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(Nano)catalizadores basados en Pd y Co para acoplamiento C-C y fotosíntesis 

artificial 

 

Visto el esperado incremento por lo que a la demanda global de energía se refiere y 
las desventajas del uso de energías fósiles (mala distribución, no renovables y altamente 

contaminantes), la búsqueda de nuevas fuentes de energía renovables libres de carbono se ha 

convertido en una necesidad para nuestra sociedad. Así pues, una estrategia diferente debe ser 

considerada para sobrepasar estas dificultades. Para ello, los investigadores han sido 

inspirados por la Naturaleza, en particular por sus procesos fotosintéticos dónde la energía 
solar es almacenada en los enlaces químicos de azúcares y almidones. Los investigadores han 

intentado mimetizar la Naturaleza almacenando la energía solar en los enlaces químicos de un 

combustible como por ejemplo el hidrógeno. De aquí, la reacción de división del agua (Water 

Splitting reaction, del inglés) supone una buena alternativa pues la absorción de cuatro 

fotones provoca la formación de oxígeno e hidrógeno. En este contexto, el uso de 

catalizadores normalmente basados en metales de transición es necesario para hacer viable 

estos dos procesos. 

En el capítulo I, una introducción general sobre catálisis, nanopartículas, nanocatálisis, 

acoplamiento C-C y el reto de la fotosíntesis artificial es presentado como motivación del 

presente trabajo. Una visión general de los catalizadores de oxidación de agua basados en 

nanopartículas metálicas es discutida reportando los catalizadores mas importantes hasta la 

fecha.  

En el capítulo II se exponen los objetivos del presente trabajo. El objetivo principal de 

esta tesis es la síntesis y caracterización estructural nanocatalizadores basadas en Co3O4 y el 

posterior estudio de su reactividad en catálisis de oxidación de agua electroquímicamente y 

fotoquímicamente. El objetivo final es comprender los factores que afectan a su actividad 

catalítica para ayudar al diseño futuro de catalizadores más eficientes y robustos. Además, el 
segundo objetivo de la presente tesis es el uso de catalizadores moleculares y coloidales frente 

a la reacción de Suzuki-Miyaura con el fin de estudiar su diferenciado comportamiento 

catalítico. 

En el Capítulo III, una nueva metodología para la preparación de nanocatalizadores de 

Co3O4 funcionalizados por fotosensibilizadores capaces de captar luz es presentada. Todas las 
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nanopartículas has sido debidamente caracterizadas por ICP, HREM, XPS, IR y WAXS. 

Mientras que las nanopartículas de Co3O4 han sido caracterizadas electroquímicamente, los 

sistemas híbridos PS-NP lo han sido fotoquímicamente. Todo ello con el fin de extraer 

conclusiones sobre su respectiva habilidad para oxidar el agua electroquímicamente y 

fotoquímicamente.  

En el Capítulo IV, sistemas moleculares y coloidales de Pd basados en un líquido 

iónico o su carbeno N-heterocícloco son usados frente a procesos de acoplamiento C-C. La 

conversión, rendimiento y diferenciada actividad son discutidas para los cuatro sistemas.  

En el Capítulo V se exponen las conclusiones mas importantes del presente trabajo. 

Finalmente, el Capítulo VI incluye un anexo que contiene otros trabajos que han sido 

llevados a cabo y publicados durante esta tesis doctoral.  
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Pd and Co-based (nano)catalysts for C-C coupling and artificial photosynthesis 

 

Given the expected increase of global energy consumption and the drawbacks of using 

fossil fuels (ill-distributed, non-renewable and highly CO2 polluting), it is mandatory to find a 

new carbon-neutral renewable source of energy for the sustainable development of our 

society. Hence, a different strategy should be considered to overcome these difficulties. For 

this purpose and as in many other cases, researchers have obtained inspiration from Nature, 

particularly from the photosynthetic processes where sunlight energy is stored in the 

chemical bonds of sugars and starches. Researchers try to mimic Nature storing sunlight 

energy in the chemical bonds of a fuel such as dihydrogen. From here, the Water Splitting 

reaction supposes a good candidate since the absorption of four photons provokes the 

formation of both dioxygen and dihydrogen. Within this context, the use of catalysts usually 

based in transition metals is necessary to make these two processes viable.   

