source (see above).
Consistently, addition of water has a stimulating eﬀect on the
catalytic wave. As seen in Figure 2 and Figure S5, in the case of
complexes 1, 2, and 4, the catalytic peak increases upon the
addition of more water up to ∼4−5%. Further addition of water
has no further eﬀect. In contrast, maximal catalytic peak is
obtained with 14% water for complex 3 (Figure 2 and S5). In
all cases a noncatalytic prefeature shifting anodically upon the
addition of more water is observed. Thus, the reaction occurs
via two successive one-electron processes. A ﬁrst reduction,
facilitated by Cl ligand substitution with a molecule of water,
generates a one-electron reduced [Re(L)(CO)3] species, which
is not catalytic. Because of protonation of the ligand, which
facilitates further reduction, a second electron transfer to the
complex, which is required to achieve catalysis, occurs at −1.8
V vs SCE. Thus, the Re pyta complexes can accumulate two
electrons and bind CO2 to achieve a two-electron reduction of
CO2.
In Table 1 the most active compounds are compared in
terms of catalytic peak potential (Ec), overpotential (η), and
(ic/ip)2, where ic is the catalytic peak current and ip is the peak
current associated with the catalyst in the absence of substrate.
The last quantity, (ic/ip)2, is proportional to the turnover
frequency (TOF),34 thus providing a useful benchmark of the
relative TOF. These terms are potential-independent in cases
where the catalytic current is measured at its plateau value. To
calculate the overpotential we compared the standard potential
for the CO2/CO couple in MeCN (−0.89 V vs SCE)11 to the
onset potential extrapolated from the CVs, since CO is to be
the major product of the reaction (see below). Thus, Table 1
shows that, in the presence of water, complexes 1−3 have
similar TOFs and η, with 2 having the best TOF ((ic/ip)2 = 15),
while 3 has the lowest overpotential (640 mV). In comparison,
reference complex 9 is ∼5 times more eﬃcient at ∼100 mV
lower overpotential.
Controlled Potential Electrolysis. To further characterize
the catalyzed reaction, long-term controlled potential electrolysis (CPE) of CO2-saturated MeCN/water with 0.1 M
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Bu4NPF6 was performed using complexes 1−3 as well as
complex 9 as a reference catalyst. Two diﬀerent potentials were
applied: −1.75 and −1.85 V. While only CO was formed in the
case of 9, as previously reported,12,13 both CO and H2 were
detected by gas chromatography during CPE in the case of
complexes 1−3. No formate was observed by ion-exchange
chromatography. Figure S6 shows that, for all the Re pyta
complexes, the current density remained approximately
constant for 6 h under these conditions. As expected, the
current density value is dependent on the applied potential
(Figure S6). For complex 1 the current density decreases after
∼6 h, while complex 3 remains active for at least 19 h (Figure
S7). The stability of the complexes was assessed by electrochemical characterization of the solution during CPE. As shown
in Figure S8, the electrochemical signatures of the complexes
and the catalytic waves of 1 and 2 have decreased after 8 h
CPE, coupled with the appearance of a wave ∼1.5 V vs Ag/
AgCl. The origins of this feature will require further
investigations; nevertheless, its appearance suggests some
degradation of complex 1 and 2 during CPE. In contrast, the
CVs of complex 3 recorded during CPE were essentially the
same, suggesting that it is more stable than 1 and 2 under these
conditions.
Faradaic yields (FY) and TONs values for CPE are reported
in Table 2. The results show that total FY in most cases are

Figure 3. CO (●), H2 (▲) and formate (■) production during CPE
(top) at −1.75 V vs Ag/AgCl catalyzed by 1 mM of complex 3, in
CO2-saturated MeCN/H2O (86:14 v/v) with 0.1 M Bu4NPF6, using a
glassy carbon disk electrode (15 mm diameter) at room temperature;
and irradiation (bottom) catalyzed by 0.05 mM of complex 1 in CO2
saturated MeCN/TEOA (5:1 v/v) with 0.5 mM [Ru(bpy)3]Cl2
(photosensitizer) and 100 mM BIH (electron donor) using a 300
W Xe arc lamp equipped with a 415 nm ﬁlter at 20 °C.

Table 2. Controlled Potential Electrolysisa of 1, 2, 3, and 9
at Diﬀerent Potentials with Diﬀerent Proton Sources
TON
proton source
(v/v)

V vs Ag/
AgCl

t
(h)

CO

H2

CO

H2

1

H2O (4%)

2

H2O (4%)

3

H2O (14%)

−1.75
−1.85
−1.75
−1.85
−1.75

3

TFE (4.6%)

9

H2O (4%)

8
6
8
8
8
19
8
8
8
4

3.3
3.3
3.3
4.7
4.7
11.5
5.2
5.0
7.6
9.2

2.5
1.3
1.7
2.4
0.6
1.6
1.2
<0.1
0.6
<0.1

56
65
61
52
89
81
78
92
88
>99

43
26
31
27
11
11
18
<1
7
<1

−1.85
−1.75
−1.85
−1.85

The class of catalysts reported here might be interesting in that
respect, since slight modiﬁcations of the pyta ligand are
signiﬁcantly impacting the CO/H2 ratio.
Another way to modulate the CO/H2 ratio is to change the
proton source;39 thus, the reduction of CO2 by complex 3 was
also studied with the addition of TFE. Figure S9 shows the CV
of complex 3 in a CO2-saturated electrolyte with increasing
concentration of TFE. The current of the catalytic wave
increases with TFE concentration, reaching a maximum at
∼4.6% TFE with a current density of 7.3 mA cm−1. At this
concentration of TFE, the (ic/ip)2 value is about a magnitude
higher than in the case of 14% water, but the overpotential is
120 mV more negative (Table 1). CPE of CO2-saturated
MeCN/TFE with 0.1 M Bu4NPF6 was performed using
complex 3 at −1.75 and −1.85 V vs Ag/AgCl. Although the
(ic/ip)2 value derived from the CV with TFE as the proton
source is signiﬁcantly higher, CPE at the less negative potential
using 4.6% TFE or 14% water has almost the same TON (5.0
vs 4.7) for CO after 8 h (Table 2), and this can be attributed to
the higher overpotential when TFE is used. In contrast, the
TON for CO after 8 h of CPE using TFE at the more negative
potential is ∼50% higher than when water was used (7.6 vs
5.2). Moreover, at a given CPE potential when TFE is used
instead of water, a higher CO/H2 ratio is observed (Table 2),
with CPE at −1.75 V vs Ag/AgCl using TFE giving exclusively
CO at 92% FY. Finally, in the case of complex 3, no matter the
proton source, it appears that the CO/H2 can be controlled by
the CPE potential, with more H2 being consistently produced
at the more negative potential. Figure 4 summarizes the control
one can have over the activity of 3 by changing the potential
and the proton source.
Photochemistry. The photoreduction of CO2 in the
presence of 1−3 and 1,3-dimethyl-2-phenyl-2,3-dihydro-1Hbenzo[d]imidazole (BIH), as the electron donor, in MeCN/
TEOA was also assessed. Unlike the reference complexes 9 and

FY (%)

a

1 mM complexes 1−3 in CO2 saturated MeCN with 0.1 M Bu4NPF6
using a glassy carbon disk electrode (15 mm dia.) at room
temperature.

close to 100%. However, signiﬁcant diﬀerences are observed
with respect to CO/H2 ratios between the three Re pyta
complexes. While complexes 1 and 2 gave signiﬁcant amounts
of H2 (FY ≈ 25−45% and CO/H2 ≈ 1.5−3), complex 3 was
much more selective for CO (FY ≈ 80−90% and CO/H2 ≈
10), producing both gases at a steady linear rate for 19 h
(Figure 3). In comparison, besides being very selective for CO,
reference complex 9 was also more eﬃcient. Under similar CPE
conditions, complex 9 produced ∼3 times more products than
the Re pyta complexes.
However, note that systems that produce a mixture of CO
and H2, whose proportions can be controlled, have some value:
indeed a mixture of H2 and CO, also known as syngas, is an
attractive feedstock for the chemical industry.38 Coupling the
electrochemical CO2 reduction to syngas to a subsequent gasphase catalytic Fischer−Tropsch process step constitutes an
alternative strategy to produce synthetic fuels from waste CO2.
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receives an electron from another OERS to form a doubly
reduced CO2 adduct.44 A binuclear intermediate is implied by
this mechanism.45,46 The inactivity of complex 3 in the
photochemical experiments supports this proposed mechanism,
as the steric hindrance of the tri-tert-butyl phenyl moiety near
the Re active site would hamper the formation of the binuclear
intermediate.
Previous studies have also shown that [Re(bpy)
(CO)3{R2N−CH2CH2O−COO}] (where R = CH2CH2OH)
is an important adduct in photocatalytic systems using
[Re(bpy) (CO)3X] in CO2-saturated DMF/TEOA solutions
and is believed to be applicable to Re(I)-diimine complexes in
general.47 Although MeCN and not DMF is used as the solvent
in the present work, it is likely that the formation of the TEOACO2 adduct is still an important factor. Therefore, the steric
hindrance in complex 3 may also have impeded the formation
of the active TEOA-CO2 adduct and resulted in inactivity.

Figure 4. TON for CO (black) and H2 (white) after 8 h of CPE at
−1.75 V or −1.85 V vs Ag/AgCl catalyzed by 1 mM of complex 3, in
CO2 saturated MeCN with H2O (14% v/v) or TFE (4.6% v/v) with
0.1 M Bu4NPF6, using a glassy carbon disk electrode (15 mm
diameter) at room temperature.

