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Introduction 

 

We have always held to the hope, the belief, the conviction that there is a better 

life, a better world, beyond the horizon. 

Franklin D. Roosevelt 

 

The fossil fuels have been, until now, the most exploited energy source. The 

growth of world population, together with the increasing demand of energy, 

needs, economic and industrial developments have caused the increasing in the 

global energy consumption. The extensive fossil fuels consumption causes an 

increase in the atmospheric CO2, that induces several problems such as the 

global warming and the greenhouse effect. There are a better life and a better 

world beyond the horizon. We can reach them having the research focused on 

the green and sustainable energy sources. There are various kinds of energy 

sources suitable to this aim, but the solar energy is the most promising. Solar 

light is renewable and environmentally clean, inexpensive, available everywhere 

and abundant.1,2 Moreover, the use of CO2 to obtain energy-rich compounds, 

like CO and HCOOH, using solar light,3 has been scientifically demonstrated. 

Increasing the field of research on this alternative energy source can gives us the 

possibility that reaching this horizon could not be just a hope.   

So, the aim of my research topic during the three-year PhD course in Chemical 

Science was the synthesis and study of new multinuclear metal-based 

supramolecular systems that can integrate all the principal components needed 

for the photocatalytic reduction of CO2. Most of my research work has been 

performed in the Photochemistry group of the Department of Chemical, 

Biological, Pharmaceutical and Environmental Science of University of Messina 

under the supervision of Prof. Sebastiano Campagna. During this period, I have 

https://www.brainyquote.com/authors/franklin-d-roosevelt-quotes
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performed the syntheses and the photophysical and redox studies of all the metal 

complexes (including the various building blocks) reported in this thesis. 

Moreover, I performed the photocatalysis experiments on these complexes in the 

Tokyo Institute of Technology (Japan) under the supervision of prof. Osamu 

Ishitani, also taking advantage of a Italy-Japan collaborative research project. To 

complement the work on integrated systems for CO2 photocatalysis, an 

investigation on the PhotoElectroreduction of CO2 was performed in Universitè 

de Paris under the supervision of Dr. Marie-Pierre Santoni, where I performed 

the syntheses of suitable catalysts for the CO2 reduction, the assembly of 

multilayer electrodes and the electrochemical analysis on these electrodes.  

 

Outline of the thesis 

In Chapter 1 it is exposed a brief overview on the artificial photosynthesis and 

the principal elements that should compose an artificial photosynthetic system. 

Chapter 2 summarizes the basic information about the electron transfer process, 

fundamental in the CO2 reduction process.  

Chapter 3 describes the principal photochemical and photophysical properties of 

the ruthenium polypyridine complexes, crucial element of the supramolecular 

systems described in this thesis.  

In Chapter 4 the bases of the CO2 reduction are described, together with the key 

elements that compose an efficient system for CO2 reduction and their principal 

characteristics and properties.  

Chapter 5 presents all the synthesized supramolecular complexes and their 

photophysical and redox properties. In this chapter also the results of the 

photocatalysis experiments are exposed. The complexes synthesized present 

three different bridging ligands, which allow the possibility to build integrate 

photosensitizer-catalyst (PS-CAT) systems with different ratio of Ru(II)-based 

PS and Ru(II)- or Re(I)-based CAT subunits. The bridging ligands used are 

different from those usually used in this field in literature, since they guarantee a 
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larger separation between the photosensitizer and catalyst metal subunits. This 

can also have an impact on future developments of this field.  

In Chapter 6 the principal results obtained with the supramolecular systems 

described in detail in Chapter 5, that is the main output of the thesis, are 

summarized.  

Chapter 7 is a brief appendix on PhotoElectrocatalytic systems, a parallel 

approach we used towards the preparation of metal-based integrated systems for 

CO2 photoreduction. In this chapter, the construction of NiO electrodes 

functionalized with suitable photosensitizers and catalysts and their principal 

redox characteristics are reported. 

Chapter 8 is the experimental section of this thesis, where the methods and 

materials employed and the synthetic details and procedures are reported.  
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Chapter 1  

Artificial Photosynthesis 

 

The sun represents an inexhaustive energetic source: it sends on the Earth surface 

every hour more energy than that consumed all over the word in one year. Nature 

has taken advantage of this kind of energy in natural photosynthetic processes 

through the conversion of water and CO2 in O2 and simple sugars (as C6H12O6), 

since ancient times.1 In natural photosynthetic organisms, such as plants and 

bacteria, the light conversion in useful energy-rich chemicals occurs via a series 

of energy and electron transfer processes. In a photosynthetic system, 

photosystem I (PSI)2 and photosystem II (PSII)3 play the role of collecting 

sunlight and transferring it (in the form of electronic energy) towards the reaction 

center, where charge separation takes place. A manganese calcium cluster acts as 

catalyst for the water oxidation (see eqn. 1).4 On the other side, the reduction of 

NAD+ to NADPH (useful to produce carbohydrates in the dark cycle) occurs. 

6 𝐶𝑂2 + 6 𝐻2𝑂 
ℎ𝜈
→  𝐶6𝐻12𝑂6 + 6 𝑂2  eqn. 1  

In the past decades, by mimicking natural systems, artificial photosynthetic 

systems have been investigated.5 It should be noted that natural systems are 

incredibly complex and it is almost impossible to mimic exactly their 

components. On the other side, natural photosynthesis is rather inefficient for an 

industrial use, so the aim of artificial photosynthesis is to borrow mechanistic 

information from the natural photosynthesis and use the basic functions to design 

more efficient ones.  In order to replicate the function of the natural photosynthetic 

systems, the artificial photosynthetic ones must include an antenna system, a 

reaction center and multielectron catalysts for the oxidation and reduction 

processes, as shown in Figure 1.1.  
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An efficient antenna system should be based on a large number of chromophores 

that should absorb a wide portion of the solar light and, by a series of energy 

transfer, funnelling the light to a specific site: the energy trap.   

The reaction center is based on redox-active species (the energy trap and the 

electron acceptor and donor subunits). The goal of the reaction center is obtaining 

a charge-separated state via a series of electron transfer processes that allow the 

transformation of electronic energy in redox energy.  

 
 

 
Figure 1.1. Schematic representation of an artificial photosynthetic system.  

 

On the two sides of the reaction center there are two different catalysts able to 

accumulate holes and electrons needed respectively for the oxidation and the 

reduction processes.  

In artificial photosynthesis, the mainly reactions investigated are the water 

splitting6 and the CO2 reduction,7 but also other kinds of reactions have been 

studied.8,9 

All the previously described components of the artificial photosynthetic systems 

are multicomponent systems themselves, so a hierarchical organization is 

required.10 
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The best approach to design a rational system that can act as an efficient 

photosynthetic system is studying all the components separately and then connect 

them in single supramolecular entities in a functionally-integrated manner.   
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Chapter 2 

Photoinduced Electron Transfer 

 

The electron transfer process (ET) plays a key role in chemical and biological 

systems, such as in synthetic assemblies for solar energy conversion and 

information technology and in natural photosynthetic systems.1,2,3  

In a generic electron transfer reaction, there are two species acting one as 

electron acceptor (A) and the other one as electron donor (D). The diffusion is 

the limiting factor that influences the process rate when A and D are dispersed 

in solution (intermolecular electron transfer). Such a process leads to the 

formation of A- and D+ ions. On the other hand, if a covalent link connects the 

electron donor and acceptor, the electron transfer process is no more influenced 

by the diffusion and can be more rapid (intramolecular electron transfer). The 

charge separated D+-A- supermolecular species is so formed. 

Photoinduced Electron Transfer (PET) is a case where A or D are excited 

species, formed by light absorption or energy transfer. In this case, the process is 

easier than the process involving the species in the ground state because the 

excited state species are better oxidants and reductants.  

  

2.1 The Marcus Theory  

The parameters that influence the rate constant of the electron transfer 

are explained in the classical Marcus theory.4  In this theory the potential energy 

surfaces (the Gibbs energy profiles) are represented as parabolas. In Figure 2.1 

it is shown the parabolic potential energy curves for a generic electron transfer 

process. In this figure, ΔG* represents the activation energy for the electron 

transfer reaction; ΔG0 is the reaction driving force (the difference in energy 

between the minima of the equilibrium curves); λ is the reorganization energy. 
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The last parameter is graphically defined in Figure 2.1 and mathematically by 

the eqn. 1:  

 𝜆 =  𝜆𝑖 +  𝜆𝑜  eqn. 1 

Where λi deals with the bond length and the vibrational mode of the reactants 

and λo is related to the reorganization and to the parameters of the solvent and it 

is given by the eqn. 2:  

 λo = 𝑒2 (
1

𝜀𝑜𝑝
−

1

𝜀𝑠
) (

1

2𝑟𝐴
+

1

2𝑟𝐷
−

1

𝑟𝐷𝐴
)  eqn. 2  

In this equation, reactants are approximated to be spheres in a dielectric 

continuum; εs and εop are respectively the static and optical solvent dielectrics; 

rD and rA are the donor and acceptor radii and rDA represents the distance center-

to-center between the reactants. 

    

 
Figure 2.1. Parabolic potential energy curves for the electron transfer: i 

represents the initial state (D-A) and f is the final state (D+-A-). 

 

From eqn. 1 and 2 it is possible to assume that: 

1. The radii of D and A are inversely related with the reorganization 

energy (due to a less interaction between solvent and ions); 
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2.  When distance between donor and acceptor decrease, the value of λ 

decreases too;  

3.  The reorganization energy value decreases when there are solvents with 

a high dielectric constant (ε2). 

The eqn. 3, according to the Fermi Golden Rule, represents the rate constant for 

the electron transfer (here a semi-quantomechanical approach, inherently non-

adiabatic, is considered):5  

 𝐾𝑒𝑙 =
4𝜋

ℎ
 |𝐻𝐸𝑇|2 𝐹𝐶𝑊𝐷  eqn. 3 

HET is a matrix element representing the electronic coupling for the electron 

transfer reaction between the reactant and product states. This coupling depends 

on the overlapping region magnitude between acceptor and donor orbitals. A 

small value of HET implies that the product and reactant energy surfaces (see 

Figure 2.1) do not present strong interactions and the ET process is called non-

adiabatic. On the contrary, if the HET value is quite large, the energy surfaces 

interact significantly and the electron transfer is named adiabatic.  

 

 
Figure 2.2. In the panel a), b) and c) the different region in the Marcus theory 

are shown. Panel d) shows the dependence of the electron transfer rate on the 

driving force.  
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The FCWD term (Franck-Condon weighted density of states) in eqn. 3 is a 

thermally averaged overlap which connects the initial and final vibrational 

wavefunctions. This term can be expressed, using a single-mode approximation 

with quantum mode of frequency νi, by the equation 4:6,7  

 𝐹𝐶𝑊𝐷 = (
1

4𝜋𝜆0𝐾𝐵𝑇
)

1

2
 ∑ 𝑆𝑚

𝑚
𝑒−𝑆

𝑚!
exp [−

(∆𝐺0+𝜆0+𝑚ℎ𝜈𝑖)
2

4𝜆0𝐾𝐵𝑇
]  eqn. 4 

Where m is the number of vibrational states in the final state, ΔG0 is the 

variation of the free energy, λo is related to the reorganization energy of the 

solvent (outer-sphere) and S (the Huang-Rhys factor) is expressed by the eqn. 5: 

 𝑆 =
𝜆𝑖

ℎ𝜈𝑖
  eqn. 5  

The S parameter is dimensionless and is proportional to the inner-sphere 

reorganization energy λi.
6,7 

The FCWD term takes note of the nuclear reorganization and the driving force 

effects simultaneously. This parameter can be expressed by the eqn. 6 

considering the high-temperature limits, yielding to the classical expression of 

the Marcus theory:7,8  

 𝐹𝐶𝑊𝐷 = (
1

4𝜋𝜆𝐾𝐵𝑇
)

1

2
 exp [−

(∆𝐺0+𝜆)
2

4𝜆𝐾𝐵𝑇
]  eqn. 6 

Specifically, eqn. 6 connects -ΔG0 term with the reorganization energy λ, 

predicting three different kinetic regimes (as exposed in Figure 2.2, assuming 

that the final potential energy surface is only vertically shifted in respect to the 

initial surface):7,8,9 

• A “normal” regime when -ΔG0 is smaller than λ (Figure 2.2a), the rate 

constant for the electron transfer increases as ΔG* diminishes; 

• An activationless regime when -ΔG0 is equal to λ, ΔG* = 0 and the rate 

constant for the electron transfer reaches its maximum value (Figure 
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2.2b); 

• An “inverted” regime when -ΔG0 is larger than λ, the activation energy 

should increase again even though the driving force becomes even more 

negative (Figure 2.2c); kET decreases when the process becomes more 

exergonic (Marcus inverted region).7-9 

 

2.2 Electron Transfer via Hopping or Tunneling (or Superexchange) 

Mechanism  

 What discussed till now refers to a generic case of electron transfer. Now 

it will be examined the case where one or more subunits called bridge (B) link 

the electron donor (D) and the electron acceptor (A). The characteristics of the 

bridge (i.e. its nature and molecular orbitals) strongly influence the processes of 

charge separation and recombination. 

The electron transfer in D-B-A systems may involve two kinds of mechanisms: 

hopping or tunneling.3-10 

The hopping mechanism is presumed to occur when the bridge’s LUMO is 

energetically close to the donor’s one and its state is thermodynamically 

accessible. In this mechanism the bridge is reduced or oxidized via a multistep 

charge transport in order to obtain a charge separation.  

Instead, in the tunneling mechanism it must be introduced the superexchange 

model, in which bridge-involving states are not thermodynamically available 

because too high in energy with respect to the donor- and acceptor-centred 

states. However, despite the bridge makes the electronic coupling between the 

donor and acceptor possible, it is never directly oxidized or reduced (in other 

words, the bridge-involving states behave as virtual states).11 As mentioned 

above, it should be expected that the electron transfer via tunneling mechanism 

is slower than via hopping, but in some D-B-A systems a mixture of both 

mechanisms can take place.  
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The next part of this paragraph will be focused on the tunnelling (or 

superexchange) mechanism. In this case the orbitals of D, B and A are involved 

in the formation of virtual states (for the superexchange mechanism model) via 

two main pathways (see Figure 2.3):  

• The electron transfer (ET) pathway, where a virtual D+-B--A participates 

state, involves the lowest virtual molecular orbital centred on the bridge; 

• The hole transfer (HT) route, where there is the participation of a D-B+-A- 

virtual state (the highest molecular orbital occupied centred on the 

bridging ligand).  

 
Figure 2.3. Schematic representation of the electron transfer via superexchange 

model in D-B-A systems. The excited blue states are the possible virtual state 

involved in the electron and hole transfer.  

 

In the case where there is no direct coupling between donor and acceptor (or it is 

negligible) the superexchange coupling HET is mediated by the bridge as shown 

in eqn. 7:12,13,14 

 𝐻𝐸𝑇 = 𝐻𝑒 + 𝐻ℎ =
𝐻𝑖𝑒𝐻𝑓𝑒

∆𝐸𝑒(𝑖𝑓)
+

𝐻𝑖ℎ𝐻𝑓ℎ

∆𝐸ℎ(𝑖𝑓)
 eqn. 7 

Where Hie and Hfe are matrix elements referring to the couplings between the 

initial and final states with the electron transfer virtual state D+-B--A, while Hih 

and Hfh are the corresponding coupling with the hole transfer virtual state D-B+-

A- and ΔEe(if) and ΔEh(if) represents the difference in energy between the virtual 
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ET and HT and the initial or final state. In the eq. 7 is clearly evidenced that 

both HT and ET superexchange routes could be involved in the thermal electron 

transfer reactions.  

In general, in the photoinduced electron transfer processes the charge separated 

species can be obtained via a reductive or an oxidative mechanism.3,15  
 

 
Figure 2.4. Schematization of the states which take part in an oxidative electron 

transfer mechanism mediated by superexchange in a typical D-B-A molecular 

dyad. The double arrows represent the couplings among the states. In the panel 

a) shows a yellow arrow representing the light effect and it illustrates the states 

involved in the forward electron transfer process (the photoinduced charge 

separation); in the panel b) the back electron transfer process is shown (the 

charge recombination process). The state D-B+-A- in the panel b) does not 

appear in the panel a) because it cannot assist the forward process.  

 

In the oxidative electron transfer process, it is possible considering the electron 

moving from the D excited state to the A ground state (as shown in Figure 

2.4a). The only virtual states possibly involved in the charge separation are the 

ones that grant a connection through the bridge between the initial *D-B-A 
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photo-excited state with the charge separated D+-B-A- state, via two sequential 

one-electron transfer steps. The virtual state D-B+-A- is not a superexchange 

mediator because it involves a two-electrons transfer. Moreover, the *D-B+-A- 

excited hole transfer state is too high in energy, so its contribution to the charge 

separated state formation can be neglectable.16 For these reasons, the virtual 

state D+-B--A is the most efficiently involved in the charge separated state 

formation.  

Generally, the matrix element for the superexchange electronic coupling 

involved in an oxidative charge separation process (HCS
OPET) can be expressed 

by the eqn. 8:17 

 𝐻𝑂𝑃𝐸𝑇
𝐶𝑆 =

𝐻𝑝𝑒𝐻𝑠𝑒

∆𝐸𝑒(𝑝𝑠)
+

𝐻𝑝ℎ∗𝐻𝑠ℎ∗

∆𝐸ℎ∗(𝑝𝑠)
  eqn. 8 

Where Hpe, Hse, Hph* and Hsh* are defined in Figure 2.4a and represent the 

virtual states intermediate coupling matrix elements and ΔEe(ps) and ΔEh*(ps) 

represent the energy gap between the virtual states and the initial or final states 

of the process. The first term of the eqn. 8 is expected to be the dominating one 

and, for this reason, it is reasonably predictable that the charge separation, in 

photoinduced oxidative electron transfer, takes place by an electron transfer 

superexchange path.3,15,17 

On the other hand, in the reductive mechanism for the photoinduced electron 

transfer, the excited species is the electron acceptor, which is reduced by the 

electron donor in the ground state. Also in this case, the only virtual states 

possibly involved in the charge separation are the ones that grant a connection 

through the bridge between the initial D-B-*A photo-excited state with the 

charge separated D+-B-A- state, via two sequential one-electron transfer steps. 

Among all the possible virtual state represented in Figure 2.5a, the D-B+-A- 

state is not a superexchange mediator because it involves a two-electrons 

transfer; the D+-B--*A excited state is too high in energy, so its contribution to 

the charge separated state formation can be neglectable;3 so, the virtual state  
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D-B+-A- is the most efficiently involved in the charge separated state formation. 

The superexchange electronic coupling matrix element for the reductive charge 

separation process (HCS
RPET) can be expressed by the eqn. 9: 

 𝐻𝑅𝑃𝐸𝑇
𝐶𝑆 =

𝐻𝑝ℎ𝐻𝑠ℎ

∆𝐸ℎ(𝑝𝑠)
+

𝐻𝑝𝑒∗𝐻𝑠𝑒∗

∆𝐸𝑒∗(𝑝𝑠)
  eqn. 9 

Where Hph, Hsh, Hpe* and Hse* are defined in Figure 2.5a and represent the 

virtual states intermediate coupling matrix elements and ΔEh(ps) and ΔEe*(ps) 

represent the energy gap between the virtual states and the initial or final states 

of the process.  
  

 
Figure 2.5. Schematization of the states which take part in a reductive 

photoinduced electron transfer process mediated by superexchange in a typical 

D-B-A system. The double arrows represent the couplings among the states. In 

the panel a) shows a yellow arrow representing the light effect and it illustrates 

the states involved in the forward electron transfer process; in the panel b) the 

back electron transfer process is shown.  
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The first term of the eqn. 9 is expected to be the dominating one, because of the 

major contribution of the D-B+-A- state; for this reason it is reasonably 

predictable that the charge separation, in photoinduced reductive electron 

transfer, takes place via an hole transfer superexchange path.3,15,17 

Also in the charge recombination processes, both the hole and electron transfer 

pathways should be considered (see Figure 2.4b and 2.5b).  

The bridge is usually based on aromatic units or π-conjugated systems (e.g. 

double bonds). The MOs energy level and the HOMO-LUMO energy difference 

in the bridge should decrease by increasing the extension of the conjugated 

system size.3,10 So, the model of the superexchange might be modified when the 

bridge is composed by several repeating units (the so called “modular” bridge). 

It is now described an example of oxidative electron transfer in a dyad with a 

modular bridge based on three repeating units schematized in Figure 2.6. It can 

be noted that, even if the following example is referred to an oxidative 

mechanism, the same consideration can be done also for the reductive electron 

transfer or charge recombination (applying the appropriate scheme).  

 

 
Figure 2.6. Schematization of the superexchange interactions mediating an 

oxidative photoinduced electron transfer in a system with a modular bridge 

composed by three repetitive units. The excited blue states are the possible 

virtual state involved in the electron and hole transfer and the double arrows 

represent the couplings among the states. 

 

The charge separation rate matrix element is calculated by the eqn. 10:3 

𝐻𝑒 =
𝐻𝑖1𝐻12𝐻23𝐻3𝑓

∆𝐸3   eqn. 10  
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Where Hi1 and H3f represent the coupling between the states localized on the 

bridge and, respectively, the initial and final sates, H12 = H23 are the coupling 

between the close units of the bridge and ΔE represents the energy gap between 

the bridge-localized virtual states and the initial or final states of the process. 

For n repeating units the eqn.10 becomes: 

 𝐻𝑒 =
𝐻𝑖1𝐻𝑛𝑓

∆𝐸
(

𝐻𝑚𝑛

∆𝐸
)

𝑛−1

  eqn. 11 

The first term of eq. 11 represents the coupling between the bridge units and the 

initial or final states and the second term gives the interaction propagation along 

the bridge (given that H12 = H23=…=Hmn). Ideally, ΔE is not dependent from 

the bridge length when there are weak interactions between the bridge units.3 

So, the electronic matrix element should exponentially decrease with the number 

of modules n of the bridge:  

 𝐻𝑒 = 𝐻𝑒(0) exp [−
𝛽𝑛

2
(𝑛 − 1)]  eqn. 12 

In eqn. 12, He(0) is the coupling term for a single-module dyad and is expressed 

by the eqn. 13 and βn represents the decay coefficient (eqn. 14):   

 𝐻𝑒(0) =
𝐻𝑖1𝐻1𝑓

∆𝐸
  eqn. 13 

 𝛽𝑛 = 2 ln
∆𝐸

𝐻𝑚𝑛
 eqn. 14 

In the case of electron transfer in presence of modular bridges the process rate 

constant (KET) decreases exponentially with the distance between the donor and 

acceptor (r) as expressed by the eqn. 15: 

 𝐾𝐸𝑇 = 𝐾0
𝐸𝑇 exp[−𝛽(𝑟 − 𝑟0)]  eqn. 15 

 𝛽 =
2

𝑟𝑚
ln

∆𝐸

𝐻𝑚𝑛
 eqn. 16  
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In eqn. 16, rm represents the length of one bridge unit. It is evident from eq. 16 

that β, in modular-bridge systems, depends on ΔE; consequently, it changes by 

using different donor or acceptor units and it can explain how the modular 

bridge mediates the donor-acceptor interaction. The equations 10 – 16 evidence 

also that the bridges should, preferably, have high-energy HOMOs or low-

energy LUMOs, in order to obtain a long-range hole or electron transfer.3  
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Chapter 3 

Properties of Ruthenium Polypyridine Complexes 

 

Ru(II) polypyridine complexes have been widely studied in the last decades. 

Ruthenium, in its 2+ oxidation state, is a d6 system. Polypyridine are colourless 

molecules and strong field ligands. These ligands can act as σ-donor, using the 

orbital localized on the nitrogen atoms, and π-donor and π*-acceptor, using the 

orbital delocalized on the aromatic rings. A schematization of the molecular 

orbital (MO) diagram and the possible electronic transition of the Ru(LL)3
2+ 

complexes (where LL indicates the bidentate polypyridine ligand) is shown in 

Figure 3.1.  

