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PREFACE 

According to the decision of the PhD commission of the UAB taken on June 15th, 

2011, this PhD Thesis is presented as a compendium of publications. In addition two 

new manuscripts that have been part of this PhD research, are also included. 

In the following part all the publications and manuscripts are presented 

(following the order of their appearance from the first to the last chapter): 

Publications presented to the PhD commission on June 15th, 2011: 

Paper A: “Ru Complexes That Can Catalytically Oxidize Water to Molecular 

Dioxygen” Isabel Romero, Montserrat Rodríguez, Cristina  ens   oa uim  ola   o an 

 ao  olli a a   aia   ancàs, Elena Mas-Marza, Lluís Escriche, and Antoni Llobet. “ u 

Com lexes T at Can Catalytically Oxidize Wate  to  olecula  Dioxygen.” Inorg. Chem. 

2008, 47, 1824-1834.   

Paper B: "Synthesis, Structure and Reactivity of New Tetranuclear Ru-Hbpp 

Based Water Oxidation Catalysts" Laia Francàs, Xavier Sala, Eduardo Escudero-Adán, 

Jordi Benet-Buchholz, Lluís Escriche and Antoni Llobet. Inorg. Chem. 2011, 50, 2771-

2781. 

Paper C: “A  u-Hbpp-Based Water-Oxidation Catalyst Anchored on Rutile TiO2” 

Laia Francàs, Xavier Sala, Jordi Benet-Buchholz, Lluís Escriche, and Antoni Llobet. 

ChemSusChem 2009, 2, 321-329. 

Additional manuscripts: 

Paper D: “ u-Hbpp-Based Water-oxidation Catalysts anchored on FTO-TiO2” 

Laia Francàs, Xavier Sala, Jordi Benet-Buchholz, Lluís Escriche and Antoni Llobet. IN 

PREPARATION 

Paper E: “Synthesis, Characterization and Linkage Isomerism in Mono- and 

Dinuclear Ruthenium Complexes Containing the New Pyrazole Based ligand Hpbl” Laia 

Francàs, Daniel Moyano, Jordi Benet-Buchholz, Xavier Fontrodona, Lluís Escriche, 

Antoni Llobet and Xavier Sala. IN PREPARATION 
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GRAPHICAL ABSTRACTS

I. Introduction (pages 1- 40):

 

Photosynthesis is the biological process by 
which photons from the sun are captured and 
the energy is stored into the energy rich carbon 
molecules needed to power life. Inspired by this 
process, artificial photosynthesis seeks to use 
water and sunlight to obtain H2 as a carbon free 
fuel. In this context the polypyridilic ruthenium 
aqua/oxo systems are interesting in order to 
carry out the water oxidation reaction. All these 
concepts are developed in this chapter. 

II. Objectives (pages 41-44)

 

III. Results and discussion (pages 45-114)

1. Ruthenium-Hbpp based complexes capable to oxidize water. 
Deactivation pathway. Including the works:        

A. Synthesis, Structure and Reactivity of New Tetranuclear Ru-Hbpp Based Water 
Oxidation Catalysts 

 

The synthesis of new tetra- and octadentate 
Hbpp modified ligands have been described. In 
addition, their corresponding di- and tetranuclear 
complexes have been synthesized and thoroughly 
characterized. The catalytic activity of these Ru-
OH2/Ru=0 systems towards water oxidation has 
been tested, and their deactivation pathway has 
been studied.  

 

 

 



B. A Ru-Hbpp-Based Water-Oxidation Catalyst Anchored on TiO2-rutile 

 

Aiming the anchoring of the dinuclear active 
complex onto rugged inorganic supports such us TiO2 
the Hbpp-Bz ligand has been modified by the 
addition of a carboxylic moiety. The corresponding 
complexes have been synthesized, characterized and 
supported onto the surface of TiO2-rutile powder. The 
new heterogeneous catalyst has been used to oxidize 
water using Ce(IV) as chemical oxidant. 

C. Ru-Hbpp-Based Water-oxidation Catalysts Anchored on FTO-TiO2 

 

Complexes [Ru
II
2(L-L)(bpp)(trpy-

Pe)2]
n+ (L-L= μ-Cl and n = 2; L-L= μ-Ac and 

n = 2, L-L = (H2O)2 and n = 3) have been 
prepared in order to anchor them onto 
FTO-TiO2 films. The properties of the 
homogeneous and the supported 
catalysts have been studied. Together 
with the modified electrode FTO-TiO2-
[RuII2(bpp-Ra)(H2O)2(trpy)]

2+, they have 
been tested as water oxidation catalysts 
by electrochemical activation. 

2. Synthesis, characterization and linkage isomerism in mono- and 
dinuclear ruthenium complexes containing the new Hpbl ligand with 
different coordination sites 

 

The synthesis and coordinating abilities 
in front of Ru of a new hemilabile bridging 
ligand are described. The aim of the work is to 
develop a new family of ruthenium complexes 
capable to perform linkage isomerism in order 
to stabilize the Ru high oxidation states. This 
linkage isomerism is based on the different 
N/O affinity of the Ru(II) and Ru(III) oxidation 
states 



VI. Summary and conclusions

(pages 115-120)
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I.1. Abstract 

This starting chapter presents the bases for the work performed in this PhD 

thesis, from the general properties of ruthenium chemistry to the specific water 

oxidation mechanism of a ruthenium complex.  

Furthermore, it constitutes and updated and extended version of the following 

review included in this work: 

- “Ru Complexes That Can Catalytically Oxidize                                     

                                                                                

            , Elena Mas-Marza, Lluís Escriche, and Antoni Llobet. “             

That Can Catalytically Oxidize Water to Molecular Dioxygen.  Inorganic Chemistry

2008, 47, 1824-1834.   
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I.2. An Introduction to the ruthenium chemistry 

Ruthenium is a metal situated in the d group of the periodic table. The 

electronic configuration [Kr] 4d7 5s1 confers its very unique redox properties, together 

with osmium, displaying the widest range of oxidation states in their complexes. This 

gives way to various ruthenium complexes having oxidation states from -2 as in 

[Ru(CO)4]2- to +8 as in RuO4, which corresponds  to d0 to d10 electronic configurations, 

each with different coordination geometries.1 Consequently, ruthenium complexes are 

redox-active and their application as redox reagents in various chemical reactions is a 

topic of much current interest. Other general characteristics of ruthenium 

coordination compounds are their high electron transfer capacity2 and their ability to 

stabilize reactive species like oxo-metals3 and metal-carbene complexes.4  

Ruthenium complexes are widely used and studied in different chemical fields. 

They attract the attention of researchers due to their high stability and the easy 

modification of their properties by employing carefully controlled synthetic methods. 

In ruthenium complexes, clear correlations can be observed between their properties 

and the nature of the ligands bound to the central metal ion. This correlation allows us 

to classify them according to their applications. Complexes bearing π-conjugated 

ligands or systems that enable electronic delocalization have shown specific properties 

in nonlinear optics,5 magnetism,6 molecular sensing7 and liquid crystals.8 On the other 

hand, sulfoxide complexes have been extensively studied due to their relevant 

usefulness in chemotherapy.9 However, the most employed are ruthenium complexes 

with heterocyclic N-donor ligands due to their interesting spectroscopic, photophysical 

and electrochemical properties.10 These may be taken into advantage for their 

application as photosensitizers for photoactive conversion of solar energy,11 molecular 

electronic devices12 and photoactive DNA cleavage agents for therapeutic purposes.13 

In the present work, catalysis is the most important application of the prepared 

ruthenium complexes.1,14 Characteristics that make them suitable catalysts are: the 

synthetic versatility, the availability of high oxidation states and the robust character of 

their coordination sphere. Above all, polypyridyl ruthenium complexes with aqua 

ligands have been extensively employed in oxidation reactions of organic15 and 

inorganic16 substrates, C-H insertion17 and proton-coupled electron transfer.18 
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Complexes with phosphine ligands are used in hydrogenation reactions19 as well as in 

addition reactions20 and metathesis.21 Other ligands like carbonyl, tertiary phosphines, 

cyclopentadienyl, arenes and dienes have proven to serve effectively as the activating 

factors such as in hydrogen abstraction22 or generation.23 

 

I.3. Ruthenium polypyridyl aqua complexes 

During 1940s to 1960s, the Australian coordination chemist Frances P. Dwyer 

and his collaborators published a series of papers developing the synthetic chemistry 

of polypyridyl ruthenium complexes.24 The synthetic procedures firstly described in 

these initial publications have been used, expanded and improved enormously. This 

background allows varying the properties of these complexes by rationally combining 

the ruthenium surrounding ligands and expands their application to different fields of 

science. In the late 1960s, Thomas J. Meyer and collaborators started a systematic 

study of these complexes and pointed attention to their relevant reactive properties 

based on their accessibility to long-lived excited states and oxidation states varying 

from Ru(II) to Ru(VI).25 It is important to notice that these redox properties can be 

modulated by varying the ancillary ligands.26 

A particularly interesting situation arises when the water molecule is directly 

bound to the metal centre. These Ru-aqua complexes have very special redox 

properties as they are affected by proton exchange. As shown in Scheme 1, the 

successive oxidations from Ru(II) to Ru(IV) are accompanied by a sequential proton 

losing favoured by the enhanced acidity of the bonded aqua ligand. 

 

Scheme 1 

The redox pH dependence shifts the Ru(III/II) and Ru(IV/III) transitions to lower 

potentials when a drop in the medium acidity takes place. This fact is attributed to the 

increase of proton acidity in higher oxidation states. The Nernst equation, see equation 

1, correlates pH with redox potential in such a way that, for a monoprotic and 
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monoelectronic transfer, the redox potential diminishes in 59 mV by every pH unit 

increased.  

E1/2=E0
1/2-0.059(m/n)·pH              (1) 

E1/2= half wave redox potential at a given pH, E
0

1/2= half wave redox potential at 
standard conditions, m= number of transferred protons, n= number of 
transferred electrons. 

The graphical representation of this pH dependence in front of the redox 

potential is known as Pourbaix diagram. This diagram combine the redox equilibria 

with the acid-base equilibrium of all the thermodynamically stable species involved 

and represents the dependence of the half wave redox potential, E1/2, with respect to 

the complete pH range.  

The most significant trends of these ruthenium aqua complexes can be 

observed in Scheme 2, which shows the Latimer diagrams for two different 

polypyridylic ruthenium complexes containing (b) and non-containing (a) a water 

molecule as an ancillary ligand. In this scheme, the electronic configurations were 

point out due to their importance in redox processes where electrons are gained and 

lost from dπ levels. Changes in the electron content do not occur in the σ-bonding 

framework, which is the reason for the observed coordinative stability in the three 

consecutive oxidation states and explains the relevance of these complexes in the 

study of electron transfer and redox reactions in general. 

 

 

(a) 

(b) 

(V versus NHE, M=0.1 at pH=7) 

Scheme 2. Latimer diagrams of Ru polypyridyl complexes (a) non-containing and (b) containing  a coordinated 
water molecule. 
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Diagram (a) of Scheme 2 shows the typical redox behaviour observed in 

ruthenium chloro polypyridyl complexes. For these compounds, the Ru(III/II) oxidation 

takes place at low and accessible potentials (0 V) but, an increase in charge and 

oxidation state shifts the Ru (IV/III) oxidation to highly positive potentials (1.7 V).27 

When the anionic chloro ligands are replaced by neutral pyridine and water ligands, 

diagram (b), an increase in the Ru(III)-OH/Ru(II)-H2O potential (from 0 to 0.6 V) is 

observed whereas the Ru(IV)-O/Ru(III)-OH redox couple decreases to 0.67 V.28 This 

data point to a dramatic stabilization of the 

Ru(IV) species when the aqua ligand 

coordinates the metal centre. This in turn is 

caused by its successive deprotonation and 

subsequent electronic stabilization to the 

higher oxidation states by the oxo complex 

formation. As shown in Figure 1, the dπRu-

2pπ,O multiple bond interaction is the key 

factor favouring the stabilization of Ru(IV). The final result of this process is the near 

overlap of the Ru(IV/III) and Ru(III/II) redox couples, which has important reactivity 

implications; thermodynamically, at pH=7, the Ru(IV) species can behave with almost 

the same efficiency as two-electron or one-electron oxidants.29  

The special properties that the RuIV=O group exerts to its complexes enable 

them to operate as efficient oxidants for a wide range of substrates. Firstly, as 

mentioned above, the oxo groups stabilize high oxidation states and make them 

accessible at fairly low potentials. In addition, from the mechanistic point of view, its 

ability to accept two electrons can avoid radicalary reaction pathways of high energy 

and reactivity.29 Finally, the robust character of its first coordination sphere makes 

possible the easy exchange between Ru(II) and Ru(IV) without any dramatic changes in 

the catalyst structure, the oxo group being the only that modifies its composition. 

Another interesting point of these high oxidation state oxo complexes is the 

possible modulation of its reactivity by tuning their redox potentials, a fact that is 

easily accomplished by modifying the accompanying ligands. Table 126 shows this 

 

Figure 1. Ru
IV

=O schematic energy orbital 
diagram. 
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strong ligand effect over the Ru(IV/III) and Ru(III/II) redox couples potentials in 

different families of ruthenium complexes with N-containing ligands. 

Table 1. Electrochemical Parameters for aqua complexes of Ru
a
. 

Entry Complex 
E1/2(V)

 b
 

ΔE1/2
c
 Ru(III/II) Ru(IV/III) Ru(IV/II)

 
 

1 [Ru(NH3)(H2O)]
2+

 -0.33 0.01 0.01 0.68 

2 [Ru(tpy)(H2O)3]
2+ c

 0.35 0.64 0.50 0.29 

3 [Ru(tpy)(acac)(H2O)]
+
 0.16 0.45 0.31 0.29 

4 [Ru(tpy)(C2O4)(H2O)]
+ 

0.19 0.56 0.38 0.37 

5 trans-[Ru(tpy)(pic)(H2O)]
+
 0.21 0.45 0.33 0.24 

6 cis-[Ru(tpy)(pic)(H2O)]
+
 0.38 0.56 0.47 0.22 

7 [Ru(tpy)(tmen)(H2O)]
2+

 0.36 0.59 0.48 0.13 

8 [Ru(tpy)(phen)(H2O)]
2+

 0.50 0.60 0.55 0.10 

9 [Ru(tpy)(bpy)(H2O)]
2+

 0.49 0.62 0.56 0.13 

10 *Ru(tpy)(4,4’-((CO2Et)2bpy))(H2O)]
2+

 0.66 0.80 0.73 0.13 

11 *Ru(tpy)(4,4’-Me2-bpy)2(H2O)]
2+

 0.47 0.61 0.54 0.14 

12 cis-*Ru(6,6’-Me2-bpy)2(H2O)]
2+ d

 0.57 0.73 0.65 0.16 

13 cis-[Ru(bpy)2(py)(H2O)]
2+

 0.43 0.53 0.48 0.11 

14 cis-[Ru(bpy)2(AsPh3)(H2O)]
2+

 0.50 0.67 0.59 0.17 

15 cis-[Ru(bpy)2(PPh3)(H2O)]
2+

 0.50 0.76 0.63 0.36 

16 cis-[Ru(bpy)2(PEt3)(H2O)]
2+

 0.46 0.67 0.57 0.21 

17 cis-[Ru(bpy)2((P(i-Pr)3)(H2O)]
2+

 0.45 0.68 0.57 0.23 

18 cis-[Ru(bpy)(biq)(PEt3)(H2O)]
2+

 0.45 0.63 0.54 0.18 

19 *Ru(tpm)(4,4’-(NO2)2-bpy)(H2O)]
2+

 0.56 0.75 0.66 0.19 

20 cis-[Ru(bpy)(biq)(PPh3)(H2O)]
2+

 0.48 0.70 0.59 0.22 
a
 In H2O at pH=7.0, T=22±2 ºC, l=0.1 M vs SSCE.

 b
 E1/2 values for Ru

III
-OH/Ru

II
-OH2, Ru

IV
=O/Ru

III
-OH, 

and Ru
IV

=O/Ru
II
-OH2 couples. 

c
 ΔE1/2=E1/2(Ru(IV/III)-E1/2/Ru(III/II). 

d
 pH=4.0. 

e
 In CH2Cl2/H2O (3:1). 

Abbreviations: biq= 1,1’-biquinoline; tmen= N,N,N,N-tetramethylethylenediamine; dppene=cis-1,2-
bis(diphenylphosphino)ethylene; pic= picolinate anion; acac= acetyl acetonate anion; phen= 
phenantroline. 

In general, the Ru(III/II) couple is strongly influenced by the ligands. Ru(II) is 

stabilized by dπ-π*(L) back-bonding in the presence of ligands such as PPh3 (entries 16 

and 18) having low-lying acceptor levels. However, Ru(III) oxidation state is clearly 

stabilized by electron-donating ligands as acac- or C2O4
- (entries 3 and 4).  

On the other hand, Ru(IV/III) couples are, in general, less sensitive to ligand 

variations than Ru(III/II). This phenomena is observed by comparing the complexes in 

entries 3 and 9 or 4 and 8, where changes in the accompanying ligands produce only a 

slight modification in the potential of the Ru(IV/III) couple whereas the Ru(III/II) couple 
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is strongly influenced. This behaviour is due to the control of the π-binding exerted by 

the oxo ligand through a dπRu-po interaction in the Ru(IV) species.  

 

I.4. Catalysis and Ruthenium Complexes 

The term catalysis was coined by Berzelius more than 150 years ago and is 

derived from the greek words kata and loosen, which means down, and split or break 

respectively. The current definition is: “A catalyst is a substance that increases the rate 

of approach to thermodynamic equilibrium of a chemical reaction without being 

consumed”.30 

In general, catalysis is divided into homogeneous31 and heterogeneous32 

catalysis; the former applies when the catalyst and the substrate are in the same phase 

and the later when they are not. Table 2 summarizes the principal differences between 

homogeneous and heterogeneous catalysis. 