CONCLUSION
A new series of well-characterized Re pyta and Re tapy
tricarbonyl complexes have been studied for their ability to
catalyze the electro- and photoreduction of CO2. We
speciﬁcally investigated the inﬂuences of the two isomeric
pyridyl−triazolyl ligands and of functionalizing the pyridyl and
triazolyl rings on their catalytic activity. On the one hand,
although the Re tapy derivatives (1′ and 8′) displayed similar
CV features as the reference complexes 9 and 10, they do not
show appreciable activity for the reduction of CO2. On the
other hand, for Re pyta derivatives (1−4) that display a ﬁrst
reduction wave at ∼1.7 V vs SCE, a catalytic wave is observed
in the presence of CO2. Changing the potential of this
reduction wave by the introduction of electron-donating (5, 7)
or electron-withdrawing (6) groups on the pyridyl ring results
in decreased activity. The ﬁrst reduction wave is also inﬂuenced
by the auxiliary halide ligand (1 vs 8), and from the CVs of 1−3
in the presence of water it is likely that an aqua ligand displaces
the coordinated halide. The added water also acts as a proton
source facilitating a second reduction of the complex at slightly
more negative potential. For the active complexes, addition of a
proton source also enhanced the catalytic wave that is observed
in the presence of CO2. While by no means outperforming
complex 9, the catalytic rates for complexes 1−3 in the
presence of water (4 or 14%) were only ∼5 times slower, with
∼100 mV higher overpotential. For complex 3 the addition of
4.6% TFE increases the catalytic rate by over a magnitude but
at a cost of another 100 mV overpotential. CPE experiments
using 1−3 in the presence of a proton source show that CO is
the major product of the electrocatalytic reaction, with complex
3 displaying the best stability (19 h) and selectivity for CO (up
to 92% FY). In contrast, complex 3 does not catalyze the
reduction of CO2 in photocatalytic experiments using [Ru(bpy)3]2+ as a photosensitizer, whereas complexes 1 and 2
display good activity, producing ∼13 TON of CO as the major
product over the course of 5 h. Currently, we are exploiting our
ability to dis-symmetrically furnish functional groups on the
pyta scaﬀold to (i) better understand and improve the catalytic
eﬃciency and selectivity of this new class of CO2 reduction
catalyst; and (ii) graft the catalyst onto the surface of
conductive materials for the manufacturing of solid electrodes,
the results of which will be reported in due course.

■

1040 and other mononuclear Rebpy systems,29,41 no photocatalytic activity was observed for the Re pyta complexes.
However, with the addition of [Ru(bpy)3]2+ as a photosensitizer, CO2 reduction products were readily observed for
homogeneous systems containing complexes 1 or 2. Table 3
Table 3. Photolytic CO2 Reductiona Using 1−3 as Catalysts
TOF (h−1)

TON
1
2
3

time plateau (h)

CO

H2

formate

CO

H2

formate

5
5
5

15
12
0

4
2
3

5
3
0

3.0
2.6

0.7
0.6
0.6

1.0
0.8

a

0.05 mM complexes 1−3, with 0.5 mM [Ru(bpy)3]Cl2 and 100 mM
BIH in CO2 saturated MeCN/TEOA (5:1 v/v) irradiated with a 300
W Xe arc lamp equipped with a 415 nm ﬁlter at 20 °C.

shows that upon visible light irradiation, CO, H2, and formate
are produced in the cases of 1 and 2, while only H2 is observed
for 3. Complex 1 is the most active, steadily producing CO, H2,
and formate at TOF of 3.0, 0.7, and 1.0 h−1, respectively, for up
to 5 h, after which the production levels oﬀ (Figure 3). Control
experiments in the absence of Re pyta complexes suggest
noticeable degradation or deactivation of the photosensitizer
after 5 h.
Similar to the electrochemical experiments, CO is the major
reduction product in the photochemical experiments involving
complexes 1 and 2 (CO/H2 ≈ 3.8−6). Formate is also
produced; however, these values should be considered with
caution, because [Ru(bpy)2]2+, a decomposition product of
[Ru(bpy)3]2+, can photocatalyze the reduction of CO2 to
formate,42 and a signiﬁcant amount is observed in our control
experiments. In contrast, complex 3 is inactive in the
photoreduction of CO2 even in the presence of a photosensitizer. This is surprising when considering the similarities
between the electrochemical properties of 1−3, and it provides
possible insights into the mechanism. The potential of the
[Ru(bpy)3]2+/[Ru(bpy)3]+ couple (E1/2 = −1.59 V vs SCE43) is
just negative enough to reduce complexes 1−3 by one electron
but is insuﬃcient to doubly reduce them. Therefore, the activity
that is observed for complexes 1 and 2 is likely to proceed via a
similar mechanism as [Re(bpy)(CO)3X] complexes, in which a
one-electron reduced species (OERS) reacts with CO2 and
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Gräfenstein, J.; Rissanen, K.; Erdélyi, M. Substituent Effects on the
[N−I−N] + Halogen Bond. J. Am. Chem. Soc. 2016, 138 (31), 9853−
9863.
(24) Sheldrick, G. M. SHELXS-97, Program for Crystal Structure
Solution; University of Göttingen: Göttingen, Germany, 1997.
(25) Sheldrick, G. M. SHELXL-97, Program for the Reﬁnement of
Crystal Structures from Diﬀraction Data; University of Göttingen:
Göttingen, Germany, 1997.
(26) Farrugia, L. J. Suite for Small-Molecule Single-Crystal
Crystallography. J. Appl. Crystallogr. 1999, 32 (4), 837−838.

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorgchem.6b03078.
X-ray crystallographic information (CIF)
Proposed reduction mechanism, CVs, illustrated structures, selected potentials, tabulated crystallographic data
and structure reﬁnement details, selected experimental
bond lengths and angles, plots of current densit as a
function of time, photo of experimental setup with parts
labeled (PDF)

■

AUTHOR INFORMATION

Corresponding Authors

*E-mail: clotilde.policar@ens.fr. (C.P.)
*E-mail: fethi.bedioui@chimie-paristech.fr. (F.B.)
*E-mail: marc.fontecave@college-de-france.fr. (M.F.)
ORCID

Clotilde Policar: 0000-0003-0255-1650
Marc Fontecave: 0000-0002-8016-4747
Notes

The authors declare no competing ﬁnancial interest.
CCDC 1518528 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via http://
www.ccdc.cam.ac.uk/Community/Requestastructure.

ACKNOWLEDGMENTS
We acknowledge PSL Research University (“PSL-Chimie”
Project CATACARB under the Framework Agreement ANR10-IDEX-0001-02) for funding. The China Scholarship Council
for a CSC scholarship for M.H. The authors would like to
thank Dr. P. Simon (College de France) for assistance with gas
and ion chromatography, and Dr. V. Mougel (College de
France), Dr. Maria Gomez-Mingot (College de France), and T.
Forgeron (College de France) for fruitful discussions.

■

■

REFERENCES

(1) Rakowski Dubois, M.; Dubois, D. L. Development of Molecular
Electrocatalysts for CO 2 Reduction and H 2 Production/Oxidation.
Acc. Chem. Res. 2009, 42 (12), 1974−1982.
(2) Morris, A. J.; Meyer, G. J.; Fujita, E. Molecular Approaches to the
Photocatalytic Reduction of Carbon Dioxide for Solar Fuels. Acc.
Chem. Res. 2009, 42 (12), 1983−1994.
(3) Benson, E. E.; Kubiak, C. P.; Sathrum, A. J.; Smieja, J. M.
Electrocatalytic and Homogeneous Approaches to Conversion of CO2
to Liquid Fuels. Chem. Soc. Rev. 2009, 38 (1), 89−99.
(4) Qiao, J.; Liu, Y.; Hong, F.; Zhang, J. A Review of Catalysts for the
Electroreduction of Carbon Dioxide to Produce Low-Carbon Fuels.
Chem. Soc. Rev. 2014, 43 (2), 631−675.
(5) Rodrigues, N. P.; Obirai, J.; Nyokong, T.; Bedioui, F.
Electropolymerized Pyrrole-Substituted Manganese Phthalocyanine
Films for the Electroassisted Biomimetic Catalytic Reduction of
Molecular Oxygen. Electroanalysis 2005, 17 (2), 186−190.
(6) Harrison, D. P.; Lapides, A. M.; Binstead, R. A.; Concepcion, J. J.;
Méndez, M. A.; Torelli, D. A.; Templeton, J. L.; Meyer, T. J.
Coordination Chemistry of Single-Site Catalyst Precursors in
Reductively Electropolymerized Vinylbipyridine Films. Inorg. Chem.
2013, 52 (9), 4747−4749.
(7) Blakemore, J. D.; Gupta, A.; Warren, J. J.; Brunschwig, B. S.;
Gray, H. B. Noncovalent Immobilization of Electrocatalysts on Carbon
2975