 

 
Figure 3.1. Scheme of MO with possible electronic transition.  

 

In these complexes, which present octahedral symmetry, it is possible to observe 

several electron transitions with the formation of the following excited states:  
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• A Metal Centred (MC) excited state involving the promotion of an 

electron from the πM to σ*
M orbitals;  

• A Metal To Ligand Charge Transfer (MLCT) excited state involving the 

electron promotion from a πM metal orbital to a πL
* ligand orbitals; 

• A Ligand Centred (LC) excited state involving the electron promotion 

from πL to a πL
* orbitals. 

The LMCT excited state could not be observed at low energy because in low 

spin octahedral complexes the πM(t2g) orbital are fulfilled.  

All the excited states previously described may have singlet or triplet 

multiplicity, the same in the MC and MLCT excited states where a large singlet-

triplet mixing occurs due to a spin-orbit coupling.1,2,3,4 

Ru(LL)3
2+ complexes (among which Ru(bpy)3

2+ is the most studied and could be 

used as model) present a D3 symmetry.5 The π* orbitals may be symmetrical or 

antisymmetrical referring to C2 rotational axis retained by each Ru(LL) unit 

(respectively χ and φ, following the Orgel notation)6.  

 

 
Figure 3.2. Detailed representation of MLCT transition in metal complexes with 

D3 symmetry.  
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Figure 3.2 shows a more detailed representation of the HOMOs (Highest 

Occupied Molecular Orbitals, πM a1(d) and πM e(d)), mainly localized on the 

metal, and LUMOs (Lowest Unoccupied Molecular Orbitals, π∗La2(φ) and 

π∗Le(φ)) mainly localized on the ligands.7,8 In such complexes the ground state is 

a singlet where the electron takes up the HOMO with πM e(d)4 πM a1(d)2 

electronic configuration. The photochemical and photophysical properties are 

determined by the lowest excited state (following the Kasha’s rule) or the upper 

states which can be populated (according to Boltzmann equilibrium 

distribution). 

 
Figure 3.3. Schematization of two limiting cases of the relative position of MC 

and MLCT or LC states. 

 

If the lowest energy exited state is MC, as a result of a very distorted geometry 

of the MC state compared to the ground state along the metal-ligand vibration 

coordination in the d6 octahedral complexes,9 it could lead to fast non-radiative 

deactivation and/or ligand dissociation reaction (see Figure 3.3); for this reason, 

at room temperature, MC excited states lifetimes are very short, it is not possible 

to observe luminescence phenomena10 and bimolecular reaction does not take 

place.  

If the lowest energy excited state does not have a high distorted geometry 

respect to the ground state as the MLCT and LC excited state, it could lead to a 

radiative decay and luminescence may also be seen (Figure 3.3).  



3. Properties of Ruthenium Complexes 

26 

 

The triplet MLCT excited state is more strongly influenced by the spin-orbit 

coupling effect than triplet LC excited state and this result in a greater radiative 

constant rate for the MLCT excited state. For this reason, emission from 3MLCT 

excited state can be observed in fluid solution at room temperature and 3LC 

emission is not observed (or less frequently observed) in such a condition. 

Instead, 3LC excited state could lead to luminescence in a rigid matrix at low 

temperature.  

In Ru(II) polypyridine complexes the energy position of MC, MLCT and LC 

may be modulated by changing the ligand,11,12 because the energy of these states 

depends on the nature of the metal (i.e. redox properties) and the ligand (i.e. the 

ligand field strength and redox and intrinsic properties of the ligands). After a 

wide overview of the reduced and excited complexes with a variety of 

spectroscopic and electrochemical techniques,13 the orbital involved in the 

3MLCT excited state is best described as localized on a single chelated unit. 

It is possible to discuss the general properties of Ru(II) polypyridine complexes, 

using the [Ru(bpy)3]
2+ as model.  

 

 
Figure 3.4. Absorption spectrum of [Ru(bpy)3]

2+ in acetonitrile solution at room 

temperature.  
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As shown in Figure 3.4, the absorption spectrum of [Ru(bpy)3]
2+ presents at  

285 nm an intense band attributed, by comparison with the spectrum of 

protonated bipyridine, to the spin-allowed LC π-π* transitions.14 It is also 

possible observing two intense bands due to the MLCT d-π* transition at 240 

and 450 nm. The two small shoulders at 320 and 350 nm might be assigned to 

MC transitions.  

In the same experimental conditions, the state which produces luminescence is a 

3MLCT spin-forbidden excited state.15   
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Chapter 4  

Basic Concepts about CO2 Reduction  

 

4.1. Introduction  

In the last years, the increasing world energy consumption has required a 

huge amount of energetic resources. In 2001 the worldwide energy consumption 

was 4.3 x 1020 J1 (the 86% of which obtained by fossil resources), in 2012 this 

value increased to 5.8 x 1020 J2 and it is expected to be triple within 21003. 

Clearly, sooner or later, fossil resources alone will not satisfy the global energy 

demand.  Moreover, the mass consumption of “fossil fuels” leads to an 

increasing amount of atmospheric CO2, which leads to serious environmental 

problems, e.g. global warming4 and greenhouse effect.5,6 Such problems have 

involved our planet for over a century. Reducing CO2 in order to obtain energy-

rich chemicals, such as CO and HCOOH, could be a solution to shortages of 

carbon resources and for the environmental problems.7 Moreover the solar light 

is a promising candidate as renewable energy source because it is inexhaustible 

and almost everywhere and anytime available.8,9 Using solar light to convert 

CO2 into biomass is a process that takes place in plants by the natural 

photosynthesis. Using suitable systems gives the chance to mimic the natural 

photosynthetic systems, to take advantage of the solar light and of CO2 

reduction in order to obtain the energy-rich chemicals.10 There are several ways 

to achieve this aim, e.g. electrocatalysis and photocatalysis using solar light.11  

In the molecular photocatalytic systems for CO2 reduction electron-transfer 

processes take place and it is well known that the excitation by one photon can 

induce electron transfer. However the one-electron reduction of CO2 is a highly 

endergonic process and requires a strongly negative potential to take place 

(eqn.1).12  
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Moreover, controlling the selective product is very difficult due to the high 

activity of the radical product 𝐶𝑂2
•−:13  

𝐶𝑂2 + 𝑒
−  → 𝐶𝑂2

•−   -1.9 V vs SHE  eqn.1 

The multielectron CO2 reduction takes place at more positive reduction 

potentials and there is the formation of useful and stable products (equations 2 – 

7)14. 

2 𝐶𝑂2 + 2 𝑒
−  → 𝐶𝑂 + 𝐶𝑂3

2−  -0.64 V vs SHE eqn.2 

𝐶𝑂2 + 2 𝑒
− + 2 𝐻+ → 𝐶𝑂 + 𝐻2𝑂 -0.52 V vs SHE eqn. 3  

𝐶𝑂2 + 2 𝑒
− + 2 𝐻+ → 𝐻𝐶𝑂𝑂𝐻 -0.61 V vs SHE eqn. 4   

𝐶𝑂2 + 4 𝑒
− + 4 𝐻+ → 𝐻𝐶𝐻𝑂 -0.48 V vs SHE eqn. 5 

𝐶𝑂2 + 6 𝑒
− + 6 𝐻+ → 𝐶𝐻3𝑂𝐻 -0.38 V vs SHE eqn. 6 

𝐶𝑂2 + 8 𝑒
− + 8 𝐻+ → 𝐶𝐻4 -0.24 V vs SHE eqn. 7     

In this thesis, the reactions considered are limited to the two-electron reduction 

processes that are used to obtain CO and HCOOH (eqn. 2 – 4), quite interesting 

species from an industrial viewpoint: CO can be easily converted in liquid 

hydrocarbons by the Fisher-Tropsch synthesis;15 formic acid has been 

investigated as potential H2 storage material in recent years, since it is liquid at 

room temperature and can be easily converted in CO2 and H2 with suitable 

catalysts in moderate condition16 or used directly as fuels in direct formic acid 

fuel cells (DFAFCs).17 

The first studies on photocatalytic CO2 reduction were conducted by Lehn and 

co-workers in the early 1980s. They employed fac-Re(bpy)(CO)3Cl complexes 

as photocatalysts.18,19 This kind of compounds has proved to be selective and 

efficient for the CO2 reduction but showed some drawbacks such as the 

absorption of these complexes limited to the UV region, the low abundance of 

the rhenium, the low turnover number and the necessary presence of an electron 

donor.20  
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Later, Willner and his co-worker developed a system for the photocatalytic  

CO2-fixation into organic substrates such as malic and isocitric acid using 

enzymes as catalysts.21  

More recently, Deronzier and co-workers used several Os(II) complexes as 

catalysts for the photocatalytic CO2 reduction.22 Their results show a catalytic 

amount of CO produced with only traces of hydrogen and that the activity of 

these complexes is more active than the rhenium’s one. However, they noted a 

slower CO formation in the first 4 hours of irradiation in respect to the rhenium 

complexes.  

 

 
Figure 4.1. Schematization of supramolecular system for CO2 reduction. 

 

In order to maximize the efficiency of the photocatalysis, it is crucial to 

introduce a sensitizer to the previously known catalysts. In order to use the 

visible light in the best way, in recent years the aim of the research has been the 

introduction of a link (a bridging ligand) between the photosensitizer and the 

catalyst (see Figure 4.1). To this goal, the photocatalytic reduction of CO2 using 

multinuclear metal complexes that combine the redox photosensitizers (PS), 

which can mediate a photoinduced electron transfer from a reductant (D) to a 

catalyst, and the catalysts (Cat) itself, the so-called supramolecular 

photocatalysts, has been extensively investigated.23,24 

In supramolecular photocatalysts there is a faster electron transfer between the 

PS and Cat subunits and this leads to an improvement of the performances of 

these systems with respect to the separated species in solution, due to an 
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increase in the photocatalysis speed and to a higher durability of the 

photosensitizer subunit, since the unstable intermediate state is consumed faster 

than in separated mixed systems. 

In photocatalysis there are several steps including the photoinduced electron 

transfer that leads to the accumulation of electrons on the catalyst subunit. The 

photoinduced electron transfer can follow two different pathways: the reductive 

and the oxidative electron transfer. The starting step of each pathway is the 

absorption of a photon by the PS subunit with the formation of the excited state 

of the photosensitizer (*PS, eqn. 8): 

𝑃𝑆 − 𝐶𝑎𝑡 
ℎ𝑣
→  𝑃𝑆∗ − 𝐶𝑎𝑡   eqn. 8 

After that, in the reductive electron transfer (or reductive quenching) the 

electron donor (D), a specific sacrificial agent, transfers an electron to the 

excited state of *PS-Cat, reducing the PS (eqn. 9): 

𝑃𝑆∗ − 𝐶𝑎𝑡 →  𝑃𝑆•− − 𝐶𝑎𝑡 + 𝐷+   eqn. 9 

After that, an electron transfer from the photosensitiser to the catalyst takes 

place (eqn. 10): 

𝑃𝑆•− − 𝐶𝑎𝑡  → 𝑃𝑆 − 𝐶𝑎𝑡−   eqn. 10 

Instead, in the oxidative electron transfer (or oxidative quenching) the electron 

transfer takes place from the *PS to the Cat, giving a charge separated species 

(eqn. 11):  

𝑃𝑆∗ − 𝐶𝑎𝑡 → 𝑃𝑆+ − 𝐶𝑎𝑡−   eqn. 11 

After that, PS+ takes an electron from the electron donor D to restore the neutral 

species (eqn. 12):  

𝑃𝑆+ − 𝐶𝑎𝑡− + 𝐷 → 𝑃𝑆 − 𝐶𝑎𝑡− + 𝐷+   eqn. 12 
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In this second mechanism there is a rapid intramolecular backward electron 

transfer that leads to less efficiency of the systems. For this reason, the more 

efficient systems for the CO2 reduction proceed via reductive electron transfer.25 

The photocatalytic activities of a supramolecular photocatalyst are evaluated in 

terms of the following properties:26  

1. Selectivity (Γ) for the products, i.e., the ratio of the amount of target 

product to the total amount of reduced products. In many cases, H2 is 

generated as a by-product during the photocatalytic reaction. 

Γ =  [target product (mol)]/[reduced compounds(mol)]   eqn. 13 

2. Quantum yield (Φ) of the product, which is calculated using the 

following equation.  

Φ = [product (mol)]/[absorbed photons(einstein)]  eqn. 14 

3.  Turnover number (TON), which indicates the stability of the 

photocatalyst. 

𝑇𝑂𝑁 = [𝑝𝑟𝑜𝑑𝑢𝑐𝑡(𝑚𝑜𝑙)]/[𝑝ℎ𝑜𝑡𝑜𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑧𝑒𝑟 (𝑚𝑜𝑙)]  eqn. 15 

4. Turnover frequency (TOF), which indicates the speed of the 

photocatalytic cycle. 

𝑇𝑂𝐹 = 𝑇𝑂𝑁/[𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 (min 𝑜𝑟 ℎ)]  eqn. 16 

A brief overview of the more important components of the supramolecular 

systems used in literature is reported hereunder. 

 

4.2. Redox Photosensitizer 

The role of the photosensitizer in the CO2 reduction is absorbing photons 

in order to mediate the electron transfer from the electron donor to the catalyst.   

A good photosensitizer should have the following characteristics: 

1. A wide absorbance in the visible region in order to obtain an efficient 

utilization of the solar radiation; 
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2. Stability of the ground and excited state; 

3. Lifetime of the excited state relatively long in order to obtain an efficient 

reductive quenching process; 

4. Strong oxidating or reducing power in the excited state; 

5. High stability of the One Electron Reduced Species (OERS) or the One 

Electron Oxidized Species (OEOR) produced after the mono-electron 

transfer process.  

Moreover, in order to design an effective supramolecular system for the CO2 

reduction, the reduction potential of the photosensitizer subunit should be equal 

or more negative than the one of the catalyst subunit. In addition, the 

characteristics of the bridging ligand play an important role in the efficiency of 

the photocatalysis. Indeed, it is reported in literature that supramolecular 

systems which contain a conjugated bridging ligand could not act as effective 

photocatalysts.27 

Two important indicators of the photoinduced electron transfer from the electron 

donor to the excited state of the photosensitizer are the quenching rate constant 

(kq – obtained using a Stern-Volmer plot and the lifetime of the photosensitizer) 

and the quenching fraction (ηq – calculated by eqn.17): 

𝜂𝑞 = 
1

1+𝐾𝑞𝜏 ×[𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑛 𝑑𝑜𝑛𝑜𝑟]
  eqn. 17 

The most employed complexes as photosensitizers for CO2 reduction are Ru(II) 

diimine complexes.28,29 These complexes present all the photophysical and 

redox characteristics suitable to be used as photosensitizers.30,31  

A disadvantage of these complexes is that the one-electron reduced species of 

Ru(II)-diimine complexes are stable in the dark but the photoexcitation could 

lead to the loss of one diimine ligand with the substitution with two solvent 

molecules. The resulting complexes can also act as catalyst for the CO2 

reduction but could lead to the formation of by-product.32  
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With the purpose of increasing the absorption in the visible region also the 

Os(II)-diimine complexes have been recently studied.33 These complexes show 

a wider absorption band at longer wavelengths in the visible region than their 

analogous complexes of Ru(II). Indeed, they present a significative singlet to 

triplet metal-to-ligand charge-transfer (MLCT) absorption band around 500-700 

nm caused by the larger heavy-atom effect.34 These Os(II) complexes present 

also shorter emission lifetimes and more negative reduction potentials respect to 

the corresponding Ru(II) complexes.  

Moreover, recently in literature have been reported examples where Ir(II) 

complexes35 and metalloporphyrines36,37 are used as alternative photosensitizers. 

 

4.3. Catalysts 

 There are several examples of catalysts for photochemical CO2 

reduction. The catalysts should accept the electron from the photosensitiser, 

accumulate the two electrons required for the CO2 reduction, make one or 

multiple bonds to activate the CO2 and do not evolve H2 which competes with 

the CO2 reduction reaction. Using different metal complexes in supramolecular 

photocatalysis gives the possibility of obtaining selectively only one product 

(CO or HCOOH).  

As previously noted, the first catalysts for the CO2 reduction used by Lehn and 

co-workers were the Re(I) carbonyl diimine complexes fac-[Re(N^N)(CO)3X]n+ 

(N^N= diimine ligand; X = Cl-, Br-, pyridine, PR3, MeCN, ecc…).20 These 

complexes lead to the selective formation of CO from the reduction of CO2.
38 

Some of these complexes can act also as photosensitizer because the emission 

lifetime of their excited state is sufficiently long.39  

The other types of catalysts for the CO2 reduction are two types of Ru(II) 

complexes: cis-[Ru(N^N)2(CO)2]
2+40 and cis,trans-Ru(N^N)(CO)2Cl2

41. These 

complexes are used for HCOOH formation and their selectivity depends on the 

solvent and the electron donor chosen.42 However, these complexes lead to 
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polymerization during the photocatalytic reaction, yielding a black polymer that 

decreases the efficiency of the photocatalytic systems.  

Also complexes of Ni(II) with macrocycle ligands are reported in literature for 

the selective formation of CO from CO2 obtaining H2 as by-product. The 

selectivity of these catalysts strongly depends on pH.43,44 

Recently, also Mn(II) complexes (fac-Mn(bpy)(CO)3Br) have been investigated 

for the photocatalytic CO2 reduction.45   

Finally, very recent (and rare) examples of Ir(III)46 complexes and Co47 and Fe48 

porphyrin complexes as catalysts for CO2 reduction have been reported. 

 

4.4. Electron Donors 

 The characteristics of the electron donor strongly affect the efficiency of 

the photocatalytic systems, i.e. turnover number, quantum yield and turnover 

frequency. In order to maximize the reductive quenching process (the initial 

stage in almost all photocatalytic systems) in which the excited state of the 

photosensitizer is reductively quenched by the sacrificial agent, this one should 

have the following characteristics:  

1. It should be a good reducing compound, with the potential to reduce the 

excited state of the photosensitizer; 

2. The oxidized form of the reductant should have a short lifetime: 

preferentially, the electron donor should undergo irreversible oxidation. 

If the oxidized electron donor is stable, it could lead to a back-electron 

transfer from the reduced photosensitizer to the oxidized form of the 

electron donor. This phenomenon could reduce the performances of the 

photocatalytic system; 

3. The products of the oxidized electron donor should not inhibit the 

photocatalytic reaction.  

For all this reasons, different classes of compounds are investigated as sacrificial 

agent for the photocatalytic reaction, i.e. aliphatic amine,49 ascorbate,50,51 
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NAD(P)H model compound52 and dihydrobenzoimidazole derivatives53.  

The action mechanisms of the last two classes of sacrificial agents, the most 

used in supramolecular photocatalysis, are illustrated below.  

 

4.4.1 NAD(P)H Model Compound  

 The typical NAD(P)H model compound, employed as sacrificial agent in 

many photocatalytic reactions of CO2 reduction, is the 1-benzyl-1,4-

dihydronicotinamide (BNAH). The working mechanism of BNAH is 

schematized in Scheme 4.1. The redox potential of BNAH 

(E°(BNAH/BNAH•+) = 0.57 V vs SCE52) is suitable to reduce the excited state 

of the typical Ru(II) based photosensitizer.  

 
Scheme 4.1. 

 

In the first step of the reaction, the electron transfer proceeds from BNAH to the 

excited state of the photosensitizer unit with the formation of the oxidized 

species BNAH•+. Subsequently, the deprotonation of the oxidized species 

BNAH•+ occurs and it leads to the formation of the radical species BNA•, but 

this step could be faster in presence of bases as triethanolamine (TEOA) that can 

capture the proton. This last product could move toward the dimerization with 

the formation of two possible dimers: 4,4’-BNA2 and 4,6’-BNA2. However, the 

formation of dimers causes a decrease in the photocatalytic reaction because 

they are stronger electron donor than BNAH (E°ox(4,4’-BNA2) = 0.26 V vs 

SCE).54 For this reason, the BNA dimers and BNAH compete as electron donor 

of the excited state of the photosensitizer, but the oxidized forms of the dimers 

are so stable that the back electron transfer from the reduced form of the 
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photosensitizer to the oxidized form of the dimers occurs preferentially. This 

phenomenon causes a loss in the efficiency of the photocatalytic processes.  

 

4.4.2 Dihydrobenzoimidazole Derivatives 

 One of the most employed dihydrobenzoimidazole derivatives is 1,3-

dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-imidazole (BIH). It presents a 

stronger reductive power than BNAH (E1/2
ox(BIH/BIH·+) = 0.33 V vs. SCE)55 

and efficiently quenches the excited state of photosensitizer Ru(II) based. The 

action process is represented in Scheme 4.2.  

 

 
Scheme 4.2.  

 

Instead of BNAH, BIH can donate two electrons by only one photon excitation 

of photosensitizer unit. The first electron is donated from BIH to the excited 

state of the photosensitizer, giving the oxidized form of BIH (BIH·+). This last 

species loses a proton very quickly, giving the radical species BI·. This species 

is a better electron donor than BIH (Ep
ox= −2.06 V vs. Fc+/Fc)56 and it can 

donate an electron also to the photosensitizer in the ground state. Also in this 

case the presence of a base (i. e. the TEOA) could increase the photocatalytic 

activity and the absence of TEOA decreases the activity because the BIH acts as 

proton acceptor and its protonated form (BIHH+) should not work as quencher 

for the excited state of the photosensitizer units. Finally, the full-oxidized form 

BI+ does not affect the photocatalytic activity.   
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Chapter 5  

Photocatalytic CO2 Reduction by Multinuclear Metal 

Complexes 

 

In Chapter 4 the essential elements to obtain efficient supramolecular systems for 

the CO2 reduction are discussed. For the purpose of obtaining supramolecular 

complexes that can efficiently integrate the suitable photosensitizers and catalysts 

subunits, three different bridging ligands (shown in Figure 5.1) were designed 

and prepared, and their photophysical and redox properties studied. Photocatalytic 

properties have been performed in collaboration with Professor Osamu Ishitani 

from Tokyo Institute of Technology.  

 

 
Figure 5.1. Molecular structure of the synthesized ligands. 

 

The ligands designed are very versatile because they present a different number 

of chelating sites (the bipyridine subunits) connected by aromatic rings. This 

allows the assembling of metal complexes with a different number of 

photosensitizers and catalysts subunits, therefore it gives the possibility of 

analysing the effect on the photocatalytic activity of supramolecular systems with 

different ratios of photosensitizer and catalyst units.  
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Another reason lead the design of the ligands and their metal complexes: in most 

literature data, the bridging ligands used to integrate metal subunits acting as 

photosensitizers and catalysts in a single “supramolecular” array for CO2 

reduction are ethynyl bridges. This allowed to obtain fast intercomponent electron 

transfer processes, but inevitably kept the subunits spatially close one another, so 

also allowing back electron transfer processes. The structural design of the ligands 

reported here would allow to increase the separation between the subunits, 

reducing poisoning back processes. The presence of aromatic rings within the 

bridge could allow to favour forward electron transfer, in spite of the larger 

distance. If photocatalytic processes are still active in the systems here introduced 

(we can anticipate they are, as discussed in the following paragraphs) the 

consequence is to open new avenues for the design of photocatalytic mixed metal 

systems for CO2 reduction occurring at the molecular level.  

 

5.1 Ligand bpy2Ph and its metal complexes 

5.1.1 Synthesis of ligand bpy2Ph 

The synthesis of bpy2Ph has been performed at low temperature (-33°C) 

under inert atmosphere in anhydrous condition in one step using 4,4’-dimethyl-

2,2’-bipiridine (hereafter dmb) and 1,4-di(bromomethyl)benzene in presence of 

lithiumdiisopropylamide (LDA) as shown in Scheme 1.1.1 The LDA was added, 

in slight excess, slowly dropwise to a THF solution of dmb at -33°C. LDA is a 

strong base suitable to remove a hydrogen from one methyl substituent on the 

bipyridine. Later, a THF solution of 1,4-di(bromomethyl)benzene was added. The 

resulting reaction mixture gradually reached room temperature and was left 

stirring overnight. The colour of solution changes from dark brown to pale yellow. 