Table 2. Homogeneous vs. heterogeneous catalysis. Schematic comparison. 
Features Homogeneous catalyst Heterogeneous catalyst 

Form Metal complex Solid, often metal or metal oxide 

Active centres Well defined Not defined 

Activity High Variable 

Selectivity High Variable 

Reaction conditions Mild Drastic 

Average time of life Variable Long 

Sensitivity to poisons Low High 

Problems of diffusion None Possible 

Recycling Difficult and expensive Easy 

Separation from products Difficult Easy 

Variation of steric and electronic 

features 
Possible Difficult 

Mechanism studies Possible Difficult 

 

Homogeneous catalysts are based on easily characterizable molecular species 

with well-defined active sites. These active sites are spatially well separated and have 

self-similar structures. Consequently, there is a constant energetic interaction between 

each active site and the substrate. The catalytic properties of a given transition metal 

in homogeneous phase can be tuned through the nature of the ligands bound to the 
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metal centre making it a suitable catalyst for different types of catalytic reactions. 

Knowing how the electronic/geometric properties of the ligands can tune metal 

reactivity will allow us to rationally design better catalysts and achieve good levels of 

effectiveness and selectivity. 

In contrast, heterogeneous catalysts allow easy product/catalyst separation and 

recovery from the reaction medium, easy handling and potential catalyst recycling. 

However, they often lack of good characterization at the molecular level, thus 

difficulting mechanistic studies. The preparation procedures are concerted and 

consequently not always easy to reproduce.33 In addition, the fact that active sites are 

placed in a microporous environment often causes diffusion control of the catalysed 

reaction and reduces the activity and the selectivity. 

Therefore, the development of new catalyst that combines the best features of 

both kind of systems is an interesting and growing area in catalysis. These hybrid 

catalysts are named immobilized heterogeneous catalyst or supported catalysts.34 

I.4.1. Supported catalysts 

An immobilized catalyst is the result of the transformation of a homogeneous 

catalyst to a heterogeneous one. The simplest process to perform this task is by 

supporting a soluble active molecule on the surface of an insoluble solid.  

The aim of supported catalysts is to combine the mentioned advantages of 

both homogenous and heterogeneous catalysis such as: (1) high activity, selectivity 

and reaction rates (homogeneous catalysis), (2) easy catalyst recovery and preparation 

of multifunctional catalysts (heterogeneous catalysis). Among the different techniques 

described to immobilize catalysts into solid supports here we point some of the most 

relevant in our field (Figure 2); 

a) Post-synthetic covalent functionalization; includes the anchoring or grafting 

of the catalyst through suitable functional groups.  

b) Post-synthetic non-covalent deposition: includes processes like electrostatic 

immobilization, physisorption and encapsulation. 
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Figure 2. Schematic representation of different types of catalyst immobilization. 

 In the present work, the most relevant one is the anchoring of a catalyst by 

covalent tethering. 

I.4.1.1. Immobilization by covalent tethering (anchoring) 

This immobilization method has been used to support a wide variety of active 

homogeneous catalysts.35 One of its advantage is that the chemical surrounding of the 

metal centre is maintained as in the homogeneous parent precursor, but with all the 

heterogeneous advantages.36  

 

Figure 3. General process for anchoring an homogeneous catalyst into a solid support. 

The general covalent immobilization process for an active homogeneous 

catalyst is represented in Figure 3. A modified ligand is introduced to a well-known 

active homogeneous catalyst (a) giving a new catalyst (b). This modification, that 

should be introduced through a peripheral position in order keep the original catalytic 

activity, allows the catalyst to be anchored by a covalent bond onto the solid support 

(c). Furthermore, in many cases, the solid support has to be also modified or processed 
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before the anchoring process. For instance, TiO2 is generally calcined before being used 

as solid support. 

I.4.2. Titanium dioxide as solid support in catalysis 

Titanium dioxide occurs in nature as the minerals rutile, anatase and brookite, 

being the first two the most common and rutile the thermodynamically most stable 

form. For the later reason anatase and brookite are both converted into rutile at 

elevated temperatures, 915 and 750 oC respectively.37 

This metal oxide is a semiconductor material that absorbs the UV light 

component, λ < 377 for anatase and λ < 397 for rutile, creating highly oxidative 

centres. This property has been taken in advantage in photocatalytic redox processes 

such as waste degradation38 and alcohol oxidation.39    

Structural modifications of titanium dioxide can affect its band gap energy 

allowing it to absorb light in the visible zone, that being of interest in the solar cells 

research field. These modifications can be carried out by synthesizing new TiO2-based 

composite materials,40 through n-doping or by surface immobilization of sensitizing 

dyes.11 The last approach is especially interesting because by introducing adequate 

functional groups in the organic framework of the ligands, a complex can be easily 

anchored onto the TiO2 surface. 

The properties that an efficient sensitizer should accomplish are:41 

 The excited state should have enough thermodynamic driving force for 

the injection of electrons into the conduction band. 

 The oxidized sensitizer should be stable, in order to be quantitatively 

reduced back by an electron donor or an electron-relay system. 

 The dye MLCT absorption should overlap with the solar emission 

spectrum in order to get the maximum power conversion. 
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Ruthenium polypyridyl complexes are a versatile family of compounds that 

exhibit the above-mentioned properties.  

Figure 4 shows the pathway of a visible 

light induced electron transfer on a ruthenium 

complex sensitized TiO2 device. The ruthenium 

complex acting as a sensitizer is excited by 

absorbing visible light  and injects an 

electron into the conduction band (CB) of TiO2 

. Once the electron is in the semiconductor 

it proceeds to an external circuit . The 

oxidized sensitizer can be regenerated by 

accepting an electron from an electron donor 

present in the electrolyte .42 

When the sensitizer is a ruthenium (II) 

complex the first oxidation to ruthenium (III) occurs as a photoinduced electron 

transfer. However, there is no optimum pathway to obtain the catalytically more 

interesting oxoruthenium (IV) by the same method, due to the lack of efficient light 

harvesting ability of the ruthenium (III) complex. The alternative pathway to get TiO2-

RuIV=O2+ is the cross-surface electron transfer between different polypyridyl complexes 

adsorbed onto TiO2.43 This strategy is shown in the Scheme 3. 

 

Scheme 3. Indirect route to obtain Ru
IV

=O
2+ 

in an anchored Ru-H2O complex by a cross surface-electron 

transfer. 

 

The chemical binding between the molecular sensitizer and the residual OH 

groups in the TiO2 surface can be done by reaction with different anchoring groups, 

being the phosphonate and carboxylate functionalities the most frequently used. Both 

1
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4

 

Figure 4. Scheme of visible light induced 
electron transfer on ruthenium complex 
sensitized TiO2. 
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functional groups exhibit different binding properties. The carboxylate can behave as 

monodenate or bidentate linker, whereas phosphonate can also act as a tridentate 

(Figure 5). Different studies have established that the properties of the sensitized TiO2 

are strongly influenced by the nature and number of the anchoring group44 and the 

length of the linkers.45 These studies concluded that the linkage of a phosphonate 

moiety is stronger than the carboxylate one. As a consequence when the anchoring 

group is a carboxylate the efficient electronic coupling between the surface and the 

sensitizer is dependent on the number of carboxylate groups present in the complex. 

On the other hand, when the anchoring group is a phosphonate, an additional 

phosphonate group does not affect the system properties.  
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Figure 5. Structure of possible linkages between the complexes with (a) a carboxylate or (b) a 
phosphonate as anchoring group and the TiO2 surface. 

 

I.5. Photosynthesis and water oxidation 

One of the most important challenges that our society faces in the 21st century 

is to find a non-contaminant and renewable energy source. Nowadays, by far, fossil 

fuels are the most used energy sources. However, their reserves are progressively 
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decreasing at the same time that energy demand continues increasing.46 Furthermore, 

a backside in using fossil fuels is the unprecedented rate of carbon dioxide emission 

into the atmosphere. This increase is known to be closely related to the global climate 

change. 

The earth receives an inexhaustible power flow from the sun. One hour of 

sunlight is equivalent to all energy humankind uses in a year. So, solar energy has an 

enormous potential as a clean, abundant and economical energy source, but it cannot 

be employed such as; it must be captured and transformed into more useful forms, 

such as a fuel. Green plants have succeeded doing this thanks to photosynthesis. They 

are capable to take water, sunlight and carbon dioxide to make sugars and starches, 

which provides the energy they need. Therefore, Nature excels in getting electrons 

from water and storing them in chemical bonds. 

Trying to mimic green plants, scientists are currently developing artificial 

photosynthetic systems. Cleavage of water into hydrogen and oxygen is the most 

attractive and environmental friendly (carbon-free) fuel-generating process due to 

hydrogen combustion produces heat, water and electricity.47  

In short, the combination of water’s availability and hydrogen’s cleanliness 

make water photolysis a great alternative to obtain clean and renewable solar fuels.48 

I.5.1. Natural photosynthesis 

Photosynthesis is the process that converts sunlight energy into the organic 

molecules of biomass. It takes place in the photosystem II (PSII), cytochrome b6f, 

photosystem I (PSI) and ATPsynthase which are spanned along the thylakoid 

membrane in choroplasts of green plants, algae and oxyphotobacteria (i.e. 

cyanobacteria) as is shown in Figure 6.  
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Figure 6. Schematic diagram of the electron-proton transport chain of oxygenic 
photosynthesis in the thylacoid membrane, showing how PSI and PSII work together to 
use absorbed light to oxidize water and reduce NADP

+
. 

This figure shows the general process of photosynthesis. The process starts 

when the chlorophyll and other pigments absorb a photon of solar energy. It is 

transferred efficiently to the PSII reaction centre. Here is where charge separation 

takes place generating a high oxidizing species P680·+ that drives the water splitting at 

the Oxygen Evolving Centre (OEC). The reducing equivalent is passed along an electron 

transport chain through the cytochrome b6f to PSI where it is excited by a second light 

photon. At this point, sufficient energy is accumulated to drive the fixation of carbon 

dioxide, generating first the reduced NADPH (Nicotinamide Adenine Dinucleotide 

Phosphate) as a hydrogen carrier and the energy rich molecule ATP (Adenosine 

Triphosphate).49, 47b 

The most interesting reaction in the context of the present work takes place in 

the OEC situated in photosystem II that is a multisubunit membrane protein.50 

Although the last decade significant progresses have been done in this field, there 

remain a lot of unanswered questions especially in the water oxidation mechanism. 

One of the breakthroughs achieved this last decade is the refinement of the 

crystal structure of PSII, which revealed considerable information about the 

organization of the OEC. The Oxygen Evolving Centre is formed by four manganese 
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ions and a calcium ion. Figure 7 shows the refined crystal structure published in 2004 

by Ferreira et al.51 The most important outcome is the suggestion that three Mn ions 

and a Ca ion are forming a cubane-like structure with oxo-bridges linking them. In this 

proposal, the fourth Mn ion is linked to the cubane moiety by a mono-µ-oxo bridge via 

one of the oxo groups of the cubane. Surrounding this metal-cluster there are a lot of 

different amino acid residues. It is important to point tyrosine (Yz), which acts as an 

intermediate electron carrier between P680·+ and the Mn4Ca-cluster. Nowadays, other 

studies have been published around the OEC structure, most of them agree with the 

model proposed by Ferreira et al., and others slightly modify it.52 However, some 

important information is still unknown, such as the role and number of water 

molecules acting as ligands, which hampers a full understanding of the water oxidation 

mechanism. 

(a) 

 

(b) 

 

Figure 7. (a) Stereo view of the OEC with side-chain ligands and possible catalytically important side-chain 
residues. Mn ions, Ca

2+
, and oxygen atoms are shown in magenta, cyan, and red, respectively. One 

unidentified nonprotein ligand to the OEC is colored in green. The protein main chain is depicted in light 
gray. (b) Schematic view of the OEC. Possible water molecules, which are not visible at the current 
resolution, are indicated as W. 

Water oxidation is a four-electron process, therefore four charge-separation 

steps must be accumulated. The Mn4Ca-cluster is responsible of carrying out this 

accumulation through a stepwise oxidation by the tyrosine radical though a series of 

states Si (i=0-4). Oxygen formation takes place when the most oxidized cluster state, S4, 

returns to the most reduced state, S0, in a four electron reduction process, as shown in 

Figure 8. This process involves the oxidation of two water molecules, which have 

probably been coordinatively bound to the metal centre.53  
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Figure 8. The S-state cycle showing the process that allows oxygen 
formation.  

Some studies54 suggest that the Ca ion is not only a structural cofactor in the 

OEC. It could also play an important role as a Lewis acid during the water oxidation 

process. These studies support the proposed binding of Ca2+ to a water molecule 

affecting its nucleophilic reactivity.  

I.5.2. Artificial photosynthesis 

The so called artificial photosynthetic process consists in the performance of 

the water splitting in an electrochemical cell. Only water and sunlight are employed to 

obtain energy as molecular hydrogen in a way similar to how green plants obtain their 

energy from water, CO2 and sunlight.55  

The decomposition of water into its 

elements (H2 and O2, (4) in Scheme 4) is a 

thermodynamically uphill reaction that implies 

the oxidation of two water molecules to oxygen 

and the reduction of four protons. To perform 

the oxidation half reaction a strong oxidant and a suitable redox catalyst are needed 

(reaction (2), Scheme 4). Similar requirements, a strong reductant and a redox catalyst, 
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Scheme 4. Separation of water splitting 
reaction into independent half reactions. 
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are necessary to reduce protons to H2 (reaction (3), Scheme 4). The intrinsic complexity 

of both processes justifies the separation of the overall water cleavage reaction in two 

compartments, allowing a much easier and independent study of water oxidation and 

reduction.56,47,53 

Nowadays another important challenge is the use of sunlight as energy source 

for this reaction. In the literature, some examples of systems that are capable to split 

water using ultraviolet radiation57 can be found. Despite UV radiation is able to 

promote the desired transformation, systems using it cannot be considered as true 

artificial photosynthetic devices. 

An artificial photosynthetic system should be built by:58,47 1) an antenna or 

photosensitive material for light harvesting and charge separation;59 2) a water to 

oxygen oxidation subcell; 3) a membrane to provide physical separation of the 

products;60 4) a proton to hydrogen reduction subcell.61 

 

 

Figure 9. Schematic drawing of a water splitting photochemical cell. 1) Light harvesting device; 2) water 
oxidation process carried out by a water oxidation catalyst (WOC); 3) proton-exchange membrane; 4) 
proton reduction process. 

Figure 9 shows an example of a water splitting photochemical cell that can be 

considered as a modification of the Grätzel cell.56c In this case, the cell is designed to 

generate hydrogen as a chemical fuel, instead of electricity, as Grätzel proposed in his 

original model. The process starts with a photoinduced charge separation. A molecular 

photosensitizer (D) attached to the TiO2 absorbs a photon to generate an excited state 

(D*), which injects an electron into the TiO2 conducting band. Some of the most 

studied photosensitizers in solar energy absorption are polypyridyl complexes of 

ruthenium (II) such as tris(2,2’-bipyridine)ruthenium (II) that possesses strong 

absorbance in the visible spectrum and microsecond excited-state lifetimes at room 
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temperature. The injected electrons are conducted through a wire to the cathode, 

where protons are reduced to hydrogen by a platinum electrode. The oxidized 

photosensitizer (D+) is reduced by the water oxidation catalyst (WOC), regenerating 

the initial photosensitizer (D). At the same time, the WOC is oxidized accumulating 

oxidative equivalents. When the oxidation potential is the appropriate one (after 4 

absorbed photons), the water oxidation reaction takes place (process 2 in Figure 9). 

The generated protons go through the proton exchange membrane (PEM) to the 

cathode where their reduction is carried out. This membrane (3 in Figure 9) which 

separates the anodic and cathodic cell compartments is not only useful to avoid H2 / O2 

mixing but also to prevent the short-circuiting of the cell. Note that the PEM must be 

sufficiently rugged to resist relatively severe conditions of pH and redox potentials. The 

most difficult process of this complex system is water oxidation.62 

Only few practical examples 

of the overall above-mentioned 

photoelectrochemical fuel cell have 

been published in the literature. In 

2009, Mallouk’s group reported the 

first device that was capable to 

carry out the water splitting 

reaction by sunlight63 as shown in 

Figure 10(a). In this device, a 

ruthenium polypyridylic complex 

modified with bidentate 

phosphonates in the bypiridine 

ligands was used as a 

photosensitizer attached to a 

nanocrystalline TiO2 film deposited 

on F-SnO2. In this case the WOC were hydrated iridium oxide nanoparticles (IrO2·nH2O) 

stabilized by the dye carboxylate moieties. A Pt wire was used as a counter electrode 

and Ag/AgCl as a reference electrode, and they were separated from the working 

(a) 

 

(b) 

 

Figure 10. Scheme of the water oxidation dye 
sensitized solar cell (a) published by Mallouk’s group, 
(b) published by the Sun’s group. 
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electrode (TiO2 film) by a coarse frit. This system shows low quantum efficiency1 due to 

the slow electron transfer from IrO2·nH2O nanoparticles to the oxidized dye. Later on, 

Sun and co-workers64 published the second fuel cell example in 2010 and Figure 10(b) 

shows its schematic representation. They used a molecular ruthenium complex as 

WOC, which was immobilized into a nafion membrane. The anode was based on a tris 

(2,2’-bipyridine)ruthenium (II) complex modified with phosphonate groups to be 

attached onto a FTO-TiO2 film, which was coated by the modified nafion membrane. As 

in Mallouk’s system, a Pt wire was used as counter electrode and Ag/AgCl as reference 

electrode. In both cases, a small externally applied voltage is needed in order to assists 

the water splitting reaction.  

I.5.3. Mechanisms of the Water Oxidation Process  

Water oxidation is the bottleneck process for water splitting. So far, several 

molecular catalysts have been reported to be capable to oxidize water to oxygen. 