DOI: 10.1021/acs.inorgchem.6b03078
Inorg. Chem. 2017, 56, 2966−2976

Inorganic Chemistry

Article

(27) Tsuboyama, A.; Okada, S.; Takiguchi, T.; Suzuki, K.; Miura, S.;
Moriyama, T.; Igawa, S.; Kamatani, J.; Furugori, M.; Iwawaki, H.
Electroluminescent Device Using Metal Coordination Compound. US
2004/0013905 A1, Jan. 22, 2004.
(28) Combs, A. P.; Sparks, R. B.; Maduskuie, T. P., Jr.; Rodgers, J. D.
Tricyclic Heterocycles as BET Protein Inhibitors. WO2014/143768
A1, Sept 18, 2014.
(29) Kurz, P.; Probst, B.; Spingler, B.; Alberto, R. Ligand Variations
in [ReX(diimine) (CO)3] Complexes: Effects on Photocatalytic CO2
Reduction. Eur. J. Inorg. Chem. 2006, 2006 (15), 2966−2974.
(30) Wolff, M.; Munoz, L.; François, A.; Carrayon, C.; Seridi, A.;
Saffon, N.; Picard, C.; Machura, B.; Benoist, E. Tricarbonylrhenium
Complexes from 2-Pyridyl-1,2,3-Triazole Ligands Bearing a 4Substituted Phenyl Arm: A Combined Experimental and Theoretical
Study. Dalton Trans. 2013, 42 (19), 7019−7031.
(31) Lo, W. K. C.; Huff, G. S.; Cubanski, J. R.; Kennedy, A. D. W.;
McAdam, C. J.; McMorran, D. A.; Gordon, K. C.; Crowley, J. D.
Comparison of Inverse and Regular 2-Pyridyl-1,2,3-triazole “click”
Complexes: Structures, Stability, Electrochemical, and Photophysical
Properties. Inorg. Chem. 2015, 54 (4), 1572−1587.
(32) Bard, A. J.; Faulkner, L. R. Electrochemical Methods, 2nd ed.;
John Wiley & Sons, Ltd, 2001.
(33) Baur, J. E.; Wightman, R. M. Diffusion Coefficients Determined
with Microelectrodes. J. Electroanal. Chem. Interfacial Electrochem.
1991, 305 (1), 73−81.
(34) Smieja, J. M.; Sampson, M. D.; Grice, K. A.; Benson, E. E.;
Froehlich, J. D.; Kubiak, C. P. Manganese as a Substitute for Rhenium
in CO2 Reduction Catalysts: The Importance of Acids. Inorg. Chem.
2013, 52 (5), 2484−2491.
(35) Johnson, F. P. A.; George, M. W.; Hartl, F.; Turner, J. J.
Electrocatalytic Reduction of CO 2 Using the Complexes [Re(bpy)
(CO) 3 L] N (N = + 1, L = P(OEt) 3, CH 3 CN; N = 0, L = Cl -, Otf
-; Bpy = 2,2′-Bipyridine; Otf - = CF 3 SO 3) as Catalyst Precursors:
Infrared Spectroelectrochemical Investigation. Organometallics 1996,
15 (15), 3374−3387.
(36) Saravanan, K.; Keith, J. A. Standard Redox Potentials, pK a S,
and Hydricities of Inorganic Complexes under Electrochemical
Conditions and Implications for CO 2 Reduction. Dalt. Trans 2016,
45 (39), 15336−15341.
(37) Felton, G. A. N.; Vannucci, A. K.; Okumura, N.; Lockett, L. T.;
Evans, D. H.; Glass, R. S.; Lichtenberger, D. L. Hydrogen Generation
from Weak Acids: Electrochemical and Computational Studies in the
[(η 5 -C 5 H 5)Fe(CO) 2 ] 2 System. Organometallics 2008, 27 (18),
4671−4679.
(38) Foit, S.; Eichel, R.-A.; Vinke, I. C.; de Haart, L. G. J. Power-toSyngas - an Enabling Technology for the Transition of the Energy
System? Production of Tailored Synfuels and Chemicals Using
Renewably Generated Electricity. Angew. Chem., Int. Ed. 2016, 1
DOI: 10.1002/anie.201607552.
(39) Liyanage, N. P.; Dulaney, H. A.; Huckaba, A. J.; Jurss, J. W.;
Delcamp, J. H. Electrocatalytic Reduction of CO 2 to CO With RePyridyl-NHCs: Proton Source Influence on Rates and Product
Selectivities. Inorg. Chem. 2016, 55 (12), 6085−6094.
(40) Hawecker, J.; Lehn, J.-M.; Ziessel, R. Efficient Photochemical
Reduction of CO 2 to CO by Visible Light Irradiation of Systems
Containing Re(bipy) (CO) 3 X or Ru(bipy) 3 2+ − Co 2+
Combinations as Homogeneous Catalysts. J. Chem. Soc., Chem.
Commun. 1983, No. 9, 536−538.
(41) Hori, H.; Ishitani, O.; Koike, K.; Johnson, F. P. A.; Ibusuki, T.
Efficient Carbon Dioxide Photoreduction by Novel Metal Complexes
and Its Reaction Mechanisms. Energy Convers. Manage. 1995, 36 (6−
9), 621−624.
(42) Hawecker, J.; Lehn, J.-M.; Ziessel, R. Photochemical Reduction
of Carbon Dioxide to Formate Mediated by Ruthenium Bipyridine
Complexes as Homogeneous Catalysts. J. Chem. Soc., Chem. Commun.
1985, 20 (2), 56.
(43) Juris, A.; Balzani, V.; Belser, P.; von Zelewsky, A. Characterization of the Excited State Properties of Some New Photosensitizers

of the Ruthenium (Polypyridine) Family. Helv. Chim. Acta 1981, 64
(7), 2175−2182.
(44) Takeda, H.; Koike, K.; Inoue, H.; Ishitani, O. Development of
an Efficient Photocatalytic System for CO 2 Reduction Using
Rhenium(I) Complexes Based on Mechanistic Studies. J. Am. Chem.
Soc. 2008, 130 (6), 2023−2031.
(45) Gibson, D. H.; Yin, X. Synthesis and Reactions of Fac
-Re(dmbpy) (CO) 3 X (Dmbpy = 4,4′-Dimethyl-2,2′-Bipyridyl; X =
COOH, COOMe, H, OH, and OCHO). J. Am. Chem. Soc. 1998, 120
(43), 11200−11201.
(46) Hayashi, Y.; Kita, S.; Brunschwig, B. S.; Fujita, E. Involvement of
a Binuclear Species with the Re−C(O)O−Re Moiety in CO 2
Reduction Catalyzed by Tricarbonyl Rhenium(I) Complexes with
Diimine Ligands: Strikingly Slow Formation of the Re−Re and Re−
C(O)O−Re Species from Re(dmb) (CO) 3 S (Dmb = 4,4′-Dimethyl2. J. Am. Chem. Soc. 2003, 125 (39), 11976−11987.
(47) Morimoto, T.; Nakajima, T.; Sawa, S.; Nakanishi, R.; Imori, D.;
Ishitani, O. CO 2 Capture by a Rhenium(I) Complex with the Aid of
Triethanolamine. J. Am. Chem. Soc. 2013, 135 (45), 16825−16828.

2976

DOI: 10.1021/acs.inorgchem.6b03078
Inorg. Chem. 2017, 56, 2966−2976

ChemComm

Published on 21 April 2017. Downloaded by Universite Pierre et Marie Curie on 03/05/2017 17:19:12.

COMMUNICATION

Cite this: Chem. Commun., 2017,
53, 5040

View Article Online
View Journal | View Issue

Ruthenium–cobalt dinuclear complexes as
photocatalysts for CO2 reduction†
X. Wang,a V. Goudy,b G. Genesio,b J. Maynadié,b D. Meyerb and M. Fontecave
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A series of Ru–Co dinuclear complexes have been synthesized and
assayed as photocatalysts for the reduction of CO2 to CO in organic
solvents. The Ru–Co complexes, with tris-diimine coordination at
the Co ion, are the best supramolecular photocatalysts for CO2
reduction with a non-noble metal catalytic center reported so far.

Molecular photocatalytic systems for carbon dioxide reduction have
been studied as a strategy to develop new technologies for storing
solar energy in the form of carbon-based fuels.1–3 Inspired by
natural photosynthesis, these systems generally combine a photosensitizer absorbing in the visible region of the solar spectrum and
mediating electron transfer, a catalyst required to facilitate the
kinetically limited multi-electron multi-proton processes, and a
sacrificial electron donor providing electrons (Scheme 1).4 It has
been well established that supramolecular photosystems, in which
the photosensitizing unit and the catalyst unit are covalently
attached to each other, in general display higher efficiency and
larger stability.5–9 The most efficient and selective supramolecular
systems so far are bimetallic as those developed by Ishitani and
co-workers, which contain a Ru(diimine)-based photosensitizing unit

Scheme 1 Schematic reaction mechanism for photolytic CO2 reduction
reaction.
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and a Re(diimine)(CO)- or Ru(diimine)(CO)-based catalyst.5,10–16
Using 1-benzyl-1,4-dihydronicotinamide (BNAH)17 or 1,3-dimethyl2-phenyl-2,3-dihydro-1H-benzo[d]-imidazole (BIH)18 as an electron
donor, the Re–Ru systems provide in organic solvents several
thousands of turnover numbers (TONs) of CO while the Ru–Ru
systems produce several hundreds of TONs of formic acid.19
Intriguingly very few such supramolecular systems have been
designed using a catalytic unit based on a non-noble metal. To
our knowledge, very few reports in the 90s described such Ru–M
dinuclear complexes, where M is a non-noble metal. The first
example used a Ni(II)(cyclam) complex covalently attached
to [Ru(bpy)3]2+ (bpy = bipyridine) or [Ru(phen)3]2+ (phen =
1,10-phenanthroline), and assayed in CO2-saturated aqueous
solutions in the presence of ascorbate as the sacrificial electron
donor.20–22 The second one used a [M(phen)(bpy)2] complex
(M = Co(III) or Ni(II)) in which the phen ligand is attached to
the phen ligand of [Ru(phen)(bpy)2]2+ via an alkyl chain, and
assayed in a CO2-saturated DMF/H2O/TEOA (TEOA = triethanolamine, as the sacrificial electron donor) solvent.23 However,
these systems catalyze the photoreduction of CO2 to CO
(together with H2) very inefficiently (TONs o 3 for CO production). Nevertheless, in terms of stability and selectivity (CO/H2
ratio), these systems are slightly superior to the reference
systems based on separate photosensitizing and catalytic units.
Considering the importance of such systems and the scarcity
of information regarding their potential activity as photocatalysts,
we have recently synthesized new dinuclear Ru–Co complexes and
explored their catalytic activity for CO2 photoreduction, since the
combination of [Ru(diimine)3]2+ as the photosensitizer and a
cobalt-diimine complex has been shown to be effective.24 Here
we report the synthesis and the characterization of these original
compounds, and their catalytic activity regarding light-dependent
conversion of CO2 to CO.
The structures of five dinuclear Ru–Co complexes and one
Ru–Ru complex containing aromatic linkers and various diimine
ligands in both Ru and Co moieties are displayed in Scheme 2.
The Ru–Co complexes differ from each other with respect to (i) the
Co coordination sphere (compare 1 and 2 or 3 and 4); (ii) the
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Scheme 2

Schematic representation of the dinuclear complexes.