The reaction was quenched with water. The presence of two equivalent methyl 

groups on the bipyridine and the reaction condition lead to the formation of a 

mixture of products. The crude was purified by chromatography column on silica 

gel using DCM/MeOH (9:1 v/v) as eluent. The first band eluted was the unreacted 
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dmb. The required product was isolated as second fraction and recrystallized from 

ethanol, leading to the final product with moderate yield (52%).  

 

 
Scheme 5.1. 

 

The characterization was performed by 1H and 13C NMR spectroscopy in CD2Cl. 

The absence of the signal of the aliphatic protons of  

1,4-di(bromomethyl)benzene at δ = 4.49 ppm and the new peak at δ = 2.96 ppm 

are the clear indication of the formation of the required product. This ligand 

results to be suitable to obtain a binuclear supramolecular complex that can 

integrate a photosensitizer subunit and a catalyst one.  

 

5.1.2 Synthesis of RuRe complex 

Considering the properties of the ruthenium complexes2 (exposed in 

Chapter 3) and their good behaviour as photosensitizer for the CO2 reduction3 (as 

explained in Chapter 4) it has been decided to use the ligand bpy2Ph to synthetize 

a binuclear complex containing as photosensitizer a subunit based on the 

[Ru(dmb)3]2+ model. As reported in literature and as already discussed in Chapter 

4, Re(dmb)(CO)3Cl results to be a good catalyst for CO2 reduction4,5 and for this 

reason it has been decided to use it in this kind of supramolecular system. 

For the synthesis of the final supramolecular metal complex the “cal/cam” 

(complex as ligand/complex as metal) approach was employed.6 The precursor 

used for this synthetic strategy can be classified, as follows, relying on the 

characteristics of their active site:  
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1. Complexes as metal: they present, in their coordination sphere, ligands 

easy to remove and to exchange with other suitable ligands, thus acting as 

metal in relation to the latter; 

2. Complexes as ligand: they consist in complexes that present in their 

coordination sphere one or more polydentate ligands with one or more free 

coordination sites useful for further reactions;  

3. Closed complexes: they do not present any site suitable for other reactions 

unless extreme reactions. 

Consequently, the synthesis of the complex Ru(bpy2Ph) was performed starting 

from the ligand bpy2Ph and the metal-complex Ru(dmb)2Cl2 in a EtOH/1,2-

dichloroethane 1:1 v/v mixture at reflux under argon atmosphere (Scheme 5.2).  

 

 
Scheme 5.2. 

 

The presence of two equivalent bipyridine units in the ligand bpy2Ph leads to the 

competitive formation of the by-product Ru2(bpy2Ph). In order to minimize the 

formation of this latter complex, a large excess of ligand bpy2Ph was employed 

(i.e. until a 4:1 ratio in respect of the metallic precursor). To remove the excess of 

ligand it is possible to take advantage of the different solubility of the product and 

the ligand in water thus separating the unreacted ligand by filtration. The required 
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product was obtained with a yield of 86.7%. The second synthetic step was the 

reaction of the  ligand-complex Ru(bpy2Ph) with the Re(CO)5Cl metal-complex 

in a Toluene/1,2-dichloroethane (1:1 v/v) mixture at reflux under inert atmosphere 

(Scheme 5.2).  

The synthesis was controlled using the UV-Vis absorption spectroscopy 

following the appearance of the Re(dmb)(CO)3Cl 1MLCT absorption band at 360 

nm. The product was purified by precipitation adding NH4PF6 and it was washed 

with diethylether to remove the unreacted rhenium precursor. The final RuRe 

product was obtained with a yield of 80%.  

 

5.1.2.1 Absorption Spectra and Photophysical Properties 

The absorption spectra in acetonitrile of the new species synthesized are 

reported in Figure 5.2 and the spectroscopic and photophysical data are reported 

in Table 5.1.  

 

Table 5.1. Photophysical properties measured in deaerated MeCN(a) 

 Absorption Luminescence 

 λmax /nm  

(ε460/M
-1cm-1)(b) 

λmax / nm τ / ns (c) Φem 
(c) 

Ru 460 (15300) 624 890 (120) 0.086 (0.016) 

RuRe 460 (15800) 625 900 (119) 0.088 (0.016) 

[Ru(dmb)3]2+(d) 458 (16300) 622 875 0.089(e) 

Re(dmb)CO3Cl 364 (3630) (f) 600(g) 49(g) 0.0057(h) 

(a) All data are measured in MeCN at 293 K. (b) Only the low energy maximum 

is reported. (c) Data in parenthesis refer to air-equilibrated solution. (d) From 

reference 7. (e) From reference 8. (f) From reference 9. (g) From reference 10. 

(h) In MeTHF.  

 

As it can be observed in Figure 5.2, the absorption spectrum of the mononuclear 

Ru(bpy2Ph) species is characterized by a strong absorption band between 450 

and 465 nm assigned to spin-allowed transition 1MLCT (metal to ligand charge 

transfer) which involves a charge transfer from an orbital mainly centred on the 

Ru(II) to an orbital mainly centred on the polypyridine ligands. In the UV-Vis 
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region it is possible to observe an intense absorption band due to the π-π* 

transition centred on the orbitals of the ligands. 

The spectrum of the species RuRe (shown in Figure 5.2) presents the same 

contributions present in the Ru(bpy2Ph) spectrum and an additional contribution 

between 280 and 410 nm due to the 1MLCT transition involving the Re(I) center.  

 

 
Figure 5.2. Absorption spectra of the model species [Ru(dmb)3]2+ (black dashed 

line),  Re(dmb)CO3Cl (red dashed line) and their sum (green dashed line) 

superimposed with the spectra of the species mononuclear Ru(bpy2Ph) (violet 

solid line) and RuRe (blue solid line).  

 

The sum spectrum of the model species [Ru(dmb)3]2+ and Re(dmb)(CO)3Cl can 

be superimposed to the one of the supramolecular species RuRe.  

This suggests that there are not strong electronic interactions between the Ru(II) 

and Re(I) metal centers in the ground state. Consequently, the photophysical 

properties of each metal center are independent and additive.  

All metal complexes are luminescent in acetonitrile fluid solution at room 

temperature (see Figure 5.3 and Table 5.1). For the mononuclear species 

Ru(bpy2Ph), the emission is due to the radiative deactivation of the 3MLCT state, 

which involves the Ru(II) center and the polypyridine ligands. The emission 

recorded for the binuclear species RuRe can be overlapped with the one of the 
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precursor species Ru(bpy2Ph), regardless of the excitation wavelength and also 

by exciting it in the spectral range where the Re(I) absorption contribute is larger.  

 

 
Figure 5.3. Normalized emission spectra of Ru(bpy2Ph) (red solid line) and 

RuRe (Black solid line) in acetonitrile at room temperature at λexc = 450 nm. 

 

The excitation spectrum for the supramolecular species RuRe is independent 

from the emission wavelength.  

 

 
Figure 5.4. Excitation spectra of Ru(bpy2Ph) (violet solid line) and RuRe (blue 

solid line) at 610 nm and difference spectrum (red dashed line).  
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By comparing the excitation spectra of Ru(bpy2Ph) and RuRe recorded at 610 

nm (see Figure 5.4) it can be noted that in the latter the excited Re(I) state 

contributes to the population of the luminescent state. This is a clear indication of 

the photoinduced energy transfer from the excited state of Re(I) to the Ru(II) 

subunits.  

The emission lifetimes for the monomer and dimer are around 800 ns in 

deoxygenated acetonitrile solution and the emission quantum yields are almost 

0.08 in both cases. These results are comparable to the ones observed for the 

model species [Ru(dmb)3]2+. 

 
 

5.1.2.2 Redox Properties 

The redox properties of the complexes Ru(bpy2Ph) and RuRe have been 

investigated by voltametric analysis, such as cyclic, differential pulsed and square 

wave voltammetry. The results are reported in Table 5.2.  

 

Table 5.2. Redox properties 

 (a) Electrochemical Properties measured at room temperature in MeCN 

containing 0.1 M TBAH.  All values are obtained using the redox couple 

ferrocene/ferrocenium (395 mV vs. SCE in acetonitrile) as internal reference. The 

numbers in parentheses refer to the number of exchanges electrons. Irr indicates 

an irreversible process: in this case, the E values reported in table refer to peak 

potentials in pulse voltammetry experiments. (b) From reference 11. (c) From 

reference 10. 

 

In the voltammogram of the Ru(bpy2Ph) monomeric species there is a reversible 

oxidation process due to the oxidation process of the Ru(II) and three different 

 E1/2, V vs SCE(a)  
 EOx2 EOx1 ERed1 ERed2 ERed3 ERed3 

Ru  +1.14 [1] -1.43 [1] -1.62[1] -1.87[1] -2.17 

RuRe 
+1.38 

irr 
+1.14 [1] -1.42[2] -1.58[1] -1.85[1] -2.36 

[Ru(dmb)3]2+(b)  +1.10 [1] -1.45[1]    

[Re(dmb)(CO)3Cl](c)  +1.36 irr -1.43 [1]    
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reduction processes which involve the reduction of the three different bipyridine 

moieties (see Figure 5.5 and Figure 5.6).  

 

 
Figure 5.5. CV analysis of Ru(bpy2Ph) (0.5 mM) in argon purged MeCN at room 

temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference, it was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE 

in acetonitrile). Scan rate 200 mV/s. 

 

 

 

Figure 5.6. DPV analysis of Ru(bpy2Ph) (0.5 mM) in argon purged MeCN at 

room temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference, it was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE 

in acetonitrile). Scan rate 20 mV/s. 
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In the RuRe voltammograms a further oxidation process, due to the oxidation of 

the Re(I) metal center, is present (see Figure 5.7 and Figure 5.8).   

 

 
Figure 5.7. CV analysis of RuRe (0.5 mM) in argon purged MeCN at room 

temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference, it was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE 

in acetonitrile). Scan rate 200 mV/s. 

 

 

 
Figure 5.8. DPV analysis of RuRe (0.5 mM) in argon purged MeCN at room 

temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference, it was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE 

in acetonitrile). Scan rate 20 mV/s. 
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It should be noted that in the differential pulsed voltammogram (DPV) for the 

RuRe supramolecular species the first reduction peak involves two electrons with 

a separation in the cyclic voltammogram between the anodic and cathodic peak 

of about 70 mV. This process should be assigned to the contemporaneous and 

independent reduction of the two bipyridine coordinates to the Ru(II) and Re(I) 

metal centers. The other two monoelectronic reduction processes at more negative 

potential are attributed to the reductions of the other two bipyridines coordinated 

to the Ru(II) metal complex.  

The potentials found for these complexes are the same at the ones reported in 

literature for the model species [Ru(dmb)3]2+ and [Re(dmb)(CO)3Cl], so it is 

possible to affirm that (also from an electrochemical viewpoint) the 

supramolecular complexes preserve the properties of the monomeric model 

species. The reduction potentials result to be suitable for the CO2 reduction, 

because they are more negative than the reduction potential of CO2 (-0.52 V vs 

SHE).12 

 

5.1.2.3 Photocatalytic Analysis  

The photocatalytic abilities of the binuclear RuRe supramolecular 

complex have been also investigated. In a typical run, a 3 mL CO2-saturated 

mixed solution of N,N-dimethylacetamide-triethanolamine (DMA-TEOA; 5:1 

v/v) containing RuRe (50 µM) and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-

benzo[d]imidazole (BIH) as  sacrificial electron donor was irradiated using a LED 

light source (530 nm, 4 mW), giving CO almost selectively. The DMA  

(N,N-Dimethylacetamide) was recently employed as solvent in the CO2 reduction 

because it does not produce formate thanks its high stability against hydrolysis.13 

The TEOA assists the capture of CO2 from the Re(I) catalyst subunit14 and 

captures the proton generated from the oxidation process of the sacrificial agent 

by enhancing the photocatalytic abilities. The products of photocatalysis have 

been analysed by Gas Chromatography (for the quantitative analysis of CO and 



5. Photocatalytic CO2 Reduction by Multinuclear Metal Complexes  
 

56 

 

H2) and Capillary Electrophoresis (for the quantification of HCOOH formation). 

The results are summarized in Table 5.3 and the time course for the product 

formation are shown in Figure 5.9.  

 

Table 5.3. Photocatalytic properties of RuRe using BIH.a 

aCO2-saturated DMA-TEOA (5:1 v/v) solution containing RuRe (50 µM) and BIH 

as sacrificial electron donor (0.1 M) was irradiated. b3-mL solution was 

irradiated for 20 h using a LED (530 nm, 4 mW) as a light source. TONs are 

calculated based on the photocatalyst used. c4-mL solution was irradiated at λex 

= 480 nm (light intensity: 1 × 10-8 einstein s-1). dThe selectivity for CO production. 
e[RuRe2] = 10 µM, 60-h irradiation. f[RuRe] = 10 µM, 60-h irradiation. 

 

The quantum yield for CO production (ΦCO) was around 41% for RuRe using 

480-nm light (light intensity: 1.0 × 10–8 einstein s–1). The selectivity for the CO 

formation reaches the 99%.  

 

 
Figure 5.9. Photocatalytic formation of CO (blue line) and H2 (green line) as 

function of irradiation time using RuRe (50 µM) CO2-saturated DMA-TEOA (5:1 

v/v, 3 mL) solutions and BIH (0.1 M) irradiated using a LED (530 nm, 4 mW) as 

a light source. 

  Product / μmol (TON)b  ΦCO /%c ΓCO/%a,d 
  CO HCOOH H2 

RuRe 253.8 (1692) 0 0.012 (0.08) 41 99 

RuRee 66 (2200) 1.2 (38) 0.024 (0.8) - 98.25 

RuRef 110.0 (3657 ± 29) 1.1 (36) 0.03 30 ± 1.1 99 
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Since CO is a two-electron reduced compound of CO2 and BIH has been reported 

to function as a two-electron donor,15 it is possible to calculate the consumption 

of BIH during the photocatalysis experiment in these experimental conditions. 

The TON is expressed by the equation 1:  

𝑇𝑂𝑁 = [𝑝𝑟𝑜𝑑𝑢𝑐𝑡(𝑚𝑜𝑙)]/[𝑝ℎ𝑜𝑡𝑜𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑧𝑒𝑟 (𝑚𝑜𝑙)]  eqn. 1 

So, for TONCO = 1692 the BIH consumed was 0.05 x 1692 = 62.2 mM, which is 

85% of BIH added originally (100 mM). This could be the reason for the slower 

CO formation after 20 hours of irradiation. 

In order to observe the durability of the supramolecular species the concentration 

of the binuclear RuRe compound was reduced to 1/5 (i.e. 10 μM) and the samples 

have been irradiated until 60 hours. The results are summarized in Table 5.3 and 

the time course for the photocatalytic experiments are shown in Figure 5.10.  

 

 

Figure 5.10. Photocatalytic formation of CO (blue line), formic acid (orange 

line) and H2 (green line) as function of irradiation time using RuRe (10 µM) CO2-

saturated DMA-TEOA (5:1 v/v, 3 mL) solutions and BIH (0.1 M) irradiated using 

a LED (530 nm, 4 mW) as a light source. 

 

After 60 hours of irradiation the turnover number for the formation of CO reached 

2200. It should be noted that the starting rate of the reaction is faster than the 
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previous cases. For comparison, in Table 5.3 are also reported the values obtained 

in the same condition for the binuclear species RuRe (10 μM) where the 

photosensitizer subunit and the catalyst subunit are connected to an ethylene 

chain. In this case the TONCO reaches 3657.  

 

5.2 Ligand bpy3Ph and its metal complexes 

5.2.1 Synthesis of ligand bpy3Ph  

The synthesis of bpy3Ph ligand is reported in Scheme 5.3. The synthesis 

of bpy3Ph has been performed at low temperature (-33°C) under inert atmosphere 

in anhydrous condition in one step using 4,4’-dimethyl-2,2’-bipiridine and  

1,3,5-tri(bromomethyl)benzene in presence of lithiumdiisopropylamide (LDA).1 

The LDA was added in slight excess slowly dropwise to a THF solution of dmb 

at -33°C. LDA is a strong base suitable to remove a hydrogen from one  

methyl substituent on the bipyridine. Later, a THF solution of  

1,3,5-tri(bromomethyl)benzene was added. The resulting reaction mixture 

gradually reached room temperature and was left stirring overnight. The colour 

of the solution changes from dark brown to pale yellow. 

 

 
Scheme 5.3. 

 

The reaction was quenched with water. The presence of two equivalent methyl 

groups on the bipyridine leads to the formation of a mixture of products. The 
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crude was purified by chromatography column on silica gel using DCM/MeOH 

(9:1 v/v) as eluent. The first eluted band is the unreacted dmb. The required 

product was eluted as second band and recrystallized from ethanol, leading to the 

final product with moderate yield (57%). The characterization was performed by 

1H and 13C and 1H-13C HQSC NMR spectroscopy in CD2Cl. The absence of the 

signal of the aliphatic protons of 1,3,5-tri(bromomethyl)benzene at δ = 4.45 ppm 

and the new peak of the twelve proton of the ethylene chains at δ = 2.82 ppm are 

the clear indication for the formation of the required product. This ligand results 

to be suitable to obtain different trinuclear complexes that integrate 

photosensitizer and catalyst subunits with different ratios.  

 

5.2.2 Synthesis of RuRe2 and Ru2Re Supramolecular Complexes 

The synthesis of the supramolecular species RuRe2 and Ru2Re are 

represented in Scheme 5.4.  

The synthesis was performed with the “cal/cam” approach employed also for the 

RuRe supramolecular complex. In order to obtain complexes with different 

number of photosensitizer subunits, the ligand bpy3Ph was put to react with one, 

two or three equivalents of the metal-complex Ru(dmb)2Cl2 in a EtOH/MeOH 

1:1 v/v mixture at reflux under argon atmosphere (Scheme 5.4). The presence of 

three equivalent bipyridine units in the ligand bpy3Ph leads to the competitive 

formation of a mixture of the three different supramolecular complexes 

Ru(bpy3Ph), Ru2(bpy3Ph) and Ru3(bpy3Ph), charged respectively +2, +4 and 

+6. The mixture was separated by ionic exchange chromatography taking 

advantage of the different charge of the metal complexes using CM Sephadex  

C-25, a ionic exchange resin, as stationary phase and a solution of NaCl in 

H2O/acetone (5:3 v/v) as eluent. Increasing progressively the ionic force of the 

medium, by changing the concentration of NaCl in solution, leads to the selective 

elution of the three different complexes from the least to the most charged one. 

The presence in Ru(bpy3Ph) and Ru2(bpy3Ph) of respectively two and one free 

dmb moieties gives the possibility to use these complexes to react with a suitable 
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precursor in order to obtain the supramolecular complexes, which also present the 

catalyst subunit. 

 

 

Scheme 5.4.  

 

Consequently, the second synthetic step was the reaction of the ligand-complex, 

Ru(bpy3Ph) or Ru2(bpy3Ph), with a strong excess of Re(CO)5Cl in 1,2-

dichloroethane at reflux under inert atmosphere (Scheme 5.4). 
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The reaction was monitored by UV-Vis absorption spectroscopy following the 

presence of the new Re(dmb)(CO)3Cl 1MLCT absorption band at 360 nm. The 

product was purified by precipitation adding NH4PF6 and it was washed with 

diethylether to remove the unreacted rhenium precursor. The final Ru2Re and 

RuRe2 products were obtained with a yield of 61% and 94% respectively.  

 

5.2.2.1 Absorption Spectra and Photophysical Properties 

The absorption spectra of the species Ru(bpy3Ph), Ru2(bpy3Ph) and 

Ru3(bpy3Ph) recorded in acetonitrile are shown in Figure 5.11 and all the 

photophysical properties are summarized in Table 5.4.  

 

 
Figure 5.11. Absorption spectra of the species Ru(bpy3Ph), Ru2(bpy3Ph) and 

Ru3(bpy3Ph) in acetonitrile.  

 

All the absorption spectra of the precursor species are characterized by a strong 

absorption band between 450 and 465 nm assigned to spin-allowed transitions 

1MLCT (metal to ligand charge transfer) which involve a charge transfer from an 

orbital mainly centred on the Ru(II) to an orbital mainly centred on the 

polypyridine ligands. 
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Table 5.4. Photophysical properties measured in deaerated MeCN(a) 

 (a) All data are measured in MeCN at 293 K. (b) Only the low energy maximum 

is reported. (c) Data in parenthesis refer to air-equilibrated solution. (d) From 

reference 7. (e) From reference 8. (f) From reference 9. (g) From reference 10. 

(h) In MeTHF.  

 

The increase of the molar extinction coefficient moving from the mononuclear to 

the trinuclear species is due to the higher number of metal centers, but the shapes 

of the spectra are very similar between them. In the UV-Vis region it is possible 

to observe an intense absorption band, at around 285 nm, due to the  

π-π* transition centred on the orbitals of the ligands. 

 

 
Figure 5.12. Absorption spectra of the model species [Ru(dmb)3]2+ (red dashed 

line),  Re(dmb)CO3Cl (blue dashed line) and their sum (green dotted line) 

superimposed with the spectra of the species trinuclear Ru2Re (violet solid line). 

 Absorption Luminescence 

 λmax /nm  

(ε460/M
-1cm-1)(b) 

λmax / nm τ / ns (c) Φem 
(c) 

Ru(bpy3Ph) 460 (14760) 624 878 (120) 0.085 (0.016) 

Ru2(bpy3Ph) 460 (31180) 625 851 (115) 0.086 (0.016) 

Ru3(bpy3Ph) 460 (44500) 625 847 (117) 0.087 (0.016) 

RuRe2 460 (14500) 624 867 (119) 0.085 (0.016) 

Ru2Re 460 (28550) 625 852 (117) 0.086 (0.016) 

[Ru(dmb)3]2+(d) 458 (16300) 622 875 0.089(e) 

Re(dmb)CO3Cl 364 (3630) (f) 600(g) 49(g) 0.0057(h) 
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Figure 5.13. Absorption spectra of the model species [Ru(dmb)3]2+ (red dashed 

line),  Re(dmb)CO3Cl (blue dashed line) and their sum (green dotted line) 

superimposed with the spectra of the species trinuclear RuRe2 (violet solid line). 

 

The absorption spectra of the species RuRe2 and Ru2Re (shown in Figure 5.12 

and Figure 5.13) present the same contributions as the precursor species and an 

additional contribution between 280 and 410 nm due to the 1MLCT transition 

involving the Re(I) center.16  

The weighed sum spectra of the model species [Ru(dmb)3]2+ and 

Re(dmb)(CO)3Cl can be superimposed to the ones of the supramolecular species 

Ru2Re and RuRe2. This suggests that there are no strong electronic interactions 

between the Ru(II) and Re(I) metal centers in the ground state. Consequently, the 

photophysical properties of each metal center are independent and additive.  

All metal complexes are luminescent in acetonitrile fluid solution at room 

temperature (see Figure 5.14, Figure 5.15 and Table 5.4). 

For the mononuclear species Ru(bpy3Ph) and the binuclear species 

Ru2(bpy3Ph), the emission is due to the radiative deactivation of the 3MLCT 

state, which involves the Ru(II) center and the polypyridine ligand. The emission 

recorded for the trinuclear species Ru2Re and RuRe2 can be overlapped with the 

one of the precursor species Ru(bpy3Ph) and Ru2(bpy3Ph), regardless of the 
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excitation wavelength (see Figure 5.14 and Figure 5.15), even by exciting them 

in the spectral range where the Re(I) absorption contribute is bigger. 

 
Figure 5.14. Normalized emission spectra of Ru2(bpy3Ph) (red solid line) and 

Ru2Re (blue solid line) in acetonitrile at room temperature at λexc = 450 nm. 

 

 
Figure 5.15. Normalized emission spectra of Ru(bpy3Ph) (red solid line) and 

RuRe2 (blue solid line) in acetonitrile at room temperature at λexc = 450 nm. 