In Chapter I, a general introduction about catalysis, nanoparticles, nanocatalysis, C-C 

coupling and the challenge of artificial photosynthesis is presented as a motivation for the 

present work. An overview of water oxidation catalysts based on metal nanoparticles is also 

discussed exposing the most relevant catalysts reported to date. 

Chapter II is focused in the objectives of the present work. The main goal of this 

PhD thesis is the synthesis and the structural characterization of PS-Co3O4-based 

nanocatalysts for the ulterior study of their reactivity towards electro- and photocatalytic 

water oxidation. The final objective is to understand the factors that affect their catalytic 

performance for helping in the future rational design of more efficient and robust catalysts. 

Additionally, the second goal of this thesis is the testing of molecular and colloidal catalytic 

systems towards the Suzuki-Miyaura reaction in order to study their dissimilar catalytic 

behavior. 

In Chapter III, a novel method for the preparation of a Co3O4 nanocatalyst 

functionalized by light-harvesting photosensitizers is presented. All NPs have been thoroughly 

characterized by ICP, HREM, XPS, IR and Wide Angle X-ray Scattering, while 

electrochemical and photophysical studies have been undergone with the bare NPs and the 

hybrid PS-NP systems, respectively, to extract conclusions with regards to their respective 

ability to electro- and photo-oxidize water. 
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In Chapter IV, both molecular and colloidal Pd systems based both on an ionic liquid 

or its N-heterocyclic carbene (NHC) are tested in C-C coupling processes. The conversion, 

yield and the different reactivity are discussed for the set of four systems.  

In Chapter V, the most relevant conclusions of the present research work are 

discussed.  

Finally, Chapter VI includes an annex containing other works that have been carried 

out and published during this PhD thesis and that are closely related with the present work. 
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I	1.1 Catalysis 

Catalysis is a process in which the rate of approaching the thermodynamic equilibrim 

of a chemical reaction is accelerated by a compound that is not substantially consumed, 

named catalyst. It can be described as a cyclic event where the catalyst participates but is 

recovered in its original form at the end of the cycle. Catalysis has an effect on the kinetics of 

a reaction but thermodynamics remains unaltered. Nowadays, catalysis is extremely important 

due to the fact that it is required for the synthesis of many chemical products of paramount 

importance. Approximately 85-90% of the products of chemical industry are made with at 

least one catalytic step. Figure 1 shows a potential energy diagram in which both catalytic and 

non-catalytic reactions are compared. From this, it can be inferred how the catalyst offers an 

alternative pathway for the reaction, which is more complex, but energetically much more 

favorable due to a significantly smaller activation energy of the catalytic pathway.[1] Thus, a 

higher proportion of molecular collisions will possess enough energy to achieve the transition 

states and overcome the energetic barriers. 

 

Figure 1. Potential energy diagram for both a non-catalyzed reaction (red) and a catalyzed reaction (blue). 
(Adapted from reference 1) Ea = Activation energy, ΔG = Free Gibbs energy.  

Catalysts can vary from atoms and molecules to large structures such as zeolites or 

enzymes and their compositions and shapes are of paramount importance. Hence, catalysis 

falls into two categories, homogeneous and heterogeneous, depending on the relationship 

between the phase of the catalyst and the involved reactants.[2] 
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1.1.1 Parameters in catalysis 

	

There are different parameters to characterize the catalyst in a catalytic scenario. 

1.1.1.1 Turnover number (TON) 

 

The turnover number is defined as the ratio between the total amount of moles of 

product and the moles of catalyst used for the reaction (equation 1).[3] It describes the total 

catalytic cycles performed by the catalyst before the decay of its activity. 