However, none of them can perform this reaction in an efficient way.47 In the literature 

we can find examples containing different metal centres such as iron65, cobalt66, 

iridium67 and manganese68 , but the most widely suited is ruthenium, in which the 

present work is focused.  

The root difficulties of this process are that: (1) it is thermodynamically 

unfavourable (with a Eo=1.23 V vs. SHE at pH=0) and (2) There exists an intrinsic 

molecular complexity because of multiple and synchronized bond rearrangements are 

needed together with the removal of protons and electrons. For this reasons it is a 

process difficult to study from a mechanistic point of view. The formation of an 

oxygen-oxygen bond promoted by transition metal complexes can be classified in the 

two possible scenarios69 shown in Figure 11. 

                                                      

1
 Quantum efficiency is defined as the number of O2 molecules formed per two absorbed 

photons. 
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 Solvent nucleophilic attack to a M-O 

bond. This is one of the favoured mechanisms 

for the OEC-PSII52 and can be found in both 

mononuclear and polynuclear complexes. 

 The interaction between two M-O 

entities. This reaction can be described as a 

reductive elimination or as a radical-radical 

coupling reaction. As in the first mechanism, 

the nuclearity of the complex can also be 

variable. 

I.5.4. Ruthenium complexes capable to oxidize water  

The first reported example of a ruthenium complex capable to oxidize water, 

the so-called blue dimer, was published by Meyer’s group in 1982. This complex, was 

able to perform 13.2 TN at pH 1 by means of Ce(IV) as chemical oxidant. It consists of 

two ruthenium centres linked by an oxo bridge, with two bipyridines and one water 

molecule occupying the remaining coordination positions.70 This seminal work 

promoted the preparation and study of a wide and varied family of related compounds 

with the aim to improve the catalytic properties of the system. The compounds of this 

family reported until 2007, which can be classified into three different groups:  oxo 

bridged dinuclear complexes (including the polyoxometalates), non-oxo bridged 

dinuclear complexes and mononuclear species, are summarized in Annex I, Paper A.   

Among the compounds described in Paper A (Annex I), the dinuclear complex 

reported in 2004 by our group showed better activities and efficiencies than those 

reported previously for the water oxidation process.71 This complex was a new 

synthetic approach for a four electrons WOC, which was formed by two ruthenium 

atoms linked by a more robust and rigid bridging ligand, the Hbpp (Figure 12). This 

ligand (together with higher stability) also allows the electronic communication 

between the two metal centres. The latest results concerning this complex are 

explained in the following section due to their relevance for the present work. 

(a) 

 

(b) 

 

Figure 11. Potential metal based oxygen-
oxygen bond formation pathways. (a) 
Solvent nucleophilic attack. (b) 
Interaction of two M-O entities. 
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Figure 12. Drawing of the Hbpp ligand. 

During the last four years, which is the time devoted to the preparation of this 

work, an increasing amount of WOC systems based on ruthenium compounds have 

appeared in the literature, some of them integrated in overall water splitting devices. 

As a general trend, scientists efforts are nowadays focused on achieve the photo 

activation of the catalyst instead of the chemical activation. The most significant 

results are summarised below using the same classification system as Paper A (Annex 

I). 

I.5.4.1. Recent contributions in dinuclear non-oxo bridging ruthenium catalysts 

Sun’s group achieved one of the most recent and important contributions to 

this family of diruthenium catalysts. Last year, they reported new dinuclear ruthenium 

complexes with a bridging ligand containing nitrogen and carboxylate functionalities as 

donor groups (Figure 13) and trans72 (a) and cis (b) disposition of the Ru metal 

centres.73 From a mechanistic point of view both catalysts present an activity 

dependent on the Ce(IV) concentration and first order kinetics with respect to the 

catalyst. For complex (a), the mechanistic studies based on catalysis performed in 

labelled water show that water is the main source of the evolved oxygen.  

(a) 

 

(b) 

 

Figure 13. Complexes synthesized by Sun and co-workers (a) trans isomer, (b) cis isomer. 



INTRODUCTION 

24 

Complex (b) shows the best catalytic results ever reported for a molecular 

catalyst using Ce(IV) as chemical oxidant at pH=1, with a 0.05 µM catalyst 

concentration and 5 mM Ce(IV) concentration. In these conditions, a TN of 10.000 

could be achieved with TOF values of 1.2 s-1. Moreover, the fact that the potential for 

catalytic water oxidation is lower than the oxidation potential of [Ru(bpy)3]3+ indicates 

that this reaction could be produced in a photoinduced manner. To perform this 

photoinduced water oxidation under neutral conditions, catalyst (b) and a sacrificial 

electron acceptor (S2O8
2-) were used together with [Ru(bpy)3]3+ as photosensitizer. In 

these conditions and under irradiation at λ>400 nm, a TN of 60 was achieved with a 

TOF of 0.1 s-1. These results were improved when a stronger photosensitizer, 

[Ru(bpy)2(4,4’-(CO2Et)2-bpy)]2+, was used. However, in all cases, the TN and TOF 

reached were far from those obtained using Ce(IV) as chemical oxidant. This fact has 

been attributed to the simultaneous consumption of the sensitizer and the acceptor 

during the catalytic process. Recently, the same group have also reported the coupling 

of this photoinduced water oxidation system in an overall photoelectrochemical cell 

for hydrogen production,63 as already detailed in page 20. 

I.5.4.2. New Ruthenium Polyoxometalate Complexes 

 In 2008, the groups of Bonchio74 and Hill75 reported independently and nearly 

simultaneously the water oxidation activity of the polyoxometalate complex [RuIV
4(µ-

O)4(µ-OH)2(H2O)4(γ-Si-W10O36)2]10-, (Ru4-POM; POM is the polyoxometalate ligand γ-Si-

W10O36
8-).  

The structure of the reported complex 

(Figure 14) consists of a tetranuclear unit 

formed by four RuIV-OH2 groups, linked by O2-, 

OH- and the POM ligands. We can imagine that 

the oxygen atoms are occupying the vertices of 

an octahedron and the ruthenium atoms those 

of a tetrahedron. The POM units act as  

tetradentate bridging ligands between two 

ruthenium centres and finally each metal centre completes its octahedral coordination 

 

Figure 14. POV-Ray drawing of the X-ray 
structure of the Hill’s and Bonchio’s 
polyoxometalate complex. 
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with a terminal aqua ligand. Its catalytic activity towards water oxidation is impressive, 

performing the reaction in a 0.1 M triflic acid solution and with a ratio complex: Ce(IV) 

of 1: 400 it can achieve 385 TN, which represents an efficiency of 90% in about 2 h. 

For this complex, it has been shown that the initial [RuIV-OH2]4 (S0) core is 

oxidized in four successive steps to form the [RuV-OH]4 (S4), in analogy with the natural 

system. The structural, computational and kinetic evidence shows that the nucleophilic 

attack of a water molecule on the high valent ruthenium centres is the most 

reasonable mode of O-O bond formation. The intramolecular reaction between two 

adjacent ruthenium sites is not possible for geometrical constrains and the bimolecular 

pathway, involving two molecules of catalyst, can be discarded by the first order 

oxygen evolution kinetics.76  

Interestingly, this complex has also been reported to be able to oxidize water in 

homogenous phase with a light-driven strategy involving [RuII(bpy)3]2+ as 

photosensitizer and S2O8
2- as sacrificial oxidant.77 The most remarkable issue for this 

photocatalytic system is the high quantum efficiency achieved (9%). However, its main 

drawbacks are those already described for the corresponding overall water splitting 

photoelectrochemical cell (see page 20 of this introduction). The competitive oxidation 

of water and of the photosensitizer (bpy) have been corroborated by kinetic studies.77b 

In order to improve the initial dispositive, the same authors have replaced the 

[Ru(bpy)3]2+ sensitizer by the 

tetranuclear Ru(II) complex [Ru{(µ-

dpp)Ru(bpy)2}3](PF6)8 (dpp= 2,3-

bis(2’-pyridyl)pyrazine) (Figure 15). 

Using this tetranuclear sensitizer a 

larger portion of the visible light 

region is absorbed and its 

decomposition is less than 5% 

(whereas for the [Ru(bpy)3]2+ 

sensitizer was higher than 40%).78 

 

Figure 15. Photocatalytic water oxidation powered by the 
interplay of the tetraruthenium sensitizer and the 
polyoxometalate WOC. 
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This modification also increases the quantum efficiency up to 30%, which is the highest 

value obtained for photoinduced water oxidation via a molecular assembled system.  

The last results involving this polyoxometalate complex have promoted the 

preparation of a nanotube-polyoxometalate material to be used as an electrocatalytic 

water oxidation system.79      

I.5.4.3. Recent contributions in Mononuclear Complexes 

  Until 2008 scientists thought that complexes with multiple metal centres  were 

required to carry out the multiple proton-coupled electron-transfer (PCET) steps 

associated with water splitting. Recently, it has been demonstrated that mononuclear 

complexes are also capable to promote the formation of dioxygen from water. 

 The first mononuclear species reported to be active as WOC were the iridium 

complexes published by Bernhard and co workers.67h Following up this feature the 

scientific groups of: Thummel,80 Meyer81 and Sakai82 independently reported that 

polypyridyl ruthenium compounds with only one active site are also competent 

catalysts for this reaction. The importance of this observation lies in the fact that these 

mononuclear systems are generally easier to synthesize and study than systems of 

higher nuclearity. 

 From these works some important ideas can be extracted. First, a single 

catalytic site is enough to promote water oxidation with good activities and efficiencies 

and that is a quite general trend for ruthenium polypyridyl aqua complexes.83 For 

example, [Ru(trpy)(bpy)(H2O)]2+ has been reported to be able to generate oxygen, 

giving a TN of 178 and an efficiency of 89.2%, when dissolved in water:acetonitrile 

(20:1) with the presence of Ce(IV) as chemical oxidant.82 The second and mechanistic 

idea arise from the kinetic studies performed with these complexes. For the aqua 

complexes or complexes with a labile ligand, the most accepted mechanism for water 

oxidation begins when the oxidation state (V) is reached. The Ru(V) species become 

highly reactive and suffers a nucleophilic attack by solvent water molecules that 

generates the O-O bond, forming a RuIII-OOH intermediate. Then, the RuIII-OOH species 

undergoes a rapid one-electron oxidation accompanied by proton loss to form a RuIV-
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OO intermediate that finally generates molecular oxygen. The DFT calculations over 

the peroxo species show that a seven-coordinated structure with a bidentate peroxo 

ligand is favoured over a six-coordinated structure with a terminal peroxo ligand.84  

When the catalytically active mononuclear complexes are coordinatively 

saturated such as in the case of those reported by Thummel,80 the proposed 

mechanism proceeds via a metal coordination expansion. Therefore, a water molecule 

coordinates generating coordination seven around the metal centre. The critical bond 

formation step is proposed to involve an external water molecule together with the 

RuIV-O high oxidation state, which generates a RuIV-OOH intermediate that finally 

yields dioxygen and the initial Ru(II) catalyst. Even though there is no detailed 

experimental evidence, this proposal is also supported by DFT calculations.  

For electrocatalytic applications, some 

mononuclear complexes have been modified 

and attached to a semiconductor surface85. As a 

general trend, when an ITO-TiO2 surface is used, 

faster water oxidation rates can be achieved 

than when a FTO-TiO2 is used. This may be due 

to the rate-limiting cross-surface electron 

transfer.  

The supported version of mononuclear 

complexes has also been prepared and attached 

to a dye sensitizer to perform the 

photoelectrochemical water splitting,84 as is drawn in Figure 16. The proposed 

mechanism for this reaction is shown in Scheme 5. It is important to point that the 

back electron transfer is not an issue in this example because there is no redox carrier.  

 

 

Figure 16. The complex *(4,4’-
((HO)2P(O)CH2)2bpy)Ru

II
(bpm)Ru

II
(Mebim

py)(OH2)]
4+ 

supported on an electrode.  
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Scheme 5. Proposed photoelectrochemical mechanism for water oxidation. 

 

The groups of Milstein,86 Sun,87 and Berlinguette88 have achieved the most 

recent results in this field. The latter reported the water oxidation activity of several 

polypyridylic aquacomplexes, and the kinetic studies of the process suggest that the 

mechanism that takes place is the one proposed by Meyer and co-workers.84  

Milstein’s group reported a mononuclear ruthenium 

complex containing an asymmetric tridentate meridional 

ligand, two OH- groups in a cis facial disposition and a CO 

ligand completing the octahedral type of coordination (Figure 

17). Irradiation of this complex in the 320-420 nm range 

produces HOOH, which later disproportionate to molecular 

oxygen and water. Oxygen-labelling experiments and kinetic 

analyses clearly indicate that the intramolecular reductive elimination process, where 

the ruthenium metal changes the oxidation state from (II) to (0) is responsible for the 

O-O bond formation. 

 

initiation

Catalytic cycle

Cathode

 

Figure 17. Structure of the 
neutral complex 
[Ru

II
(PNN)(CO)]. 
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The preparation of an octahedrally distorted 

ruthenium complex [RuII(bdc)(4-pic)2], as is drawn in 

Figure 18, has been carried out by Sun’s group. This 

complex is capable of oxidizing water by the use of a 

chemical oxidant such as Ce(IV), electrochemically at 

relatively low potentials or photochemically using 

[Ru(bpy)3]2+ or [Ru(dmbpy)3]2+ as sensitizer and 

[Co(NH3)5Cl]2+ or S2O8
2- as sacrificial acceptor.  

 

I.5.5. Water oxidation mechanism of the Ru-Hbpp complex 

This is a recent work developed in our group, 89 which is based on the previous 

knowledge on the ruthenium chemistry of the Hbpp ligand. Most of the complexes 

presented in this PhD thesis are based on Hbpp ruthenium complexes and, therefore, 

their WO mechanism is thoroughly described at this point. 

To study this mechanism, some previous ideas should be taken into account. 

First, the substitution kinetics of the labile aqua ligand as function of the oxidation 

state of the ruthenium centres. This process was studied by monitoring the MeCN 

substitution of the aqua ligand through UV-vis spectroscopy (Equations (5) and (6)). 

  k1=4.0·10-2 s-1 (5) 

 
 

k2=5.8·10-5 s-1 (6) 

 The most important idea obtained from these experiments is that the first 

substitution for the oxidation state Ru(II, II) (Equation (5)) is faster than the second one 

(Equation (6)), which shows a decrease of 2 orders of magnitude in the rate constant. 

In addition, for the first substitution reaction, the rate constant decreases when the Ru 

oxidation state increases. 

It was also established that the Hbpp ligand, when acting as a bridge between 

two ruthenium metal centres, places them closer and further provides a route for their 

 

Figure 18. Structure of the 
complex [Ru

II
(bdc)(4-pic)2]. 
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electronic coupling. Moreover, the additional ancillary trpy ligands coordinate in a 

meridional manner in such a way that the oxygen atoms of the aqua groups occupy the 

sixth coordination position. This arrangement places the two oxygen atoms at 2.48 Å, 

when the sum of the Van der Waals radii is 3.04 Å (Figure 19.). Recent studies have 

demonstrated that, in solution and at room temperature, this complex presents 

dynamic behaviour with the two Ru centres synchronically moving very fast below and 

above the equatorial plane. As a result, the C2 symmetry found in the solid state is 

converted to a C2v symmetry in solution. This fact and the appropriate orientation 

favour the coupling between the two M-O to generate oxygen in an intramolecular 

pathway.90  

 

Figure 19. Ortep plots at 50% probability for the cationic part of 
the complex [Ru2

II
(µ-bpp)(OH)(H2O)(trpy)2]

2+
. Colour codes: Ru, 

cyan; N, blue; O, red; C, grey; H, light blue. 

The mechanistic studies were carried out by means of kinetics measurements 

monitored by UV-vis spectroscopy together with 18O labelling experiments. The 

analysis of the data obtained suggests that the Ru(II,II) species are sequentially 

oxidized by one-electron processes with Ce(IV) up to the Ru(IV, IV) oxidation state. The 

first three electron transfers are fast (to reach Ru(III,IV)) but the last one is slow. A fact 

which could be associated with the need to remove two protons from the same aqua 

ligand.  

When the Ru(IV,IV) oxidation state is reached, an intramolecular coupling takes 

place to achieve the oxygen-oxygen bond formation (Figure 20). It is important to point 

2.47 Å 
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that this mechanism could be unambiguously assigned as the unique one taking place 

as a result of the 18O labelling experiments and that it is further supported by a 

thorough theoretical analysis of intermediates and transition states based on DFT and 

CASPT2 calculations. These last studies indicates that water molecules in the first 

solvation shell play an important role stabilizing intermediates or transition-state 

structures. 

 

Figure 20. Water oxidation mechanism for the [Ru2
II
(µ-

bpp)(H2O)(trpy)2]
3+

complex. Terpyridine ligands on ruthenium atoms are 
not shown for clarity. 

There are some potential deactivation pathways for this catalytic system. The 

first one is the coordination of different anions to the active site generating non-

catalytic species. The other important deactivation pathway is studied in the present 

work and is related to the strong oxidant medium and the high oxidizing species 

produced during the catalytic process. 
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The interesting features of RuIV=O complexes as catalysts for oxidative 

transformations presented in Chapter I together with the increasing need to develop 

an efficient water oxidation catalyst to be used in an overall water splitting cell for the 

photo-production of H2 were the basic ideas combined when proposing the goals of 

this PhD thesis. These objectives  can be divided into 4 main topics: 

a) Synthesis and characterization of new di- and tetranuclear ruthenium 

complexes containing Hbpp modified bridging ligands. Analysis of their 

catalytic activity towards water oxidation and study of their deactivation 

pathway. 

b) Covalent anchoring of the dinuclear ruthenium complexes onto TiO2 rutile 

nanopowder. Evaluation of the new materials obtained as solid state 

catalysts for water oxidation employing Ce(IV) as chemical oxidant. 

c) Upon the demonstration of the feasibility of the TiO2 heterogenized system; 

Anchoring of the dinuclear ruthenium complexes onto conducting FTO-TiO2 

films. Evaluation of these new modified electrodes as electro-activated 

water oxidation catalysts.  

d) Synthesis of new hemilabile ligands capable to assist redox catalysis by 

means of N/O linkage isomerism. Synthesis and characterization of their 

corresponding ruthenium complexes. Evaluations of their capacity of 

stabilizing high oxidation states and avoid deactivation pathways.  
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III.1. Ruthenium-Hbpp based complexes 
capable to oxidize water. Deactivation pathway 
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III.1.1. Abstract 

This chapter summarizes the results included in the following papers and 

manuscripts: 

- "Synthesis, Structure and Reactivity of New Tetranuclear Ru-Hbpp Based 

Water Oxidation Catalysts" Laia Francàs, Xavier Sala, Eduardo Escudero-

Adán, Jordi Benet-Buchholz, Lluís Escriche and Antoni Llobet. Inorganic 

Chemistry 2011, 50, 2771-2781. 