Ru coordination sphere (compare 1 and 3 or 2 and 4); and
(iii) the linker between Ru and Co units (compare 1 and 5). The
Ru–Ru complex 6 compares well with complex 5 as both
complexes have the same linker and the Co and Ru centers
have comparable tris-diimine coordination.
Synthesis was based on the formation of an imidazole ring
through a Steck–Day condensation.25 The Ru-based compounds
were obtained with good yields as previously described. Further
complexation of the Co-based units with the phenanthroline free
moiety was achieved in refluxing methanol during 12 hours (see
the ESI†). Compounds 1–6 were fully characterized by elemental
analysis, UV-visible, NMR (for the Ru compounds), ESI-MS
spectroscopy, fluorescence spectroscopy as well as cyclic voltammetry. All data are available in the ESI.† The ESI-MS spectra of
the ruthenium–cobalt complexes exhibit the expected molecular
ions centred at (M3+/3). The observed peaks fit well to the
simulated isotopic patterns for all studied complexes (Fig. S1–S6,
ESI†). Moreover, a Ru/Co molar ratio of 1/1 was determined by ICPAES for all hetero-bimetallic species after full digestion in a 2 M
HNO3 solution. In the UV-visible spectra, all the compounds
exhibit a broad MLCT band around 450 nm, characteristic of
polypyridyl Ru-based moieties and similar to those observed from
mononuclear Ru-based analogues (Fig. S7–S9, ESI†).23,25 The
complexation of Co units induces only slight modifications in
the spectral region between 300 and 400 nm corresponding to
electronic transitions centred on the bridging ligand. The stability
of the hetero-bimetallic complexes was confirmed by the lack of
signals around 700 nm, characteristic of free Co units. Emission
spectra and luminescence lifetime decay profiles were recorded in
deaerated acetonitrile. In all emission spectra, an intense broad
emission band was observed with the maxima at around 605 nm
(Fig. S10–S15, ESI†). By comparison with the emission spectra of
[Ru(bpy)3]2+ and related complexes, this band is assigned to an
emission from the 3MLCT excited state.27 For all studied compounds, a single exponential fitting to the decay profiles was found
satisfactorily from w2 and the residual (Fig. S16–S21, ESI†). All
Ru–Co bimetallic complexes exhibit high luminescence lifetimes
(647 ns o t o 813 ns), however shorter than those of the Ru–Ru
bimetallic compound 6 (t = 980 ns) and mononuclear Ru
analogues.26 This is likely related to a quenching mechanism
due to an electronic correlation between Ru and Co centres.
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Moreover, comparison of compounds 1–4 shows that both the
coordination environment of the Co centre and the substitution
on the bipyridine ancillary ligands have an impact on the
luminescence lifetime. All cyclic voltammograms display a
quasi-reversible process at positive potentials at around 1 V versus
non-aqueous Ag/AgCl assigned to the redox couple RuIII/RuII
(Fig. S22–S27, ESI†). Compared with the corresponding mononuclear Ru-based analogues, the bimetallic complexes are slightly
more prone to oxidation due to the fact that the charge transfer
from the metal to the p-acceptor orbitals of the bridging ligand is
shared between two metallic centres. The electron-donating character of the methyl fragment attached to the bipyridine moieties
induces a cathodic shift (DE1/2 E 50 mV) of the RuIII/RuII potential
(compare complexes 3 and 4). At negative potentials, CVs displayed
more complex processes which were difficult to clearly assign. The
first reduction process is likely assigned to the bridging ligand
reduction. By comparison with similar compounds, the other
signals correspond to reduction processes related to bipyridine,
phenanthroline or terpyridine moieties.28
Standard assays for CO2 photoreduction were carried out using
a concentration of 0.1 mM of the complex in a CO2-saturated ACN/
TEOA (5 : 1, v : v) solvent mixture in the presence of 100 mM BIH as
the electron donor. BNAH was also tested as a sacrificial reductant
but proved about 20 times less efficient and was not used anymore. Finally no activity could be observed in the absence of BIH.
The reaction started immediately upon illumination (l 4 415 nm)
of the reaction mixture. Product formation was monitored during
the course of the reaction by gas chromatography (for CO and H2)
as well as by ion-exchange chromatography (for formic acid). A
typical experiment is shown in Fig. 1, which presents the timedependent formation of CO, H2 and formic acid using complex 1
as the photocatalyst. Fig. 1 shows a parallel sustained formation of
CO and H2 for about 8 hours which subsequently leveled off as a
consequence of deactivation/decomposition of the photocatalyst,
as observed generally in these kinds of molecular systems. The
reaction is catalyst- and light-dependent since no CO and H2 could
be detected when the same reaction was carried out in the absence
of complex 1 or in the dark. The same observations were made
when these controls were carried out for all the other complexes
tested here. Furthermore, in all cases, the addition of mercury had
no effect on the reaction products, thus ruling out the involvement
of metal nanoparticles as catalysts during the reaction.

Fig. 1 CO (dot), H2 (square) and formate (triangle) evolution catalyzed by a
0.1 mM solution of complex 1 in the presence of 100 mM BIH as an electron
donor in a CO2-saturated ACN/TEOA (5 : 1, v : v) solvent mixture upon
irradiation using a 300 W Xe arc lamp equipped with a 415 nm filter at 20 1C.
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The production of formic acid in this reaction deserves a
specific attention. Indeed, it is well established that tris-diimine
Ru complexes can decompose into bis-diimine Ru complexes
which are good catalysts for CO2 reduction to formic acid.29 As
shown below, we confirmed this point by the study of complex 6.
In fact, not only in the case of 1 (Fig. 1), but also in the case of
the other complexes (2–5), the same amount of formic acid
(about 4–6 TONs) was formed after 8 hours of reaction. The fact
that comparable amounts of formic acid were also obtained
under dark conditions suggests the presence of small amounts
of bis-diimine Ru impurities. Finally as shown in Fig. 1, a lag
phase is observed before any formic acid can be detected. As a
consequence, we believe that the amount of formic acid observed
in these reactions is not associated with the CO2 reduction
catalyzed by the Ru–Co dinuclear complex itself. Instead formic
acid formation is likely due to the presence of increasing amounts
of Ru-diimine species, derived from the degradation of the
dinuclear complex during the reaction as previously observed29
and as shown below (Fig. S30, ESI†).
The results obtained with the various complexes are shown
in Table 1. The following parameters allow the comparison of
their performances: (i) tinact, the time after which the photocatalyst is inactivated; (ii) TONs, the total turnover numbers
before photocatalyst inactivation; (iii) selectivity, measured via
the CO/H2 ratio; and (iv) TOFs, the initial turnover frequencies.
From these data we observe that the best systems are obtained
using a catalytic unit in which the Co center is coordinated by
three diimine ligands, such as complexes 1, 3 and 5, with TON
values of about 50–70 for CO after 8 hours of reaction and TOF
values of about 6.4–7 h!1. It is likely that during the reaction a
diimine ligand on the Co center is released to generate accessible coordination sites and to allow the catalysis. CO in these
cases was the major product but H2 was also formed with the
selectivity ratio of CO/H2 varying significantly (1: 3.9; 3: 6.8;
5: 1.8). Interestingly, when the aromatic linker is a tBu-phenol,
complex 5, slightly greater stability was observed as compared
to complexes 1 and 3 with a phenyl linker, since CO and
H2 formation was observed still after 16 hours of reaction
(TONCO = 70 and TONH2 = 39) and the lag phase for formic acid
formation was much longer (5 h) (Fig. S28, ESI†). In contrast,
Table 1

when the Co center is penta-coordinated with a terpyridine
ligand, as in complexes 2 and 4, a poor catalytic efficiency was
observed (Table 1).
In order to evaluate whether the supramolecular assembly
provides any advantage, we compared the catalytic activity of
dinuclear complex 1 to the reference system consisting of the
combination of [Ru(bpy)3]2+ as the photosensitizer and [Co(phen)3]2+
as the catalyst in stoichiometric proportions. The same reaction was
assayed under the conditions described above. While this system
gave larger TOF values, it proved much less selective (CO/H2 = 1.2)
and also less stable as the reaction stopped after about one hour
(Table 1 and Fig. S29, ESI†). The absence of the lag phase for formic
acid also in this case indicates a much faster decomposition of the
photosensitizer (Fig. S29, ESI†).
As expected, the major reaction product using complex 6 as the
photocatalyst was formic acid (TON = 39 after 16 h of reaction),
but this system also produced CO and H2 (Table 1 and Fig. 2).
Catalysis is likely to occur via the conversion of tris-diimine Ru
units to bis-diimine units. However, limited stability is observed
since the formation of reaction products, specifically CO and H2,
leveled off after about 5 hours. The parallel results obtained with
the reference system consist of the combination of [Ru(bpy)3]2+ as
the photosensitizer and Ru(bpy)2Cl2 as the catalyst in stoichiometric proportions. In this case, formic acid was also the major
product (TON = 200 after 8 hours of reaction), but CO and H2 were
also formed (TONCO = 92 and TONH2 = 29), and the reaction
stopped after 8 hours (Fig. S30, ESI†). Complex 6 displays
performance that compares well with those of previously reported
Ru–Ru dinuclear photocatalysts.19
While the catalytic efficiencies of Ru–Co complexes 1–5 are
still below those obtained with the reference dinuclear Ru–Re
photocatalysts, these complexes (described here) are the most
active supramolecular systems containing a non-noble metal
catalytic center for CO2 photoreduction into a mixture of CO
and H2 reported so far, especially with complexes 1, 3 and 5
displaying the best performances in terms of TOFs and stability.
In the case of the Ru–Re complexes, O. Ishitani and coworkers
nicely showed that the highest activities were obtained when
the metal units were connected by alkyl chains, and not when
they were electronically conjugated.5,10 This might be a further
direction for improving the activity of the Ru–Co complexes

Results of photolytic CO2 reductiona

TOF values (h!1)
Selectivity
Formate CO/H2
CO H2
Formate

TON values
Entry

tinact (h) CO H2

1
8
2
8
3
8
4
8
5
16
6
8
Co/Ru 2
Ru/Ru 8

51
14
54
2
70
13
29
92

13
6
8
1
39
11
25
29

—b
—b
—b
—b
—b
36
—b
200

3.9
2.3
6.8
2.0
1.8
1.2

a

6.4 2
—b
1.8 0.7 —b
7
1
—b
0.5 0.3 —b
6.5 3.1 —b
2.4 2.3 7.1
14.4 10.1 —b
16.5 7.8 46

0.1 mM solution of complexes in the presence of 100 mM BIH as an
electron donor in a CO2-saturated ACN/TEOA (5 : 1, v : v) solvent mixture
upon irradiation using a 300 W Xe arc lamp equipped with a 415 nm
filter at 20 1C. b The small amounts of formate produced during the
reaction correspond to those formed in blank experiments.
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Fig. 2 CO (dot), H2 (square) and formate (triangle) evolution catalyzed by
a 0.1 mM solution of complex 6 in the presence of 100 mM BIH as an
electron donor in a CO2-saturated ACN/TEOA (5 : 1, v : v) solvent mixture
upon irradiation using a 300 W Xe arc lamp equipped with a 415 nm filter
at 20 1C.
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since here the metal centers are electronically connected. However, it is less clear in that case since the only previous report of a
Ru–Co complex dealt with a system in which the metal centers
were connected via an alkyl chain and which gave a much lower
activity than those reported here.23 On the other hand, one must
be very careful in benchmarking the few comparable systems
described in the literature, since in general they were investigated
under different reaction conditions. In particular, it is likely that
using BIH as a reducing agent has a stimulating effect in our case.
Nevertheless, the results of this study show that these systems are
very sensitive to small variations of the structure of the linker as
well as, obviously, of the coordination sphere of the metal ions,
thus opening the possibility of further optimization of this class of
photocatalysts. In particular, a major drawback of these systems is
their instability, including the Ru-based photosensitizing unit,
which is responsible for the unspecific formation of formic acid.
Different inorganic and organic photosensitizers also should be
coupled to Co catalytic units.
We acknowledge support from PSL Research University as
well as Fondation de l’Orangerie for individual Philanthropy and
its donors. This work was supported by the French National
Research Agency (ANR, Carbiored ANR-12-BS07-0024-03) and the
CEA/DEN/DISN/RSTB program.
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Site-isolated manganese carbonyl on bipyridinefunctionalities of periodic mesoporous
organosilicas: eﬃcient CO2 photoreduction and
detection of key reaction intermediates†
Xia Wang,a Indre Thiel,b Alexey Fedorov,
Victor Mougel *a and Marc Fontecave*a

b

Christophe Copéret,

b

Well-deﬁned and fully characterized supported CO2 reduction catalysts are developed through the
immobilization of an earth abundant Mn complex on bpy-PMO (bpy ¼ bipyridine; PMO ¼ Periodic
Mesoporous Organosilica) platform materials. The resulting isolated Mn-carbonyl centers coordinated to
bipyridine functionalities of bpy-PMO catalyze the photoreduction of CO2 into CO and HCOOH with up
to ca. 720 TON in the presence of BIH (1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole), used as
the electron donor. A broad range of photochemical conditions (varying solvents, sacriﬁcial electron
donors, photosensitizer type and concentration, catalyst loading as well as the Mn loading within the
Received 11th August 2017
Accepted 8th October 2017
DOI: 10.1039/c7sc03512h
rsc.li/chemical-science