!"# = 	&'()*	+',&)-	.,'-/01
&'()*	/*)-	0212(3*1

 (1) 

1.1.1.2 Turnover frequency (TOF) 

	

The turnover frequency, expressed in s-1, is defined as the activity of a particular 

catalyst in a certain period of time (t, equation 2).[3] It is referred as the number of catalytic 

reactions occurring per unit of time. 

!"4 =	&'()*	+',&)-	.,'-/01
&'()*	/*)-	0212(3*1·1

 (2) 

1.1.1.3 Conversion 
 

The conversion is the ratio between the moles of reactant consumed and the moles of 

reactant introduced in the reaction media.[3] To calculate the conversion a mole balance of 

the reactants is required (equation 3). 

6789:;<=78 = 	 &'()*	'+	,)2012>1	0'>*/&)-
&'()*	'+	,)2012>1	?>1,'-/0)-	?>	1@)	,)201?'>	

 (3) 
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I	1.1.1.4 Selectivity 

 

The selectivity of a reaction is the ratio of substrate converted to the desired product, 

since in addition to the latter other byproducts can be generated (Equation 4).[3] 

A:B:CD=9=DE = 	&'()*	'+	,)2012>1	0'>*/&)-	1'	+',&	1@)	-)*?,)-	.,'-/01	
1'12(	&'()*	'+	,)2012>1	0'>*/&)-	

 (4) 

1.1.2 Homogeneous and heterogeneous catalysis 
 

In homogeneous catalysis, both the catalyst and the reactants are in the same phase (i. 

e. all the molecules are commonly in liquid phase). Examples of homogeneous catalysis are 

organocatalysis where the catalyst is an organic compound, and the enzymatic catalysis, in 

which the catalyst is an enzyme. However, coordination or organometallic complexes play the 

major role as catalysts in homogenous catalysis. They consist of a central transition metal ion 

bonded to organic ligands, which usually coordinate the reactant molecules through vacant 

sites or partial ligand decoordination.[1a,4] 

 On the other hand, in heterogeneous catalysis, both the catalyst and the reactants are 

in different phases. The catalysts use to be in solid phase, which catalyze reactions of 

molecules in gas or solution in their surfaces. Large surface areas, which are needed to 

produce high proportion of active sites, are essential to increase the rate of the catalytic 

reaction. Hence, porous materials and nanometer-sized particles use to be good candidates for 

these catalytic reactions. Briefly, a heterogeneous catalysis starts with the adsorption of the 

reactant molecules on to the surface of the catalyst, where the catalytic reaction takes place to 

form the products, and ends with the desorption of the new products.[1a,5] 

The major advantages and disadvantages of homogeneous and heterogeneous catalysis 

are shown in Table 1. In the case of homogeneous catalysis, the recovery of the homogeneous 

catalysts from the reaction media uses to be difficult since distillation of the reaction products 

are typically needed in order to re-utilize the homogeneous catalysts and these operations 

often deactivate the catalysts. However, every single catalytic entity acts as a single active site 
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yielding high activities and selectivities, and thus, the reaction mechanisms are well-

understood. In the case of heterogeneous catalysis, the recovery of the heterogeneous 

catalysts from the reaction media uses to be easy since the catalysts are in a different phase, 

which leads to their facile recycling. However, heterogeneous catalysts are formed by multiple 

active sites that can act differently, leading to low selectivities and complicating the 

understanding of the reaction mechanism by spectroscopic analyses. Additionally, in the case 

of heterogeneous catalysis, the diffusion of the reactants towards the catalyst, the adsorption 

of the reactants and desorption of the products, and the external diffusion should be 

considered, since these factors are of paramount importance for a good activity.[6] 

Table 1. Differences between homogeneous and heterogeneous catalysis. (Adapted from reference 6). 