 

The emission quantum yields and lifetimes of the species Ru2Re and RuRe2 are 

independent of the presence of the Rhenium subunit(s). All these results give the 

possibility to affirm that there are no strong electronic interactions between the 

excited photosensitizer Ru(II) subunit(s) and the catalysts Re(I) subunit(s).  
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5.2.2.2 Redox Properties 

The redox properties of the precursor complexes Ru(bpy3Ph) and 

Ru2(bpy3Ph) and the final trinuclear complexes Ru2Re and RuRe2 have been 

investigated by voltametric analysis, such as cyclic, differential pulsed and square 

wave voltammetry. The results are summarized in Table 5.5. 

 

Table 5.5. Redox properties. 
 E1/2, V vs SCE(a) 
 EOx2 EOx1 ERed1 ERed2 ERed3 

Ru(bpy3Ph)  +1.15 [1] -1.44 [1] -1.63[1] -1.85[1] 

Ru2(bpy3Ph)  +1.15 [2] -1.43 [2] -1.61[2] -1.89[2] 

Ru3(bpy3Ph)  +1.17 [3] -1.45 [3] -1.60[3] -1.92[3] 

Ru2Re +1.38 irr +1.14 [2] -1.42[3] -1.58[2] -1.85[2] 

RuRe2 +1.36 irr +1.14 [1] -1.41[3] -1.67[1] -1.88[1] 

[Ru(dmb)3]2+(b)  +1.10 [1] -1.45[1]   

[Re(dmb)(CO)3Cl](c)  +1.36 irr -1.43 [1]   

(a) Electrochemical Properties measured at room temperature in MeCN 

containing 0.1 M TBAH.  All values are obtained using the redox couple 

ferrocene/ferrocenium (395 mV vs. SCE in acetonitrile) as internal reference. The 

numbers in parentheses refer to the number of exchanges electrons. Irr indicates 

an irreversible process: in this case, the E values reported in table refer to peak 

potentials in pulse voltammetry experiments. (b) From reference 11. (c) From 

reference 10. 

 

In the voltammograms of the Ru(bpy3Ph) and Ru2(bpy3Ph) species it is possible 

observing a reversible oxidation process due to the oxidation process of the Ru(II) 

and three different reduction processes which involve the reduction of the three 

different bipyridine moieties (see Figure 5.16).  

In the Ru2Re and RuRe2 voltammograms a further irreversible oxidation 

process, due to the oxidation of the Re(I) metal center, is present (see Figures 

5.17, 5.18, 5.19 and 5.20). It should be noted that in the differential pulsed 

voltammogram for the Ru2Re supramolecular species the first reduction peak 

involves three electrons (see voltammogram in Figure 5.17)  with a separation in 
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the cyclic voltammogram (Figure 5.18) between the anodic and cathodic peak of 

about 70 mV. 

 

 

Figure 5.16. Cyclic voltammogram of Ru(bpy3Ph) (0.5 mM) in argon purged 

MeCN at room temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As 

internal reference, it was used the redox couple ferrocene/ferrocenium (395 mV 

vs. SCE in acetonitrile). Scan rate 200 mV/s. 

 

This process should be assigned to the contemporaneous and independent 

reductions of the three bipyridines coordinated to the Ru(II) and Re(I) metal 

center. The other two dielectronic reduction processes, at more negative potential, 

are attributed to the reductions of the other two bipyridines coordinated to the 

Ru(II) metal complexes. 

The same conclusions could be reached also for the trinuclear species RuRe2. In 

the differential pulsed voltammogram of the RuRe2 supramolecular species the 

first reduction peak involves three electrons (see the differential pulsed 

voltammogram in Figure 5.19)  with a separation in the cyclic voltammogram 

(Figure 5.20) between the anodic and cathodic peak of about 70 mV. This process 

should be assigned to the contemporaneous and independent reductions of the 

three bipyridines coordinated to the Ru(II) and Re(I) metal centers. 
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Figure 5.17. DPV analysis of Ru2Re (0.5 mM) in argon purged MeCN at room 

temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference, it was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE 

in acetonitrile). Scan rate 20 mV/s. 

 

 

 

Figure 5.18. Cyclic voltammogram of Ru2Re (0.5 mM) in argon purged MeCN 

at room temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As 

internal reference, it was used the redox couple ferrocene/ferrocenium (395 mV 

vs. SCE in acetonitrile). Scan rate 200 mV/s. 
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The other two monoelectronic reduction processes, at more negative potential, are 

attributed to the reductions of the other two bipyridines coordinated to the Ru(II) 

metal complexes. 

 
Figure 5.19. Differential pulsed voltammogram of RuRe2 (0.5 mM) in argon 

purged MeCN at room temperature using Bu4NPF6 (0.05 M) as supporting 

electrolyte. As internal reference, it was used the redox couple 

ferrocene/ferrocenium (395 mV vs. SCE in acetonitrile). Scan rate 20 mV/s.  

 

 
Figure 5.20. Cyclic voltammogram of RuRe2 (0.5 mM) in argon purged MeCN 

at room temperature using Bu4NPF6 (0.1 M) as supporting electrolyte. As internal 

reference, it was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE 

in acetonitrile). Scan rate 200 mV/s. 
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The analysis of the redox behaviour of the trinuclear components confirms that 

the metal subunits are electrochemically independent.  

 

5.2.2.3 Photocatalysis Studies  

The photocatalytic abilities of the trinuclear Ru2Re and RuRe2 

supramolecular complexes are also investigated. The photocatalysis analyses are 

performed in CO2-satured atmosphere using a concentration of 50 μM of 

photosensitizer subunit to normalize the absorption properties of the complexes 

and compare their properties. In a typical run, a 3 mL CO2-saturated mixed 

solution of N,N-dimethylacetamide/triethanolamine (DMA/TEOA; 5:1 v/v) 

containing RuRe2 (50 µM) or Ru2Re (25 µM) and 1-benzyl-1,4-

dihydronicotinamide (BNAH; 0.1 M) as a sacrificial electron donor was irradiated 

using a LED light source (530 nm, 4 mW), giving CO almost selectively. The 

DMA (N,N-Dimethylacetamide) was recently employed as solvent in the CO2 

reduction because it does not produce formate thanks to its high stability against 

the hydrolysis.13 The TEOA assists the capture of CO2 from the Re(I) catalyst 

subunit14  and captures the proton generated from the oxidation process of the 

sacrificial agent12 by enhancing the photocatalytic abilities. The products of 

photocatalysis have been analysed by Gas Chromatography (for the quantitative 

analyses of CO and H2) and Capillary Electrophoresis (for the quantification of 

HCOOH formation). The results are summarized in Table 5.6 and the time 

courses for the products formation are shown in Figure 5.21.  

From the photocatalytic analysis the TONs for the CO formation are 216 for the 

supramolecular Ru2Re species and 225 for the supramolecular RuRe2 species. 

The analysis of Ru-Cn-Re complexes where the [Ru(dmb)3]2+ moiety and the 

Re(dmb)(CO)3Cl moiety are connected with a different length of alkyl chain 

demonstrates that there is a strong dependence on the number of carbon atoms of 

the bridging ligand.17 In detail, for Ru-Cn-Re complex where n = 2 the TON is 

180 and this value decreases by increasing the length of the alkyl chain, reaching 

120 for n = 4.18 These values are lower than the values obtained for the Ru2Re 
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and RuRe2 supramolecular complexes even if the distance between the 

photosensitizer and catalyst subunits is longer than the shorter reported complex. 

 

Table 5.6. Photocatalytic properties of Ru2Re and RuRe2 using BNAH.a 

aCO2-saturated DMA-TEOA (5:1 v/v) solution containing Ru2Re (25 µM) or 

RuRe2 (50 µM) and BNAH as sacrificial electron donor (0.1 M) was irradiated. 
b3-mL solution was irradiated for 20 h using a LED (530 nm, 4 mW) as a light 

source. TONs are calculated based on the photocatalyst used. c4-mL solution was 

irradiated at λex = 480 nm (light intensity: 1 × 10-8 einstein s-1). dThe selectivity 

for CO production. eQuenching rate constants for emissions from the 

photosensitizer unit by a sacrificial electron donor obtained from linear Stern-

Volmer plots and their lifetimes. 

 

Furthermore, the photocatalysis in the same experimental condition of 1:1 ratio 

of the free model species [Ru(dmb)3]2+ and Re(dmb)(CO)3Cl results in a TON 

for CO formation of 20 and for HCOOH formation of 120.19 So, the trinuclear 

species Ru2Re and RuRe2 present photocatalytic abilities much better than the 

ones of the systems reported in literature.   

The quenching fractions of emissions from the photosensitizer unit by a sacrificial 

electron donor BNAH (0.1 M) were calculated as expressed by the following 

equation: 

𝜂 =
[𝑠𝑎𝑐𝑟𝑖𝑓𝑖𝑐𝑖𝑎𝑙 𝑎𝑔𝑒𝑛𝑡] ∙ 𝑘𝑞 ∙ 𝜏𝑒𝑚

1+ [𝑠𝑎𝑐𝑟𝑖𝑓𝑖𝑐𝑖𝑎𝑙 𝑎𝑔𝑒𝑛𝑡] ∙ 𝑘𝑞 ∙ 𝜏𝑒𝑚
  eqn. 2  

Where τem is the emission lifetime of the excited state of the photosensitizer 

subunit when in solution there is not the sacrificial agent and kq is the reductive 

quenching rate constant of the photosensitizer unit by the sacrificial electron 

donor.20 The quenching fraction is a measure of the efficiency of the 

  Product / μmol (TON)b  ΦCO/%c ΓCO/%b,d 
kq

e 
ηq/% 

  CO HCOOH H2 107 M–1s–1 

Ru2Re 
17.5  

(216 ± 5) 
13 (77) 

0.8 

(10) 
6.9± 0.9 56 2.0 ± 0.3 63 

RuRe2 
33.7  

(225 ± 6) 
8.6 (57) 

0.2 

(1) 
8.3±1.2 79 2.2 ± 0.5 67 
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photocatalysis since the reductive quenching is the first process of the 

photocatalytic reaction. In the cases of Ru2Re and RuRe2 the quenching 

fractions are 63% and 67% respectively. The quantum yield for CO production 

(ΦCO) was around 7% for Ru2Re and 8% for RuRe2 using 480-nm light (light 

intensity: 1.0 × 10–8 einstein s–1). 

 

 
Figure 5.21. Photocatalytic formation of CO (blue line), formic acid (red line) 

and H2 (green line) as function of irradiation time using (a)Ru2Re (25 µM) and 

(b) RuRe2 (50 µM) in CO2-saturated DMA-TEOA (5:1 v/v, 3 mL) solutions and 

BNAH (0.1 M) irradiated using a LED (530 nm, 4 mW) as a light source. 

 

In order to increase the photocatalytic abilities, another electron donor was tested: 

the 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH). This 

electron donor presents a reduction power (E1/2
ox(BIH/BIH·+) = 0.33 V vs. SCE)21 

stronger than BNAH (E°ox(BNAH/BNAH·+) = 0.57 V).22 Moreover, BNAH 

works as one electron donor, otherwise BIH can act as two electron donors and 

the by-products of the BNAH oxidation affect the photocatalytic efficiency (see 

Chapter 4 for further details). The results obtained for the photocatalytic reaction 

using BIH as sacrificial electron donor are summarized in Table 5.7.  

Also in this case, the photocatalysis analyses were performed in CO2-satured 

atmosphere using a concentration of 50 μM of photosensitizer subunit to 

normalize the absorption properties of the complexes and compare their 

properties. In a typical run, a 3 mL CO2-saturated mixed solution of N,N-
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dimethylacetamide/triethanolamine (DMA/TEOA; 5:1 v/v) containing RuRe2 

(50 µM) or Ru2Re (25μ M) and BIH 0.1 M as a sacrificial electron donor was 

irradiated using a LED light source (530 nm, 4 mW). The selectivity for the CO 

formation increases (see Figure 5.22) and the quenching fractions, calculated 

with the equation 2, reach 99% in all cases. 

 

Table 5.7. Photocatalytic properties of Ru2Re and RuRe2 using BIH.a 

aCO2-saturated DMA-TEOA (5:1 v/v) solution containing Ru2Re (25 µM) or 

RuRe2 (50 µM) and BIH as electron donor (0.1 M) was irradiated. b3-mL solution 

was irradiated for 20 h using a LED (530 nm, 4 mW) as a light source. TONs are 

calculated based on the photocatalyst used. c4-mL solution was irradiated at λex 

= 480 nm (light intensity: 1 × 10-8 einstein s-1). dThe selectivity for CO production. 
eQuenching rate constants for emissions from the photosensitizer unit by a 

sacrificial electron donor obtained from linear Stern-Volmer plots and their 

lifetimes. f[Ru2Re] = 5 µM, 60-h irradiation. g[RuRe2] = 10 µM, 60-h 

irradiation. h[RuRe] = 10 µM, 60-h irradiation. 

 

The quantum yield for CO production (ΦCO) was around 25% for Ru2Re and 28% 

for RuRe2 using 480-nm light (light intensity: 1.0 × 10–8 einstein s–1). 

Since CO is a two-electron reduced compound of CO2 and BIH has been reported 

to function as a two-electron donor,15 it is possible to calculate the consumption 

of BIH during the photocatalysis experiment in these experimental conditions. So, 

for TONCO = 2486 the BIH consumed was 0.025 x 2486 = 62.2 mM, which is 

  Product / μmol (TON)b  ΦCO /%c ΓCO/%b,d 
kq

e ηq / 

%f   CO HCOOH H2 107 M–1s–1 

Ru2Re 
186.5  

(2486 ± 12) 
20.2 (269) 0.009  28 ± 0.6 90 83 ± 0.8 99 

Ru2Ref 
90.6  

(6038 ± 18) 

21.7 

(1447) 
0.02 - 81 83 ± 0.8 99 

RuRe2 
277.4  

(1850 ± 10) 
3.3 (22) ~0 25 ± 0.5 99 80 ± 2.6 99 

RuRe2g 157.0  

(5232 ± 14) 
5.3 (177) ~0 - 97 80 ± 2.6 99 

RuReh 
110.0  

(3657 ± 29) 
1.1 (36) 0.03 30 ± 1.1 99 120(±0.5) 99 
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62.2% of BIH added originally (100 mM) and for TONCO = 1850 the BIH 

consumed was 0.05 x 1850 = 92.5 mM, which is 92.5% of BIH added originally 

(100 mM). This could be the reason for the slower CO formation after 16 hours 

of irradiation. 

 

 
Figure 5.22. Photocatalytic formation of CO (blue line), formic acid (red line) 

and H2 (green line) as function of irradiation time using (a) RuRe2 (50 µM) and 

(b) Ru2Re (25 µM) in CO2-saturated DMA-TEOA (5:1 v/v, 3 mL) solutions and 

BIH (0.1 M) irradiated using a LED (530 nm, 4 mW) as a light source. 

 

In order to observe the durability of the supramolecular species the concentration 

of the supramolecular species Ru2Re and RuRe2 was reduced to 1/5 (i.e. 

respectively 5 μM and 10 μM) and the samples have been irradiated until 60 

hours. The results are summarized in Table 5.7 and the time course for the 

photocatalytic experiments are shown in Figure 5.23. After 60 hours of 

irradiation the turnover number for the formation of CO reached 6038 for the 

supramolecular complex Ru2Re and 5232 for the complex RuRe2. These values 

are among the highest turnover numbers reported in literature. For comparison, in 

Table 5.7, are also reported the values obtained in the same conditions for the 

binuclear species RuRe (10 μM) where the photosensitizer and catalyst subunit 

are connected to an ethylene chain. In this case the TONCO reaches 3657 (much 

lower than Ru2Re which presents the same number of Re unit).  
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Figure 5.23. Photocatalytic formation of CO (blue line), formic acid (red line) 

and H2 (green line) as function of irradiation time using (a) RuRe2 (10 µM) and 

(b) Ru2Re (5 µM) in CO2-saturated DMA-TEOA (5:1 v/v, 3 mL) solutions and 

BIH (0.1 M) irradiated using a LED (530 nm, 4 mW) as a light source. 

 

To avoid the formation of by-products and increase the performance of the 

photocatalytic reaction, the photocatalytic abilities are studied starting directly 

with the Re-CO2TEOA adduct, the intermediate usually formed as first step of 

the photocatalytic reaction. In order to obtain the trinuclear complexes Ru2Re-

CO2TEOA and RuRe2-CO2TEOA, the complexes where the chloride ligand is 

substituted by a MeCN ligand were prepared starting from RuRe2 and Ru2Re 

trinuclear complexes. The supramolecular complexes RuRe2 and Ru2Re were 

left stirring in the dark for 8 days to obtain the Re-MeCN species. The complexes 

so formed were solubilized in DMA and left in the dark for 5 hours to obtain a 

Re-DMA compound. After, the same volume of TEOA was added to the solution 

and it was left overnight in the dark. The equilibrium between the Re-DMA and 

Re-TEOA was established. The mixture was adjusted in order to obtain a solution 

with a mixture 5:1 v/v of DMA/TEOA as solvent. After bubbling CO2 in the 

solution, the Re-CO2-TEOA adduct was formed. It is possible observing in 

Figure 5.24 that the TON for the CO formation for the species Ru2Re-

CO2TEOA and RuRe2-CO2TEOA, in the same experimental condition, 

increases in respect to Ru2Re and RuRe2 of only 200 and 500 units respectively 

(i. e. 2695 for Ru2Re and 2368 for RuRe2). 
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Figure 5.24. Photocatalytic formation of CO (blue line), formic acid (red line) 

and H2 (green line) as function of irradiation time using (a) Ru2Re-CO2TEOA 

(25 µM) and (b) RuRe2-CO2TEOA (50 µM)  in CO2-saturated DMA-TEOA (5:1 

v/v, 3 mL) solutions and BIH (0.1 M) irradiated using a LED (530 nm, 4 mW) as 

a light source. 

 

Also the selectivity increases reaching the 99.9% for RuRe2-CO2TEOA and 

99% for Ru2Re-CO2TEOA. In the cases of RuRe2-CO2TEOA the time course 

for the CO formation reaches a plateau because the whole BIH presents in solution 

has been consumed.  

 

5.2.3 Synthesis of Ru2Ru Supramolecular Complex 

The synthesis of the supramolecular species Ru2Ru are represented in 

Scheme 5.5.  

 
Scheme 5.5. 

 

This complex was synthesized by reacting the ligand complex Ru2(bpy3Ph) with 
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a polymeric precursor [Ru(CO)2Cl2]n (synthesized as reported in literature by 

reacting RuCl3 · xH2O with parformaldeide)23 under argon atmosphere at reflux 

using as solvent a mixture MeOH/acetone (1:1 v/v). 

The reaction was monitored by UV-Vis spectroscopy following the formation of 

a new small absorption band at 310 nm. The final complex was obtained after 

reprecipitation in diethyl ether as orange solid with a yield of 87%.  

 

5.2.3.1 Absorption Spectra and Photophysical Properties 

The absorption spectra of the species Ru2(bpy3Ph) and Ru2Ru recorded 

in acetonitrile are shown in Figure 5.25 and all the photophysical properties are 

summarized in Table 5.8.  

 

Table 5.8. Photophysical properties measured in deaerated MeCN(a) 

 (a) All data are measured in MeCN at 293 K. (b) Only the low energy maximum 

is reported. (c) Data in parenthesis refer to air-equilibrated solution. (d) From 

reference 7. (e) From reference 24. (f) From reference 25. 

 

It is possible to notice in Table 5.8 that the extinction coefficient of the model 

species Ru(dmb)(CO)2Cl2 is very low if compared with the ones of the precursor 

metal complex Ru2(bpy3Ph). As consequence, the absorption spectrum of the 

Ru2Ru species is very close to the one of the species Ru2(bpy3Ph) except for a 

small contribution around 310 nm (see Figure 5.25).  

The complex Ru2Ru is luminescent in acetonitrile fluid solution at room 

temperature (see Figure 5.26 and Table 5.8).  

For the trinuclear species Ru2Ru the emission is due to the radiative deactivation 

 Absorption Luminescence 

 λmax /nm  

(ε460/M
-1cm-1)(b) 

λmax / nm τ / ns (c) Φem 
(c) 

Ru2(bpy3Ph) 460 (31180) 625 851 (115) 0.086 (0.013) 

Ru2Ru 460 (31550) 624 867 (117) 0.085 (0.013) 

[Ru(dmb)3]2+(d) 458 (16300) 622 875 0.089(e) 

Ru(dmb)(CO)2Cl2
(e) 349 (1300) n.d.(f) n.d.(f) n.d.(f) 



5. Photocatalytic CO2 Reduction by Multinuclear Metal Complexes 
 

77 

 

of the 3MLCT state which involves the Ru(II)-photosensitizers centers and the 

polypyridine ligands. The emission of the Ru2Ru species can be overlapped with 

the one of the precursor species Ru2(bpy3Ph), regardless of the excitation 

wavelength (see Figure 5.26).  

 

 
Figure 5.25. Absorption spectra of Ru2(bpy3Ph) (black dashed line) and Ru2Re 

(violet solid line) in acetonitrile at room temperature. 

 

The emission quantum yield and lifetime of the species Ru2Ru are independent 

of the presence of the Ruthenium catalyst subunit. 

 

 
Figure 5.26. Emission spectra of Ru2(bpy3Ph) (black dashed line) and Ru2Ru 

(red solid line) in acetonitrile at room temperature at λexc = 450 nm. 
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All these results give the possibility to affirm that there are no strong electronic 

interactions between the excited photosensitizer Ru(II) subunit and the catalysts 

Ru(II) subunit. 

 

5.2.3.2 Redox Properties 

The redox properties of the final trinuclear complexes Ru2Ru have been 

investigated by voltametric analysis, such as cyclic, differential pulsed and square 

wave voltammetry. The results are summarized in Table 5.9. In the Ru2Ru 

voltammograms it is possible observing a reversible oxidation process due to the 

oxidation process of the Ru(II)-photosensitizers and three different reduction 

processes which involve the reduction of the three different bipyridine moieties 

(see Figure 5.27).  

In the voltammogram of the final product Ru2Ru it is possible observing that the 

first reduction peak at about -1.41 V is a little bit broader and bigger than the 

oxidation peak for the reduction of the two bipyridines coordinated to the Ru(II) 

photosensitizer centers and the irreversible oxidation of the bipyridine unit 

coordinated to the Ru(II) catalyst center. 

 

Table 5.9. Redox properties 
 E1/2, V vs SCE(a)  
 EOx1 ERed1 ERed2 ERed3 

Ru2(bpy3Ph) +1.15 [2] -1.43 [2] -1.61[2] -1.89[2] 

Ru2Ru +1.14 [2] -1.41[br] -1.58[2] -1.89[2] 

[Ru(dmb)3]2+(b) +1.10 [1] -1.45[1]   

[Ru(dmb)(CO)2Cl2](c) + 1.60 -1.40   

(a) Electrochemical Properties measured at room temperature in MeCN 

containing 0.1 M TBAH.  All values are obtained using the redox couple 

ferrocene/ferrocenium (395 mV vs. SCE in acetonitrile) as internal reference. The 

numbers in parentheses refer to the number of exchanges electrons. Irr indicates 

an irreversible process: in this case, the E values reported in table refer to peak 

potentials in pulse voltammetry experiments. (b) From reference 11. (c) From 

reference 26. 
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Figure 5.27. DPV of Ru2Ru (0.5 mM) in argon purged MeCN at room 

temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE in 

acetonitrile). Scan rate 20 mV/s. 

 

5.2.3.3 Photocatalytic Analysis  

Preliminary studies on the photocatalytic abilities of the trinuclear Ru2Ru 

supramolecular complex have been also carried out. The photocatalysis analysis 

were performed in CO2-satured atmosphere using a concentration of 50 μM of 

photosensitizer subunit to normalize the absorption properties of the complexes. 