- “A Ru-Hbpp-Based Water-Oxidation Catalyst Anchored on Rutile TiO2” 

Laia Francàs, Xavier Sala, Jordi Benet-Buchholz, Lluís Escriche, and Antoni 

Llobet. ChemSusChem 2009, 2, 321-329. 

- “Ru-Hbpp-Based Water-oxidation Catalysts anchored on FTO/TiO2” Laia 

Francàs, Xavier Sala, Jordi Benet-Buchholz, Lluís Escriche and Antoni 

Llobet. IN PREPARATION 

All the above-mentioned works deal with dinuclear or tetranuclear ruthenium 

complexes that contain a Hbpp or Hbpp modified ligand together with terpyridine or 

phosphonate terpyridine as ancillary ligands (Chart 1). The complexes containing free 

phosphonic and carboxylic groups have been supported onto FTO-TiO2 films and/or 

rutile TiO2 solid surfaces. The activity towards water oxidation (WO) of TiO2-supported 

and non-supported molecular complexes has been evaluated using Cerium(IV) as 

oxidant. The WO activity of the catalysts supported onto conducting FTO-TiO2 films has 

been tested by means of electrochemical activation. 
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Chart 1. The Ligands. 

 

III.1.2. Ligand synthesis 

The synthetic strategy to prepare the new Hbpp modified ligands is depicted in 

Scheme 1 and involves the nucleophilic attack of the β-diketonate precursor to an 

halobenzyl derivative, followed by reaction with hydrazine to generate the heterocyclic 

pyrazolate ring. For the Hbpp-Bz and Hbpp-Re ligands the halo derivatives used were 

benzyl bromide and bromomethylbenzoate whereas for the tetranucleating ligands 

(Hbpp)2-u-xyl (u = p, m or o) it was the corresponding p, m or o 1,4-

bis(halomethyl)benzene (halo = chloro or bromo). The ligands preparation proceeds 

with moderate to good yields, despite the synthesis of the modified diketone Lk2-o-Xyl. 

For the later, as shown in Scheme 2, two competitive reactions take place.1 The first 

one (1) corresponds to the desired two consecutives nucleophilic attacks from two 

different deprotonated diketones to the dihaloderivate. The second one (2) occurs 

when, after the first nucleophilic attack, an acid-base equilibrium takes place between 

the haloderivate and the diketone (3). That allows an intramolecular nucleophilic 

attack that generates a cyclic sub-product, which can be isolated during the working-

up procedure.  
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Basic hydrolysis of the Hbpp-Re ligand generates the corresponding carboxylic 

Hbpp-Ra form in nearly quantitative yields (Scheme 1). 

All the new ligands were characterized by elemental analysis and NMR 

spectroscopic technique(see the Experimental Sections of papers B, C and D). 

 

Scheme 2. Synthesis of Lk2-o-Xyl and the identified side reaction. 

 

III.1.3. Synthesis of the Ru Complexes 

For the preparation of the complexes {[RuII
2(Y)(T)2]x(-L)}2x+ (see Table 1) the 

Ru(III) compounds [RuCl3(T)] (T= trpy, trpy-Pe) were used as precursors. To synthesize 

[RuCl3(trpy)] the procedure described in the literature was used.2 A similar method 

was employed in the preparation of [RuCl3(trpy-Pe)], consisting on the direct reaction 

between RuCl3·3H2O and trpy-Pe in dry methanol under nitrogen atmosphere. The 

synthetic strategy followed to prepare the dinuclear chloro-bridged complexes 

involved the direct reaction of [RuCl3(T)] with the bpp- ligand in the presence of NEt3 as 

reducing agent followed by the overnight irradiation of the reaction mixture with a 

tungsten lamp (Scheme 3).   

(1) (2) 

(3) 
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Under excess of acetate and in presence of stoichiometric amounts of Ag(I) the 

chloro bridging ligand can be easily replaced by a bridging acetate that, later on and 

under acidic conditions, is replaced by aqua ligands (Scheme 3).  

Table 1. Complex numbering for {[Ru
II

2(Y)(T)2]x(-L)}
2x+

. 

{[Ru
II

2(Y)(T)2]x(-L)}
2x+

 

T -L x 

Y 

µ-Cl µ-Ac (H2O)2 µ-Br 

trpy 

Hbpp-Bz 1 1
2+

 8
2+

 14
3+

 - 

Hbpp-Re 1 2
2+

 9
2+

 15
3+

 - 

Hbpp-Ra 1 3
2+

 - 16
3+

  

(Hbpp)2-p-Xyl 2 4
4+

 10
4+

 17
6+

 - 

(Hbpp)2-m-Xyl 2 5
4+

 11
4+

 18
6+

 - 

(Hbpp)2-o-Xyl 2 6
4+

 12
4+

 19
6+

 - 

trpy-Pe Hbpp 1 7
2+

 13
2+

 20
3+

 - 

trpy-Pa Hbpp 1 - - 22
3+

 21 

 

 

Scheme 3. Synthesis of the {[Ru
II

2(T)2(Y)]x(-L)}
2x+

 complexes (T=trpy , trpy-Pe or trpy-Pa, L= Hbpp 
modified ligand). 

 

The formation of the aqua complexes is further corroborated by NMR, which 

shows the shift of the signals corresponding to the methyl group of the acetate ligand 

(from 0.45 ppm when coordinated to 1.95 ppm on its free form) after treatment of the 

starting acetato-bridge compound in acid media (see Figure 1 where these effect if 

shown for complexes 143+ and 82+).  
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Figure 1: 
1
H

 
NMR spectra (400 MHz, 298 K) of complexes: (a) 14

3+ 
(Acetone-d6/D2O/CF3COOD), (b) 8

2+ 

(Acetone-d6).  

 

The Ru(II) complexes with ligands containing acidic groups (like the carboxilate 

substituted Hbpp, Hbpp-Ra, or the phosphonate containing terpyridine trpy-Pa) are 

specially relevant in this work as precursors for preparing heterogeneous catalysts. 

Their syntheses have been attempted using the ester derivates of these ligands (Hbpp-

Re and trpy-Pe) in order to: (a) avoid the formation of coordination isomers coming 

from the potential coordination of the acid group to the metal centre and (b) increase 

their solubility in organic solvents (that simplifying the work up procedures). The last 

synthetic step consists on the hydrolysis of the ester groups, which in all cases has 

been achieved leaving unaffected the first coordination sphere of the Ru(II) complexes.  

In the case of the Hbbp-Re ligand, the basic treatment of complex 22+ hydrolyzes 

the ester group, which allows the isolation of complex 32+ and, after solving it in acid 

media, the aqua derivate 163+ can be obtained (Scheme 4a). The later can also be 

obtained through the acetato bridged synthetic intermediate Ru-(OAc)-Ru, 92+, by a 

a

b

d (ppm)

d

6-

acetone 

H

2O 

A

cid H2O 
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consecutive sequence of acidic and basic treatments (see Experimental Section of 

paper C). 

The hydrolysis of the phosphonate group in complex 72+ to obtain the 

phosphoric acid derivate trpy-Pa is carried out under inert conditions. The reaction 

proceeds via the substitution of the ethyl group by TMSBr, followed by the methanol 

treatment of the obtained TMS-derivative to obtain the desired phosphoric acid group 

(Scheme 4b). During the hydrolysis process the chloro bridge is replaced by a bromo 

bridging group. The final complex precipitates in its neutral form (with only one oxygen 

of the phosphonate group protonated) as evidenced by the crystal structure, the mass 

spectra, and the redox titration of this compound (SI of paper D). The treatment of this 

complex in acidic media allows obtaining the corresponding aqua derivate 223+.  

(a) 

 

(b) 

 

Scheme 4. The two different hydrolysis routes used in this work (a) for the carboxilate derivate, (b) for 
the phosphonate derivate. 

All the Ru complexes prepared in the present work were characterized by 

elemental analysis and spectroscopic (UV-vis, MS, NMR) and electrochemical 

techniques.  
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III.1.4. Characterization of Ru Complexes 

III.1.4.1. X-Ray Structures  

Suitable crystals for X-ray diffraction analysis were obtained for complexes: 12+, 

22+, 82+, 114+ and 21. In all the five complexes the Ru metal centers adopts a pseudo-

octahedral coordination geometry with three positions occupied by the meridional 

trpy ligand, two by the tetradentate Hbpp-related ligand and the final either by a 

bridging Cl or Br ligand or by an oxygen atom of the acetato bridge. In all cases bond 

distances and angles are unremarkable and thus similar to previous complexes already 

described in the literature.3 An interesting feature that can be observed in the 

dinuclear complexes 12+ and 82+ (Figures 2a and 2b) is the different relative spatial 

disposition of the trpy ligands, which cause a C2V and C2 symmetry, respectivelly. 

Whereas in the Cl-bridged complex they are situated orthogonally facing one another, 

in the acetato-bridged complex they are placed above and below the equatorial plane 

defined by the two pyridines and the pyrazolate group of the Hbpp-modified ligand. 

This is a consequence of the geometrical and steric demands imposed by the acetato 

ligand and the rigidity of the bpp- framework. The same distortion is also observed in 

the tetranuclear complex 114+, where the two dinuclear subunits are linked by the m-

xylyl entity (Figure 2c). 

The X-ray structures for complexes 22+ and 21 evidences that the additional 

carboxylate and phosphonate moieties are not involved in the first ruthenium 

coordination sphere.  

For complex 21 the additional phosphoric moiety causes a distortion in the 

planarity of the terpyridine ligands and in the angle between them (being here of 47 o 

in comparison with the 66 o found for the complex with the chloro bridge and the non-

modified terpyridines).4 This angle decrease could be caused by the hydrogen bonding 

of a methanol molecule with the two phosphoric groups of the complex (Figure 2d).  
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(a) 

 

(b) 

 

(c) 

 
 

(d) 

 
Figure 2. Mercury™ ellipsoid plot (50% probability) for the cationic part of complexes (a) 1

2+
, (b) 9

2+
, (c) 11

4+
 

and (d) 21. Color codes: Ru, pink; Cl, green; N, blue; O, red; Br, brown; H, white. In (a), (b) and (c) Hydrogen 
atoms are not shown. 
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III.1.4.2. NMR spectroscopy 

Both 1D and 2D NMR spectroscopy have proved to be powerful tools in order 

to structurally characterize in solution all the complexes prepared in this work. All the 

resonances observed in the NMR spectra can be unambiguously assigned based on 

their integrals, symmetry and multiplicity. The chloro bridged dinuclear complexes 12+, 

22+, 32+ and 72+ display in solution a C2v symmetry with one symmetry plane containing 

the bpp- part of the bpp-modified ligand as well as the two Ru centers, the Cl bridging 

ligand and the central N of the trpy moieties. This plane bisects the trpy ligands and is 

perpendicular to a second symmetry plane that bisects the bpp-modified ligand and 

interconvert the two trpy ligands. The acetato bridged complexes 82+, 92+ and 132+ 

have C2 symmetry since in order to accommodate the acetato bridging ligand the 

pseudo-octahedral geometry of the Ru center has to be further distorted. As 

mentioned above this result in one Ru center moving above the equatorial plane 

together with its trpy ligand whereas the other metal center does the opposite 

movement. In solution and at room temperature these three complexes present 

dynamic behaviour with the two Ru centers moving simultaneously very fast below 

and above the equatorial plane. As a result, the NMR the resonances can be assigned 

as if these complexes had C2v symmetry. Consequently, the external pyridyls of the 

trpy ligand appear as magnetically equivalent at room temperature.5 

In complexes 72+ and 132+, the CH2 of the ethyl chain in the phosphonate ester 

groups presents a diasteriotopic behaviour, which is caused by their restricted 

rotation. For this reason, these two methylene protons show different chemical shifts 

(at 4.240 and 4.268 ppm in the chloro bridged complex, and 4.297 and 4.320 ppm in 

the acetato bridged complex), and the coupling between them, with the CH3 and the 

phosphorous atom make them to appear as two ddq. The chemical shift, the 

multiplicity and the value of the coupling constants have been confirmed by using 

simulations with the gNMR6 software (Figure 3). In complex 21, the NMR spectrum is 

important to point out the absence of aliphatic proton signals, which means that the 

hydrolysis has been completely carried out. The chemical shift observed in the 31P {1H} 

NMR spectra was the expected for this kind of phosphorous derivative.7 
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Figure 3. (top) Drawn structure with atom labeling scheme and (bottom) comparison of the 
experimental and the simulated spectrum of the ethyl fragment for complex 7

2+
. 

 

The NMR spectra for the tetranuclear complexes 44+-64+, 10-124+ and 176+-196+ 

are very similar to that recorded for their dinuclear counterparts, except for the 

resonances of the bridging xylyl linker (Figure 4). In other words, the two dinuclear 

sites of the tetranuclear complexes are undistinguishable by NMR. This is a 

consequence of the presence of a C2 axis that runs through the aromatic linker and 

interconverts each dinucleating unit together with the presence of a local C2 (or 

pseudo C2 in the case of the acetate and aqua complexes) that interconverts each trpy 

ligand of each dinuclear site (Figure 5).  

2J24-25= 10,33 Hz

3J24-P= 8,35 Hz
3J24-10= 7,02 Hz

H10

H24 and H25
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Figure 4. Aromatic zone 
1
H NMR spectra of the ligands (1) (Hbpp)2-p-Xyl, (2) (Hbpp)2-m-Xyl, (3) (Hbpp)2-

o-Xyl in D2O with a drop of CF3COOD. The non-symmetry of the ring protons can be observed. 

 

 

 
Figure 5. Drawn structure with atom labeling scheme and 

1
H-NMR (acetone-d6) of 

complex 4
4+

. 
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III.1.4.3. UV-Vis Spectroscopy 

The UV-Vis spectral features in solution for all the complexes with the 

corresponding solvents used are listed in the experimental section of papers B, C and 

D. As a general trend, three regions can be distinguished for all the spectra: one 

between 200 and 350 nm, in which very intense bands are observed due to intraligand 

π-π* transitions;8 another one between 350 and 550 nm, in which there are mainly 

broad unsymmetrical Ru(dπ)-trpy/bpp(π*) metal-to-ligand charge transfer (MLCT) 

bands;9 and finally the last region above 550 nm in which d-d transitions are observed. 

From an electronic point of view, the main difference between the spectra of these 

families of complexes comes from the presence of the different monodentate or 

bidentate bridging labile ligands. Figure 6 shows the UV-vis spectra of complexes 44+, 

104+ and 176+, as an example, to observe the different behaviour when -Cl, -Ac or 2 

H2O molecules occupy this labile position. A red shift of the MLCT bands is observed 

for complex 104+. There are also differences induced by the presence of the 

phophonate groups directly attached to the trpy ligands. It can be observed that 

phosphonate-trpy containing complexes show the MLTC bands displaced 15 nm to 

higher wavelengths with respect to their non-phosphonated counterparts. 

 

Figure 6. UV-vis spectra of 8 M samples of complexes 7
4+

(pink) and 10
4+ 

(green) in CH2Cl2 and of 5 M 
13

6+
 (blue) at pH = 1.0 in 0.1 M triflic acid solution. 

 

 

 104+ 

 44+ 
 176+ 
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III.1.4.4. Electrochemical properties 

Cyclic voltammetry experiments were carried out to explain the 

electrochemical properties of the whole set of complexes. The results are shown in 

Table 2. 

Table 2. Redox properties for the complexes described in the present work (E1/2 in V and ΔE in mV) and for related 
Ru-Hbpp complexes for comparative purposes. Chloro and acetato bridged complexes are recorded using CH2Cl2 as 
solvent whereas the aqua complexes are reported at pH = 1.0 in 0.1 M triflic acid aqueous solution. 

 
III,II-II,II III,III-III,II  IV,III-III,III III,III-III,II III,II-II,II 

E1/2 ∆E E1/2 ∆E  E1/2 ∆E E1/2 ∆E E1/2 ∆E 

            

[Ru
II

2(µ-Cl)(bpp)(trpy)2]
2+

 0.71 76 1.12 83 [Ru
II

2(H2O)2(bpp)(trpy)2]
3+

 0.88 110 0.65 64 0.59 64 
1

2+
 0.78 84 1.23 78 14

3+
 0.90 84 0.65 64 0.56 60 

2
2+

 0.79 52 1.19 58 16
3+

 0.98 88 0.66 70 0.61 74 
4

4+
 0.76 82 1.12 123 17

6+
 0.90 100 0.68 54 0.56 50 

5
4+

 0.77 82 1.13 71 18
6+

 0.94 86 0.65 60 0.59 72 
6

4+
 0.74 63 1.11 85 19

6+
 0.94 65 0.65 55 0.59 57 

7
2+

 0.84 41 1.19 53 20
3+

 0.95 90 0.70 86 0.66 31 
FTO-TiO2-3

+
 0.73 88 1.20 92 FTO-TiO2-16

2+
 1.14 70 0.93 50 0.61 70 

FTO-TiO2-21 0.76 250 1.19 210 FTO-TiO2- 22
2+

 0.97 87 0.63 94 0.60 40 
            

[Ru
II

2(µ-AcO)(bpp)(trpy)2]
2+

 0.73 86 1.05 86        
8

2+
 0.79 96 1.15 102        

9
2+

 0.78 93 1.13 90        
10

4+
 0.76 76 1.07 87        

11
4+

 0.72 67 1.01 104        
12

4+
 0.73 72 1.03 96        

13
2+

 0.85 31 1.12 45        
            

[RuCl3(trpy-Pe)] 0.16 57          
[RuCl3(trpy)] 0.03 50          

            

The voltammograms of complex [RuCl3(trpy-Pe)] shows only one reversible 

wave at 0.16 V, which is associated to the oxidation of Ru(II) to Ru(III). The comparison 

of this complex with [RuCl3trpy], shows that the [RuCl3(trpy-Pe)] presents a 120 mV 

shift to higher potentials. This displacement can also be found in the first wave of 

complexes 72+ and 132+.  