PMO) are investigated, demonstrating high activity even for simple organic dyes and Zn-porphyrin as
photosensitizers. Spectroscopic and catalytic data also indicate that site isolation of the Mn complex in
the PMO framework probably inhibits bimolecular processes such as dimerisation and disproportionation
and thus allows the spectroscopic observation of key reaction intermediates, namely the two meridional
isomers of the carbonyl complexes and the bipyridine radical anion species.

Introduction
Sunlight-driven conversion of carbon dioxide into carbon-based
energy carriers is a highly attractive approach currently envisioned as an alternative to using non-renewable fossil fuels.1,2 A
large number of molecular catalysts have been investigated for
CO2 photoreduction, for instance the cationic [Re(bpy)(CO)3]+
and [Ru(bpy)2(CO)2]2+ systems, yielding mainly carbon
monoxide and formic acid, respectively.3,4 Although these
catalysts exhibit reasonable eﬃciencies with up to 20 and close
to 400 productive turnover numbers (TON), their further
development is limited by the scarcity and price of the precious
metals used. In this context, earth-abundant metal complexes
such as [Mn(bpy)(CO)3]+, an analogue of [Re(bpy)(CO)3]+, have
been recently studied as catalysts for both electro- and photocatalytic CO2 reduction: while electrocatalytic CO2 reduction
using [Mn(bpy)(CO)3]+ yields CO as the only product with
quantitative faradaic yields,5 this catalyst also aﬀords formic

a
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† Electronic supplementary information (ESI) available: Detailed characterization
of the material and photolytic experiments. See DOI: 10.1039/c7sc03512h

8204 | Chem. Sci., 2017, 8, 8204–8213

acid under photocatalytic conditions.6 The diﬀerence in
product selectivity between electro- and photocatalysis is
explained by the formation of distinct catalytically active
species. In electrolysis, the dimer [Mn(bpy)(CO)3]2, formed aer
the one-electron reduction of the starting [Mn(bpy)(CO)3]Br
complex, is further reduced at a more negative potential to
[Mn(bpy)(CO)3]", which then reacts with CO2 to give CO and
regenerate the dimeric complex.5,7 Under photocatalytic conditions, this reaction competes with the light-induced homolysis
of the Mn–Mn bond of the dimeric species, aﬀording a putative
monomeric [Mn(bpy)(CO)3]c radical species.6 The latter,
predominant at the steady state under photocatalytic reaction
conditions, has been proposed to catalytically reduce CO2 to
formic acid, presumably via an H atom abstraction and
formation of a transient Mn–H hydride intermediate. Interestingly, formation of the Mn–Mn dimer can be prevented using
diimine ligands bearing bulky substituents or by substituting
the halide ligand with strongly coordinating anions such as
cyanide.8–11 In these cases, the radical species formed upon oneelectron reduction does not dimerize but instead readily
disproportionates to generate the doubly reduced species
[Mn(L)(CO)3]" (L is a diimine ligand). This mechanism lowers
the overpotential required for CO2 electroreduction.8,9 In addition, the stability of the radical species can be controlled by the
solvent, and selectivity of the reaction can be tuned under
photocatalytic conditions; for instance, formate is the major
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product in N,N-DMF (DMF coordination stabilizes the singly
reduced radical species) while CO is the main product in
MeCN.10
In that context, immobilisation of Mn carbonyl catalysts
has been investigated, improving the robustness, reprocessing
and recyclability of the catalysts, by using TiO2 12 and Metal–
Organic Frameworks (MOFs)13 as supports. Periodic Mesoporous Organosilicas (PMOs) is an alternative class of highly
stable organosilica support materials with high surface area
and organic functionalities uniformly distributed within the
pores and the walls of the silica matrix.14–16 Recent eﬀort
towards the immobilization of molecular complexes have
shown that such materials constitute ideal platform towards
robust molecularly-dened heterogeneous catalysts,17,18
including for the photoreduction of CO2 with Re- and Rubased PMO materials.19,20
We thus reasoned that PMOs having bipyridine ligands
would be particularly suitable for the immobilisation of Mn
carbonyl catalysts, by providing a robust matrix with uniformlydistributed21 well-dened metal sites. The formation of isolated
metal sites in molecularly dened environment would combine
the advantages of molecular and heterogeneous catalyst, i.e.
high activity and selectivity of molecular catalysts and stability
of heterogeneous catalysts by preventing bimolecular deactivation pathways.22,23
Herein, we report the synthesis, characterisation and photocatalytic CO2 reduction activity of bipyridyl PMO materials
containing earth-abundant [Mn(bpyPMO)(CO)3Br] active sites.
Exploring a large set of conditions (type and concentration of
photosensitizer, sacricial electron donors, solvents and metal
site density) helps to demonstrate the high catalytic activity of
this tailored catalyst, which can reach ca. 720 cumulated turnovers in CO and HCOOH. The site isolation provided by the
PMO support also results in opening an original reaction path
necessitating two successive one electron transfer steps. The
potential necessary to doubly reduce Mn centers is hence lowered, and in situ generated strong reducing agents are required
to enable catalytic activity. Furthermore, the high stability of
this catalyst enables detecting highly reactive intermediates
generated upon photo-irradiation, namely the meridional
isomers and the bipyridine radical anion species, thereby
providing insight about the reaction mechanism of the photoreduction of CO2.

Results and discussion
Synthesis and characterization of Mn@bpy-PMO materials
The mesoporous bipyridine-containing PMO (bpy-PMO) was
synthesized by hydrolysis and condensation of 5,50 -bis
(triisopropoxysilyl)-2,20 -bipyridine in the presence of a trimethylstearylammonium surfactant. The porous structure of the
material was conrmed by transmission electron microscopy
(TEM) and nitrogen adsorption and desorption experiments
(Fig. S1†). Analysis according to the BET and Barrett–Joyner–
Halenda models revealed a surface area of 596 m2 g"1 and
a maximum pore-size distribution of 2.4 nm respectively. As
expected, this material shows a high degree of ordering
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demonstrated by sharp peaks in powder X-ray diﬀraction with
an interpore distance of 1.16(1) nm (Fig. S2†). The Fourier
transform infrared (FT-IR) spectrum of the material, presented
in Fig. S3,† shows isolated silanols at 3727 cm"1, as well as the
characteristic vibrations of the bipyridyl units in the
1500–1350 cm"1 region. Characterisation of the material by
solid-state NMR spectroscopy revealed ve main resonances in
the 13C Cross Polarisation Magic Angle Spinning (CP MAS)
spectrum of bpy-PMO at 158, 153, 142, 124 and 121 ppm,
characteristic for the bipyridyl fragments (Fig. S5†). The 29Si
CPMAS spectrum also shows the expected signals of the T2 and
T3-sites of the material "69.0 and "77.6 ppm, respectively
(Fig. S6†), in agreement with the previously reported bpy-based
PMO materials.24
A series of PMO-supported Mn catalysts were synthesized by
reaction of bpy-PMO with manganese pentacarbonyl bromide
in diethyl ether at room temperature, aﬀording coral-coloured
materials (Scheme 1).25 Materials with diﬀerent loadings of
Mn were obtained by varying the ratio between the amount of
Mn precursor introduced and the amount of bpy units of the
material determined by elemental analysis. We report here the
synthesis of materials using nMn/nbpy ratio of 1/2, 1/10 and 1/50,
named 1, 2 and 3 respectively. However, while the elemental
analyses of materials 2 and 3 were in agreement with the expected Mn loading of 1.3% and 0.4% respectively, material 1
revealed a much lower Mn weight loading than expected if the
post-synthetic immobilization was quantitative (ca. 1.4% vs.
6.6% expected). This loading, comparable to that obtained for
material 2, corresponds to a functionalisation of ca. 10% of the
bipyridine moieties in the material, which appears to be the
maximum loading achievable under these conditions. This
result is consistent with previous observations with analogous
phenylpyridine-based PMO materials, for which a maximum of
15% of the phenylpyridine units could be functionalized.17 Such
a value was shown to correspond to the functionalisation of one
third of the surface phenylpyridine ligands, the walls of the
material being composed of four layers of phenylpyridine
building blocks, out of which only the two outer layers are
available for functionalisation.26
As a representative example, we will describe only characterisation of material 2 in detail here. The porous structure of
bpy-PMO and material 2 was essentially the same, as suggested
by the similar TEM images and pore size distribution. Scanning
Transmission Electron Microscopy – High-Angle Annular DarkField and X-ray Energy-Dispersive Spectroscopy (STEM-HAADF
and EDXS) analyses of 2 conrmed the homogeneous distribution of Mn over the whole material (Fig. S7†). The FT-IR
spectrum of 2 revealed bands at 2051, 2036, 1951 and
1936 cm"1 (black curve in Fig. 1). These signals cannot be
assigned to a single species but are indicative of a mixture of the
fac- and mer-isomers of [Mn(bpyPMO)(CO)3Br] (nCO stretches at
2036, 1936 cm"1 and 2051, 1951 cm"1 respectively), with the facisomer representing the major species in the material.27 The
presence of these two isomers was further conrmed by UVdiﬀuse reectance spectroscopy (UV-DRS). The spectrum of 2
(black curve in Fig. 2) displays a broad absorption band from
450 to 600 nm, in agreement with the presence of both fac- and
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Synthetic pathway to [Mn(bpyPMO)(CO)3Br].