In a typical run, a 3 mL CO2-saturated mixed solution of N,N-dimethylacetamide-

triethanolamine (DMA-TEOA; 5:1 v/v) containing Ru2Ru (25 µM) and 1-

benzyl-1,4-dihydronicotinamide (BNAH; 0.1 M) as  sacrificial electron donor 

was irradiated using a LED light source (530 nm, 4 mW), giving HCOOH with 

good selectivity. The DMA (N,N-Dimethylacetamide) was recently employed as 

solvent in the CO2 reduction because it does not produce formate thanks to its 

high stability against the hydrolysis.13 The TEOA assists the capture of CO2 from 

the Ru(II) catalyst subunit14  and captures the proton generated from the oxidation 

process of the sacrificial agent12 by enhancing the photocatalytic abilities. The 

products of photocatalysis are analysed by Gas Chromatography (for the 
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quantitative analysis of CO and H2) and Capillary Electrophoresis (for the 

quantification of HCOOH formation). The results are shown in Figure 5.28.  

 

 
Figure 5.28. Photocatalytic formation of CO (blue line) and H2 (green line) as 

function of irradiation time using Ru2Ru (25 µM) CO2-saturated DMA-TEOA 

(5:1 v/v, 3 mL) solutions and BIH (0.1 M) irradiated using a LED (530 nm, 4 mW) 

as a light source. 

 

The TON is quite good but further analysis on this complex are still running.  

 

5.3 Ligand bpy4Ph and its metal complexes 

5.3.1 Synthesis of ligand bpy4Ph  

The synthesis of bpy4Ph ligand is reported in Scheme 5.6. The synthesis 

has been performed at low temperature (-33°C) under inert atmosphere in 

anhydrous condition in one step using 4,4’-dimethyl-2,2’-bipiridine (hereafter 

dmb) and 1,2,4,5-tetrakis(bromomethyl)benzene in presence of lithium 

diisopropylamide (LDA).1 The LDA was added in slight excess slowly dropwise 

to a THF solution of dmb at -33°C. LDA is a strong base suitable to remove a 

hydrogen from one methyl substituent on the bipyridine. Later, a THF solution of 

1,2,4,5-tetrakis(bromomethyl)benzene was added. The resulting reaction mixture 

gradually reaches room temperature and is left stirring overnight. The colour of 

solution changes from dark brown to pale yellow. The reaction was quenched with 
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water. The presence of two equivalent methyl groups on the bipyridine and the 

reaction condition lead to the formation of a mixture of products. The crude was 

purified by chromatography column on silica gel using DCM/MeOH (9:1 v/v) as 

eluent. The first fraction eluted was the unreacted bipyridine.   

 

 
Scheme 5.6. 

 

The required product was eluted as second fraction and recrystallized from 

ethanol leading to the final product with moderate yield (59%).  

The characterization was performed by 1H and 13C NMR spectroscopy  

in CD2Cl. The absence of the signal of the aliphatic protons of  

1,2,4,5-tetrakis(bromomethyl)benzene and the new peak of the sixteen protons of 

the ethylene chains at δ = 2.82 ppm are the clear indication for the formation of 

the required product. This ligand results to be suitable to obtain different 

tetranuclear complexes that integrate three Ru(II)-based photosensitizer subunits 

and a catalyst subunit.  

 

5.3.2 Synthesis of Ru3Re Supramolecular Complex 

The synthesis of the supramolecular species Ru3Re is shown in Scheme 

5.7.  

The synthesis was performed with the “cal/cam” approach employed also for all 

the previously reported supramolecular complexes. In order to obtain complexes 

with three photosensitizer subunits, the ligand bpy4Ph was put to react in 1:3 
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molar ratio with the metal-complex Ru(dmb)2Cl2 in a EtOH/MeOH 1:1 v/v 

mixture at reflux under argon atmosphere (Scheme 5.7). 

 

 
Scheme 5.7.  

 

The presence of four equivalent bipyridine units in the ligand bpy4Ph lead to the 

competitive formation of a mixture of four different supramolecular complexes 

Ru(bpy4Ph), Ru2(bpy4Ph), Ru3(bpy4Ph) and Ru4(bpy4Ph) charged respectively 

+2, +4, +6 and +8. The mixture was separated by ionic exchange chromatography 

taking advantage of the different charge of the metal complexes using CM 

Sephadex C-25, an ionic exchange resin, as stationary phases and a solution of 

NaCl in H2O/acetone (5:3 v/v). Changing the ionic force of the medium, by a 
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progressive increasing of the concentration of NaCl in solution, leads to the 

selective elution of the four different complexes from the lest to the most charged 

one. The required Ru3(bpy4Ph) complex was eluted in the third fraction and 

isolated as orange solid as PF6
- salt with a yield of 56%. The presence in 

Ru3(bpy4Ph) of one free dmb moiety gives the possibility to use this complex to 

react with suitable precursor to obtain the supramolecular complexes whit also a 

catalyst subunit. Consequently, the second synthetic step was the reaction of the 

ligand-complex Ru3(bpy4Ph) with the Re(CO)5Cl in 1,2-dichloroethane at reflux 

under inert atmosphere (Scheme 5.7). The reaction was controlled using the UV-

Vis absorption spectroscopy following the presence of the new Re(dmb)(CO)3Cl 

1MLCT absorption band at 360 nm. The product was purified by precipitation 

adding NH4PF6 and it was washed with diethylether to remove the unreacted 

rhenium precursor. The final Ru3Re product was obtained with a yield of 32%.  

 

5.3.2.1 Absorption Spectra and Photophysical Properties 

The absorption spectra of the species Ru3(bpy4Ph) and RuRe recorded in 

acetonitrile are shown in Figure 5.29 and all the photophysical properties are 

summarized in Table 5.10. The absorption spectrum of the precursor complex 

Ru3(bpy4Ph) is characterized by a strong absorption band between 450 and  

465 nm assigned to spin-allowed transition 1MLCT (metal to ligand charge 

transfer) which involves a charge transfer from orbital mainly centred on the 

Ru(II) to an orbital mainly centred on the polypyridine ligands. The molar 

extinction coefficient of the supramolecular complex is about three times the one 

of the model species [Ru(dmb)3]2+, as expected, (due to the presence of three 

metal center).  In the UV-Vis region it is possible to observe an intense absorption 

band, at around 285 nm, due to the π-π* transition centred on the orbitals of the 

ligands.  
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Figure 5.29. Absorption spectra of the model species [Ru(dmb)3]2+ (black dashed 

line), Re(dmb)CO3Cl (pink dashed line) and their weighted sum (green dotted 

line) superimposed with the spectra of the species trinuclear Ru2Re (blue solid 

line) and of the precursor Ru3(bpy4Ph) (red solid line). 

 

The absorption spectrum of the species Ru3Re (shown in Figure 5.29) presents 

the same contributions of the precursor species and an additional contribution 

between 280 and 410 nm due to the 1MLCT transition involving the Re(I) center. 

 

Table 5.10. Photophysical properties measured in deaerated MeCN(a) 

(a) All data are measured in MeCN at 293 K. (b) Only the low energy maximum 

is reported. (c) Data in parenthesis refer to air-equilibrated solution. (d) From 

reference 7. (e) From reference 8. (f) From reference 9. (g) From reference 10. 

(h) In MeTHF.  

 

The weighed sum spectrum of the model species [Ru(dmb)3]2+ and 

Re(dmb)(CO)3Cl can be superimposed to the ones of the supramolecular species 

 Absorption Luminescence 

 λmax /nm  

(ε460/M
-1cm-1)(b) 

λmax / nm τ / ns (c) Φem 
(c) 

Ru3(bpy4Ph) 460 (41000) 625 851 (115) 0.086 (0.014) 

Ru3Re 460 (42500) 629 852 (117) 0.086 (0.013) 

[Ru(dmb)3]2+(d) 458 (16300) 622 875 0.089(e) 

Re(dmb)CO3Cl 364 (3630) (f) 600(g) 49(g) 0.0057(h) 
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Ru3Re. This suggests that there are no strong electronic interactions between the 

Ru(II) and Re(I) metal centers in the ground state. Consequently, the 

photophysical properties of each metal center are independent and additive. All 

metal complexes are luminescent in acetonitrile fluid solution at room 

temperature (see Figure 5.30 and Table 5.10). 

For the trinuclear species Ru3(bpy4Ph), the emission is due to the radiative 

deactivation of the 3MLCT state which involves the Ru(II) centers and the 

polypyridine ligands.  

The emission recorded for the trinuclear species Ru3Re can be overlapped with 

the one of the precursor Ru3(bpy4Ph), regardless of the excitation wavelength 

(see Figure 5.30) and also by exciting the sample in the spectral range where the 

Re(I) absorption contribute is bigger. 

The emission quantum yield and lifetime of the species Ru3Re are independent 

of the presence of the rhenium subunit. 

 

 
Figure 5.30. Normalized emission spectra of Ru3(bpy4Ph) (red solid line) and 

RuRe2 (Blue solid line) in acetonitrile at room temperature at λexc = 450 nm. 
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All these results give the possibility to affirm that there are no strong electronic 

interactions between the excited photosensitizers Ru(II) subunits and the catalyst 

Re(I) subunit.  

 

5.3.2.2 Redox Properties 

The redox properties of precursor trinuclear metal complex Ru3(bpy4Ph) 

and final tetranuclear metal complex Ru3Re have been investigated by cyclic, 

differential pulsed and square wave voltammetry. The results are summarized in 

Table 5.11.  

In the voltammograms of the Ru3(bpy4Ph) species it is possible observing a 

reversible oxidation process due to the oxidation process of the Ru(II) and three 

different reduction processes which involve the reduction of the three different 

bipyridine moieties  coordinated to the Ru(II) metal centers (see Figure 5.31). 

In the Ru3Re voltammogram a further irreversible oxidation process, due to the 

oxidation of the Re(I) metal center, is present. In reduction it is possible observing 

three different reduction processes. 

 

Table 5.11. Redox properties 
 E1/2, V vs SCE(a) 

 EOx2 EOx1 ERed1 ERed2 ERed3 

Ru3(bpy4Ph)  +1.14 [3] -1.40 [3] -1.61[3]  

Ru3Re +1.42 irr +1.15 [2] -1.41[3] -1.59 -1.90 

[Ru(dmb)3]2+(b)  +1.10 [1] -1.45[1]   

[Re(dmb)(CO)3Cl](c)  +1.36 irr -1.43 [1]   

(a) Electrochemical properties measured at room temperature in MeCN 

containing 0.1 M TBAH.  All values are obtained using the redox couple 

ferrocene/ferrocenium (395 mV vs. SCE in acetonitrile) as internal reference. The 

numbers in parentheses refer to the number of exchanges electrons. Irr indicates 

an irreversible process: in this case, the E values reported in table refer to peak 

potentials in pulse voltammetry experiments. (b) From reference 11. (c) From 

reference 10. 
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Figure 5.31. DPV of Ru3(bpy4Ph) (0.5 mM) in argon purged MeCN at room 

temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE in 

acetonitrile). Scan rate 200 mV/s. 

 

The first reduction processes involve the reduction of the three different 

bipyridine moieties coordinated to the Ru(II) metal centers and the dmb subunit 

coordinated to the Re(I) metal center.  

 

5.3.2.3 Photocatalysis Analysis  

The photocatalytic abilities of the tetranuclear Ru3Re supramolecular 

complex are also investigated. The photocatalysis analysis are performed in CO2-

satured atmosphere using a concentration of 50 μM of photosensitizer subunit to 

normalize the absorption properties of the complexes. In a typical run, a 3 mL 

CO2-saturated mixed solution of N,N-dimethylacetamide/triethanolamine 

(DMA/TEOA; 5:1 v/v) containing Ru3Re (16 µM) and 1,3-dimethyl-2-phenyl-

2,3-dihydro-1H-benzo[d]imidazole (BIH) as  sacrificial electron donor was 

irradiated using a LED light source (530 nm, 4 mW), giving CO almost 

selectively. The DMA (N,N-Dimethylacetamide) was recently employed as 

solvent in the CO2 reduction because it does not produce formate thanks to its 

high stability against the hydrolysis.13 The TEOA assists the capture of CO2 from 



5. Photocatalytic CO2 Reduction by Multinuclear Metal Complexes  
 

88 

 

the Re(I) catalyst subunit14  and captures the proton generated from the oxidation 

process of the sacrificial agent12 by enhancing the photocatalytic abilities. The 

products of photocatalysis are analysed by Gas Chromatography (for the 

quantitative analysis of CO and H2) and Capillary Electrophoresis (for the 

quantification of HCOOH formation). The results are shown in Figure 5.32.  

 

 
Figure 5.32. Photocatalytic formation of CO (blue line) and HCOOH (orange 

line) as function of irradiation time using Ru2Re (50 µM) CO2-saturated DMA-

TEOA (5:1 v/v, 3 mL) solutions and BIH (0.1 M) irradiated using a LED (530 nm, 

4 mW) as a light source. 

 

The TONCO reaches 838 in 30 hours and the selectivity for the CO formation is 

97.8%. This one is the worse supramolecular complex studied. Experiment to 

understand the reason of this bad catalytic performance are still in progress.  

 

5.3.3. Synthesis of Ru3Ru Supramolecular Complex 

The synthesis of the supramolecular species Ru3Ru are represented in 

Scheme 5.8. This complex was synthesized by reacting the ligand complex 

Ru3(bpy4Ph) with a polymeric precursor [Ru(CO)2Cl2]n (synthesized as reported 

in literature by reacting RuCl3 · xH2O with parformaldeide)23 under argon 

atmosphere at reflux using as solvent a mixture MeOH/acetone (1:1 v/v). The 

reaction was monitored by UV-Vis spectroscopy following the formation of a new 
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small absorption band at 310 nm. The product was isolated as PF6
- salt with a 

yield of 78%.  

 

 
Scheme 5.8. 

 

5.3.3.1 Absorption Spectra and Photophysical properties 

The absorption spectra of the species Ru3(bpy4Ph) and Ru3Ru recorded 

in acetonitrile are shown in Figure 5.33 and all the photophysical properties are 

summarized in Table 5.12.  

 

 
Figure 5.33. Absorption spectra of Ru3(bpy4Ph) (red solid line) and Ru3Ru 

(violet solid line) in acetonitrile at room temperature. 
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It is possible to note in Table 5.12 that the extinction coefficient of the model 

species Ru(dmb)(CO)2Cl2 is very low if compared to the ones of the precursor 

metal complex Ru3(bpy4Ph). As consequence, the absorption spectrum of the 

Ru3Ru species is very close to the one of the species Ru3(bpy4Ph) except for a 

small contribution around 310 nm (see Figure 5.33).  

 

Table 5.12. Photophysical properties measured in deaerated MeCN(a) 

(a) All data are measured in MeCN at 293 K. (b) Only the low energy maximum 

is reported. (c) Data in parenthesis refer to air-equilibrated solution. (d) From 

reference 7. (e) From reference 24. (f) From reference 25. 

 

The complex Ru3Ru is luminescent in acetonitrile fluid solution at room 

temperature (see Figure 5.34 and Table 5.12).  

 

 
Figure 5.34. Emission spectra of Ru3(bpy4Ph) (blue solid line) and Ru3Ru (red 

solid line) in acetonitrile at room temperature at λexc = 450 nm. 

 Absorption Luminescence 

 λmax /nm  

(ε460/M
-1cm-1)(b) 

λmax / nm τ / ns (c) Φem 
(c) 

Ru3(bpy4Ph) 460 (41000) 625 851 (115) 0.086 (0.014) 

Ru3Ru 460 (41500) 624 867 (117) 0.085 (0.013) 

[Ru(dmb)3]2+(d) 458 (16300) 622 875 0.089(e) 

Ru(dmb)(CO)2Cl2(e) 349 (1300) n.d.(f) n.d.(f) n.d.(f) 
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For the trinuclear species Ru3Ru the emission is due to the radiative deactivation 

of the 3MLCT state which involves the Ru(II)-photosensitizers centers and the 

polypyridine ligands. The emission of the Ru3Ru species can be overlapped with 

the one of the precursor species Ru2(bpy3Ph), regardless of the excitation 

wavelength (see Figure 5.34).  

The emission quantum yield and lifetime of the species Ru3Ru are independent 

of the presence of the Ruthenium catalyst subunit. All these results give the 

possibility to affirm that there are no strong electronic interactions between the 

excited photosensitizers Ru(II) subunits and the catalyst Ru(II) subunit. 

 

5.3.3.2 Redox Properties 

The redox properties of the final trinuclear complex Ru3Ru has been 

investigated by voltametric analysis, such as cyclic, differential pulsed and square 

wave voltammetry. The results are summarized in Table 5.13.  

In the Ru3Ru voltammograms (see Figure 5.35) it is possible observing a 

reversible oxidation process due to the oxidation process of the Ru(II) and three 

different reduction processes which involve the reduction of the three different 

bipyridine moieties. 

 

Table 5.13. Redox properties 
 E1/2, V vs SCE(a)  
 EOx1 ERed1 ERed2  

Ru3(bpy4Ph) +1.14 [3] -1.40 [3] -1.61[3]  

Ru3Ru +1.14 [3] -1.41[br] -1.58  

[Ru(dmb)3]2+(b) +1.10 [1] -1.45[1]   

[Ru(dmb)(CO)2Cl2](c) + 1.60 -1.40   

 (a) Electrochemical properties measured at room temperature in MeCN 

containing 0.1 M TBAH.  All values are obtained using the redox couple 

ferrocene/ferrocenium (395 mV vs. SCE in acetonitrile) as internal reference. The 

numbers in parentheses refer to the number of exchanges electrons, when this 

data is available. Irr indicates an irreversible process: in this case, the E values 

reported in table refer to peak potentials in pulse voltammetry experiments. (b) 

From reference 11. (c) From reference 26. 
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Figure 5.35. DPV of Ru3Ru (0.5 mM) in argon purged MeCN at room 

temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE in 

acetonitrile). Scan rate 20 mV/s. 

 

In the voltammogram of the final product Ru3Ru (show in Figure 5.35) it is 

possible observing that the first reduction peak at about -1.41 V is a little bit 

broader and bigger than the oxidation peak for the reduction of the three 

bipyridines coordinated to the Ru(II) photosensitizer centers and the irreversible 

oxidation of the bipyridine unit coordinated to the Ru(II) catalyst center. 

 

5.3.3.3 Photocatalytic Analysis  

Preliminary studies on the photocatalytic abilities of the trinuclear Ru3Ru 

supramolecular complex are also carried out. The photocatalysis analyses are 

performed in CO2-satured atmosphere using a concentration of 50 μM of 

photosensitizer subunit to normalize the absorption properties of the complexes. 

In a typical run, a 3 mL CO2-saturated mixed solution of  

N,N-dimethylacetamide/triethanolamine (DMA/TEOA; 5:1 v/v) containing 

Ru3Ru (16.7 µM) and 1-benzyl-1,4-dihydronicotinamide (BNAH; 0.1 M) as  

sacrificial electron donor, was irradiated using a LED light source (530 nm, 4 

mW), giving HCOOH with good selectivity. The DMA (N,N-
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Dimethylacetamide) was recently employed as solvent in the CO2 reduction 

because it does not produce formate thanks to its high stability against the 

hydrolysis.13  

 

 
Figure 5.36. Photocatalytic formation of CO (blue line) and H2 (green line) as 

function of irradiation time using Ru2Ru (25 µM) CO2-saturated DMA-TEOA 

(5:1 v/v, 3 mL) solutions and BIH (0.1 M) irradiated using a LED (530 nm, 4 mW) 

as a light source. 

 

The TEOA assists the capture of CO2 from the Re(I) catalyst subunit14  and 

captures the proton generated from the oxidation process of the sacrificial agent12 

by enhancing the photocatalytic abilities.  

The products of photocatalysis are analysed by Gas Chromatography (for the 

quantitative analysis of CO and H2) and Capillary Electrophoresis (for the 

quantification of HCOOH formation). The results are shown in Figure 5.36. 

The TON is quite good. Unfortunately, the impact of the pandemic emergency 

delayed the study, so further analyses on this complex are still running. 

 

5.4 Second generation: dendritic mixed metal photocatalysts 

5.4.1 Synthesis of RuRe3 and RuRe6 Supramolecular Complexes 

As a consequence of the better photocatalytic performance obtained for 

the RuRe2 metal complex in respect to the supramolecular complex Ru2Re, it 
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has been decided to improve the number of catalytic subunits compared to the 

photosensitizer subunit.  

 
Figure 5.37. Structure of the multinuclear complexes RuRe3 (left) and RuRe6 

(right). 

 

For this reason, by using bridging ligands bpy2Ph and bpy3Ph as components, 

two new multinuclear complexes containing only one photosensitizer unit and 

three or six catalysts units (respectively RuRe3 and RuRe6 in Figure 5.37) have 

been designed and synthesized.  

As shown in Figure 5.37, the RuRe3 and RuRe6 complexes belong to the class 

of dendrimers. Generally, dendrimers present a tree-like structure (the name 

comes from Greek “dendrons”, which means tree) and can be synthesized via an 

iterative sequence of reaction steps. The synthetic strategies for the preparation 

are of two kinds: the divergent and the convergent approach.27  

In the divergent approach, see Scheme 5.9, the dendrimer is synthesized starting 

from a core on which, by several reaction steps, repetitive units are assembled. 

The first reaction step leads to the formation of a first-generation dendrimer. In 

the case where the ancillary units contain further reactive sites the first-generation 

dendrimer can react again to increase the generation. Such process can be iterated 

in order to obtain successive generations. This synthetic path grants a rapid 

increasing of the peripheral sites of the system.  

The second synthetic approach is the convergent one, see Scheme 5.10.  
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In this case, the dendritic structure is build up starting from the periphery:  the 

first step is the synthesis of ramification and the final step is to assemble these 

ramifications on the core. In the case of dendrimer systems based on metal center, 

the starting building block can be defined (as in the former syntheses of metal 

complexes) in function of the reactive sites as metal-complexes and ligand-

complexes. 

 

 
Scheme 5.9.  

 

 
Scheme 5.10. 
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At first, the synthetic strategy adopted to obtain multinuclear systems were the 

divergent one.  

 
Scheme 5.11. 

 

The linear ligand bpy2Ph was employed to synthetize the mononuclear species 

[Ru(bpy2Ph)3]2+. The reaction was conducted with an excess of ligand bpy2Ph 
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in respect to the metallic precursor Ru(DMSO)4Cl2 using as solvent a  

1,2-DCE/EtOH (3:1, v/v) mixture as shown in Scheme 5.11. In these 

experimental conditions, the presence of two equivalent chelating sites with poor 

electronic communication among them, leads to the formation of an orange crude.  

The equivalent reactivity of the two chelating sites leads also to the formation of 

several multinuclear by-products with the mononuclear required complex. The 

crude was purified by size exclusion chromatography (using Sephadex LH-20 as 

stationary phase) and ethanol as eluent. The mononuclear complex was isolated 

as PF6
- salt from the first eluted fraction with a yield of about 20%. The 

mononuclear species has been employed as ligand-complex in the following 

synthetic step. Consequently, the second synthetic step was the reaction of the 

ligand-complex [Ru(bpy2Ph)3]2+ with a strong excess of Re(CO)5Cl in 1,2-

dichloroethane/toluene (1:1 v/v) at reflux under inert atmosphere (Scheme 5.11). 

The reaction was controlled using the UV-Vis absorption spectroscopy following 

the presence of the new Re(dmb)(CO)3Cl 1MLCT absorption band at 360 nm. 

The product was purified by precipitation in diethylether to remove the unreacted 

rhenium precursor. The final RuRe3 product was obtained with a yield of 32%.  

A similar synthetic strategy was adopted to prepare the heptanuclear species. The 

bpy3Ph ligand was employed to synthetize the mononuclear species 

[Ru(bpy3Ph)3]2+ as shown in Scheme 5.12. 

The presence of three equivalent chelating sites with poor electronic 

communication among them, leads to an even more unspecific reaction. 