For the µ-Cl- and µ-AcO- complexes that do not contain aqua groups, the 

voltammograms in organic solvents show two chemically reversible and 

electrochemically quasi-reversible redox waves. As an example, Figure 7a shows the 

CV of complex 104+ in CH2Cl2 displaying two faradaic redox processes. The first one at 

0.76 V is assigned to the formation of the mixed-valence species for each subunit (III-II 

+ 1 e- -> II-II) that occurs at exactly the same potential and thus manifests the 

independent behaviour of each dimeric subunit,  

(b) 
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{[RuIIIRuII(trpy)2(-Cl)]2(-(bpp)2-p-xyl)}6+ + 2 e-   -> 

         {[RuIIRuII(trpy)2(-Cl)]2(-(bpp)2-p-xyl)}4+   (1) 

A second redox process is observed at 1.07 V and involves the removal of a 

second electron associated with the III-III + 1e- -> III,II transition, as indicated in the 

equation below,  

{[RuIIIRuIII(trpy)2(-Cl)]2(-bpp)2-p-xyl)}8+ +  2 e-    -> 

         {[RuIIIRuII(trpy)2(-Cl)]2(-bpp)2-p-xyl)}6+   (2) 

The 310 mV difference is indicative of a relatively strong electronic coupling 

between the metal centers through the bridging ligands of each subunit. 

As can be observed in Table 2, dinuclear complexes 12+-22+ and 82+-92+ 

containing bpp-modified ligands show significantly higher redox potentials than their 

bpp- counterparts, as expected due to the electron withdrawing nature of the 

additional benzylic units. This electronic effect is manifested in both redox processes 

but to a much larger extend in their second oxidation. For the Ru(III-II/II-II) couple the 

potentials increase roughly 60-70 mV whereas for the second one Ru(III-III/III-II) the 

potentials increase by 100-110 mV. For the Cl- (44+-64+) and AcO- (104+-124+) 

tetranuclear complexes the effect of the benzyl group to the first couple is also 

observed although somewhat attenuated (Table 2). In sharp contrast for the second 

redox couple the tetranuclear Cl- complexes (44+-64+) are practically not affected 

whereas for the AcO- ones (104+-124+) the potentials are lower (Table 2). These 

observations manifests how subtle ligand variations can strongly influence the 

electronic nature of the species and put forward the difficulty of predicting electronic 

effects in species resulting from multiple electron transfer processes. 
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(a) (b) 

 
 

Figure 7. Cyclic Voltammograms for: (a) acetato bridged complex 10
4+

 in 0.1M n-Bu4NPF6 in CH2Cl2 at 300 
mV/s scan rate. (b) Aqua complex 17

6+
 at pH = 1.0 in 0.1 M triflic acid aqueous solution at 100 mV/s scan 

rate. In both cases a glassy carbon electrode is used as the working electrode and the potential is 
measured vs. SSCE. 

The electrochemistry of the aqua complexes 143+-163+, 203+, 223+ and 176+-196+ 

containing two or four aqua groups was performed at pH = 1.0 in 0.1 M aqueous triflic 

acid solutions. The redox features observed were radically different from the 

previously commented in organic solvents due to the proton coupled electron transfer 

(PCET) nature of the electrochemical processes. The simultaneous removal of electrons 

and protons causes the generation of hydroxo and oxo ligands which promotes an easy 

access to higher oxidation states, a fact which can be justified by the - and -donor 

nature of the oxido group to Ru. The three redox processes observed in the CV are 

assigned by comparison with the parent Ru-Hbpp analogue under the same 

conditions.4 In general the redox potentials of complexes 14-153+ and 176+-196+ are a 

few mV lower than those of [Ru2(H2O)2(bpp)(trpy)2]3+, as can be observed in Table 2, 

again due to the electron withdrawing nature of the benzyl group. 

As an example, for complex 176+ at pH = 1 (Figure 7b), three redox processes 

are clearly observed which are assigned to the following reactions (for clarity purposes 

only the groups potentially undergoing PT or ET are written, thus for instance 

[RuII(H2O)-RuII(H2O)]2
6+ corresponds to complex 176+):  

[RuIII(OH)-RuII(H2O)]2
6+  +  2e-    -> [RuII(OH)-RuII(H2O)]2

4+  E1/2 = 0.33 V   (3) 

[RuIII(OH)-RuIII(OH)]2
6+  +  2e-  +  2H+   -> [RuIII(OH)-RuII(H2O)]2

6+      E1/2 = 0.45 V   (4) 
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[RuIV(OH)-RuIII(OH)]2
8+  +  2e-   ->   [RuIII(OH)-RuIII(OH)]2

6+     E1/2 = 0.60 V   (5) 

The next redox process, which is not observed in the voltammogram, generates 

the dioxo species RuIV(O)-RuIV(O) that are proposed as responsible for the generation 

of molecular oxygen. As was also the case in the NMR spectra, here the redox 

behaviour of the two dimeric subunits of the tetranuclear complexes is 

indistinguishable due to the negligible electronic coupling between them. 

Studies on the dependence of the electrochemical properties with respect to 

pH (from 1.0 to 12.0) of the aqua complexes 143+ and 176+ have been done performing 

cyclic voltammetry experiments in buffered aqueous solutions. The resultant Pourbaix 

diagram for complex 176+ (Figure 8) shows the different stability zones of the 

corresponding species with a different degree of protonation and/or oxidation state. 

These Pourbaix diagrams agree with the fact that the electrochemical properties of 

these complexes are only slightly modified with respect to the 

[Ru2(H2O)2(bpp)(trpy)2]3+ complex by the effect of the withdrawing nature of the 

benzyl group.4 

 
Figure 8. Pourbaix diagram for the aqua complex 17

6+
 showing the zones of thermodynamic stability of 

the different species as function of pH and E1/2. The oxidation state of the Ru metal and the degree of 
protonation of the initial aqua group are indicated; for instance the label [Ru(II)-H2O Ru(III)-OH] is used 

for {[Ru
II
Ru

III
(H2O)(OH)(trpy)2]2[(-bpp)2-p-xyl]}

6+
. 
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III.1.5. Attachment of the Ru Complexes onto TiO2 Rutile and FTO-

TiO2 Films 

The attachment onto TiO2 surfaces has been carried out with the carboxylate 

and phosphonate-modified complexes 32+ and 21, respectively. Two different TiO2 

supports were used: TiO2 rutile nanopowder, to perform water oxidation using Ce(IV) 

as oxidant, and FTO-TiO2 conducting films to test the electrocatalytic water oxidation. 

Complex 32+ has been anchored onto both supports, whereas complex 21 has only 

been supported onto FTO-TiO2 films.  

Furthermore, also the free ligand Hbpp-Ra has been anchored onto TiO2 to test 

its stability. Adding the TiO2 rutile nanopowder into a MeCN solution of the ligand and 

stirring the mixture at room temperature this process can be carried out. After a few 

hours the ligand is completely anchored on the support, as shown by the 

disappearance of the ligand from the solution (NMR checking). The mixture is then 

centrifuged and the remaining solid filtered and washed several times with MeCN to 

obtain finally the TiO2-bpp-Ra hybrid material. Both the free ligand Hbpp-Ra in 

homogeneous phase and the anchored derivative, TiO2-bpp-Ra, were shown to be 

totally stable under oxidative conditions (in the presence of Ce(IV) in a pH = 1 triflic 

acid solution). Furthermore, in the latter case, no ligand leaching was observed under 

these conditions indicating the high stability of the TiO2–OOR bond. 

The attachment of the Ru complex onto TiO2-rutile was also carried out in 

MeCN by introducing typically a 250 mg sample of TiO2 in a 4 mL solution containing 

2.7 mg (2.0 mols) of 32+. In just 5 minutes the solution completely decolorized 

indicating the total anchoring of the complex in the TiO2 thus generating TiO2-3+. This 

new material was thoroughly washed with clean CH2Cl2 and then air dried at room 

temperature. The solid obtained is then added into 1.5 mL of a 0.1 M triflic acid 

solution and stirred at room temperature for 24 h, producing the substitution of the 

chloro bridging ligand by two aqua groups and generating the water oxidation catalyst 

TiO2-162+, as indicated in Scheme 5a. 
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The attachment of the catalysts on transparent and conducting FTO-TiO2 films 

was carried out by soaking the conducting electrodes in methanolic solutions of the 

desired compounds (Figure 9 and Scheme 5). The solvent was changed from 

acetonitrile to methanol to improve the process avoiding the possible substitution of 

the chloro bridge for two acetronitrile molecules. However the new process takes 

longer times 

 

  

Scheme 5. Anchoring strategy (a) for complex 3
2+

 on rutile-TiO2 and (b) for complex 21 on 
FTO-TiO2. 

 

 

 

This anchoring process has been studied as function of the initial complex 

concentration. The results show a strong linear dependence between the initial 

concentration, the initial attachment rate and the final amount of anchored complex 

(Figure 10). The quantification of the anchored mmol of catalyst was calculated by 

applying the Lambert-Beer law to the UV-vis spectra of the solution before and after 

the anchoring process (Figure 11a). Finally, the substitution of the bridging ligands for 

aqua molecules is achieved by soaking the films in a 0.1 M triflic acid aqueous solution 

at pH=1 during 24 h (Scheme 5b). 

 

Figure 9. Pictures during the catalyst anchoring process: Initial FTO-TiO2 

film, FTO-TiO2 film soaked in a methanolic solution of complex 3
2+

at time 

0, after 24 h, and  the FTO-TiO2-3
+
 at the end of the anchoring 

process. 

1 2 43

(b) (a) 
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Figure 10. (a). Evolution of the anchoring process at three different concentrations of complex 21 (b) Dependence 
of the initial anchoring rate depending on the concentration of the initial solution for complex 21. 

The anchored species have been spectroscopically and electrochemically 

characterized. In the UV-Vis spectra, a band appearing at 460 nm, attributed to a 

MLCT, confirms the attachment of the complex onto the FTO-TiO2 surface (Figure 11b). 

The electrochemical experiments also corroborate that the complexes are anchored 

onto the solid surface. The supported species FTO-TiO2-3+ and FTO-TiO2-21 present the 

same redox processes than their analogous free complexes, but at lower redox 

potentials (Figure 12) and (Table 2).  

 
 

Figure 11. UV-vis spectra of (a) the solution and (b) the FTO-TiO2 film, before (light grey) and after (dark 
grey) the anchoring process of complex 21.  

These experiments confirm that after 24 hours the chloro bridge substitution 

by two H2O molecules on the surface supported complex has been accomplished 

(Figure 12). 
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Figure 12. Cyclic voltammograms: (a) FTO-TiO2-21 in CH2Cl2, scanning anodically at a scan rate of 100 
mV/s, (b) FTO-TiO2-22

2+
 at pH=1 in 0.1M triflic acid scanning anodically at a scan rate of 50 mV/s, dark 

blue, the FTO-TiO2 blank, light blue.  

Electrochemically, the FTO-TiO2-222+ films show quite different behaviour than its 

homogeneous counterpart, complex 203+ (Figure 13a). The most relevant difference 

corresponds to the electrocatalytic water oxidation wave, that is clearly observed for 

complex 203+ with an onset potential of 1.3 V, but not present at this potential in the 

CV of the anchored FTO-TiO2-222+ complex (Figure 13a). That can also be noted by 

comparing the blank’s (FTO-TiO2) and FTO-TiO2-222+ CVs, where a very small shift of 

the electrocatalytic wave can be observed (Figure 12b). Electrochemical studies of the 

anchored complex FTO-TiO2-162+ also show a displacement to upper potentials of the 

electrocatalytic WO wave (Figure 13b). These experimental evidences indicate that the 

anchoring process has modified the catalytic properties of these complexes. 

(a) (b) 

  

Figure 13. Cyclic voltammograms for: (a) complex 20
3+

 (red) and the anchored complex FTO-TiO2-22
2+ 

(blue). 
(b) complex 16

3+
(red) and the anchored complex FTO-TiO2-16

2+ 
(blue). 
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III.1.6. Water oxidation 

All the complexes (homogeneous and heterogeneous) prepared and 

characterized above were tested as catalyst in the water oxidation reaction (6).  

H2O -> O2 + 4H+ + 4e- (6) 

To perform this reaction the initial Ru-aqua groups (Ru(II)-H2O) have to be 

oxidized to their Ru(IV)-O form, which are the catalytically active species. This 

activation can be done by two different ways: 

1) Using a chemical oxidant, such as Ce(IV): 

4Ce(IV) + H2O-Ru(II)-Ru(II)-H2O -> 4Ce(III) + O-Ru(IV)-Ru(IV)-O (7) 

In these cases the total amount of evolved gases in the reaction were 

monitored as a pressure increase by manometry and the nature of the 

formed gases was analyzed by means of online MS spectroscopy. In the 

latter technique the generated gases were continuously removed from 

the reaction vessel toward the MS chamber.  

   

2) Generating the active Ru(IV) species by means of a controlled potential 

electrolysis (CPE). The oxygen evolution in these experiments was 

followed using a Clark electrode, which is selective for oxygen detection. 

(a) 

 

(b) 

 

(c) 

 
Figure 14. Techniques used to follow the water oxidation reaction. (a) Differential pressure 
manometer. (b) Mass Spectrometer. (c) Clark electrode.  
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III.1.6.1. Homogeneous complexes 

The aqua complexes 143+, 176+-196+ were tested as water oxidation catalysts in 

presence of a strong oxidant such as Ce(IV) in homogeneous phase, and the results 

obtained are shown in Table 3. As can observed, all the complexes tested in this work, 

generate a mixture of O2 and CO2 during the reaction time. This is in sharp contrast 

with [Ru2(H2O)2(trpy)2(bpp)]3+, where no CO2 is formed. Consequently, all the 

efficiencies of the complexes reported here on are lower than that of 

[Ru2(H2O)2(trpy)2(bpp)]3+. 

Table 3. Catalytic oxidative performance of aqua complexes 14
3+

, 17
6+

-19
6+

, and  
[Ru2(H2O)2(trpy)2(bpp)]

3+
. All reactions were carried out in a total volume of 2 mL at pH = 1.0 in 0.1 M 

triflic acid. Ce(IV) was used as oxidant. 
a
 Ratio Cat/Ce(IV), 1/100. 

b
 Ratio Cat/Ce(IV), 1/200.

c
Eff.= 

Efficiency. 

Entry Complex [Cat] TN/O2 TN/CO2 [O2]/[CO2] TN/Total Eff.
c
 

1 
[Ru2(H2O)2(trpy)2(bpp)]

3+, a
 1.0 18 - -  72.0 

        

2 14
3+, a

 1.0 5.8 5.8 1.0 11.7 29.2 

        

3 17
6+, b

 1.0 10.1 5.1 2.0 15.2 33.5 

4  0.5 14.8 5.8 2.5 20.7 46.3 

        

5 18
6+, b

 1.0 13.5 6.4 2.1 19.9 45.5 

6  0.5 15.6 6.2 2.5 21.9 48.9 

        

7 19
6+, b

 1.0 13.9 6.9 2.0 20.8 46.7 

8  0.5 18.4 6.1 3.0 24.5 36.0 

 

As an example, Figure 15 shows the manometry and MS profiles obtained in 

entry 3 of Table 3. As the MS profile indicates, O2 and CO2 are generated together from 

the very beginning, thus pointing out that two competitive reactions are taking place. 

It can also be observed that the rate of O2 formation is two times faster than the rate 

of CO2 generation. From the combination of the O2/CO2 ratio (ro-c) provided by the MS 

profile and the quantitative analysis obtained from manometry, we can conclude that 

in these conditions 20.4 mol of O2 and 10.2 mol of CO2 are generated, which 

represents a TN of 10.1 for O2 and 5.1 for CO2.  
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An interesting effect is 

observed when the same system 

is diluted to a half as shown in 

entry 4 of Table 3. In this case 

the total TN (CO2 + O2) increases 

from 15.2 to 20.7 and the final 

O2/CO2 ratio (ro-c) rises from 2.0 

to 2.5. The same trend but at a 

different extent is also observed 

for the other two tetranuclear 

complexes as can be observed in 

entries 5-8 of Table 3. This 

phenomenon can be understood 

assuming that in the 

tetranuclear complexes the 

oxygen is intramolecularly 

formed in each electronically 

independent dinuclear subunit, 

as is the case for the parent Ru-Hbpp complex, [Ru2(H2O)2(trpy)2(bpp)]3+.5b On the 

other hand, the origin of CO2 is associated with a bimolecular reaction where an active 

Ru-O group of a neighboring catalyst molecule attacks the methylenic group of the 

xylylic bridging unit. This is the only possible pathway since Ce(IV) does not react with 

the free ligand at room temperature and the geometrical disposition of the Ru-O units 

prevents an intramolecular ligand oxidation. Therefore, dilution does not affect the 

intramolecular O2 generation reaction but decreases the rate at which CO2 is 

produced.  