Fig. 1 Infrared spectra of 2 in CO atmosphere (300 mbar) before
(black) and after 1 min (red), 15 min (green) or 30 min (blue) irradiation
with a 300 W Xe arc lamp equipped with a 400 nm ﬁlter at 20 # C.
Symbols refer to the species described in Scheme 2.

mer-species. Indeed, molecular fac- and mer-[Mn(bpy)(CO)3Br]
complexes show absorption maxima at 460 and 510 nm,
respectively.27,28
This nding is surprising since the presence of the merisomer at room temperature is not expected. Note, however, that
similar behaviour was previously observed upon immobilisation of Mn tris-carbonyl species into a MOF (the mer-species
presenting nCO stretches at 2049, and 1946 cm"1, in good
agreement with the stretches observed for 2 at 2051 and
1951 cm"1).29 Adventitious light exposure during synthesis of
the material could be responsible for this isomerisation. This is
in line with the high light-sensitivity of these materials, turning
quickly to a pink colour upon light exposure; this behaviour is

8206 | Chem. Sci., 2017, 8, 8204–8213

Fig. 2 UV-diﬀuse reﬂectance spectra of 2 in Ar before (black) and after
1 min (Red) or 30 min (blue) irradiation with a 300 W Xe arc lamp
equipped with a 400 nm ﬁlter at 20 # C. Symbols refer to the species
described in Scheme 2.

even more pronounced under vacuum. In order to further
investigate processes occurring under light irradiation, we
characterized material 2 using FTIR and UV-DRS during irradiation. Proposed photolysis pathway based on these experiments is presented in Scheme 2 and described in details below.

Scheme 2

Proposed photolysis pathway of [Mn(bpyPMO)(CO)3Br]

species.

This journal is © The Royal Society of Chemistry 2017

View Article Online

Open Access Article. Published on 09 October 2017. Downloaded on 24/12/2017 21:32:48.
This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Edge Article

The UV-DRS spectrum of 2 (Fig. 2) signicantly changed
upon light exposure, with the appearance of two new bands at
395 nm and 510 nm attributed to mer-[Mn(bpyPMO)(CO)3Br],27,28
as well as a new band at 540 nm that becomes more pronounced
aer prolonged irradiation. This feature is reminiscent of the
Laporte-forbidden p*–p* transition of bpyc" ligands and could
be tentatively assigned to [Mn+(bpyPMOc")(CO)3].30,31
The FTIR spectrum of a pellet of material 2 mixed with KBr
was recorded before and aer light exposure, under a CO
atmosphere or dynamic vacuum. Under a CO atmosphere, at
short exposure time (1 min) the nCO bands assigned to the merisomer increased in intensity while those assigned to the facisomer decreased (Fig. 1). At longer exposure times (15 and
30 min), in addition to a further increase of mer-/fac-ratio, new
nCO bands at 2007, 1993, 1975, 1880 (broad), 1857 (broad) and
1820 cm"1 (broad) were observed. The bands at 1975 and
1857 cm"1 are likely due to a singly-reduced Mn complex
[Mn+(bpyPMOc")(CO)3].8 The features at 2007 and 1880 cm"1 can
be assigned to the formation of an octahedral Mn(I) carbonyl
species resulting from the coordination of a h ligand to the
complex [Mn+(bpyPMOc")(CO)3]. This ligand originates from
a neighbouring bpy moiety in the PMO material or a fourth CO
ligand, as both species are known to have similar stretches.8,10,32
Since these bands rapidly disappeared when a sample was
exposed to high vacuum (Fig. S9†), the presence of
[Mn+(bpyPMOc")(CO)4] species is more likely. The weak nCO
bands at 1993 and 1820 cm"1 will be discussed below.
As fac- to mer-isomerisation is known to occur in a two-step
mechanism via de-coordination/coordination of a CO ligand
triggered by light,33 we reasoned that irradiation in dynamic
vacuum could aid observing other reaction intermediates.
Indeed, when a pellet of material 2 mixed with KBr was exposed
to light for 30 minutes under dynamic vacuum, a colour change
to dark pink was quickly observed, concomitantly with signicant changes in the FTIR spectrum. The intensity of the nCO
stretches of both isomers of [Mn(bpyPMO)(CO)3Br] decreased,
and new nCO stretches at 1993, 1927, 1876 and 1820 cm"1

Fig. 3 Infrared spectra of 2 under dynamic vacuum (10"5 mbar) before
(black) and after (red) 30 minutes irradiation with a 300 W Xe arc lamp.
Symbols refer to the species described in Scheme 2.
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appeared (Fig. 3). The shis of nCO stretching peaks to lower
wavenumbers as well as their decreased intensity are likely
reecting a partial loss of CO, consistent with the formation of
coordinatively unsaturated bis- and mono-CO Mn(I) complexes.
Aer 24 h of light exposure under high vacuum the CO
stretching peaks in the 2100–1800 cm"1 region have almost
fully disappeared, indicating that most of the Mn centers have
lost all their initial CO ligands (Fig. S10†). Such CO decoordination has been previously observed with analogous homogeneous Mn(I) complexes bearing diimine ligands. It is likely due
to the MLCT into the CO p* orbital, which reduces the metal-toCO back-bonding and weakens the M–CO bond.34
EPR measurements of the material revealed a clear isotropic
signal at giso ¼ 2.007 (linewidth 50 G) (Fig. S11†). This signal is
close to the g-factor value of the free electron and is
diﬀerent from the g-factors reported for Mn centred radicals at
g ¼ 2.03,35,36 further supporting the presence of a bpyc" ligand
and the assignment of [Mn+(bpyPMOc")(CO)3].27,33,37
The spectroscopic results above demonstrate the considerably increased stability of the mer-isomer of [Mn(bpyPMO)(CO)3Br] and of the 16 e" radical [Mn+(bpyPMOc")(CO)3] species
when immobilised in the PMO material, allowing their characterisation at room temperature. EPR, UV-DRS and FTIR
studies conrmed the presence of a reduced bpyc" ligand in the
[Mn+(bpyPMOc")(CO)3] radical species generated upon light
irradiation. As such radical plays a crucial role in the proposed
mechanisms of CO2 reduction using Mn bpy complexes,8–11 its
formation in the absence of external photosensitizer highlights
the potential of using bpy-PMO materials for photocatalytic CO2
reduction.

Photocatalytic CO2 reduction
The catalytic activity in photochemical CO2 reduction of materials 2 and 3 was assayed in the presence of a photosensitizer
and a sacricial reductant. The system was optimized through
varying the electron donors, the photosensitizers and the
concentrations of the reactants and catalysts.
Sacricial electron donor. In a typical photocatalytic experiment38,39 a suspension of the material in MeCN or N,N-DMF
solution containing triethanolamine (TEOA) and the photosensitizer was placed in a quartz cell, saturated with CO2 and
irradiated using a 300 W Xe lamp (ltered so that 950 nm > l >
400 nm). TEOA is one of the most common sacricial electron
donors (SDs) but its oxidation potential is quite high, limiting
the driving force for reduction of the excited photosensitizer
(Eox ¼ 0.80 V vs. SCE in MeCN40). Stronger electron donors, such
as BNAH (1-benzyl-1,4-dihydronicotinamide) (Eox ¼ 0.57 V vs.
SCE in MeCN41) and BIH (1,3-dimethyl-2-phenyl-2,3-dihydro1H-benzoimidazole, Eox ¼ 0.33 V vs. SCE in MeCN41) are now
more frequently used in combination with TEOA. Even when
using BNAH or BIH as electron donors, TEOA is still necessary
for the photolytic system, in which it also works as a base to
prevent the back-electron transfer from the reduced photosensitizer to the oxidized electron donor.42,43 When irradiating 1 mL
samples containing 1 mmol of Mn sites of catalyst 2 and 10 mmol
of [Ru(bpy)3]Cl2 as the photosensitizer in a MeCN/TEOA (5 : 1, v/
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v) solvent mixture, no CO2 reduction activity could be observed
(Table S1,† entry 1). No activity was observed upon addition of
BNAH either (Table S1,† entry 2). Addition of 0.1 M of BIH gave
49 TONs of formate, 70 TONs of CO and 33 TONs of H2 aer 16 h
reaction (Table S1,† entry 3). The lack of catalytic activity in the
presence of BNAH is intriguing, as a MeCN:TEOA:BNAH
mixture has been used6,13 for promoting the photocatalytic
activity of Mn(bpy)(CO)3X complexes using ruthenium-based
photosensitizers. Consequently, BIH was used as the sacricial reductant in the following photocatalytic tests.
Relative photosensitizer (PS)/catalyst (Cat.) concentrations.
For a concentration44 of catalyst 2 of 0.1 mmol mL"1 (Table 1,
entries 1 and 3), the largest amount of CO2 reduction products
(CO + formate) was obtained when using a 10/1 PS/Cat. ratio as
compared to a 1/1 ratio (20 times larger overall TONs). However,
we could not further increase this ratio (in particular PS/Cat.
100/1) because the background activity of the PS alone (in the
absence of 2) became too signicant. This background activity
was negligible for PS/Cat. ratios below 10/1 and as such this
ratio was used for the rest of this study. Experiments carried out
in the absence of catalyst, photosensitizer or PMO are presented
in Table S2.† These control experiments did not show any
signicant activity in the absence of one of the components of
the system.
Catalyst concentration, solvent and Mn loading. We also
observed that, while keeping a constant PS/Cat. ratio of 10/1, the
overall TONs of the CO2 reduction products were not strongly
inuenced by concentration of catalyst 2 (varied from
1 mmol mL"1 to 0.01 mmol mL"1). By contrast, the product
selectivity was signicantly aﬀected: the CO/formate ratio varied
from 1/1.4 at 1 mmol of 2 to 1/4.9 at 0.01 mmol of 2 (Table 1,
entries 2–4). Conducting the same catalytic tests in MeCN and
DMF (Table 1, entries 3 and 6) showed comparable selectivity
but lower overall TONs in CO2 reduction products using DMF as
the solvent.
We investigated the eﬀect of dilution of the metal centres in
the materials by comparing the activity of material 2 and
material 3 (Table 1, entries 4–5). As mentioned above, the Mn
catalyst in 3 is ca. 5 times more diluted than in 2. Catalyst 3
yielded higher TONs than 2 while being slightly less selective for
formate. The higher TON values obtained with 3 likely indicate