Particularly, despite the precaution such as a huge excess of ligand in respect to 

the metal precursor, several multinuclear species, hard to characterize and isolate, 

were obtained. The orange crude was purified, as in the previous synthesis, at first 

by size exclusion chromatography. The first eluted band was further purified by 

chromatography using alumina as stationary phase and DCM/EtOH (9:1, v/v) as 

mobile phase. The [Ru(bpy3Ph)3]2+ mononuclear complex was isolated as PF6
- 

salt with a yield of around 15%. The core has been employed as ligand-complex 
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in the following synthetic step in order to obtain the final complex RuRe6, shown 

in Scheme 5.12.  

 

 
Scheme 5.12. 
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Consequently, the second synthetic step was the reaction of the ligand-complex 

[Ru(bpy3Ph)3]2+ with a strong excess of Re(CO)5Cl in 1,2-

dichloroethane/toluene (1:1 v/v) at reflux under inert atmosphere (Scheme 5.12).  

The reaction was controlled using the UV-Vis absorption spectroscopy following 

the presence of the new Re(dmb)(CO)3Cl 1MLCT absorption band at 360 nm. 

The product was purified by precipitation in diethylether to remove the unreacted 

rhenium precursor. The final RuRe6 product was obtained with a yield of 32%. 

In order to increase the reaction yield and minimize the by products (and as 

consequence also the waste of reactant) a convergent approach was adopted.  

A huge excess of the ligand bpy2Ph was solubilized in toluene and it was put to 

react with Re(CO)5Cl solubilized in methanol added slowly to the ligand solution 

(see Scheme 5.13). The final product Re(bpy2Ph)(CO)3Cl was extracted from 

the crude with acetonitrile. The yellow final product was obtained with a yield of 

65%. The product Re(bpy2Ph)(CO)3Cl was put to react, in huge excess, with 

Ru(DMSO)4Cl2 using as solvent a mixture 1,2- DCE/EtOH (1:1, v/v) under argon 

atmosphere at reflux. The yellow mixture became orange.  

The crude product was purified by column chromatography using alumina as 

stationary phase and acetonitrile/toluene (3:1, v/v) as eluent. The final product 

was isolate as PF6
- salt with a yield of 20%.  

A similar synthetic strategy was adopted to prepare the heptanuclear species. The 

ligand bpy3Ph was solubilized in toluene and it was put to react with Re(CO)5Cl 

solubilized in methanol added slowly to the ligand solution (see Scheme 5.14). 

The presence of three equivalent bipyridine moieties with poor electronic 

communication among them, led to an even more unspecific reaction. 

For this reason the ligand bpy3Ph was put in ratio 3.5:2 in respect to the precursor 

Re(CO)5Cl. The final product Re2(bpy3Ph) was extracted from the crude with 

acetonitrile. The yellow final product was obtained with a yield of 60%. The 

product Re2(bpy2Ph) present another free chelating site so, it was put to react, in 
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huge excess, with Ru(DMSO)4Cl2 using as solvent a mixture 1,2-DCE/EtOH 

(1:1, v/v) under argon atmosphere at reflux. 

 

 

Scheme 5.13. 
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Scheme 5.14. 
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The yellow mixture became orange. The crude was purified by column 

chromatography using alumina as stationary phase and acetonitrile/toluene (3:1, 

v/v) as eluent. The product was isolated as PF6
- salt with a yield of 35%.  

 

5.4.1.1 Absorption Spectra and Photophysical Properties 

The absorption spectra of the new species RuRe3 and RuRe6 in 

acetonitrile are reported in Figure 5.38 and Figure 5.39 and the spectroscopic 

and photophysical data are reported in Table 5.14.  

As it can be observed in Figure 5.38 and Figure 5.39, the absorption spectra of 

the mononuclear Ru(bpy2Ph)3 and Ru(bpy3Ph)3 species are characterized by a 

strong absorption band between 450 and 465 nm assigned to spin-allowed 

transition 1MLCT (metal to ligand charge transfer) which involves a charge 

transfer from orbital mainly centred on the Ru(II) to an orbital mainly centred on 

the polypyridine ligands. In the UV-Vis region, at around 280 nm, it is possible 

to observe an intense absorption band due to the π-π* transition centred on the 

orbitals of the ligands. 

 

 
Figure 5.38. Absorption spectra of Ru(bpy2Ph)3 (red solid line), Re(bpy2Ph) 

(blue solid line) and RuRu3 (black solid line) in acetonitrile at room temperature. 
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Figure 5.39. Absorption spectra of Ru(bpy3Ph)3 (red solid line), Re2(bpy3Ph) 

(blue solid line) and RuRu6 (black solid line) in acetonitrile at room temperature. 

 

In the spectra of the multinuclear species it is possible observing a further band in 

the spectral range between 300 and 400 nm due to the transition 1MLCT involving 

the rhenium subunits and the polypyridine ligands.  

 

Table 5.14. Photophysical properties measured in deaerated MeCN(a) 

(a) All data are measured in MeCN at 293 K. (b) Only the low energy maximum 

is reported. (c) Data in parenthesis refer to air-equilibrated solution. (d) From 

reference 7. (e) From reference 8. (f) From reference 9. (g) From reference 10. 

(h) In MeTHF.  

 

 

 Absorption Luminescence 

 λmax /nm  

(ε460/M
-1cm-1)(b) 

λmax / nm τ / ns (c) Φem 
(c) 

Ru(bpy2Ph)3 455 (14500) 623 878 (120) 0.085 (0.016) 

Ru(bpy3Ph)3 460 (14300) 623 851 (115) 0.086 (0.016) 

Re(bpy2Ph) 360 (3580)  608   

Re2(bpy3Ph) 360 (7100) 607   

RuRe3 454 (14500) 624 867 (119) 0.085 (0.016) 

RuRe6 460 (18550) 625 852 (117) 0.086 (0.016) 

[Ru(dmb)3]2+(d) 458 (16300) 622 875 0.089(e) 

Re(dmb)CO3Cl 364 (3630) (f) 600(g) 49(g) 0.0057(h) 
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Figure 5.40. Absorption spectra of the model species [Ru(dmb)3]2+ (red dashed 

line), Re(dmb)CO3Cl (blue dashed line) and their sum (violet solid line) 

superimposed with the spectra of the heptanuclear species RuRe3 (black solid 

line).  

 

 

 

 
Figure 5.41. Absorption spectra of the model species [Ru(dmb)3]2+ (red dashed 

line), Re(dmb)CO3Cl (blue dashed line) and their sum (violet solid line) 

superimposed with the spectra of the heptanuclear species RuRe6 (black solid 

line).  

 

The intensity of this band is proportional to the number of the Re(I) subunits in 

the final supramolecular complexes. The spectra obtained by summing the spectra 
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of the model species of Ru(II) and Re(I) in 1:3 and 1:6 ratio, can be superimposed 

with the ones of the multinuclear species RuRe3 and RuRe6, see Figure 5.40 

and Figure 5.41.  

 

 
Figure 5.42. Emission spectra of Ru2(bpy3Ph) (black solid line) and RuRe3 (red 

solid line) in acetonitrile at room temperature at λexc = 450 nm and Re(bpy2Ph) 

(blue solid line) in acetonitrile at room temperature at λexc = 400 nm. 

 

 

 

 
Figure 5.43. Emission spectra of Ru(bpy2Ph) (black solid line) and RuRe6 (red 

solid line) in acetonitrile at room temperature at λexc = 450 nm and Re2(bpy3Ph) 

(blue solid line) in acetonitrile at room temperature at λexc = 400 nm. 
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This confirms that there is no electronic communication in the ground state among 

the metal centers in RuRe3 and RuRe6 supramolecular complexes.  

All the synthesized species are luminescent at room temperature in fluid solution 

of acetonitrile as it is possible to observe in Figure 5.42, Figure 5.43 and Table 

5.14. In the case of the mononuclear Ru(bpy2Ph)3 and Ru(bpy3Ph)3 species the 

emissions are due to the deactivation of the excited state 3MLCT of the Ru(II). 

The emission quantum yield and lifetime are the same as the ones of the model 

species [Ru(dmb)3]2+. The emissions of the mononuclear Re(bpy2Ph) and 

binuclear Re2(bpy3Ph) metal complexes present the maxima similar to the one of 

the model species Re(dmb)(CO)3Cl and a shorter wavelength (about 15 nm less) 

respect to the emission of the ruthenium center. It is possible to affirm that, as 

consequence of the low quantum yield of the Re(I) subunits in respect to the 

Ru(II) subunit, the emissions of the tetranuclear and heptanuclear species are due 

to the independent deactivation of two isoenergetic states localized respectively 

on the rhenium and ruthenium subunits.  

 

5.4.1.2 Redox Properties 

The redox properties of the species prepared have been investigated by 

voltametric analysis, such as cyclic, differential pulsed and square wave 

voltammetry. The results are summarized in Table 5.15. 

The mononuclear species Ru(bpy2Ph)3 shows only one oxidation process 

attributed, by comparison with the potential of the model species [Ru(dmb)3]2+, 

to the monoelectronic reversible oxidation of the ruthenium centre (see Figure 

5.44). 

In reduction it is possible to observe two reduction processes (with intensity 

comparable with the oxidation process) attributable to the reduction of the first 

and second bipyridine coordinated to the metal center; at more negative potential 

there is the reduction of the third bipyridine coordinated to the metal center and 

of the free bipyridines subunits (see Figure 5.45).  
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Table 5.15. Redox properties 
 E1/2, V vs SCE(a) 
 EOx2 EOx1 ERed1 ERed2 ERed3 

Ru(bpy2Ph)3  +1.15 [1] -1.41 [1] -1.59[1] -1.86 irr. 

Ru(bpy3Ph)3  +1.14 [1] -1.40 [1] -1.58[1] -1.89 irr 

Re(bpy2Ph)  + 1.36 irr  -1.41   

Re2(bpy3Ph)  +1.37 irr  -1.40   

RuRe3 +1.31 irr +1.15 [1] -1.41[4]   

RuRe6 +1.38 irr +1.17 [1] -1.42[7]   

[Ru(dmb)3]2+(b)  +1.10 [1] -1.45[1]   

[Re(dmb)(CO)3Cl](c)  +1.36 irr -1.43 [1]   

(a) Electrochemical Properties measured at room temperature in MeCN 

containing 0.1 M TBAH.  All values are obtained using the redox couple 

ferrocene/ferrocenium (395 mV vs. SCE in acetonitrile) as internal reference. The 

numbers in parentheses refer to the number of exchanges electrons. Irr indicates 

an irreversible process: in this case, the E values reported in table refer to peak 

potentials in pulse voltammetry experiments. (b) From reference 11. (c) From 

reference 10. 

  

 

 
Figure 5.44. Cyclic voltammogram of Ru(bpy2Ph)3 (0.5 mM) in argon purged 

MeCN at room temperature using Bu4NPF6 (0.1 M) as supporting electrolyte. As 

internal reference was used the redox couple ferrocene/ferrocenium (395 mV vs. 

SCE in acetonitrile). Scan rate 200 mV/s. 
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Figure 5.45. DPV analysis of Ru(bpy2Ph)3 (0.5 mM) in argon purged MeCN at 

room temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE in 

acetonitrile). Scan rate 20 mV/s. 

 

The voltammograms of the mononuclear species Ru(bpy3Ph)3 present a similar 

behaviour. The species Ru(bpy3Ph)3 shows only one oxidation process attributed, 

by comparison with the potential of the model species [Ru(dmb)3]2+, to the 

monoelectronic reversible oxidation of the ruthenium centre. In reduction it is 

possible to observe two reduction processes (with intensity comparable with the 

oxidation process) attributable to the reduction of the first and second bipyridine 

coordinated to the metal center; at a more negative potential there is the reduction 

of the third bipyridine coordinated to the metal center and of the six free 

bipyridines subunits (see Figure 5.46).  

The precursor species Re(bpy2Ph) and Re2(bpy3Ph), present only one 

irreversible oxidation band at about +1.36 V, ascribable to the irreversible 

oxidation of the Re(I) metal center(s) and a reduction process attributable to the 

reduction of the bipyridine coordinate to the Re(I) metal center(s).  
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Figure 5.46. DPV analysis of Ru(bpy3Ph)3 (0.5 mM) in argon purged MeCN at 

room temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE in 

acetonitrile). Scan rate 20 mV/s. 

 

In the multinuclear complexes RuRe3, there are two processes in oxidation (see 

Figure 5.47). The first one at 1.14 assignable to the reversible monoelectronic 

oxidation of the Ru(II) core, the second one, at more positive potential, is due to 

the irreversible oxidation of the Re(I) centers. 

 
Figure 5.47. DPV analysis of RuRe3 (0.5 mM) in argon purged MeCN at room 

temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE in 

acetonitrile). Scan rate 20 mV/s. 
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The comparison with the oxidation potential of the model species [Ru(dmb)3]2+ 

and Re(dmb)(CO)3Cl, shows as the electronic communication, from an 

electrochemical viewpoint, among the metal centers is negligeable. It is also 

possible observing in the voltammograms three reduction processes. The first 

reduction process at -1.40 V is due to the simultaneous and independent reduction 

of the three dmb coordinated to the Re(I) and the first dmb coordinated to the 

Ru(II) metal center. By comparing the reduction potential of the model species 

[Ru(dmb)3]2+ and Re(dmb)(CO)3Cl (see Table 5.15), it should be noted as the 

reduction potential of the dmb of the two species takes place at the same potential. 

The comparison between the peak area of the first oxidation and reduction 

processes, give the possibility to confirm that the process involves four electrons.  

Analogous behaviour is shown by the heptanuclear species RuRe6, in the same 

experimental condition. The voltammograms for the species RuRe6 show two 

oxidation processes (see Figure 5.47).  

The first one at 1.14 assignable to the reversible monoelectronic oxidation of the 

Ru(II) core, the second one, at more positive potential, is due to the irreversible 

oxidation of the Re(I) centers. The comparison with the oxidation potential of the 

model species [Ru(dmb)3]2+ and Re(dmb)(CO)3Cl, show as the electronic 

communication, from an electrochemical viewpoint, among the metal centers is 

negligeable. It is also possible observing in the voltammograms three reduction 

processes. The first reduction process at -1.40 V is due to the simultaneous and 

independent reduction of the six dmb coordinated to the Re(I) and the first dmb 

coordinated to the Ru(II) metal center. By comparing the reduction potential of 

the model species [Ru(dmb)3]2+ and Re(dmb)(CO)3Cl (see Table 5.15), it 

should be noted as the reduction potential of the dmb of the two species takes 

place at the same potential. 
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Figure 5.48. DPV analysis of RuRe6 (0.5 mM) in argon purged MeCN at room 

temperature using Bu4NPF6 (0.05 M) as supporting electrolyte. As internal 

reference was used the redox couple ferrocene/ferrocenium (395 mV vs. SCE in 

acetonitrile). Scan rate 20 mV/s. 

 

The comparison between the peak area of the first oxidation and reduction 

processes gives the possibility to confirm that the process involves seven 

electrons.  

Unfortunately, the photocatalytic behaviour of the dendritic species RuRe3 and 

RuRe6, due to the COVID pandemic, have been delayed, so this section is 

incomplete. However, we decided to report the synthesis as well as the absorption 

spectra, the photophysical properties and the redox behaviour of these new 

compounds and their components for completeness.  
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Chapter 6  

Conclusions 

 

A series of multinuclear metal complexes based on different bridging ligands with 

two, three and four chelating sites, have been synthesized. All the bridging ligands 

are constituted by a central phenyl ring connected in different positions with 

bipyridine subunits by ethylene chains. The metal complexes contain different 

numbers of Ru(dmb)3-type chromophores which can act as photosensitizers for 

photoinduced CO2 reduction, when Re(dmb)(CO)3Cl-type or Ru(dmb)(CO)2Cl2-

type based catalyst for the CO2 reduction are integrated in the multinuclear arrays, 

thus yielding photosensitizer-catalyst (PS-CAT) supramolecular assemblies. The 

various supramolecular metal complexes prepared present different ratios of 

photosensitizer and catalysts. The molecular structure of the bridging ligands is 

unprecedented for bridging ligands connecting photosensitizers and catalysts for 

CO2 reduction based on metal complexes, since it allows for larger separation 

among the active metal subunits.  

The results clearly indicate that the metal subunits of the supramolecular systems 

keep their photophysical and redox properties and the electronic interactions 

among the metal centers are negligible. The PS-CAT metal complexes which 

present the Re(I) catalysts subunits show an efficient light-induced CO2 reduction 

with formation of CO, with outstanding turnover number in most of the cases. For 

example, the trinuclear complexes Ru2Re and RuRe2 photocatalyze CO2 

reduction to CO with high selectivity (up to 97%) and high durability (TON of 

5232 and 6038, respectively), which are the largest TONs for CO2 reduction using 

supramolecular photocatalysts in homogeneous solutions reported in literature. 

The metal complexes which present the Ru(II) based catalyst show a quite good 

photocatalytic ability for the HCOOH formation. The results exposed in the 
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present thesis clearly indicate that the bridging ligands with two and three 

bipyridine moieties can allow to obtain efficient long range electron transfer 

(suitable for the photocatalytic process) without affecting the behaviour of the 

catalytic subunit.  

The metal complexes with only one photosensitizer unit and two catalysts units 

present the best photocatalytic activity for the CO2 reduction. On the basis of this 

results, a second generation of multinuclear Ru/Re photocatalytic complexes were 

prepared, namely a tetranuclear and a heptanuclear dendrimer species which 

contain only one photosensitizer unit and respectively three and six catalysts units 

within their structure. For the synthesis of these complexes, divergent and 

convergent approaches have been employed. The more productive synthetic 

approach was the convergent one. Also these complexes keep their photophysical 

and redox properties. The study of the photocatalytic abilities of these latter, 

dendritic-shaped tetranuclear and heptanuclear metal complexes, however, have 

been delayed because of the COVID-19 pandemic, so while photophysical and 

redox properties are here reported, complete investigation of their properties is 

still running. 

All together, these achievements represent a breakthrough in the design of novel 

supramolecular photocatalysts, allowing to overcome the size limit in bridging 

ligand represented by the ethylene bridges most commonly used in efficient PS-

CAT supramolecular photocatalysts reported up to now. Actually, the present 

results indicate that new bridging ligands in which aromatic moieties are 

judiciously incorporated within the bridging ligand structure can allow to obtain 

fast long-range electron transfer, suitable for the photocatalytic process, without 

affecting the behaviour of the catalytic subunit(s). This can open new avenues for 

the design of new, more efficient and stable supramolecular photocatalysts for 

selective CO2 photoreduction.  



Chapter 7 

PhotoElectrocatalysis for CO2 Reduction – An Appendix 

 

As discussed in Chapter 4 and 5 and widely reported in literature,1,2 

suitable combination of molecular photosensitizer and catalyst can perform 

photocatalytic CO2 reduction with high stability, efficiency and selectively. Also 

photoelectrochemical CO2 reduction could be one of the most promising way to 

obtain renewable energy source3 and devices have been designed specifically for 

such conversion schemes, some of them integrating convincingly molecular 

components into hybrid electrode materials.4 The conversion performances of 

such photoelectrochemical cell (PEC, see Figure 6.1) depends on the efficiency 

of prepared and integrated photoelectrodes, on the overall stability and on the fast 

surface redox reaction.5  

 

 
Figure 6.1. Schematic representation of a PEC device composed of a 

photocathode and a Pt anode, operating in aqueous media (not represented here 

for clarity). The photocathode is here based on mesoporous NiO film sensitized 

with an organic dye (P1) and a catalyst for the CO2 reduction. 

 

An ideal photoelectrochemical cell consists of a photocathode and a photoanode 

(i.e. “tandem cell” with electrodes being both photoactive). In this kind of cell the 
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electron and hole, generated under illumination, are separated and transferred to 

the respective catalysts loaded on the photoelectrodes surfaces to perform the 

catalytic reactions for the production of fuels. Electrons are directed to the 

reductive side (the photocathode), while holes are directed to the oxidative side 

(the (photo)anode). 

An attractive photocathode material is p-type nickel oxide (NiO) semiconductor 

for which the band edges are suitably located for the CO2 reduction.6,7,8,9 

However, the photosensitization of wide band gap NiO (ca. 3.6 eV) is required in 

order to improve its capacity in visible-light-harvesting. Hybrid photocatalytic 

systems composed by photosensitized NiO electrode and a suitable catalyst for 

CO2 reduction have been successfully investigated.10 Dye P1 (4-[Bis(4-{5-[2,2-

dicyanovinyl]-thiophene-2-yl}phenyl)amino]benzoic acid) (Figure 6.2)  can be 

used as photosensitizer for p-type electrodes as it can be anchored on NiO through 

the carboxylic acid group:11 its push-pull nature facilitates electron transfer from 

NiO to the reduction catalyst (acceptor CN groups being far from the oxide). Re(I) 

metal complexes based on CO and bipyridines ligands are tuneable and efficient 

catalysts in CO2 reduction.12 In particular, modification in the organic ligand 

backbone of the complex allows to tune its electronic/redox properties and to 

control its incorporation in the hybrid material via the introduction of anchoring 

groups.  

 

 
Figure 6.2. Molecular structures of the molecular catalysts for the CO2 reduction 

Re(dmb) and Re(dcb) and P1 dye. 
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The present work was projected and realized in collaboration with Dr. Marie-

Pierre Santoni and with the help of Dr. Hasina Ramanitra, in Université de Paris 

(ITODYS laboratory). It focused on the elaboration of new types of modified 

NiO-P1 photocathodes for CO2 reduction and Dye-Sensitized 

PhotoElectrosynthetic Cells prototypes (one photocathode, see Figure 6.3, 

coupled with a Pt anode). The novel aspects here were: (i) new combinations of 

proven molecular components to be heterogenized on NiO electrodes; and (ii) the 

engineering of the interfaces between units (dye, catalyst) and charge-transporting 

material (semi-conductor). Indeed, the controlled incorporation of those 

functional units into hybrid materials and devices is critical for the overall device 

performances, by directing charge transfer/transport and limiting charge 

recombination. Our objective was to make progress in the understanding of 

processes (charge transfers and transport, catalytic mechanisms), by establishing 

correlations between structure and properties toward a rationalized design. Our 

long-term objective is to implement such photoelectrodes, based on our designed 

molecular components, in various types of devices, including tandem cells 

(obtained by combining n- and p-type photoelectrodes). 

 

 

Figure 6.3. Layer-by-layer composition of modified photoelectrodes targeted for 

PEC devices and CO2 reduction.   

 

Two molecular catalysts were synthesized according to previous reports:  

Re(dmb)(CO)3Cl, (hereafter called Re(dmb)) used here as a reference (no 
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anchoring group for specific integration into the material) and Re(dcb)(CO)3Cl 

(Re(dcb) from now) (where dmb = 4,4’-dimethyl-2,2’-bipyridine and dcb = 4,4’-

dicarboxyl-2,2’-bipyridine)). New photocathodes, based on P1 dye and a Re(I) 

catalyst were prepared, characterized and studied for CO2 reduction.  

 

 

6.1 Preparation of modified photoelectrodes FTO/NiO-Dye/Catalyst  

The NiO mesoporous electrodes on FTO (Fluorine Tin Oxide glass) 

substrate were prepared in two steps following the procedures reported in 

literature.13 The first step consists in the preparation of two compact 

superimposed blocking layers,14 the second one is the deposition of the 

mesoporous NiO layer.15 The  photosensitization of NiO was performed by 

soaking the FTO/NiO electrode in an ethanol solution 0.3 mM of P1 for 16 hours. 

The obtained FTO/NiO-P1 electrode was washed with acetonitrile and dried in 

air.  

Two Re(I) catalysts were synthesized as reported in literature:16 Re(dcb)(CO)3Cl 

and Re(dmb)(CO)3Cl. Identity and purity of each complex was verified using 

1H-NMR and IR spectroscopies. The deposition of the molecular catalyst, as the 

top layer of the photocathode, was performed using the dropcasting method: a 

solution of Re(dcb)(CO)3Cl (0.3 mM in acetonitrile) was drop-casted on the 

surface of the FTO/NiO-P1 electrodes to yield the modified photoelectrodes 

FTO/NiO-P1/Re(dcb). The amount of deposited Re(I) catalyst was varied in 

order to optimize the preparation of the catalyst film (Table 6.1).  