Another interesting aspect that can be glimpsed in Table 3 is the fact that for 

the para and meta derivatives ro-c increases from roughly 2 to 2.5 when diluted to a 

half (entries 3-6, Table 3). However, for the ortho complex the same dilution boosts ro-c 

from 2.0 to 3.0. This increase can be associated with the steric accessibility of the 

methylenic units of the xylylic groups as a function of the geometrical substitution. 

 

 
Figure 15. Gases generated during the catalysis as a function 
of time in the system: Cat (17

6+
) 1 mM/Ce 200 mM/0.1 M 

triflic acid with a total volume of 2 mL at 25.0 °C. (a) 
Manometry profile, (b) Online mass spectrometry profile for 
17

6+
. O2 dark grey; CO2 light grey. 
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Furthermore, the methylenic units are the most easily oxidizable groups of the 

molecule and thus can be assumed as the starting reaction of a chain of oxidative 

process which leads to the final decomposition of the ligand backbone. We associate 

the formation of CO2 to the oxidation of the benzylic site since this is the easiest part 

of the molecule to be oxidized. However, once this site is oxidized the oxidative 

process can continue further and other parts of the complex can also be oxidized. 

Thus, for the para and meta isomers the accessibility of these CH2 units to undergo a 

bimolecular oxidative reaction is relatively similar whereas it is significantly diminished 

for the ortho isomer (see Figure 16) This is also in agreement with the catalytic 

performance of the dinuclear complex 143+ that has the lowest ro-c value (ro-c = 1, Table 

3 entry 2). The steric hindrance in this case is the lowest and, consequently, this 

complex posses also the lowest efficiency. 

 
Figure 16. Schematic drawing of complexes 17

6+
 and 19

6+
. The arrow indicates the relative accessibility 

of the methylenic units for bimolecular oxidation. The trpy ligands are represented by a “T” for clarity 
purposes and their axial coordination is not shown. 
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III.1.6.2. Heterogeneous complexes with chemical activation 

The heterogeneous TiO2-162+ system has been used to catalytically oxidize 

water using Ce(IV) as sacrificial oxidant. The addition of 200 mols of Ce(IV) to 2 mmol 

of the TiO2-162+ hybrid material at pH=1 immediately generates molecular oxygen 

according to the following equation, 

2 H2O  +  4 Ce(IV)  ->  O2  +  4 H+  +  4 Ce(III)  (8)  

However, this oxygen 

evolution is accompanied by 

CO2 generation, as shown in 

Figure 17. As it happens in 

the homogenous case, the 

combination of manometry 

and MS spectroscopy 

experiments allowed us to 

calculate the amounts of the 

gases formed that turns out 

to be roughly 7 mols of O2 

(3.5 turnovers, TN) and 5.8 

mols of CO2. It is 

interesting to observe from 

Figure 17b, that O2 is 

formed at an initial rate that 

is 2.8 times higher than the 

initial rate of CO2 formation. 

This fact implies that the first reaction is the formation of oxygen in an heterogeneous 

way and, later on, the active complex reacts with another anchored metal complex to 

form CO2. 

 

 

Figure 17. Monitoring of the catalytic gases generated upon 
oxidative treatment of TiO2-16

2+
 with Ce(IV) as a function of time: 

(a) manometry profile and (b) mass spectroscopy profile. 
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The generation of CO2 can arise from both (a) the oxidation of the benzylic 

methylene group or (b) a decarboxylation event10 with concomitant leaching of the 

metal catalyst into the solution. The evidence of the bimolecular process observed in 

the homogeneous complexes 43+, 176+-196+ (also with CO2 generation), supports the 

former process. This ligand oxidation causes the leaching of the metal catalyst to the 

solution. This is clearly inferred by the fact that initially the TiO2-162+ has a brownish 

colour and the solution is light yellow due to the presence of Ce(IV) but after 2 hours, 

when the reaction is completely finished, the solution appears brownish and the solid 

white (Figure 18). This brown solution has a similar UV-Vis trace than the homologous 

[Ru2(H2O)2(trpy)2(bpp)]3+ complex when 

treated under similar conditions in the 

homogeneous phase but unfortunately, 

the exact nature of this 

deactivated/degraded complex remains 

still elusive. Blank experiments with only 

TiO2 and TiO2-(Hbpp-Ra) under similar 

oxidative/pH conditions gave neither O2 

nor CO2 in agreement with the fact that 

ligand oxidation is caused by a bimolecular catalyst-catalyst interaction instead of a 

direct oxidation with Ce(IV). 

III.1.6.3. Heterogeneous complexes with electrochemical activation 

The anchored complexes FTO-TiO2-162+ and FTO-TiO2-222+ have been tested as 

water oxidation electrocatalysts. First of all, it is important to note that their 

electrochemical properties show that the water electrochemical wave is weaker and 

happens at a higher potential than their homogenous partners, which indicates that 

during the anchoring process most of the catalytic capacity is lost. 

The catalytic reaction has been carried out in an electrochemical cell formed by 

two different compartments, the anodic one, where water oxidation takes place, and 

the cathodic one where proton reduction (Figure 19) happens.  

 

Figure 18. TiO2-16
2+

, before and after catalytic WO 

After the catalysis Before the catalysis



RESULTS AND DISCUSSION 1: Ru-Hbpp based complexes 

76 

 
Figure 19. Electrochemical cell (left, schematic draw; right, real picture) formed by: Anodic 
compartment A; Cathodic compartment C; Proton permeable Naftion membrane B to the proton 
exchange; Clark electrode 1; Working electrode FTO-TiO2-catalyst 2; Platinum counter-electrode 3; SSCE 
reference electrode 4. 

When FTO-TiO2-162+ was used as catalyst in the above mentioned 

electrochemical cell a 1.7 V potential was applied during 6 h. Online O2 measurement 

of the headspace of the compartment containing the FTO-TiO2-162+ electrode with a 

clack electrode prove (1 in Figure 19), revealed that no oxygen was released. The UV-

vis analysis of the acidic solution in the anodic compartment of the cell at the end of 

the experiment presented absorption spectra corresponding to a species closely 

related to 163+ as can be observed in Figure 20c. In Figures 20a and 20b the cyclic 

voltammograms of the electrode FTO-TiO2-162+ before and after the CPE can be 

observed. Their comparison reveal an important decrease of dinuclear ruthenium 

compound anchored on the surface of electrode. Additionally, new redox active 

species were detected. All this data indicates that a major part of the current was 

employed in undesired processes such as leaching of the catalyst, catalyst 

decomposition reactions yielding new products and energy dissipation in the form of 

heat.  
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 (a) 

 

(b) 

 

(c) 

 

Figure 20. Cyclic voltamograms of FTO-TiO2-16
2+

 (a) before and (b) after the bulk electrolysis, and (c) the 
UV-Vis spectra of the solution after the CPE. 

On the other hand, the results using FTO-TiO2-222+ as electrode show that 

when a 1.6 V potential is applied during 6 h no oxygen is generated. However, in this 

case the leaching process was negligible as can be observed by comparing the CV 

before and after the electrolysis (Figures 21a and 21b). The major part of the current 

could be associated to the blank activity. 

(a) 

 

(b) 

 
Figure 21. Cyclic voltammograms of FTO-TiO2-22

2+
 (a) before and (b) after CPE. 
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In order to understand the origin of the up shift in the electrocatalytic wave 

after anchoring compounds 63+ and 133+, three points should be considered: a) the 

aqueous phase composition, including potentially coordinating anions b) the 

interaction between the catalysts and semiconductor surface and c) the nature of the 

cavity formed upon anchoring. 

As has been previously reported for other water oxidation catalysts in 

homogeneous phase, the anions present in solution could participate in an anation 

process.11 Likewise, the coordination of oxygen atoms from TiO2 to the Ru centers 

would block the active sites, which would cause the up shift of the electrocatalytic 

wave.  

Alternatively, a hypothetic hydrophobic nature of the resulting cavity would 

explain the properties observed in the FTO-TiO2-222+ case (Figure 22a). Hence, a 

hydrophobic nature of the cavity would not favour the entrance of H3O+, and this could 

be a plausible explanation of the observed redox properties. 

 

Figure 22. Schematic representation of the active site orientation in (a) FTO-TiO2-16
2+

 and (b) FTO-TiO2-
22

2+
. 

(a) (b) 
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As can be observed in Figure 22b the active sites of the modified electrode FTO-

TiO2-162+ are oriented far from the TiO2 surface. This disposition could prevent the 

formation of the above-mentioned hydrophobic cavity. This fact is in agreement with 

the nature of the electrocatalytic wave observed when the CV of this hybrid material is 

performed in ethanol, showing higher electrocatalytic current for FTO-TiO2-162+ than 

for FTO-TiO2-222+ (Figure 24). Nevertheless, the benzylic ligand moiety could confer 

enough flexibility to the anchored complex for allowing the interaction of the Ru active 

sites with the O atoms of the TiO2. The latter, together with the observed oxidative 

catalyst degradation and subsequent leaching process commented above, could 

explain the lack of oxygen evolution during CPE also observed when employing this 

modified electrode. The interaction between the active sites and TiO2, which is locking 

them, could be caused by the prolonged time needed for the new anchoring process, 

as well as, by the large amount of supported catalyst. Figure 23 shows the CV of FTO-

TiO2-162+, using the two different anchoring methods: the first one consists in soaking 

the FTO-TiO2 films into acetonitrile complex solution during 24 h and the second one is 

performed by soaking the FTO-TiO2 films into methanol complex solution during 48 h. 

As can be observed in the first case (Figure 23a) the CV is similar to its homogenous 

counterpart, instead of the second one (Figure 23b), which only presents two 

electrochemical waves.This could explain why the catalyst anchored onto TiO2 rutile 

powder using the first method maintain its activity. 

(a) (b) 

  
Figure 23. CV of FTO-TiO2-16

2+ 
anchored using the process which consist in (a) soaking the FTO-TiO2 films 

into acetonitrile complex solution during 24 h, and (b) soaking the FTO-TiO2 films into methanol complex 
solution during 48 h. 
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III.1.7. Oxidation of Organic Substrates 

As it has been stated previously, the water oxidation process is a very difficult 

process at kinetic and thermodynamic level that forces the use of powerful sacrificial 

oxidants and compromises the stability of the organic frameworks used in the 

architecture of the molecular catalysts. However, there are other catalytic processes 

related with the selective oxidation of organic subtracts which are also interesting and 

less demanding with respect to the stability of the ligand.12 For this reason we have 

tested the ability of some of the most representative complexes described here to 

oxidize technologically relevant organic substrates.     

In this context, complex 82+ has been preliminary tested in cis-β-methyl styrene 

epoxidation catalysis in dichloroethane using PhI(OAc)2 as oxidant and adding 5 L of 

water. The results show that complex 82+ is active performing 72 TN with and epoxid 

yield of 72 % (Figure 23 and Table 4), which indicates that could be an efficient catalyst 

for different organic oxidations. 

 

 Table 4.  

 Catalyst 8
2+

 

 Solvent CH2ClCH2Cl 

 Time(h) 72 

 Epoxid Yield  72% 

 Conversion 100% 

 Rel. CAT:SUBST:OX; 1:100: 
200 with additional 5.5 µL 
water. In a total volume of 
2.5 mL  

Figure 23. Catalytic profile of cis-β-methyl styrene 
epoxidation catalysis 

 

 

The anchored complexes FTO-TiO2-162+ and FTO-TiO2-222+ have been also 

tested towards an organic oxidation by performing the cyclic voltamogramm from 0 to 

2 V in ethanol, which is acting as a substrate (Figure 24). Both complexes show an 

oxidative electrocatalytic wave which means that both can act as catalysts in organic 

oxidations. The FTO-TiO2-162+ presents a more intense electrowave than FTO-TiO2-

222+, which is in agreement with the orientation of the active sites (Figure 22). 
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Figure 24. Cyclic voltammograms in EtOH scanning anodically at a 
scan rate of 20 mV/s: FTO-TiO2 (orange) FTO-TiO2-22

2+
 (green); 

FTO-TiO2-16
2+

 (purple). 
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III.2.1. Abstract 

The results summarized in this chapter are included in the unpublished work: 

-  “Synthesis, Characterization and Linkage Isomerism in Mono- and 

Dinuclear Ruthenium Complexes Containing the New Pyrazole Based ligand 

Hpbl” Laia Francàs, Daniel Moyano, Jordi Benet-Buchholz, Xavier 

Fontrodona, Lluís Escriche, Antoni Llobet and Xavier Sala. IN PREPARATION 

In this chapter the synthesis and complexing abilities towards Ru of a new 

hemilabile bridging ligand Hpbl (Chart 1) are described. The aim of the work is to 

develop a new family of ruthenium complexes capable to perform linkage isomerism in 

order to stabilize (when necessary) the Ru high oxidation states. These systems should 

also avoid some of the deactivation pathways observed during the catalytic processes. 

The stabilization will be done via the linkage isomerism that allows the coordination of 

the oxygen to the metal center. 

 

Chart 1 

This N/O linkage isomerism is based on the fact that Ru(II) has more nitrogen 

than oxygen affinity, which allows the nitrogen coordination in the initial Ru(II) 

complex. However, when the metal centre is oxidized to Ru(III) the affinity changes 

and the oxygen coordination becomes more favoured than the nitrogen one. 
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III.2.2. Ligand synthesis 

The synthetic strategy to prepare the new Hpbl ligand is depicted in Scheme 1. 

 

Scheme 1. Synthetic strategy to obtain the Hpbl ligand. 

Steps (1) and (3) are carried out following the procedure described in the 

literature.1 In step (2) the described synthesis2 has been simplified by avoiding the final 

unneeded distillation. The last step (4), which allows the isolation of the final ligand, 

involves a double nucleophilic attack of a pyridine lithiate derivative to the two 

carbonyl groups of the diketopyrazole intermediate. That gives rise to a molecule with 

six donor atoms from two pyridines, two alcohols and one pirazole ring and containing 

two quiral centres (Scheme 2). 

 

 

Scheme 2.  

The reaction crude was purified by column chromatography over neutral silica 

and eluted with ethyl acetate. The last eluted fraction corresponds to the desired 

product, which was obtained as a mixture of two diasteromers in a 3:1 ratio (see 
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Figure 1 and the 1H NMR spectrum in Figure 3), which cannot be separated. The new 

ligand was characterized by the usual spectroscopic and analytical techniques. 
D
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 Figure 1. Drawing of the different isomers of Hpbl. 

 

III.2.3. Synthesis of Ru Hpbl Complexes 

Complexes [1](PF6), 2a2+, [3a](PF6), [3b](PF6)2 and [3c](PF6)2 were prepared 

following the synthetic routes represented in Scheme 3, using [RuCl3(trpy)] as metal 

precursor. They were characterized by elemental analysis, electrochemical and 

spectroscopic techniques (UV-vis, MS, NMR).  

The synthesis of the mononuclear chloro complex [1](PF6) is performed by the 

direct reaction of equimolar amounts of Hpbl and [RuCl3(trpy)] in the presence of NEt3 

as reducing agent, at 40 0C and stirring overnight. The complex is purified by column 

chromatography on alumina, eluting with CH2Cl2:MeOH (140:1) and MeOH. The last 

MeOH eluted fraction corresponds to complex [1](PF6). When this complex is treated 

under acidic conditions, the chloro ligand is replaced by an aqua ligand leading 

complex 2a2+, as shown in Scheme 3. The preparation of this aqua complex (2a2+) was 

also attempted in the presence of Ag(I) ions in order to remove the chloride ions from 

the media, allowing to isolate complex [2a](PF6)2 as a solid salt. However, this 

synthetic route gave non-reproducible results, probably because of the coordination 

capacity of the silver metal to the free N atoms of Hpbl ligand. After complexation the 

ratio of the two diasteromers was maintained, but they could be separated by a 

preparative alumina TLC.  
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The dinuclear complex [3a](PF6) has been synthesized under nitrogen 

atmosphere using a 3:2:1 (MeONa:[RuCl3(trpy)]:Hpbl) molar ratio. This reaction can be 

performed using two techniques: (1) Microwave reaction by carrying out five heating 

cycles using the conditions summarized in Table 1. (2) Refluxing the mixture during 24 

h. The working-up procedure is the same for both methodologies and consists in 

dissolving the precipitate in hot CH2Cl2, cool it down and isolate the desired complex as 

the non-dissolved solid. 

Table 1. Microwave condition reaction. 

Temperature 80 
0
C 

Equilibration time 5 min 

Reaction time 10 min 

Power 300 W 

Stirring Yes 

Cooling On 

 

Complexes 3b2+ and 3c2+ can be obtained by oxidation involving the loss of one 

or two electrons, respectively. 

III.2.4. Characterization 

III.2.4.1. X-ray structures 

The X-ray diffraction analysis was carried out for complexes 2b, [3b](PF6)2 and 

[3c](PF6)2. In the case of 2b the low crystal quality only allows determining the 

connectivity of the metal centre. However, this information is too relevant to be 

excluded. Figure 2 shows a view of the molecular structure of complex 2b and complex 

cations 3b2+ and 3c2+ were the counter anions and solvent molecules are omitted for 

clarity.  

The crystal structure of the mononuclear complex 2b has been obtained by 

slow evaporation from a mixture of acetone and a basic water solution with NaOH. As 

previously stated, the low quality of the crystals (R  20-30 %) prevents a deeper 

analysis of the structure. The presence and number of counter anions and solvent 
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molecules is not clear and the oxidation state of the Ru metal center cannot be 

assigned. This ambiguity can not be clarified by observing the Ru-N and Ru-O bond 

distances, which are usually similar at the Ru(II) and Ru(III) oxidation states. However, 

the electron densities in the metal and the coordinating atoms is enough to ensure 

that the ruthenium metal centre adopts a pseudo-octahedral coordination geometry 

with three positions occupied by the meridional trpy ligand, two by half of the 

tetradentate Hpbl ligand and the final one by and oxygen atom which, owing to the 

basic pH of the media, can be considered as belonging to an hydroxo group (if Ru(III) is 

the oxidation state) or H2O (if it is a Ru(II) compound). The coordination to the Hpbl 

ligand occurs through the pyrazolic nitrogen and the oxygen atom of the alkoxo group. 