Table 1

that only a part of the catalytic sites is accessible to the substrate
when the loading of the Mn catalyst in the material is too high.
The TONs obtained with material 3 were the highest observed
with all materials described here, and are ca. 6 times greater
than those observed with the [Mn(bpy)(CO)3]Br molecular
analogue (Table 1, entries 5 and 7).
Nature of the photosensitizer. In addition to the [Ru(bpy)3]Cl2
photosensitizer, zinc tetraphenylporphyrin (ZnTPP) and uorescein PS were assessed in CO2 photoreduction assays using 3 as the
catalyst under the optimal conditions described above (Table 1
entry 5). As shown in Table 2, uorescein and ZnTPP yielded
lower TON values than [Ru(bpy)3]Cl2, but higher selectivity for
formate and no hydrogen production. This indicates that
[Ru(bpy)3]Cl2 is likely responsible for the H2 formation observed
in the catalytic tests presented above. These systems are ones of
a few photocatalytic systems based exclusively on earthabundant elements.45–47

Kinetic and recyclability studies
The time-dependent formation of formate, CO and H2 during
irradiation of a sample containing 0.01 mmol mL"1 of catalyst 3,
0.1 mM of [Ru(bpy)3]Cl2 photosensitizer and 0.1 M of BIH in
MeCN/TEOA solvent mixture is presented in Fig. 4. No induction period could be observed for the formation of CO or
formate. The latter product forms with a slightly higher initial
rate (TOF ¼ 38 min"1) with respect to that for CO formation

Table 2 Results of photolytic CO2 reduction using catalyst 3 with
diﬀerent photosensitizersa

TON
Entry

PS

CO

Formate

H2

1
2
3

[Ru(bpy)3]Cl2
Fluorescein
ZnTPP

153
11
17

243
65
52

25
0
0

a
Samples containing 0.01 mmol of catalyst 3 and 0.1 mM of diﬀerent
photosensitizers, 0.1 M of BIH in 1 mL CO2-saturated ACN/TEOA
(5 : 1, v/v) solvent mixture upon 5 hours irradiation with a 300 W Xe
arc lamp equipped with a 400 nm lter at 20 # C.

Results of photolytic CO2 reduction under diﬀerent solvent and concentrations of catalysts and the [Ru(bpy)3]Cl2 photosensitizera
Products (mmol)

TON

Entry

Solvent

Cat. (mmol)

PS (mmol)

Ratio PS/Cat.

CO

Formate

H2

CO

Formate

H2

1
2
3
4
5
6
7

MeCN
MeCN
MeCN
MeCN
MeCN
N,N-DMF
MeCN

2 (0.1)
2 (1)
2 (0.1)
2 (0.01)
3 (0.01)
2 (0.1)
Mn(bpy)(CO)3Br (0.01)

0.1
10
1
0.1
0.1
1
0.1

1:1
10 : 1
10 : 1
10 : 1
10 : 1
10 : 1
10 : 1

0.2
49
5.3
0.29
1.68
0.9
0.15

0.5
70
10.6
1.42
2.92
1.8
0.65

0.1
33
2.2
0.39
0.72
0.1
0.14

2
49
53
29
168
9
15

5
70
106
142
292
18
65

1
33
22
39
72
1
14

a

Samples containing diﬀerent amounts of catalyst (2, 3 or molecular Mn(bpy)(CO)3Br) and [Ru(bpy)3]Cl2 as PS, 0.1 M of BIH in 1 mL CO2-saturated
MeCN/TEOA (5 : 1, v/v) or N,N-DMF/TEOA (5 : 1, v/v) solvent mixture upon 16 hours irradiation with a 300 W Xe arc lamp equipped with a 400 nm
lter at 20 # C.
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show the appearance of the characteristic spectroscopic signatures of the Mn–Mn dimer such as intense absorption bands at
l ¼ 620 and 830 nm in the UV-DRS spectrum and nCO bands at
1975, 1936 and 1886 cm"1 (Fig. S12 and S13†),27 proving that
dimeric Mn species do not form under catalytic conditions and
thereby illustrating the advantage of site isolation obtained by
anchoring Mn onto the bpy-PMO material.

Reaction mechanism

(TOF ¼ 30 min"1), which is consistent with the results presented in Table 1 as a higher selectivity for formate is observed
under these conditions. The decreased rate occurring aer 2
hours of irradiation is likely due to the deactivation of the Ru
photosensitizer upon illumination.
Accordingly, separating and washing the catalyst and nally
adding a second portion of 10 equiv. of [Ru(bpy)3]Cl2 restores
more than 60% of the initial catalytic activity. When such
treatment is repeated three times (5 hours for each run), catalyst
3 yields overall formate and CO TONs of 484 and 239 respectively (Fig. 5). However, decreasing CO2 conversion was
observed at each run. This behaviour is typically observed with
such heterogenized catalysts and could be attributed to (I)
catalyst mass loss during separation/washing steps, (II) irreversible deactivation of the catalyst when the material was
exposed to air during the rinsing procedure, (III) Mn leaching
from the catalyst.13 In the latter case, Mn leaching in solution
could lead to in situ formation of Mn–Mn dimers, by analogy
with what was observed with the molecular analogue
[Mn(bpy)(CO)3Br]. However, characterization of the catalysts by
UV-DRS and FTIR immediately aer catalytic tests does not

As reported in the photocatalytic activity section, the main
diﬀerences between the Mn PMO materials reported here and
the previously described Mn–bipyridine molecular catalyst6,10
are (i) the need of using BIH instead of BNAH to observe photocatalytic activity, (ii) the increased formate selectivity at
higher BIH/Cat. ratio and (iii) the ease of formation of the oneelectron reduced radical species in the material, the latter being
observed even in the absence of photosensitizers. We propose
here a reaction mechanism comprising two parts, a photoexcitation cycle and a catalytic cycle (Schemes 3 and 4 respectively),
taking these observations into account.
The lack of catalytic activity in the absence of PS (Table S2†
entry 2) conrmed that the photoexcitation cycle is initiated by
the photoexcitation of the PS. The excited PS is then reductively
quenched by BIH to aﬀord the one-electron reduced PS and
BIHc+ (Scheme 3). BIHc+ can further react through two reaction
paths. It can be deprotonated by TEOA to aﬀord BIc or undergo
hydrogen atom transfer generating the two-electron reduced
species BI+.41 These two paths were determined to have a rather
small diﬀerence in enthalpy change and both are likely to occur
in the reaction conditions.48 In addition, the radical species BIc
was shown to have a higher reducing power (Eox ¼ "1.66 V vs.
SCE in MeCN)48 than that of the one-electron reduced photosensitizer [Ru(bpy)3]+ itself (E1/2 ¼ "1.27 V vs. SCE in MeCN)49
and can potentially reduce the Mn active site directly as well as
the PS. BNAH could follow the same photoexcitation cycle
forming PS" species as well.41 However, BNAH diﬀers from BIH
in two aspects: proton transfer is ca. 20 kcal mol"1 more
favourable than hydrogen atom transfer in the case of BNAH,48
rendering hydrogen atom transfer much less likely, and the

Fig. 5 TONs of CO (blue), formate (red) and H2 (green) production
over 0.01 mmol catalyst 3 as a recyclability test. Each run was performed on samples containing recycled 3, a fresh solution of 0.1 mM of
[Ru(bpy)3]Cl2 and 0.1 M BIH in 1 mL CO2-saturated MeCN/TEOA (5 : 1,
v/v) solvent mixture. Samples were illuminated for 5 hours with
a 300 W Xe arc lamp equipped with a 400 nm ﬁlter at 20 # C.

Scheme 3 Proposed photoexcitation scheme involving a BIH sacriﬁcial donor. Enthalpy changes in hydrogen atom and proton transfer, as
well as Eox(BIc), were determined in ref. 44, E1/2(Ru(bpy)2+/+) value is
given in ref. 45. Redox potentials are given vs. SCE.

Formate (red circle), CO (blue quadrangle) and H2 (green
triangle) evolution catalyzed by 0.01 mmol of catalyst 3 in the presence
of 0.1 mM of [Ru(bpy)3]Cl2 and 0.1 M of BIH in 1 mL CO2-saturated
MeCN/TEOA (5 : 1, v/v) solvent mixture upon irradiation with a 300 W
Xe arc lamp equipped with a 400 nm ﬁlter at 20 # C. TONs are deﬁned
relative to Mn weight loading in the catalyst. Lines are sketched
through the data points to guide the eye.
Fig. 4
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Scheme 4 Proposed Mechanisms for the formation of HCO2H and
CO from the photocatalytic reaction with [Mn(bpyPMO)(CO)3Br].