Property Homogeneous Catalysis Heterogeneous Catalysis 

Typical form soluble metal complexes, 
usually mononuclear 

metals, usually supported, 
or metal oxides 

Active site well-defined, discrete 
molecules 

poorly defined 

Catalyst phase (normally) in solution solid 

Diffusion facile can be slow 

Heat transfer facile can be problematic 

Product separation generally problematic facile 

Catalyst recovery difficult and expensive easy and cheap 

Catalyst modification easy difficult 

Thermal stability poor good 

Selectivity excellent/good – single 
active site 

good/poor – multiple active 
sites 

Activity good mutable 

Catalyst poisoning infrequent easy 

Catalyst life mutable long 

Reaction mechanisms reasonably well-understood Poorly understood 
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I	1.2 Nanomaterials 
 

Nanomaterials are particles (crystalline or amorphous) of organic or inorganic materials 

whose size in at least one dimension lays between 1 and 100 nm. From here, different 

nanomaterials can be classified by means of dimensions (Figure 2). Thus, nanomaterials 

wherein all the dimensions are measured within the nanoscale (no dimensions, or zero-

dimensional) are called nanoparticles. Once one dimension is outside the nanoscale (one-

dimensional) nanotubes, nanorods and nanowires are introduced. Finally, nanomaterials where 

two dimensions are outside the nanoscale (two-dimensional) are called nanofilms or 

nanolayers. 

 

 

Figure 2. Types of nanomaterials: 0D (zero-dimensional) nanoparticles; 1D (one-dimensional) nanotubes, 
filaments and rods; 2D (two-dimensional) films and layers; 3D (three-dimensional) bulk materials. 

 

Nanoparticles
Zero-dimensional (0D)

Nanotubes,
filaments and rods

One-dimensional (1D)

Nanofilms
and nanolayers

Two-dimensional (2D)
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Nanomaterials are a link between bulk materials and atomic or molecular structures 

(Figure 3) and present differentiated physical and chemical properties. Due to their high 

surface area to volume ratio, metallic nanoparticles (MNPs) have many applications such as 

biological and chemical sensor fabrication,[7] information storage[8] and catalysis.[9]  

 

Figure 3. Comparaison among bulk material, nanoparticles and molecular complexes. 

1.2.1 Properties of nanomaterials 
 

The nanomaterials have properties (i.e. physical, electrical, optical, mechanical) that are 

significantly different and considerably improved relative to those of their bulk counterparts. 

These properties depend on the size of nanomaterials as well as on the large percentage of 

their atoms in grain boundary environments. Thus, the most popular effects of nanomaterials 

giving rise to these different properties are the quantum confinement and the surface-to-

volume ratio.[10,11] 

1.2.1.1 Quantum confinement 
 

The quantum confinement effect is a change of electronic and optical properties when 

a particular material is of sufficiently small size – typically at the nanoscale. The bandgap 

increases as the size of the nanostructure decreases. Specifically, the phenomenon results 

from electrons and holes being squeezed into a dimension that approaches a critical quantum 

measurement, called the exciton Bohr radius. Thus, in small nanocrystals, the electronic 

Cl Au Cl

Cl

Cl

Bulk material Nanoparticle Molecule
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I	energy levels are not continuous as in the bulk material but are discrete (finite density of 

states) as in molecular complexes due to the confinement of the electronic wavefunction to 

the physical dimensions of the particles (Figure 4). The shape of the surface in nanostructures 

causes a change in the distribution of the phonon frequencies and creates new modes that are 

not present neither in bulk materials nor in molecular complexes.[10] 

 

 

 

 

 

 

 

 

 

 

Atoms and 
molecules 

Insulator particles 
and clusters 

Metal particles and 
clusters 

Conductor bulk 
metal 

Figure 4. Band gap and density of states as function of the number of atoms for a variety of systems. (Adapted 
from reference 10b) 
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1.2.1.2 Surface-to-volume ratio 
 