This crystal structure allows observing another possible coordination scenario for the 

Hpbl ligand in which the pyridine moiety is replaced by the alkoxo in the coordination 

to the metal centre, giving rise to a non-coordinated pyridine. 

In the dinuclear complexes both ruthenium metal centres adopt a pseudo-

octahedral coordination geometry with three positions occupied by the meridional 

trpy ligand, two by the tetradentate Hpbl ligand and the sixth position occupied by a 

chloro ligand.   

For the complex cation 3b2+ the two metal centres present different oxidation 

states (Ru(II) and Ru(III)) due to the partial oxidation occurring during the 

crystallization process. The Ru(III) metal centre is coordinated to the Hpbl bridging 

ligand through an alkoxo group and the pyridine nitrogen atom, forming a five 

membered chelate ring. On the other hand, the Ru(II) metal centre is coordinated to 

the Hpbl ligand via two nitrogen atoms, one from the pyridine moiety and another 

from the pyrazol scaffold, that allowing the formation of a six membered chelate ring. 

It is important to notice that the pyrazol ring has one non-coordinated nitrogen due to 

the Ru(III)-O coordination. An interesting fact is that the free alcohol moiety is making 

a hydrogen bond with an acetone molecule. The asymmetric unit contains one 

molecule of the complex, two PF6
- anions, two acetone molecules and half molecule of 

water. One of the acetone molecules is disordered in two positions with a ratio of 

53:47. The water molecule is also disordered (50:50) and is shared with a neighboring 

unit cell.  
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From the crystallographic analysis it can be concluded that an oxidation process 

involving two electrons could take place during the crystallization of 3a+, which give 

rise to the formation of complex 3c2+ with both metal centers in Ru(III) oxidation state. 

The complexation behaviour of the Hpbl ligand to the two Ru(III) centres in the 

complex cation 3c2+ is similar to that described for the Ru(III) metal center in the 

complex 3b2+. Therefore, in the X-ray structure a free pyrazol ring can be observed. 

The asymmetric unit contains one molecule of the cationic complex, two PF6
- anions 

and two and a half molecules of water. The water molecules are partially disordered 

with and occupancy of 1:1:0.5.  

 (a) 

 

(b) 

 
                                          (c)  

 
Figure 2. Mercury™ ellipsoid plot (50% probability) for the cationic part of complexes (a) 3b

2+
, (b) 3c

2+
 

and (c) 2b. Color codes: Ru, pink; Cl, green; N, blue; O, red; Hydrogen atoms are not shown. 

The comparison of the X-ray structures of the two dinuclear complexes allows 

noticing the different orientation of the chloro ligands. While in complex 3b2+ they are 

the same direction, in complex 3c2+ they point to opposite directions. These different 

orientations could be relevant for their properties and catalytic behaviour.  

III.2.4.2. NMR spectroscopy 

Both 1D and 2D NMR spectroscopy allows to structurally characterizing all the 

complexes and the Hpbl ligand in solution. In all the NMR spectra a mixture of two 
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diastereomers can be observed in a ratio 3:1 (A:B) (Figure 3), which increases the 

number of signals and complicates the analysis of the spectra.  

For the free ligand, all the resonances observed in the 1H NMR spectrum can be 

unambiguously assigned based on their integrals, symmetry and multiplicity. In 

solution it presents a symmetry axis bisecting the pyrazol ring. For that reason in the 

NMR spectra we only observe resonances from one pyridine ring, one alcohol group 

and two methyl groups coming from the chiral centres and the central pyrazol ring. 

Furthermore, variable temperature (VT) 1H NMR spectra were recorded in order to 

distinguish the resonances of both diastereomers, taking advantage of their different 

temperature dependence (Figure 3). This effect allows us to distinguish when the 

multiplicity of a signal is caused by couplings to other protons or by two different 

diasteromers. The most relevant change could be observed in the 7.35 ppm signal. This 

resonance could be associated to a triplet at RT but it splits to two doublets (one from 

each diastereomer) when the temperature is increased. 

 

Figure 3. VT- 
1
H NMR spectra for the ligand Hpbl: (a) The whole spectra highlighting the methyl groups 

of each diasteromer and (b) the aromatic part at different temperatures (400 MHz, acetonitrile-d3). 
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The mononuclear character of complexes 1+ and 2a2+ induces a total non-

symmetry to the molecule, giving a single signal for each proton, carbon or nitrogen in 

their respective spectra. In addition, all the signals are doubled due to the presence of 

two possible diasteromers. As previously stated, the relative amount of each 

diastereomer in the final complex 1+ depends on the purification procedure followed 

during each single preparation. After some separation trials an enriched mixture in one 

diastereomer was obtained, which allowed us to distinguish the NMR resonances 

corresponding to each diastereomer. Nevertheless, the complete assignment is not 

possible for the external pyridylic groups of the trpy ligand, which remain 

indistinguishable (Figure 4). For the chloro complex 1+ it is important to point out that 

both alcohol protons can be observed. Furthermore, the low and similar ppm range at 

which their appear suggest that they are both not coordinated to the ruthenium metal 

centre. In addition, the proton from the pyrazol ring can be observed at 13 ppm. The 

absence of a signal at around 9 ppm is a reason to conclude that the chloro atom is 

occupying an in-disposition (the equatorial chloro ligand is oriented toward the centre 

of the Hpbl ligand), instead of the out-disposition (where the chloro ligand would be 

orientated away from the centre of the bridging ligand). In the later case a significant 

downfield shift of the Hpbl proton resonances situated close to the chloro atom would 

be expected due to its de-shielding effect. 
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Figure 4. 

1
H NMR spectra for complex 1

+
 in acetone-d6. Inset: aromatic zone of a diastereomeric 

enriched mixture. Pink and orange highlighted trpy protons are indistinguishable. 

The NMR study for the aqua complex 2a2+ has been carried out in an acetone-

d6 solution with a drop of D2O with triflic acid. If we compare the 1H NMR spectra of 

the chloro and the aquo complexes, the most shifted signals are the ones belonging to 

the non-coordinated pyridine due to its protonation in the acidic media used for 

record the NMR spectrum of the complex 2a2+. 

As it has been commented in the introduction, the Ru aqua-complexes are 

affected by the raising pH in water solution and together with the polyprotic nature of 

the Hpbl ligand, makes necessary to gain further insight in these processes. Both 1D 

and 2D NMR spectra have been performed in acidic and basic media employing a 

mixture of acetone-d6, D2O and triflic acid or acetone-d6, D2O and NaOD, respectively. 

As 1H NMR indicates, at basic pH, the number of involved species is higher than in 

acidic pH (Figure 5).  
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(a) 

 

(b) 

Figure 5. 
1
H NMR for complex 2a

2+
 (a) in acidic medium employing  D2O, acetone-d6 and CF3SO3D 

as solvent mixture and (b) in basic medium using D2O, acetone-d6 and NaOD.  

DOSY NMR experiments have been performed in order to elucidate the size of 

the species involved at basic pH. They have allowed us to confirm the similar size of 

these species according to their almost identical diffusion rate. The addition of the well 

known [Ru(H2O)(bpea)(trpy)]2+ complex as internal standard confirms the 

mononuclear nature of the overall set of complexes, all of them showing similar 

diffusion rates (Figure 6). Therefore, the presence of dinuclear species coming from 

the oxo bridging of two mononuclear complexes can be discarded.3 
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complex 2
2+

 and [RuH2O(bpea)(trpy)]
2+

 signal, [RuH2O(bpea)(trpy)]
2+

 signal and 

complex 2
2+

 signal. 

 

Figure 6. DOSY NMR spectrum for complex 2a
2+

  in D2O, acetone-d6 and NaOD using the 
mononuclear complex [RuH2O(bpea)(trpy)]

2+
 as internal reference. 

The performance of HMBC-N NMR experiment helped us to study the nitrogen 

coordination to the metal centre.4 The mononuclear nature of complex 1+ is in 

agreement with the loose of symmetry observed in the HMBC-N spectrum when 

comparing with the highly symmetric spectrum of the free ligand (Figure 7). 

(a) (b) 

 
Figure 7. HMBC-N NMR spectra for (a) the free ligand and (b) complex 1

+
 in acetone-d6, the blue box 

indicates the coordinated nitrogen and the yellow box the non-coordinated one. 
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The 1H NMR spectrum of complex 3a+ shows the entire signals as broad bands, 

which prevents their assignment and evidences the presence of dynamic processes. 

Variable temperature 1H NMR experiences have been run in order to study this 

dynamic behaviour. However, despite the shape of the signals is temperature-

dependent at the studied range, the 1H NMR spectra has not been enough improved to 

be assigned. (Figure 8) 

 
Indicates the signals of a subproduct present in this NMR sample. 

Figure 8. 
1
H NMR spectra for the aromatic part of the Hpbl ligand at different temperatures (400 MHz, 

acetone-d6). 

III.2.4.3. UV-Vis spectroscopy 

The UV-Vis spectral features in solution for complexes 1+ and 2a2+, which are 

listed in the experimental section of the manuscript (ANNEX II, paper E), agree with the 

published for similar complexes.5 The spectra can be divided in three different regions: 

one between 200 and 350 nm, in which very intense bands are observed due to 

intraligand π-π* transitions;6 another one between 350 and 560 nm, in which mainly 

broad unsymmetrical Ru(dπ)-trpy/Hpbl(π*) metal-to-ligand charge transfer (MLCT) 

bands are observed;7 and finally the last region above 560 nm in which d-d transitions 
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appear. As shown in Figure 9, the band displacement for the broad unsymmetrical 

Ru(dπ)-trpy/Hpbl(π*) MLCT bands is different for each complex. The hypsochromic 

shift observed for complex 2a2+ confirms the coordination of the aqua ligand that 

relatively stabilize the dπ(Ru) levels and therefore gives rise to more energetic 

electronic transitions.  

 
Figure 9. UV-Vis spectra for complex 1

+
 (green) and 2a

2+
 (orange). 

 

A redox titration of complex 2a2+ with Ce(IV) has been carried out in order to 

spectroscopically characterize their different oxidation states. As shown in Figure 10 

three isosbestics points indicating a neat interconvertion between only two single 

species are observed. As can be appreciated, in general, as the oxidation state 

increases the intensity of the absorptions decreases, except for the newly generated 

band at 400 nm. As general trend the absorption changes at the visible region 

correspond to a hypsochromic shift of the spectra. 
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(a) 

 

(b) 

 

Figure 10. Titration of complex 2a
2+ 

with Ce(IV) monitored by UV-Vis spectroscopy. UV-
Vis spectra colour code: Ru(II) in blue, Ru(III) in red and Ru(IV) in green. This titration 
was performed by 10 µL sequential additions of a 0.6 mM Ce(NH4)2(NO3)6 solution into 
0.5 mL of 0.1 mM complex [1](PF6) solution. Both solutions are prepared in 0.1 M 
CF3COOH aqueous solution. Inset: zoom of the isosbestics points zone. (a) From Ru(II) 
to Ru(III); (b) From Ru(III) to Ru (IV). 
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III.2.4.4. Electrochemical properties 

The redox properties of complexes 1+, 2a2+ and 3a+ have been studied by cyclic 

voltammetry experiments (CV). Complex 1+ dissolved in 0.1 M n-Bu4NPF6 solution of 

dichloromethane displays one electrochemically quasi-reversible redox wave (Figure 

11). The redox process takes place at 0.840 V and it is assigned to the formation of the 

corresponding Ru(III) complex,   

[RuIICl(Hpbl)(trpy)]+ - 1 e-   -> [RuIIICl(Hpbl)(trpy)]2+    (1) 

As shown in Figure 11, no linkage isomerism has been observed within the CV 

time scale, even when running the experiments at low scan rates (50 mV/s, 20 oC).  

(a) (b) 

  
Figure 11. CV of complex 1

+
 in CH2Cl2 using 0.1 M of TBAH as electrolyte and at a scan rate of (a) 50 mV/s  

and (b) 1000 mV/s. 

 

In sharp contrast, when complex 1+ is dissolved in a 0.1 M CF3COOH (pH=1) 

aqueous solution, the aqua complex 2a2+ is generated, which shows a very different 

behaviour. As can be observed in Figure 12b, at high scan rate, the CV of 2a2+ presents 

two different processes. The first more intense one (A) appears at E1/2= 0.725 V and is 

associated to the first Ru(III)/Ru(II) oxidation (2). The  second and weaker one (B) 

appears at E1/2= 0.932 V, corresponding to the Ru(IV)/Ru(III) oxidation step (3) 

[RuIIH2O(Hpbl)(trpy)]2+ - 1 e-   -> [RuIIIH2O(Hpbl)(trpy)]3+ (2) 

[RuIIIH2O(Hpbl)(trpy)]3+ - 1 e-   -> [RuIVOH(Hpbl)(trpy)]3+  (3) 
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Scanning up to 1.5 V (Figure 12c) we can observe a third irreversible wave (D) 

associated with the next oxidation step (4). This process is the responsible of oxygen 

evolution (Eq. (5) and (6)) and is typical for the aqua mononuclear ruthenium 

complexes. 

[RuIVOH(Hpbl)(trpy)]3+ - 1 e-   -> [RuVO(Hpbl)(trpy)]3+  (4) 

[RuVO(Hpbl)(trpy)]3+  + H2O   -> [RuIIIOOH(Hpbl)(trpy)]3+  (5) 

[RuIIIOOH(Hpbl)(trpy)]3+   -> [RuIIH2O(Hpbl)(trpy)]2+ + O2 (6) 

The observation of the second oxidation process (3) at lower potentials than in 

complex 1+ can be attributed to the presence of aqua groups as ligands, which are 

capable to carry out PCET processes.8 This means that protons and electrons can be 

removed simultaneously from the complex preventing the build-up of high Coulombic 

charges. The high potentials at which the second oxidation process takes place for 

complex 1+ prevents its observation within the solvent window.  

(a) 

 

(b) 

 
(c) 

 

Figure 12. CV of complex 2a
2+

 in 0.1 M a CF3COOH aqueous solution at pH=1 using a scan rate of (a) 20 
mV/s, (b) 1000 mV/s, (c) 20 mV/s and scanning from 0 to 1.5 V.  
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As expected for complex 2a2+, the oxidation state increase on the metal centre 

favours the change in the coordinating behaviour of the Hpbl ligand and that can be 

clearly observed through the electrochemical experiments. The existence of a linkage 

isomerism when cycling between the different oxidation states comes out from the 

comparison of the cyclic voltammograms at fast (Figure 12b) and slow (Figure 12a) 

scan rates. At fast scan rate and scanning anodically we observe two quasi-reversible 

electrochemical waves (A and B). However, at slow scan rates a quasi-irreversible 

anodic wave (A) and a quasi-irreversible cathodic wave (C) separated by about 0.5 V 

are observed. The latter confirms that the electrochemical process is associated to a 

chemical reaction. From now on, the nomenclature assigned to the different isomers 

will be as is indicated in Schemes 4 and 5, for mononuclear complexes, and in Scheme 

6 for the dinuclear ones. The thermodynamic cycle of this process is represented in 

Scheme 4. When the oxidation state of the metal centre is II, Ru(II) is coordinated to 

five nitrogen atoms (Ru-N5), three from the terpyridine ligand, and two from the Hpbl 

ligand. However, when the oxidation state III is reached, the coordination environment 

changes to a Ru-ON4, where an oxygen atom form the neighbouring alkoxo group has 

replaced the one Hpbl nitrogen atom.  

 

Scheme 4. Thermodynamic cycle 
corresponding to the linkage isomerisation 
process occurring by the electrochemical 
oxidation of complex 2a

2+
. 

 

This phenomenon has been further corroborated scanning cathodically from 

0.9 V. The dependence of the [ic1]/[ia1] and [ic2]/[ia2] ratios on the scan rate (Figure 

13 and Figure 14) is consistent with the involvement of chemical reactions coupled to 

electrochemical processes as represented in Scheme 4. 
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Figure 13. Dependence of ic1/ia1 on the scan rate, graphical 
representation. 

 

 
Figure 14. Cyclic voltammograms of complex 2a

2+
 in 0.1 M CF3COOH aqueous solution at pH=1 scanning 

cathodically, starting at 0.9 V and applying an equilibration time of 3 min. Scan rates of 20, 50, 100, 
200, 300, 400, 500, 600, 700, 800, 900 and 1000 mV/s. Inset: (top) CV at scan rate of 20 mV/s, (bottom) 
CV at scan rate of 1000 mV/s.  

 

From the cyclic voltammetry experiments of complex 2a2+ at pH=1 we can 

estimate the equilibrium constant for the Ru(III)-O/Ru(II)-N pair (KIII
O→N). From the 

extrapolation to v→∞ in the plot of [ic1]/[ic2] vs. v-1, the value of KIII
O→N can be 

calculated, which in this case gives a value of KIII
O→N= 0.235. The equilibrium constant, 

KII
O→N, was calculated from the thermodynamic cycle shown in Scheme 4, where the 

value of the equilibrium constant KIII
O→N is that previously calculated and Eo

 are the E1/2 

potentials experimentally found for each process. In agreement to the Hess’ Law, the 

next equation (7) can be build:  

ΔG0
O=ΔG0(KII

N->O) + ΔG0(KIII
O->N) + ΔG0

N (7) 
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ΔG0=-RTlnK (8) 

ΔG0=-nFE0 (9) 

Considering the equations (7), (8), (9) and the constant values of R = 8.314 J·K-

1·mol-1 and F = 96485 C·mol-1, the calculated equilibrium constant turns to be KII
O→N= 

6.70·106. 

Due to the exceedingly high stability of the O-bonded isomer, the kinetic 

constants (Table 2) could only be obtained by simulation with the DigiSim software9. 

Table 2. Thermodynamic and kinetic 
parameters for the linkage isomerisation of 
2a

2+
, determined by scan rate dependent CV 

see Figure 14. 