radical species BNAc formed from BNAH is not a strong
reductant like BIc, since BNAc rapidly dimerizes (BNAH only
functions as a one electron donor of Eox ¼ 0.57 V vs. SCE in
MeCN).41 This diﬀerence in behaviour between BIH and BNAH
explains the lack of activity with the latter, and will be developed
in more details below.
Previous studies on photochemical CO2 reduction using
molecular6,10 and heterogenized [Mn(bpy)(CO)3X]13 catalysts
have proposed the formation of CO and formate products
through two distinct reaction pathways. One involves the reaction of a photo-generated radical species [Mn(bpy)(CO)3]c (from
[Mn(bpy)(CO)3]2) with a hydrogen atom donor to aﬀord a Mn–H
hydride intermediate which converts CO2 into formate. The
second one relies on the direct reduction of CO2 by a doubly
reduced [Mn(bpy)(CO)3]" species to aﬀord CO.6,8–10 The ability of
N,N-DMF in contrast to MeCN to stabilize the singly reduced
radical species [Mn(bpy)(CO)3]c was proposed to explain the
higher selectivity for formate in N,N-DMF.10
Building on these studies, we interpret our data in terms of
the proposed catalytic mechanism shown in Scheme 4. In the
photosensitization step, the complex is singly reduced by PS"/
BIc or via homolysis of the Mn–Br bond. As the singly reduced
species [Mn+(bpyPMOc")(CO)3] was observed under light by FTIR
even in the absence of PS or SD, this initial step likely occurs
independently of the SD used. In contrast to the reactions using
analogous Mn complexes under homogeneous conditions, in
the case of reactions using Mn-containing bpy-PMO materials
both formation of dimeric species and disproportionation of
singly-reduced radical intermediates are highly unlikely events
due to the immobilization and high dilution of the Mn centers
in the materials. This is consistent with the surprising stability
of the radical [Mn+(bpyPMOc")(CO)3] species which can be
observed by FTIR spectroscopy during light irradiation at room
temperature. This species could be further stabilized by
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coordination of solvent molecules (omitted in Scheme 4 for
brevity). In particular, DMF proved to strongly stabilize such
a radical intermediate.10 The higher stability of the radical
species in the catalytic cycle in the presence of DMF could also
explain the slower kinetics here observed with this solvent.
The singly reduced [Mn+(bpyPMOc")(CO)3] species could then
follow two parallel paths. Abstraction of a hydrogen atom from
BIHc+ generates a hydride species.13 This hydride species reacts
with CO2 to give formate. The larger selectivity for formate
observed at lower catalyst concentration (i.e. at higher relative
BIH concentration) is consistent with this hydrogen atom
abstraction step. Hydrogen atom transfer could be potentially
observed as well with BNAH and TEOA SDs. However, these are
much weaker hydrogen atom donors than BIH, explaining the
absence of formate product when using these SDs.
Alternatively, [Mn+(bpyPMOc")(CO)3] can be further reduced
to a [Mn(bpy)(CO)3]" species. Such doubly-reduced species have
been shown to reduce CO2 to CO.6,8–10 As no CO production was
observed in the absence of BIH, we reasoned that the second
reduction of the complex cannot be realized by PS" but requires
the presence of a stronger reducing agent. This is in agreement
with the highly negative potential required for the second
reduction of Mn bpy complexes when dimerization is prevented.9 As highlighted above, the radical species BIc has very
strong reducing power and is the most likely reducing agent for
the direct reduction of [Mn+(bpyPMOc")(CO)3] species. The lack
of activity observed when BNAH is used instead of BIH
corroborates this hypothesis. Finally, aer protonation of
formate or CO release, both reaction paths lead to
a [Mn+(bpyPMO)(CO)3] species that can be further reduced by
PS" or BIc to regenerate the active [Mn+(bpyPMOc")(CO)3]
species.
In summary, the main diﬀerence of the mechanism
proposed here and those proposed for molecular species originates from the restraint to dimerization or disproportionation
provided by the site isolation in PMO. Since bimolecular
interactions (formation of Mn–Mn dimers or disproportionation reaction) are known to ease the two electron reduction of
molecular Mn bpy complexes,5,10 stronger reducing agents such
as BIc are required to doubly reduce the Mn sites when immobilized in PMO materials. In addition, the PMO material
provides a higher stability to [Mn+(bpyPMOc")(CO)3] intermediate, independently of the solvent used. This permits the
observation of diﬀerent product selectivity than for its homogeneous counterparts.

Conclusions
Well-dened supported Mn carbonyl bipyridine-PMO catalysts
have been developed; they show high photo-reduction activity of
CO2 in the presence of a photosensitizer, reaching cumulated
TONs of 484 and 239 in formate and CO with [Ru(bpy)3]Cl2
photosensitizer. The catalytic activity is preserved using simple
earth-abundant photosensitizers such as organic dyes and Znporphyrin. A large set of reaction conditions have been
explored providing mechanistic insight on the reaction and
deactivation mechanism. Preventing dimerization and
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disproportionation reactions through site isolation allow the
rare observation of reaction intermediates, such as mer[Mn(bpyPMO)(CO)3Br], and radical anion species, such as
[Mn+(bpyPMOc")(CO)3]. Using this principle, we are currently
further developing eﬃcient CO2 photoreduction catalysts.

Experimental section
General considerations
Elemental analyses were performed by Mikrolabor Pascher,
Remagen, Germany. All infrared (IR) spectra were recorded
using a Bruker FT-IR Alpha spectrometer placed in the glovebox.
Alternatively, a thin pellet of the sample was pressed in a glovebox and loaded to the reactor using a sample holder into glass
reactors with IR-transparent CaF2 windows. The spectra were
then recorded in a transmission mode on a Nicolet 6700 or
a Shimadzu Prestige 21 FTIR spectrophotometer. The samples
were measured in vacuo (10"5 mbar) or in argon or carbon
monoxide atmospheres. UV-vis diﬀuse reectance spectra were
recorded on a Cary 5000 UV-vis-NIR spectrophotometer from
Agilent Technologies. Solid-state NMR spectra were recorded
under MAS conditions on Bruker Advance III 400 or 700 spectrometers with conventional triple resonance 2.5 and 4 mm CPMAS probe. Samples were introduced in zirconia rotors in the
glovebox. Electron microscopy was done using the ScopeM
facilities, ETH Zürich. Nitrogen adsorption/desorption experiments were performed on a BELsorp-mini II instrument, and
the specic surface area of the samples was determined using
Brunauer–Emmett–Teller (BET) analysis.50 The pore size distributions were calculated at the limit of Barrett–Joyner–Halenda
analysis. Experiments under photoirradiation were performed
at 20 # C using 300 W Xe arc lamp equipped with a 400 nm lter.
All reagents were purchased from Sigma Aldrich except for 1benzyl-1,4-dihydronicotinamide (TCI), and were used without
further purication. [Mn(bpy)(CO)3]Br,5 1,3-dimethyl-2-phenyl2,3-dihydro-1H-benzoimidazole,48 zinc tetraphenylporphyrin51
and 2-bromo-5-(triisopropoxysilyl)pyridine24 were synthesized
according to published procedures. 5,50 -Bis(triisopropoxysilyl)2,20 -bipyridine was synthesized according to the general literature procedure24 except that a 125 mL Parr bomb reactor was
used (140 # C, 3 days), bis(hexabutyl)tin and toluene in place of
bis(tributyltin) and reux in m-xylene (yield: 1.66 g, 53%).
Synthesis of bpyPMO
Trimethylstearylammonium iodide (0.91 g) was dissolved in
dist. water (49 mL) and NaOH(aq) (10 M, 0.17 mL) and stirred for
1 h at room temperature. 5,50 -Bis(triisopropoxysilyl)-2,20 -bipyridine (1.11 g, 2 mmol) was dissolved in ethanol (4 mL) and
added via syringe pump (3.0 mL h"1) to the surfactant solution
at 60 # C. Aer complete addition the suspension was sonicated
at 50 # C for 1 h, before it was stirred at 60 # C for 3 days, followed
by static conditions at 60 # C for 3 days. The solid was then
ltered and washed with water (2 $ 100 mL) and acetone (2 $
100 mL). The white powder was then suspended in a premixed
solution of 2 M HCl, pyridine and water (50 mL :50 mL :17 mL)
and stirred at 65 # C for 16 h. The product was ltered and
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washed with deionized water (3 $ 100 mL) and acetone (3 $ 100
mL). Drying under high vacuum (10"5 mbar) at 135 # C for 16 h
yielded bpy-PMO as a white powder (yield: 350 mg).
EA found: C, 40.62%; H, 2.54%; N, 8.94%.
BET surface area (N2, 77 K) 596 m2 g"1; pore size: 2.4 nm.
Synthesis of 1. In a Ar glovebox, the material bpy-PMO
(100 mg, 0.38 mmol bpy moieties) was charged into a ask and
suspended in Et2O (14 mL). A solution of [Mn(CO)5Br] (53.5 mg,
0.19 mmol) in Et2O (6 mL) was added to this suspension. The
suspension was stirred for 4 h, during which time the material
turns yellow/orange. The suspension was centrifuged and the
solid part was then washed by Et2O (4 $ 6 mL). The material was
subsequently dried under CO ow to give material 1; yield:
170 mg. Care should be taken in handling this material as it is
highly light-sensitive. EA found: C, 41.62%; H, 2.67%; N, 8.32%,
Mn 1.41%, corresponding to 0.045 Mn/N (0.09 Mn/bpy).
Synthesis of 2. Material 2 was synthesized following identical
procedure than for 1 but using 10.7 mg of [Mn(CO)5Br]
(0.038 mmol, 1 equiv.) and 100 mg bpy-PMO (0.38 mmol bpy
moieties, 10 equiv.).
EA found: C, 40.86%; H, 2.60%; N, 8.37%; Mn 1.22% corresponding to 0.04 Mn/N (0.08 Mn/bpy). BET surface area
(N2, 77 K) 240 m2 g"1; pore size: 2.4 nm.
Synthesis of 3. Material 3 was synthesized following identical
procedure than for 1 but using 1.5 mg of [Mn(CO)5Br] (5.4 mmol,
1 equiv.) and 70 mg (0.27 mmol bpy moieties, 50 equiv.).
EA found: C, 42.58%; H, 2.70%; N, 8.93%, Mn 0.41% corresponding to 0.01 Mn/N (0.02 Mn/bpy).
Photolysis procedure
Photochemical reactions were performed using a 300 W, high
pressure Xe arc lamp (Oriel Instruments). The beam was passed
through an infrared lter, a collimating lens, a lter holder
equipped with a 400 nm band pass lter. Samples were
prepared in a 1 cm path length quartz cuvette (Starna) which
was placed in a temperature controlled cuvette holder
(Quantum Northwest) maintained at 20 # C with a circulated
water bath.
For the entirety of the study, a 5 : 1 (v/v) mixture of ACN/
TEOA or N,N-DMF/TEOA were used as a solvent mixture. The
electron donor utilized was a 100 mM solution of BIH or
a 100 mM solution of BNAH. The photosensitizer used a solution of [Ru(bpy)3]Cl2, ZnTPP or uorescein. Samples were
saturated with CO2 via directly bubbling CO2 through the
solution mixture for 10 minutes.
Product detection
H2 measurements were performed by gas chromatography on
a Shimadzu GC-2014 equipped with a Quadrex column,
a Thermal Conductivity Detector with N2 as a carrier gas. CO
was measured using a Shimadzu GC-2010 Plus gas chromatography, tted with a S9 Restek Shin Carbon column, helium
carrier gas, a methanizer and a Flame Ionization Detector. H2
and CO were also analyzed by gas chromatography (SRI
Instruments), Multi-Gas Analyzer #5 equipped with a Haysep D
column and MoleSieve 5A column. Thermal Conductivity
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Detector (TCD) and Flame Ionization Detector (FID) with
methanizer using argon as a carrier gas. The typical volume of
gas injected was 50 mL.
Formate concentration was determined using a Metrohm
883 Basic IC plus ionic exchange chromatography instrument,
using a Metrosep A Supp 5 column and a conductivity detector.
A typical measurement requires the sampling of 200 mL of
solution (except in kinetic studies where 15 mL aliquots were
sampled), followed by a 100 times dilution in deionised 18 MU
water and injection of 20 mL into the instrument.
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