In order to study the behaviour of the Re(I) catalyst anchored on the NiO or not, 

FTO/NiO/Re(dcb) and FTO/Re(dcb) electrodes were also prepared for a 

comparative study. All the electrodes were characterized by UV-Vis and IR 

spectroscopy. 
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Table 6.1 Conditions tested for the optimization of the catalyst film preparation, 

using an acetonitrile solution of Re(dcb)(CO)3Cl (0.3 mM).  

DEPOSITION 

METHOD 

Dropcasting 

1 drop = 70 μL 

Dropcasting 

2 drops 

Dropcasting 

4 drops 

QUANTITY of 

deposited 

catalyst 

24 nmol 48 nmol 96 nmol 

ASPECT of 

obtained films 

Total coverage 

Homogeneous  

Total coverage 

Homogeneous 

Total coverage 

Homogeneous 

 

Morphological characterization of the obtained (photo)electrodes using Scanning 

Electron Microspcopy (surface and cross-section imaging) are in progress in 

Paris. It will give important information about the homogeneity and thickness of 

the films prepared and constituting the modified photoelectrode.  

 

6.2 Spectroscopic characterization of molecular components and of 

the FTO/NiO-P1/Re electrode 

The photophysical properties in acetonitrile solution of molecular 

components Re(dcb) and P1 are reported in Table 6.2 and the absorption spectra 

are shown in Figure 6.4.  

 

Table 6.2. Photophysical properties measured in deaerated MeCN at 293K. 

 Absorption Luminescence 

 λ/nm  

(ε/M-1cm-1)(b) 
λmax/ nm τ / ns (a) Φem 

(a) 

P1(b) 468 (58000) 650 30 ps(c)  

Re(dcb)(CO)3Cl(d) 

240 (71100) 

309 (40500) 

400 (9800) 

720 
0.015  

(0.012) 

<1%  

(<1%) 

(a) Data in parenthesis refer to air-equilibrated solution. (b) From reference 11. 

(c) From reference 17(d) From reference Errore. Il segnalibro non è definito.. 
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Figure 6.4. Absorption spectra in acetonitrile at room temperature of Re(dcb) 

(blue solid line) and P1 (red solid line).  

 

The Re(dcb) absorption spectrum presents a 1MLCT band at 400 nm and a LC π-

π* transition at 310 nm. The P1 absorption spectrum shows two π-π* absorption 

bands at around 350 and 470 nm with a quite high molar extinction coefficient. 

 

 

 
Figure 6.5. Emission spectra of P1 (2.5 μM) (blue solid line) and P1 and Re(dcb) 

(30 mM) (grey solid line) in acetonitrile. The slight decrease in fluorescence 

intensity measured is due to the small dilution effect. 
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In addition, a control quenching experiment was performed to verify that there is 

no competitive process (back electron transfer) possible between the dye and the 

catalyst (see Figure 6.5).  

Even in large excess, the catalyst cannot quench the fluorescence of the P1 dye 

(by oxidative quenching, D* transfers an e- to Re to give D+ and Re-). This may 

be due to slow kinetics for this electron transfer, which will be unable to compete 

with fast electron injection from NiO(VB). In conclusion, both components are 

well matched as they do not compete with each other, both regarding visible light 

absorption and electron transfers to the reduction catalyst. 

As shown in Figure 6.6, after the sensibilization of the FTO/NiO electrodes there 

is a red shift of the absorption maximum of P1 dye in FTO/NiO-P1 electrode of 

around 30 nm. 

This shift could be attributed to the coupling of the dye with the semiconductor.11 

The dye loading has previously been estimated to be ca. 15 nmol·cm-2.13 In the 

completed electrode FTO/NiO-P1/Re(dcb), an additional contribution is 

observed at 400 nm, confirming the presence of the Re(I) complex. The red shift 

of the P1 band in this case is of about 15 nm.  

 

 
Figure 6.6. Comparison of normalized absorption spectra in acetonitrile at room 

temperature of FTO/NiO-P1/Re(dcb) (blue solid line) and FTO/NiO-P1 (red 

solid line). 
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6.3 Electrochemical characterization of FTO/NiO/Re and FTO/NiO-

P1/Re electrodes 

  The electrodes were studied by cyclic voltammetry in argon and then in 

CO2 saturated atmosphere. In a standard experiment, the prepared electrodes were 

used as working electrode (active surface around 2 cm2), SCE was used as 

reference and a Pt grid was used as counter electrode. A 0.1 M aqueous solution 

of Na2SO4 was chosen as supporting electrolyte. The mesoporous FTO/NiO 

electrode (before the deposition of the photosensitizer and the catalyst) presents 

an oxidation peak at around +70 mV vs. SCE for the oxidation of Ni(II) to Ni(III) 

and a second oxidation peak at around +660 mV vs. SCE for the Ni(III)/Ni(IV) 

oxidation (see Figure 6.7).7,18 After bubbling CO2 in the solution, the potentials 

are shifted at more positive potential because an acidification of the solution takes 

place (from pH ~ 6.4 to pH ~ 5.3).  

 

 
Figure 6.7. Cyclic voltammetry of FTO/NiO electrode in Ar-saturated (red solid 

line) and CO2-saturated solution (blue solid line). 

 

Figure 6.8 shows the difference in electrochemical response of FTO/NiO-

P1/Re(dcb) (2 drops) electrodes under Ar vs. CO2 atmosphere, with an increase 

in cathodic current below -0.7 V vs. SCE under CO2-saturated atmosphere. A 
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further increase in cathodic current is measured for FTO/NiO-P1/Re(dcb) (2 

drops) under illumination (see Figure 6.9). No photoresponse was observed in 

the FTO/NiO electrode (due to the absence of dye). This means that the 

photoelectrochemical reduction of CO2 with the P1 sensitized electrodes should 

be facilitated. These observations are consistent with previous works in the 

French group.  

 

 
Figure 6.8. Cyclic voltammetry of FTO/NiO-P1Re(dcb) (2 drops) electrode in 

Ar-saturated (red solid line) and CO2-saturated solution (blue solid line). 

 

 

Comparison of electrode responses under CO2 for FTO/NiO, FTO/NiO-P1 and 

FTO/NiO-P1/Re(dcb) (2 drops) showed that the behaviour observed in the dark 

(Figure 6.10) differs from the behaviour observed under illumination (Figure 

6.11).  

In the dark, FTO/NiO-P1/Re(dcb) (2 drops) is the most active electrode below 

-1V (higher cathodic current recorded), while under illumination FTO/NiO-P1 is 

the most active. So far, we cannot explain this observation: experiments are in 

progress to confirm and identify the processes at work (simultaneous potential-

dependant GC-monitoring of catalytic products formed during a 

chronoamperometric experiment).  
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Figure 6.9. Magnification of cyclic voltammetry of FTO/NiO-P1Re(dcb) (2 

drops) electrode in CO2-saturated solution in the dark (red solid line) and upon 

0.1 Sun of light (blue solid line). 

 

 
Figure 6.10. Cyclic voltammetry of FTO/NiO (grey solid line), FTO/NiO-P1 

(blue solid line) and FTO/NiO-P1/Re(dcb) (2 drops) (red solid line) electrodes 

in CO2-saturated solution in the dark. 

 

From Figures 6.10 and 6.11, we can see that the NiO surface is less and less 

accessible under the successive layers of P1 dye and Re catalyst, as expected. 

However, 2 drops of catalyst are a low loading (48 nmol) and, despite the 

seemingly homogenous film obtained, it is insufficient to passivate the NiO 

surface. In consequence, FTO/NiO-P1/Re(dcb) electrodes with higher loading 

of Re complex were prepared and 4 drops (96 nmol) gave a complete passivation. 
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Figure 6.11. Cyclic voltammetry of FTO/NiO (red solid line), FTO/NiO-P1 (blue 

solid line) and FTO/NiO-P1/Re(dcb) (2 drops) (black solid line) electrodes in 

CO2-saturated solution under illumination. 

 

As evidenced by Figure 6.12, the higher loading greatly affects the response of 

the electrode: no more oxidation processes of Ni centres are seen, while the 

cathodic photocurrent is significantly anticipated and starts around  

-0.7 V vs SCE. The promising FTO/NiO-P1/Re(dcb) (4 drops) electrodes will 

be further investigated and characterized (in particular, long-standing 

photocatalytic experiments coupled to GC-MS monitoring). 

For comparative purpose and to get better understanding of the role of the Re 

catalyst in the performances of photoelectrodes assembled, the 

(photo)electrochemical behaviour of FTO/Re(dcb) and FTO/Re(dmb) were 

investigated. After control experiments confirmed the redox characteristics of the 

molecular complexes,19 we turned to confirm the redox features of the 

heterogenized Re complexes. This turned out a difficult task as the deposited films 

of Re complexes were not stable on FTO (not even Re(dcb), despite its anchoring 

groups), under the experimental conditions used for cyclic voltammetry. On the 

other hand, films of Re catalysts deposited on FTO/NiO and FTO/NiO-P1 are 

rather stable and very stable, respectively. This observation is in favour of such a 
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design for hybrid electrode materials based on multiple heterogenized molecular 

components. 

 

 
Figure 6.12. Cyclic voltammetry of FTO/NiO-P1 (black solid line), FTO/NiO-

P1/Re(dcb) (2drops) (blue solid line) and FTO/NiO-P1/Re(dcb) (4drops) (red 

solid line) electrodes in CO2-saturated solution under illumination. 

 

For comparative purpose and to get a better understanding of the role of the dye 

in the performances of photoelectrodes assembled, the (photo)electrochemical 

behaviour of FTO/NiO-Re(dcb) was investigated. For the deposition of the Re(I) 

catalyst on FTO/NiO, we first explored the soaking method that is commonly 

used for the dye loading. Overnight soaking (16 hours) of the FTO/NiO electrode 

in an acetonitrile solution 0.3 mM of Re(dcb)(CO)3Cl resulted in a very low 

catalyst loading (no measurable difference to the response of FTO/NiO). For this 

reason, the deposition by drop cast of 42 nmol of catalyst (2 drops) was chosen 

instead. Figure 6.13 shows the difference in electrochemical response for 

FTO/NiO-P1, FTO/NiO/Re(dmb) and FTO/NiO/Re(dcb) electrodes under 

CO2 and in the dark. Under these conditions, the cathodic current recorded below 

-0.8V is larger for FTO/NiO/Re(dmb) (pink curve).  
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Figure 6.13. Cyclic voltammetry of FTO/NiO (black solid line), 

FTO/NiO/Re(dcb) (blue solid line) and FTO/NiO/Re(dmb) (red solid line) 

electrodes in CO2-saturated solution under dark. 

 

However, this range of potentials may correspond to overlapping and competing 

processes: Hydroden-Evolution Reaction and CO2 reduction. However, on the 

potential range [-0.4; -0.8V], of particular interest for the reduction of CO2, the 

cathodic current recorded is higher for FTO/NiO/Re(dcb) (blue curve) in Figure 

6.14.  

 

 
Figure 6.14. Magnification of cyclic voltammetry of FTO/NiO (black solid line), 

FTO/NiO/Re(dcb) (blue solid line) and FTO/NiO/Re(dmb) (red solid line) 

electrodes in CO2-saturated solution under dark. 
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Overall, there are significant differences in the electrochemical responses and 

catalytic activities of photoelectrodes modified by the Re(dcb) or Re(dmb) 

complexes, as could be expected from their different redox properties and 

homogeneous catalysis. This will be further investigated using GC-MS 

monitoring.  

In order to study the light response of the FTO/NiO-P1Re(dcb) (2 drops) 

photoelectrode on the time scale of the electrochemical setup, a 

chronoamperometry experiment with chopped illumination was performed (see 

Figure 6.15) and it showed that the transient photocurrent, generated during the 

on-off illumination cycles, is reproducible and stable.  

Longer experiments (several hours) are necessary to confirm the overtime 

stability of the prepared materials under photocatalytic operating conditions. The 

relatively low photocurrents obtained need to be put in perspective of the “atom 

efficiency” approach of heterogenized molecular components and of the low 

loading of catalyst used here (48 nmol), at 0.1 Sun illumination.  

 

 
Figure 6.15. Chronoamperometry of FTO/NiO-P1Re(dcb) (2 drops) electrode in 

CO2-saturated solution at an applied bias of -0.6V vs. SCE and at 0.1 Sun 

illumination. 
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6.4. Conclusions and Perspectives 

Due to COVID outbreak in France, the work was interrupted on March 

16th, 2020 and our current results, to be completed in time, are presented here.  

The experiments performed so far led to several observations that will require 

further investigation. The dropcasting method turned out to be an efficient way to 

prepare the top layer of the catalyst. Light (white LED, 0.1 Sun) affects the 

electrochemical response of modified photoelectrodes under CO2. Optimization 

of catalyst loading is necessary and it significantly changes the activity of the 

modified photoelectrodes, as observed in previous works.13 The choice of 

molecular catalyst to be heterogenized, based on its redox properties in solution, 

is important and determines the activity of the resulting modified photoelectrode. 

We will further investigate both Re(dcb) and Re(dmb) electrodes and compare 

their catalytic activity, considering the redox and structural differences for these 

catalysts. Transient photocurrent, generated during the on-off illumination cycles, 

for modified photoelectrodes is reproducible, stable and its intensity is to be put 

in the perspective of the low loading of catalyst and of the dim light conditions 

used. Longer experiments are necessary to confirm the overtime stability of the 

prepared materials under photocatalytic operating conditions. Further 

experiments are in progress to confirm and identify the processes at work 

(simultaneous potential-dependant GC-monitoring of catalytic products formed 

during a chronoamperometric experiment), toward a rational design of such 

hybrid 3D electrode materials. As we have seen, integrated components within 

the 3D assembly are more stable than their simply deposited form onto FTO 

substrates. 

Experiments that are in progress in Paris: (i) to identify and quantify the products 

of the CO2 reduction experiment using a combination of (photo)electrochemical 

and analytical methods (GC-MS); (ii) to quantify the resistivity of the prepared 

hybrid materials using electrochemical impedance spectroscopy (EIS). Time-

resolved spectroscopic characterizations of the most promising modified 
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photoelectrodes are planned in Messina, in order to get better insights into the key 

parameters and mechanistic aspects of the photocatalytic activity. The groups will 

continue this work in close collaboration despite the lasting pandemic situation.   
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Chapter 8 

Experimental Section  

 

8.1. Materials and Methods 

All solvents and reagents were used as received without further 

purification, unless otherwise stated.  

UV-Vis absorption spectra were measured in acetonitrile on a JASCO V-560 

UV/VIS spectrophotometer. The luminescence measurements were performed 

using a SpexJobin Yvon FluoroMax-2 spectrofluorimeter equipped with a 

photomultiplier Hamamatsu R3896. IR spectra were recorded with a JASCO 

FT/IR-6600 in MeCN. Emission lifetimes were obtained using a Horiba 

FluoroCube time-correlated single photon counting system. The excitation light 

source was a LED pulse lamp (NanoLED, 401 nm). The samples were dissolved 

in MeCN and purged with Ar for 20 min before lifetime measurements. The 

emission quantum yields were evaluated using as standard the emission from 

[Ru(bpy)3]Cl2 (bpy = 2-2’-bipyridine) in water (Φem = 0.040).1  

Electrospray ionization time-of-flight mass spectroscopy (ESI-TOFMS) was 

undertaken with a Waters LCT Premier, with acetonitrile as mobile phase. 

NMR spectra were recorded on a Varian 500 spectrometer operating at 500 

MHz for 1H and 125 MHz for 13C. The chemical shifts were reported in parts 

per million (ppm, δ) using the residual solvent peak as internal standard. The 

coupling constants (J) were given in hertz.  

Whereas for all the organic ligands the NMR spectra are reported, for the metal 

complexes only the 1H-NMR spectrum of the metal complex Re(bpy2Ph) is 

shown. This because the presence of a number of stereo isomers in the 

multinuclear metal complexes make the spectra unclear.  
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Redox potentials were measured in  dry and Ar purged acetonitrile solution 

containing the complex (0.5 mM) and tetrabutylammonium 

hexafluorophosphate (Bu4NPF6, 0.05 M) as supporting electrolyte through CV, 

DPV and SW using an Autolab multipurpose equipment and a glassy carbon 

electrode (8 mm2, Amel) as working electrode, a Pt wire as counter electrode 

and a silver wire as pseudo-reference electrode. The redox couple 

ferrocene/ferrocenium (395 mV vs. SCE in acetonitrile) was used as internal 

reference. 

 

8.2. CO2 Photoreduction 

For the photocatalysis experiments DMA was dried over activated 

molecular sieves 4 Å, distilled under reduced pressure and stored under argon 

before use. TEOA was distilled under reduced pressure. 

Emission quenching experiments were performed at 25 °C under an Ar 

atmosphere using a JASCO FP-8600 spectrofluorometer in DMA/TEOA (5:1 

v/v) solutions containing the complex and four different concentrations of 

sacrificial agent. Quenching rate constants kq were calculated from linear Stern–

Volmer plots for the luminescence of the triplet metal-to-ligand-charge-transfer 

(3MLCT) excited state of the photosensitizer units together with knowledge of 

their lifetimes. For the TONs determination, 3 mL of DMA/TEOA (5:1 v/v) 

solution of complex (0.05 mM) and sacrificial agent (0.1 M) in 11 mL (i.d. = 8 

mm) Pyrex tubes were purged with CO2 and irradiated with a Merry-go-round 

type irradiation apparatus using LED (530 nm, 4 mW) as a light source, Iris-MG 

(CELL System co.). For the quantum yield determination, 4 mL of DMA/TEOA 

(5:1 v/v) solution of complex (0.05 mM) and sacrificial agent (0.1 M) in 11 mL 

quartz cubic cell (optical path length: 1 cm) was purged with CO2 for 20 min, 

and then irradiated with a SHIMADZU QYM-01 apparatus with light at 480 nm 

using a 500-W Xe lamp (Asahi Spectra Co.) with a bandpass filter. The 

temperature of the solutions was maintained at 25 ± 0.1 °C using an IWAKI 
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CTS-134A constant-temperature system. H2 and CO (the gaseous photoreaction 

products) were quantified with a GC-TCD (GL science GC323) with an active 

carbon column and argon as gas carrier and the amount of formic acid was 

analysed by capillary electrophoresis system (Agilent7100L) with buffer 

solution and water dilution. 

 

8.3. CO2 PhotoElctroreduction 

All commercially available chemicals were purchased and used as 

received. Dye P1 was purchased from Dyenamo. FTO substrate (15 ohm/sq) 

was purchased from Solaronix.  

Electrochemical measurements (cyclic voltammetry, chronoamperometry 

experiments) were performed with a potentiostat from Bio-Logic SAS (VSP and 

SP-150), in a 3-electrodes setup with aqueous solution of Na2SO4 0.1M as 

electrolyte: a Pt grid as the counter electrode, SCE (3.5 M KCl) as the reference 

electrode and the working electrode being the modified (photo)electrode 

FTO/NiO (the actual active area is measured for each sample, in order to 

determine the measured current density). 

pH was measured using a combined glass electrode connected to a pH-meter 

CyberScan pH 510 (Eutech Instruments): for fresh Na2SO4 electrolyte, pH = 7.0 

after bubbling with Ar and pH = 5.0 after bubbling with CO2. 

UV-visible absorption spectra of thin films were performed on a Cary 4000 

spectrophotometer. 

The emission spectra were recorded with a Jobin Yvon HORIBA Fluorolog-3 

spectrofluorometer.  

 

8.3.1 Modified (photo)electrode fabrication  

FTO/NiO photoelectrodes were prepared on FTO step-by-step. FTO 

glass (3.8 x 3.8 cm) was sonicated in water milli-Q and soap for 15 minutes, in 

water milli-Q for 15 minutes and in ethanol for 15 minutes. After that, a thermic 
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treatment was performed with a microprocessor controller ramp controller 

GESTIGKEITE PROGRAMMER PR5. The blocking layer was prepared by 

following the reported procedure:2 200 μL of a solution of nickel acetate 

tetrahydrate (0.5 M) in ethanol 96% v/v was deposed by spin coating (3000 rpm 

for 30 sec) on the FTO glass. This glass was sintered using the following 

temperature program: the electrode was left at 240°C for 10 minutes (in order to 

dehydrate the complex), after that the temperature was increased until 330°C 

and left for 10 minute (to convert the nickel acetate in NiCO3); third step: the 

electrode was left at 375°C for 10 minute and at 390°C for the decomposition of 

the carbonate in order to form a compact blocking layer. The electrode was left 

at 450°C for 30 minutes. This procedure was performed twice in order to obtain 

two compact blocking layers and to improve the compactness of the layer. 

Deposition of mesoporous NiO layer was performed using a Ni(II) precursor by 

“Doctor Blade” method followed by calcination at 450°C.   

The electrode FTO/NiO-P1 and FTO/NiO/Re(dcb) were prepared by soaking. 

The NiO electrodes were warmed up until 200°C and left at this temperature for 

10 minutes. When the temperature decreased until 70°C the electrodes were 

soaked in an ethanol solution 0.3 mM of P1 or an acetonitrile solution 0.3 mM 

of Re(dcb) for 16 hours. After this time, the electrodes were washed with 

acetonitrile and dried on air. The electrodes of FTO/NiO-P1/Re(dcb) were 

prepared by dropcast of an acetonitrile solution 0.3 mM of Re(dcb) on the 

previously prepared FTO/NiO-P1 electrodes. The FTO/NiO-P1 electrodes were 

warmed at 65°C and left at this temperature for 15 minutes. After this period 70 

μL of an acetonitrile solution 0.3 mM of Re(dcb) was deposited on the electrode 

surface and dried at 65°C for 5 minutes. This passage was repeated twice for the 

2 drops electrodes and four time for the 4 drops electrodes. The same procedure 

was employed for the FTO/NiO/Re(dmb) electrodes.  
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8.4. Syntheses 

8.4.1 Syntheses of the Bridging Ligands 

Synthesis of bpy2Ph 

4,4′-Dimethyl-2,2′-dipyridyl (1.88 g, 10 mmol) was dissolved in 140 mL of dry 

THF under argon atmosphere. The solution was cooled at -33°C and a solution 

1M of lithium diisopropylamide (12 mmol, 12 mL) was added dropwise. After 

stirring for 90 min, 50 mL of a solution of 1,4-Bis(bromomethyl)benzene 

(1,09g, 4.1 mmol) was added dropwise. The solution was left stirring for 48h. 

After, the reaction was quenched adding 20 mL of water. The mixture was 

extracted with diethyl ether (3 x 250 mL) and dichloromethane (2 x 100 mL). 

The organic phase was dried over sodium sulphate anhydrous. The pale pink 

residue was recrystallized from ethanol giving the pure white solid. Yield: 

1.00g, 52%.  

1H NMR (500 MHz, 25°C, CD2Cl2) δ = 8.51 (t br, 4H), 8.31-8.28 (d, 4H), 7.14 

(m, 6H), 7.11 (d, 2H), 2.99 (s, 8H), 2.45 (s, 6H). 13C NMR (126 MHz, 25°C, 

CD2Cl2) δ = 156.08, 155.88, 151.55, 148.88, 148.77, 148.05, 138.88, 128.41, 

124.56, 123.87, 121.64, 120.95, 37.32, 36.19, 20.86.  