E1/2, N (V) 0.73  

E1/2, O (V) 0.27 

KII
O->N 6.7·106 

KIII
N->O 8.8737 

kII
O->N (s-1) 0.0005 

kII
N->O (s-1) 7.463·10-11 

k
III

O->N (s
-1

) 0.03381 

k
III

N->O (s
-1

) 0.3 

 

The analysis of these values allow us to conclude that the involved linkage 

isomerism processes are slow, and the relative value of the equilibrium constants are 

in agreement with the Pearson’s theory. This theory reflects the different coordinating 

affinity of Ru(II) and Ru(III) to nitrogen and oxygen atoms, respectively. Therefore, 

when the metal centre is in oxidation state (II), a relatively soft ion, it has more affinity 

to the likewise softer nitrogen atom than for the harder oxygen one, a tendency that is 

reversed once the ruthenium oxidation state increase to (III). 

To deepen the electrochemical study of the system, the thermodynamic 

stability areas of complex 2a2+ with respect to pH and redox potential have been 

evaluated and the resulting Pourbaix diagrams for all the observed isomers are shown 

in Figures 15, 16 and 18. To perform this study only the electronic transition from Ru(II) 
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to Ru(III) has been considered due to the high complexity of the system. Three 

different species have been detected in the studied pH range. The first one 

corresponds to the initial isomer Ru(III/II)-N5, which has five nitrogen atoms 

coordinated to the Ru metal centre (Figure 15).  

 
Figure 15. Pourbaix diagram for the Ru-N5 isomer of complex 2a

2+
. The zones of stability of the different 

species are indicated by the oxidation state of the Ru metal and the degree of protonation of the aqua 
and Hpbl groups. The terpyridine ligand is not drawn for clarity. The proton affected in each process is 
indicated in orange.  

 

At low pH the Ru(III/II)-N5 isomer prevails but its concentration decrease as the 

pH increases and a second isomer appears. This second isomer is obtained by replacing 

a pyridine group by a vicinal alkoxide oxygen atom (Scheme 5a) and maintaining the 

rest of the coordination environment unaltered. (Figure 16).  
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Figure 16. Pourbaix diagram for isomer Ru-ON4(Pz) of complex 2a

2+
. The zones of stability of the 

different species are indicated by the oxidation state of the Ru metal and the degree of protonation of 
the aqua group and the Hpbl ligand. The terpyridine ligand is not drawn for clarity. The proton affected 
in each transformation is indicated in orange. 

 

 
Scheme 5. Thermodynamic cycle for the linkage isomerisation process that takes places during the 
electrochemical oxidation of complex 2a

2+
 at acidic pH (from 1 to 7) (a), and at basic pH (from 7 to 12) 

(a) and (b). 
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These two species coexist until pH=7 is reached; then a new species appears in 

the CV with a redox potential in between those of the Ru(III/II)-N5 and Ru(III/II)-

ON4(Pz) isomers (Figure 17).  

(a) 

 

(b) 

 
 

Figure 17. Cyclic voltammogram of complex 2a
2+

 in aqueous pH=8 buffer at a scan rate of 900 mV/s (a) 
scanning anodically (b) scanning cathodically with 3 minutes of equilibration time. The oxidation 
transitions are indicated by a green band for isomer Ru-ON4(Pz), an orange band for Ru-ON4(Py) and a 
purple band for Ru-N5. 

 

We propose that this new isomer is another Ru-ON4 species coming from the 

linkage isomerism between the pyrazolic nitrogen and the alkoxide oxygen atoms 

(Scheme 5b). This new isomer has three coordinated nitrogens from the terpyridine 

ligand and the other nitrogen from the pyridine of Hpbl, Ru(III/II)-ON4(py) (Figure 

18).This proposal is in agreement with its E1/2, the results of DOSY NMR experiments 

(which discard the presence of dinuclear species) and the evidence of different N-

decoordination patterns provided by the crystal structures (Figure 2). The presence of 

this Ru(III/II)-ON4(py) isomer becomes more important as pH increase (Figure 19). 
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Figure 18. Pourbaix diagram for the Ru-ON4(Py) isomer of complex 2a

2+
. The zones of stability of the 

different species are indicated by the oxidation state of the Ru metal and the degree of protonation of 
the aqua and Hpbl groups. The terpyridine ligand is not drawn for clarity. The proton affected by each 
process is indicated in orange. 

 

(a) 

 

(b) 

 
Figure 19. Cyclic voltammogram of complex 2a

2+
 in an aqueous pH=12 buffer solution at a scan rate of 

100 mV/s (a) scanning anodically (b) scanning cathodically with 3 minutes of equilibration time. The 
oxidation transitions are indicated by a green band for the Ru-ON4(Pz) isomer and by and orange band 
for the Ru-ON4(Py) one. 

 

Most of the pKa values, extrapolated from the Pourbaix diagrams, are similar to 

the ones described in the literature for similar polypyridylic ruthenium complexes.5 

The estimated pKa value for the Ru(II)-H2O/Ru(II)-OH (pKa≈8) and Ru(III)-OH/Ru(III)-O 
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(pKa≈10) for the Ru(III/II)-ON4(Pz) isomer (Figure 16) are much lower than the 

expected ones (pKa≈10 and pKa≈12, respectivelly). This decrease could be caused by 

the stabilization of the Ru(III)-O species though massive hydrogen bonding from OH- 

and/or H2O molecules, that including the alkoxo moiety. An example of such a 

hydrogen bonds bridging both entities is displayed in Figure 20. 

 

Figure 20. Mercury draw of the calculated structure of [Ru
III

-
ON4(Pz)-OH ·OH]. Hydrogen bonding between the Ru-OH 
and the alcohol group of the Hpbl ligand. 

The electrochemical study of the dinuclear species 3a+ in CH2Cl2 by cyclic 

voltammetry indicates the presence of three waves whose intensity depends on the 

scan rate and the starting redox potential (Figure 21). Scanning anodically (Figures 21a, 

and 21b) two waves with very different behaviour can be observed. The first one (A) at 

E1/2=0.048 V corresponds to a quasi-reversible redox process with an [ic]/[ia] ratio 

independent of scan rate (10). This wave belongs to the N5-Ru(II)—Ru(III/II)-ON4(Pz) 

part of complex 3a+ and does not present linkage isomerism linkage at the CV time 

scale. 

N5-Ru(II)—Ru(II)-ON4(Pz) -1e- -> N5-Ru(II)—Ru(III)-ON4(Pz)  (10) 

On the other hand, the [ic]/[ia] ratio of the second wave (B), which is strongly 

scan rate dependent, belongs to the N5-Ru(III/II)—Ru(III)-ON4(Pz) part of complex 3a+ 

and presents linkage isomerism as a response to an electrochemical stimuli (Figure 21 

and equations (11) and (12)). 

N5-Ru(II)—Ru(III)-ON4(Pz) -1e- -> N5-Ru(III)—Ru(III)-ON4(Pz) (11) 

 N5-Ru(III)—Ru(III)-ON4(Pz)  -> (Py)N4O-Ru(III)—Ru(III)-ON4(Pz) (12) 
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As can be observed in Figure 21a the isomer generated after the linkage 

isomerism of the N5-Ru(III/II)—Ru(III)-ON4(Pz) subunit presents a slightly different 

redox potential (C) than that of N5-Ru(II)—Ru(III)-ON4(Pz) (B). This can only be 

rationalized by assuming the generation of a (Py)N4O-Ru(III)—Ru(III)-ON4(Pz) subunit 

upon oxidation and linkage isomerism where now the pyridine, instead of the pyrazole 

of the Hpbl ligand, is coordinated to the metal centre (12). This is in fact in agreement 

with the observed Ru(III) coordination environment in the crystal structure of 3b2+ N5-

Ru(II)—Ru(III)-ON4(Py) (Figure 2a), where the oxidized metal centre is coordinated by 

the pyridylic nitrogen atom. Another isomer is generated when both metal centres are 

oxidized to Ru(III) resulting in the replacement of the pyrazolic nitrogen by the pyridylic 

one (13).  

(Py)N4O-Ru(III)—Ru(III)-ON4(Pz) -> (Py)N4O-Ru(III)—Ru(III)-ON4(Py) (13) 

Confirmation for the presence of this new isomer comes from two different 

points; (a) the X-ray structure of 3c2+ (Figure 2b) showing a (Py)N4O-Ru(III)—Ru(III)-

ON4(Py) arrangement of the metal centres and (b) the displacement of wave (B) to the 

same redox potential of wave (C) when scanning cathodically with a 3 min. 

equilibration time (Figure 21c). Therefore, despite this new coordination environment 

is favoured for Ru(III), its formation is slow and the species can only be observed after 

long time standing at the Ru(III) redox potential (Scheme 6).  
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 (a) 

 

(b) 

 
                                                  (c) 

 

Figure 21. Cyclic voltammograms of complex 3a
+
 in CH2Cl2 using 0.1 M of TABH as electrolyte at a scan 

rate of (a) 40 mV/s and (b) 700 mV/s scanning anodically and (c) at 50 mV/s scanning cathodically. 

  

 
Scheme 6. Schematic representation of the different linkage isomerism processes in the dinuclear 
complex 3a

+
. 
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III.2.5. Catalytic activity 

III.2.5.1. Water oxidation 

The mononuclear complex 2a2+ has been preliminarily tested as a water 

oxidation catalyst showing very low activity and the cogeneration of O2 and CO2 due to 

the oxidative bimolecular deactivation pathway described in the chapter III.1. (Figure 

22). In this case, the non-coordinating part of the ligand could be the most activated 

and accessible region for the initiation of a catalytst-catalyst oxidative process.  

(a) 

 

(b) 

 
Figure 22. Monitoring of the catalytic gases generated during the water oxidation reaction as function of 
time: Cat (2a

2+
) 1 mM/Ce 100 mM/0.1 M triflic acid with a total volume of 2 mL at 25.0 °C. (a) 

Manometry profile, (b) Online mass spectrometry profile for 2a
2+

.  

III.2.5.2. Organic oxidations. 

Furthermore, complex 2a2+ has also been preliminary tested as catalyst for the 

epoxidation of cis-β-methyl styrene in dichloroethane and using 

diacetateiodosylbenzene as co-oxidant. Complex 2a2+ has shown to be an active 

catalyst towards this kind of organic oxidations. indicates that could be an efficient 

catalyst for different organic oxidations, but more work must be done in order to 

clarify the real performance of the system in this field. 
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Considering the objectives described in Chapter II and the obtained results of 

this study, the following concluding remarks on this PhD thesis can be given: 

Five new Hbpp-modified ligands (Hbpp-Bz, Hbpp-Re, (Hbpp)2-p-Xyl, (Hbpp)2-m-

Xyl, (Hbpp)2-o-Xyl) have been synthesized and thoroughly characterized. Their 

dinuclear ({[RuII
2(trpy)2(Y)](-L)}x+; L= Hbpp-Bz and Hbpp-Re. When Y= Cl- or Ac- X=2+, 

and when Y=(H2O)2 X=3+) and tetranuclear ({[RuII
2(trpy)2(Y)]2(-L)}x+; L= (Hbpp)2-u-Xyl. 

When Y= Cl- or Ac- X=4+, and when Y=(H2O)2 X=6+ ) complexes have been prepared and 

structurally, spectroscopically and electrochemically characterized.  

These dinuclear and tetranuclear complexes have been tested as water 

oxidation catalysts. The results have shown the cogeneration of O2 and CO2, being the 

former the first gas evolved. Furthermore, the O2/CO2 ratio has been evaluated and 

proved dependent on catalyst concentration and benzylic CH2 accessibility. Analizing 

the results we can arrange the complexes in increasing order of their benzylic CH2 

accessibility: {[RuII
2(trpy)2(H2O)2]2(-(bpp)2-o-Xyl)}6+ < {[RuII

2(trpy)2(H2O)2]2(-(bpp)2-m-

Xyl)}6+ < {[RuII
2(trpy)2(H2O)2]2(-(bpp)2-p-Xyl)}6+ < { [RuII

2(trpy)2(H2O)2](-bpp)}3+ and by 

their O2/CO2 production ratio: {[RuII
2(trpy)2(H2O)2]2(-(bpp)2-o-Xyl)}6+ [3] < 

{[RuII
2(trpy)2(H2O)2]2(-(bpp)2-m-Xyl)}6+ [2.5] < {[RuII

2(trpy)2(H2O)2]2(-(bpp)2-p-Xyl)}6+ 

[2.5] < { [RuII
2(trpy)2(H2O)2](-bpp)}3+ [1]. By comparing these series, we can conclude 

that as the benzylic accessibility increases the O2/CO2 ratio decreases. Therefore, this 

dependence points out the benzylic CH2 as the starting point of CO2 production. 

The Hbpp-Re containing complex, after hydrolysis to Hbpp-Ra, has been 

supported onto a TiO2 rutile surface and its capacity to oxidize water in heterogeneous 

phase with Ce(IV) as chemical oxidant has been tested. O2 and CO2 evolution has been 

online monitored and compared. All data indicates that the origin of this CO2 is the 

same for the homogeneous and the heterogeneous systems. 

From these experimental results, both in homogeneous and heterogeneous 

phase, we can conclude that one of the principal deactivation pathways for these WO 

catalysts is the intermolecular catalysts-catalyst oxidative degradation. The high 
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reactivity that presents the Ru(IV)-O group is the responsible of this oxidation of the 

organic part of the catalysts. The oxidation process starts from the less hindered and 

activated (electron rich) part of the ligand, which in these cases is the CH2 of the benzyl 

moiety, and continues to the rest of the ligand.  

In order to improve these results, the electrocatalytic activation of the catalysts 

has been tested to replace the strong and indiscriminate Ce(IV) as chemical oxidant for 

an specific and controlled potential. To accomplish that, the synthesis of new 

complexes containing trpy-Pe has been developed. Their hydrolysis has been carried 

out in order to obtain trpy-Pa, which can be used as anchoring moiety. This complex 

and the Hbpp-Ra containing one have been supported onto FTO-TiO2 conducting films. 

All the newly generated species have been structurally, spectroscopically and 

electrochemically characterized. In addition, the anchoring processes have also been 

studied and optimized.  

The FTO-TiO2- [RuII
2(trpy-Pa)2(H2O)2(bpp)]+ and FTO-TiO2- 

[RuII
2(trpy)2(H2O)2(bpp-Ra)]

2+ modified electrodes have shown a displacement of their 

electrocatalytic WO waves to higher potentials. Nevertheless, they have been tested as 

water oxidation catalysts applying  1.6  and 1.7 V potentials, respectively. In both cases 

oxygen evolution could not be detected in the employed conditions. For the FTO-TiO2- 

[RuII
2(trpy-Pa)2(H2O)2(bpp)]+ case this lack of catalytic activity can be attributed to the 

hydrophobic nature of the formed cavity between the catalysts and the solid surface. 

The later could prevent the H3O+ entrance to the active sites. When FTO-TiO2-

[RuII
2(trpy)2(H2O)2(bpp-Ra)]

2+ is used, catalyst leaching together with the interaction 

between its active sites and the solid surface could prevent O2 formation. This 

interaction could be caused by the prolonged anchoring time needed to anchor this 

complex in non-coordinating methanol as solvent. 

For further works it is important to take into account that the position of the 

anchoring group and the anchoring process have big influence on the final properties 

and catalytic activity of these hybrid systems. Furthermore, the higher stability of the 

phosphonate moiety in comparison with the carboxylate one in these catalytic 

conditions has been demonstrated.  
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Despite all these new compounds are not efficient catalysts to oxidize water, it 

has been demonstrated that they are suitable catalysts to perform organic oxidations. 

The homogeneous complexes have been used as catalysts in the epoxidation of cis-β-

methyl styrene , using PhI(OAc)2 as chemical oxidant. The complexes supported onto 

FTO-TiO2 conducting films have shown catalytic activity towards the electrocatalytic 

ethanol oxidation.  

The synthesis and characterization of a new tetradentate bridging ligand (Hpbl) 

with O/N different coordination sites has been carried out. This new ligand is inspired 

on the structurally related and more rigid N-donor Hbpp [3,5(bispyridyl)pyrazole] 

ligand. The Hpbl contains extra sp3 carbon atoms with alcoholic functions between the 

pyrazol and pyridine groups, that allowing a linkage isomerism between the pyridilyc 

or pyrazolic nitrogen atoms and the alcoholic oxygens.  

The mononuclear [RuX(Hpbl)(trpy)]y+ (X=Cl, y=+1; X=H2O, y=+2) and dinuclear 

[Ru2Cl2(bpl)(trpy)2]+ Ru(II) complexes have been synthesized. In solution, all these 

complexes have been characterized spectroscopically (UV-vis and NMR) and 

electrochemically (CV). In the solid state, monocrystal X-ray diffraction analyses have 

been carried out for two linkage isomers of the dinuclear complex [Ru2(trpy)2(pbl)Cl]2+ 

and for the mononuclear [RuIII(trpy)(pbl)(OH)] or [RuII(trpy)(pbl)(H2O)] complex.  

The linkage isomerism processes occurring for the mononuclear aqua complex 

has been studied as function of pH and redox potential. Therefore, three different 

coordination environments around the Ru-OH2/Ru-O basic structure have been 

identified: (1) the ruthenium metal centre coordinated by 5 nitrogens atoms of the 

ligands (three from the trpy and two from the Hpbl) [Ru-N5]; (2) coordination to Ru 

through one alkoxo oxygen an four nitrogen atoms (three from the trpy and one from 

the pyridyl group of Hpbl), [Ru-ON4(Py)]; and (3) coordination taking place again via 

one alkoxide oxygen and four nitrogen atoms (three from trpy but now one from the 

pryrazol Hpbl scaffold), [Ru-ON4(Pz)]. The combination of them allows us to explain the 

redox-dependent linkage isomerism of the dinuclear complexes observed in the solid 

state (X-ray Crystallography) and CV experiments.   
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The application of these new complexes in different biologically and technologically 

relevant catalytic oxidation processes is currently under development in our 

laboratories. 
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