 

Synthesis of bpy3Ph 

4,4′-Dimethyl-2,2′-dipyridyl (1.83 g, 10 mmol) was dissolved in 140 mL of dry 

THF under argon atmosphere. The solution was cooled at -33°C and a solution 

1M of lithium diisopropylamide (12 mmol, 12 mL) was added dropwise. After 

stirring for 90 min, 38 mL of a solution of 1,3,5-Tris(bromomethyl)benzene (1g, 

2.8 mmol) was added dropwise to the mixture. The solution was left stirring for 

48h. After this period, the reaction was quenched adding 15 mL of water. The 

mixture was extracted with diethyl ether (3 x 250 mL) and dichloromethane (2 x 

100 mL). The organic phase was dried over sodium sulphate anhydrous. The 

yellow residue was purified by chromatography on a silica column eluted with 

DCM/Methanol (9:1). Yield: 1.08g, 57%.  
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1H NMR (500 MHz, 25°C, CD2Cl2) δ = 8.53 (d, J = 4.9 Hz, 6H), 8.28-8.25 (m, 

6H), 7.14-7.11 (m, 3H), 7.06 (dd, J = 4.9, 1.7 Hz, 3H), 6.80 (s, 3H), 2.87 (s, 

12H), 2.36 (s, 9H). 13C NMR (126 MHz, 25°C, CD2Cl2) δ = 156.16, 156.01, 

151.65, 148.99, 148.89, 148.14, 141.38, 126.63, 124.66, 124.63, 124.03, 121.80, 

121.18, 37.45, 36.68, 21.01. 1H{13C} HQSC δ = {8.53, 149.00}, {8.53, 148.91}, 

{7.14-7.11, 124.65}, {7.06, 124.05}, {6.80, 126.65}, {8.28-8.25, 121.82}, { 

8.28-8.25, 121.19}, {2.87, 37.46}, {2.87, 36.69}, {2.36, 21.02}. 

Anal. Calcd for C45H42N6:  C, 81.05; H, 6.35; N, 12.60. Found:  C, 81.09; H, 

6.40; N, 12.58. 

 

Synthesis of bpy4Ph  

4,4′-Dimethyl-2,2′-dipyridyl (1.81 g, 9.1 mmol) was dissolved in 140 mL of dry 

THF under argon atmosphere. The solution was cooled at -28°C and a solution 

1M of lithium diisopropylamide (12 mmol, 12 mL) was added dropwise. After 

stirring for 90 min, 32 mL of a solution of 1,2,4,5-Tetra(bromomethyl)benzene 

(0.99g, 2.2 mmol) was added dropwise. The solution was left stirring overnight 

for 48h. After this period, the reaction was quenched adding 15 mL of water. 

The mixture was extracted with diethyl ether (3 x 250 mL) and dichloromethane 

(2 x 100 mL). The organic phase was dried over sodium sulphate anhydrous. 

The yellow residue was purified by chromatography on a silica column eluted 

with DCM/Methanol (9:1). Yield: 1.17g, 59%.  

1H NMR (500 MHz, 25°C, CD2Cl2) δ = 8.47-8.50 (m, 8H), 8.28 (d, 4H), 8.26 

(dd, 4H), 7.11-7.13 (m, 4H), 7.07-7.06 (dd, 4H), 6.94 (s, 2H), 2.91 (m, 16H), 

2.41 (s, 12H). 13C NMR (126 MHz, 25°C, CD2Cl2) δ = 156.10, 155.85, 151.51, 

148.94, 148.78, 148.01, 136.70, 130.54, 124.56, 123.90, 121.70, 121.06, 36.96, 

33.04, 20.90.  
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8.4.2 Syntheses of the Photosensitizer Moieties  

Synthesis of Cis-[Ru(dmb)2Cl2] ·2H2O3 

4,4′-Dimethyl-2,2′-dipyridyl (2.81 g, 15 mmol), RuCl3·3H2O (2.06 g, 8 mmol) e 

LiCl (1 g, 24 mmol) were dissolved in 14 mL of DMF. This mixture was 

refluxed for 15 h. After this time the solution was cooled to room temperature 

and 65 mL of acetone was added. The mixture was left at 0°C overnight. The 

formed purple solid was collected by filtration. Yield: 2.02 g, 45%. 

 

Synthesis of Ru(bpy2Ph) 

The ligand bpy2Ph (200 mg, 0.42 mmol) was dissolved in 25 mL of a mixture 

1,2-dichloroethane/ethanol (1:1 v/v) under argon atmosphere. Cis-

[Ru(dmb)2Cl2] · 2H2O (65 mg, 0.12 mmol) was dissolved in 10 mL of the same 

solvent mixture and added dropwise slowly to the reaction mixture at reflux 

temperature. The solution was left at reflux temperature for 2 h. The crude was 

dissolved in distilled water and the unreacted ligand was filtered out. The 

product was obtained as orange solid by adding NH4PF6 and washed with water. 

Yield: 128 mg, 86.7%. 

 

Synthesis of Ru(bpy3Ph) 

The ligand bpy3Ph (101 mg, 0.15 mmol) was dissolved in 5 mL methanol under 

argon atmosphere. Cis-[Ru(dmb)2Cl2] · 2H2O (78 mg, 0.13 mmol) was 

dissolved in 5 mL of ethanol and added dropwise to the mixture during 60 min 

at reflux temperature. The solution was left at reflux temperature under stirring 

for 24 h. The residue was purified by ion exchange chromatography on CM 

Sephadex C-25 eluted with a 0.05 M solution of NaCl in water/acetone (5:3, 

v/v). Yield: 70 mg, 46%. ESI-TOFMS (in MeCN) m/z: Calculated for 

C69N10H64Ru (M – 2 PF6) 568.2267, found 568.2239. 
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Synthesis of Ru2(bpy3Ph)  

The ligand bpy3Ph (101 mg, 0.15 mmol) was dissolved in 5 mL methanol under 

argon atmosphere. Cis-[Ru(dmb)2Cl2] · 2H2O (180 mg, 0.31 mmol) was 

dissolved in 5 mL of ethanol and added dropwise to the reaction mixture over 80 

min at reflux temperature. The solution was left under stirring at reflux 

temperature for 24 h. The residue was purified by ion exchange chromatography 

on CM Sephadex C-25 eluted with a solution of NaCl in water/acetone (5:3, 

v/v). The 0.05 M solution of NaCl led to the elution of the mononuclear bi-

charged complex. Increasing the concentration of NaCl up to 0.1 M resulted in 

the selective elution of the required binuclear tetra-charged complex. The 

product was precipitated from the concentrate by addition of NH4PF6 and 

filtered out. Yield: 220.9 mg, 67%. ESI-TOFMS (in MeCN) m/z: Calculated for 

C93N14H86Ru2 (M – 4 PF6) 401.6400, found 401.6376. 

 

Synthesis of Ru3(bpy3Ph)  

The ligand bpy3Ph (101 mg, 0.15 mmol) was dissolved in 5 mL methanol under 

argon atmosphere. Cis-[Ru(dmb)2Cl2] · 2H2O (260 mg, 0.45 mmol) was 

dissolved in 5 mL of ethanol and added dropwise to the mixture during 60 min 

at reflux temperature. The solution was left at reflux temperature for 24 h. The 

residue was purified by ion exchange chromatography on CM Sephadex C-25 

eluted with a solution of NaCl 0.5 M in water/acetone (5:3, v/v). The 

concentration of NaCl was gradually increased until 0.15 M. The product was 

precipitated from the concentrate by addition of NH4PF6 and filtered out. Yield: 

334.4 mg, 75%. ESI-TOFMS (in MeCN) m/z: Calculated for C117N18H108Ru3 

(M – 6 PF6) 345.9444, found 345.9446. 

 

Synthesis of Ru3(bpy4Ph) 

The ligand bpy4Ph (106 mg, 0.12 mmol) was dissolved in 10 mL ethanol, under 

argon atmosphere. Cis-[Ru(dmb)2Cl2] · 2H2O (210 mg, 0.36 mmol) was 

dissolved in 10 mL of methanol and added dropwise slowly to the reaction 
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mixture at reflux. The solution was left under stirring at reflux temperature for 

24 h. The residue was purified by ion exchange chromatography on CM 

Sephadex C-25 eluted with a solution of NaCl (0.05 M) in water/acetone (5:3, 

v/v). The starting concentration of NaCl in the eluent permitted the elution of 

the bi-charged species (RuL4). Increasing gradually NaCl concentration (0.1 M, 

0.15 M and 0.2 M) gave the possibility to isolate the tree other Ruthenium 

complexes (respectively with four, six and eight positive charge). The required 

complex was eluted with a 0.15 M NaCl solution. The product was precipitated 

from the concentrate by addition of NH4PF6 and filtered out. Yield: 219.4 mg, 

58%. ESI-TOFMS (in MeCN) m/z: Calculated for C130N20H120Ru3 (M – 6 PF6) 

378.7945, found 378.7920. 

 

8.4.3 Syntheses of the Final Integrated Photosensitizer(s)-Catalyst(s) 

Complexes 

Synthesis of RuRe 

RuL2 (38 mg, 0.037 mmol) was dissolved in 18 mL of a mixture of  

1,2-dichloroethane and toluene (1:1 v/v) and refluxed under argon atmosphere. 

Re(CO)5Cl (24 mg, 0.066 mmol) was dissolved in 5 mL of the same solvent 

and the solution was stirred for 4 h at reflux under argon atmosphere. After this 

period, the product was evaporated under vacuum. The crude was dissolved in 

ethanol and precipitated by addition of NH4PF6, filtered out and washed with 

diethyl ether. Yield: 46 mg, 80.8%. 

 

Synthesis of RuRe2 

RuL3 (20 mg, 0.017 mmol) and Re(CO)5Cl (12.7 mg, 0.035 mmol) were 

dissolved in 32 mL of 1,2-dichloroethane for 4 h at reflux under argon 

atmosphere. After this period, the product was precipitated by addition of 

NH4PF6 and filtered out. Yield: 33.1 mg, 94%. ESI-TOFMS (in MeCN) m/z: 

Calculated for C75N10H64Cl2O6RuRe2 (M – 2 PF6) 874.1349, found 874.1372. 

FT-IR (in CH3CN) νCO∕cm−1: 2021, 1915, 1896. 
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Synthesis of Ru2Re 

Ru2L3 (50.6 mg, 0.023 mmol) and Re(CO)5Cl (8.9 mg, 0.025 mmol) were 

dissolved in 30 mL of 1,2-dichloroethane for 6 h at reflux under argon 

atmosphere. The product was dissolved in ethanol, precipitated by addition of 

NH4PF6 and filtered out. Yield: 34.5 mg, 61%. ESI-TOFMS (in MeCN) m/z: 

Calculated for C96N14H86ClO3Ru2Re (M – 4 PF6) 478.1170, found 478.1149. 

FT-IR (in CH3CN) νCO∕cm−1: 2021, 1915, 1895. 

 

Synthesis of Ru3Re 

Ru3L4 (35.2 mg, 0.014 mmol) and Re(CO)5Cl (7.00 mg, 0.019 mmol) were 

dissolved in 30 mL of 1,2-dichloroethane for 24 h at reflux under argon 

atmosphere. The product was dissolved in ethanol, precipitated by addition of 

NH4PF6 and filtered out. Yield: 15.4 mg, 32%.  

 

Synthesis of [Ru(CO)2Cl2]n
4 

Paraformaldehyde (250 mg) and RuCl3·3H2O (520 mg, 2 mmol) were dissolved 

in 15 mL of 90% formic acid under Ar atmosphere at reflux temperature for 4 

days. The solution changed colour from red to green during the first hour of 

reflux. Further heating resulted in a change of colour from green to orange to 

pale yellow. The solution was cooled to room temperature and after stored at 

4°C for 24 h. The crude was evaporated to dryness and the residue triturated 

with hexane. Yield: 320 mg, 71%. 

 

Synthesis of Ru2Ru 

Ru2L3 (49.9 mg, 0.023 mmol) and [Ru(CO)2Cl2]n (7.6 mg, 0.033 mmol) were 

dissolved in 5 mL of MeOH/acetone (1:1, v/v) and was left at reflux under 

vigorous stirring for 7 h. The product was reprecipitated in diethyl ether and 

filtered out. The required product was obtained as an orange precipitate. Yield: 
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48.6 mg, 87%. C95N14H86Cl2O2Ru3 (M – 4 PF6) 458.5979, found 459.5941. FT-

IR (in CH3CN) νCO∕cm−1: 2070, 2110, 2145, 2172. 

 

Synthesis of Ru3Ru 

Ru3L4 (51.0 mg, 0.016 mmol) and [Ru(CO)2Cl2]n (7 mg, 0.031 mmol) were 

dissolved in 5 mL of MeOH/acetone (1:1, v/v) and was left at reflux temperature 

under vigorous stirring for 24 h. The product was reprecipitated in diethyl ether 

and filtered out. The required product was obtained as an orange precipitate. 

Yield: 42.7 mg, 78%. C132N20H120Cl2O2Ru4 (M – 6 PF6) 416.7664, found 

416.7645. FT-IR (in CH3CN) νCO∕cm−1: 2063, 1997.  

 

8.4.4 Syntheses of the Final Integrated dendrimer Photosensitizer(s)-

Catalyst(s) Complexes 

Synthesis of [Ru(bpy2Ph)3]2+(PF6 
-)2 

Bpy2Ph (197 mg, 0.42 mmol) was dissolved in 20 mL of a deoxygenate  

1,2-DCE/EtOH (3:1, v/v) mixture. Ru(DMSO)4Cl2 (67 mg, 0.14 mmol) was 

solubilized in 15 mL of the same solvent mixture and added dropwise to the 

bpy2Ph solution in 2 hours. The solution was refluxed under argon atmosphere 

for 26 h. The crude was purified by size exclusion chromatography using 

Sephadex LH-20 as stationary phase and ethanol as eluent. The final product 

was precipitate with NH4PF6 yielding the final orange solid. Yield: 50.4 mg, 

20%.  

  

Synthesis of RuRe3  

Ru(bpy2Ph)3 (20 mg, 0.013 mmol) and Re(CO)5Cl (25.8 mg, 0.071 mmol) 

were dissolved in 15 mL of a deoxygenate 1,2-DCE/toluene (1:1, v/v) mixture. 

The solution was refluxed under argon atmosphere for 24 h. The final product 

was precipitate with NH4PF6, filtered out and washed with ethanol and diethyl 

ether yielding the final orange solid. Yield: 25.2 mg, 71%.  
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Synthesis of [Ru(bpy3Ph)3]2+(PF6 
-)2 

Bpy3Ph (210 mg, 0.29 mmol) was dissolved in 15 mL of a deoxygenate 

EtOH/H2O (50:1 v/v) mixture. Ru(DMSO)4Cl2 (39.4 mg, 0.081 mmol) was 

solubilized in 15 mL of the same solvent mixture and added dropwise to the 

bpy3Ph solution in 2 hours. The solution was refluxed under argon atmosphere 

for 6 h. The crude was purified by chromatographic column using Sephadex 

LH-20 as stationary phase and ethanol as eluent. The first eluted band was 

purified by chromatography column using alumina as stationary phase and a 

DCM/EtOH (9:1 v/v) solution as eluent. The final product was precipitated with 

NH4PF6 yielding the final orange solid. Yield: 28.7 mg, 15%.  

 

Synthesis of RuRe6  

Ru(bpy3Ph)3 (28 mg, 0.012 mmol) and Re(CO)5Cl (40.1 mg, 0.11 mmol) were 

dissolved in 15 mL of a deoxygenate 1,2-DCE/toluene (1:1, v/v) mixture. The 

solution was refluxed under argon atmosphere for 24 h. The final product was 

precipitate with NH4PF6 and washed with ethanol and diethyl ether yielding the 

final orange solid. Yield: 30.9 mg, 61%.  

 

Synthesis of Re(bpy2Ph) 

Bpy2Ph (154 mg, 0.33 mmol) was dissolved in 120 mL of deoxygenate toluene. 

Re(CO)5Cl (44.8 mg, 0.12 mmol) was solubilized in 30 mL of methanol and 

added dropwise to the bpy2Ph solution in 4 hours. The solution was refluxed 

under argon atmosphere for 7 h. The crude was dried under reduced pressure 

and the product was extracted with acetonitrile (3 x 50 mL). The product was 

solubilized in chloroform, precipitated in hexane, filtered and washed with 

diethyl ether yielding the final yellow solid. Yield: 60.5 mg, 65%. δ = 8.80 (d, 

2H), 8.49 (t, 2H), 8.23 (t, 4H), 7.40 (dd, 2H), 7.17 (m, 6H), 3.09 (m, 2H), 2.97 

(m, 6H), 2,53 (s, 3H), 2.42 (s, 3H). 
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Synthesis of RuRe3  

Re(bpy2Ph) (40 mg, 0.051 mmol) and Ru(DMSO)4Cl2 (8.3 mg, 0.017 mmol) 

were dissolved in 15 mL of a deoxygenate 1,2-DCE/toluene (1:1, v/v) mixture. 

The solution was refluxed under argon atmosphere for 24 h. The final product 

was precipitated with NH4PF6, filtered and washed with ethanol and diethyl 

ether yielding the final orange solid. Yield: 41.6 mg, 90%.  

 

Synthesis of Re2(bpy3Ph) 

Bpy3Ph (250 mg, 0.37 mmol) was dissolved in 120 mL of deoxygenate toluene. 

Re(CO)5Cl (202.5 mg, 0.57 mmol) was solubilized in 50 mL of methanol and 

added dropwise to the bpy3Ph solution in 4 hours. The solution was refluxed 

under argon atmosphere for 7 h. The crude was purified by chromatographic 

column using Sephadex LH-20 as stationary phase and EtOH/DCM (9:1 v/v) as 

eluent. The product was precipitated in diethyl ether and filtered, yielding a 

yellow solid.  Yield: 214.8 mg, 60%.   

 

Synthesis of RuRe6  

Re2(bpy3Ph) (60 mg, 0.047 mmol) and Ru(DMSO)4Cl2 (7.3 mg, 0.016 mmol) 

were dissolved in 20 mL of a deoxygenate 1,2-DCE/EtOH (1:1, v/v) mixture. 

The solution was refluxed under argon atmosphere for 24 h. The final product 

was precipitated with NH4PF6, filtered and washed with ethanol and diethyl 

ether, yielding the final orange solid. Yield: 57.5 mg, 85%.   

 

8.4.5 Syntheses Catalysts Complexes 

Synthesis of Re(4,4′-Dimethyl-2,2′-dipyridyl)(CO)3Cl 

Re(CO)5Cl (167.4 mg, 0.46 mmol) was dissolved in 25 mL of hot toluene. 4,4′-

Dimethyl-2,2′-dipyridyl (90 mg, 0.49 mmol) was added and the reaction was 

stirred at reflux for 90 minutes. During this period, the solution became yellow 

in 15 minutes and the product precipitated after 30 minutes of reflux. After 
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reaching room temperature, the solution was left in the freezer overnight. The 

product was filtered out and washed with toluene. The product was obtained as a 

yellow solid. Yield: 201 mg, 89%. 1H NMR (400 MHz, 25°C, d6-DMSO) δ = 

8.82 (d, 2H), 8.62 (s, 2H), 7.58 (d, 2H), 2.55 (s, 6H). FT-IR (in KBr) νCO∕cm−1: 

2020, 1940, 1870. 

 

Synthesis of Re(4,4′-dicarboxyl-2,2′-dipyridyl)(CO)3Cl 

Re(CO)5Cl (161.1 mg, 0.45 mmol) was dissolved in 56 mL of a hot solution of 

methanol/toluene (1:2.5, v/v). 4,4′- dicarboxyl-2,2′-dipyridyl (109.5 mg, 0.45 

mmol) was added and the reaction was stirred at reflux for 1 hour. During this 

period, the solution became yellow in 15 minutes and, later, turned orange. The 

solution was left in the freezer for 1 hour. The reaction mixture was filtered out 

and the resulting solution was evaporated under vacuum. The product was 

obtained as an orange solid. Yield: 170 mg, 69%. 1H NMR (400 MHz, 25°C, 

DMSO) δ = 14.48 (s(br), 2H), 9.22 (d, 2H), 9.01 (s, 2H), 8.14 (d, 2H). FT-IR (in 

KBr) νCO∕cm−1: 2030, 1930, 1900, 1735. 

 

8.4.6 Syntheses of the Sacrificial Agents  

Synthesis of 1-Benzyl-1,4-dihydronicotinamide (BNAH) 

The chloride salt of 1-benzylnicotinamide (BNA+Cl)5 (20.1g, 0.08 mol) and 

Na2CO3 (28g, 0.27 mol) were solubilized in 250 mL of water and left stirring 

and bubbling with N2. After 30 minutes, Na2S2O4 (50g, 0.29 mol) was added 

and the solution immediately turned orange-yellow. The solution was left 

stirring and bubbling N2 in the dark for 24h. The residue yellow precipitate was 

filtrated and recrystallized tree times from hot ethanol. Yield: 4 g, 23%. 

1H NMR (400 MHz, 25°C, CD3Cl) δ = 7.36-7.30 (m, 5H), 7.20 (s, 1H), 5.75 

(dd, 1H), 5.32 (s, 2H), 4.75 (m, 1H), 4.29 (s, 2H), 3.17 (s, 2H).  
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Synthesis of 1,3-Dimethyl-2-Phenyl-2,3-dihydro1H-benzo[d]imidazole (BIH) 

Pyridine (120 mL), p-toluenesulfonil chloride (40.4 g, 0.21 mol) and o-

phenylenediamine (11 g, 0.11 mol) were stirred at room temperature for 6 h. 

The solution became immediately dark red and after 6 h pink. An aqueous 

solution of HCl (15%, 130 mL) was added to give white precipitate. These solid 

was collected, suspended in ethanol and refluxed for 3.5 h. The solution was left 

at 0°C overnight. The white precipitate (N,N’-di(p-toluenesulfonyl)-o-

phenylenediamine) was collected by filtration and dried under vacuum.  Yield: 

40.3 g, 97%. 

N,N’-di(p-toluenesulfonyl)-o-phenylenediamine (40 g, 0.1 mol) and K2CO3 

(50.2 g, 0.38 mol) were dissolved in 450 mL of acetonitrile. The solution was 

left stirring at room temperature for 1 h. Methyl iodide (15 mL, 0.24 mol) was 

added under stirring and in an ice bath. After that, the solution was left at reflux 

overnight. The solution was evaporated and extracted with water and 

dichloromethane (3 x 250 mL) and dried with Na2SO4. The solid was 

recrystalized from hot ethanol in order to give white crystals (N-N’-dimethyl-

N,N’-di(p-toluenesulfonyl)-o-phenylenediamine) and dried under vacuum. 

Yield: 38 g, 90%. 

 N-N’-dimethyl-N,N’-di(p-toluenesulfonyl)-o-phenylenediamine (19 g, 0.04 

mol) and H2SO4 (96%, 20 mL) were heated at 85°C for 4 h. Then the solution 

was cooled at room temperature and diluted with 200 mL of water. NaOH 10 M 

was added to make the solution basic. The mixture was extracted with diethyl 

ether (3 x 200 mL). The organic phase was evaporated and N-N’-dimethyl-o-

phenylenediamine was obtained as brown oil. Minimum amount of MeOH was 

added to dissolve the oil and benzaldehyde (5 mL, 0.05 mol) was added and 

stirred at room temperature. One drop of acetic acid was added to give a white 

precipitate. The crude was recrystallized twice from hot ethanol to give pure 

BIH. Yield: 7.8 g, 87%. 
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1H NMR (400 MHz, 25°C, CD3Cl) δ = 7.59-7.76 (m, 2H, Ph-o), 7.42-7.40 (m, 

3H, Ph-m,p), 6.72 (dd, J = 4.8, 3.2, 2H, 4-H), 6.44 (dd, J = 4.8, 3.2, 2H, 5-H), 

4.88 (m, 1H, 2-H), 2.57 (s, 6H, -CH3).  
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8.5 NMR Characterization  

 

 
Figure 8.1. 1H-NMR spectrum (top panel) and 13C-NMR spectrum (bottom 

panel) of bpy2Ph in CD2Cl2. 
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Figure 8.2. 1H-NMR spectrum (top panel); 13C-NMR spectrum (middle panel) 

and 1H−13C HQSC (bottom panel) of bpy3Ph in CD2Cl2. 
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Figure 8.3. 1H-NMR spectrum (top panel) and 13C-NMR spectrum (bottom 

panel) of bpy4Ph in CD2Cl2. 
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Figure 8.4. 1H-NMR spectrum of Re(bpy2Ph) in CD3CN. 
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