Many properties of a material depend on the type of motion its electrons can execute, 

which depends on the available space. Once the physical size of the material is reduced to the 

nanoscale, the properties change and become sensitive to size and shape. Surface-to-volume 

ratio constitutes a peculiar aspect of nanomaterials since the structural, thermodynamic, 

electronic, spectroscopic, electromagnetic and chemical features of these finite systems are 

size-dependent. To better understand these effects, a face centered cubic nanoparticle is 

considered where n is the number of layers, Gn is the total number of atoms and Sn is the 

total surface atoms (equations 5 and 6 and Figure 5).[11] 

 

  F> =
GH
I
8I + 58L + GG

I
8 + 1; 8 ≥ 0  (5) 

 

  A> = 108L + 2; 8 ≥ 0    (6) 

 

 

For instance, as seen in Figure 5, once a nanoparticle is formed by 4 layers of atoms 

(instead of 1) in an fcc structure, its percentage of available atoms on surface dramatically 

decreases from 92% to 52%. 
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Number of 
Layers (n) 

Diameter Number of 
surface 

atoms (Sn) 

Number of 
total atoms 

(Gn) 

Percentage of 
available atoms on 

surface (Sn/Gn) 

Representation 

 

1 

 

3d 

 

12 

 

13 

 

92% 

 

 

 

2 

 

5d 

 

42 

 

55 

 

76% 

 

 

 

3 

 

7d 

 

92 

 

147 

 

63% 

 

 

4 

 

9d 

 

162 

 

309 

 

52% 

 

Figure 5. Magic structural numbers for fcc particles containing n layers where the d diameter in nm is element-
dependent. (Adapted from reference 11). 

 

Another way of looking at this phenomenon is to consider a single cube of 1 x 1 x 1 

cm with a total surface area of 6 cm2, a surface area of 60,000,000 cm2 can be achieved if it is 

cut off into 1 nm-edged cubes (Figure 6). Thus, nanoparticles posses a higher proportion of 

surface atoms in comparison with bulk materials. 
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Figure 6. Cutting off a cube of 1 x 1 x 1 cm into cubes of 1 x 1 x 1 nm. 

 

1.2.2 Methodologies for the preparation of nanoparticles 
 

Transition-metal nanoparticles are clusters formed by a few tenths to several 

thousands of metal atoms, stabilized by ligands, surfactants, polymers or dendrimers, 

preventing their aggregation and protecting their surfaces. The size of these nanoparticles, 

varying between 1 to 100 nm, allows their dispersion in organic solvents (ethanol, propanol, 

N,N-dimethylformamide, etc.).[12] 

These nanoparticles can be obtained either by consolidating atoms/molecules/clusters 

or breaking down the bulk material into smaller dimensions. The former is known as the 

bottom-up approach whereas the latter is referred to as the top-down approach (Figure 7).[13]  

Total area: 6 cm2 

1 cm 

1 cm 

1 nm 
1 nm 

1 cm 

1 nm 

Total area: 60,000,000 cm2 



General introduction 
 
 
 

	

	 15	

I	

	  

Figure 7. Bottom-up and top-down approaches for nanoparticles construction. (Adapted from reference 13).  

 

In the top-down approach a block of a bulk material is whittled to get the nanosized 

particles that use to possess impurities and imperfections at the surface and a broad size 

distribution. This is due to the own methodology including the reagents used.[14] However, 

this approach comprises well-developed techniques (e.g. ball milling) which are dominant in 

microfabrication. On the other hand, in the bottom-up approach, individual atoms or 

molecules are self-assembled precisely to form nanoparticles. This approach is more favorable 

since it solves the disadvantages of the top-down approach while yielding a good 

reproducibility.[15] 

 In catalysis, the main field of this research work, metal nanoparticles are often the 

chosen catalysts. The different methods for the synthesis of metal nanoparticles have been 

extensively reviewed by Bönnemann,[16 ] Schmid,[17 ] Aiken and Finke,[9f] Roucoux,[9g] 

Wilcoxon,[18] Philippot and Chaudret[15] and Cushing.[19] In general, these methods can be 

divided in the five main categories explained next.  

Bottom-up

Precursor

Metal
atoms

Nucleation
and growth
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1.2.2.1 Reduction of transition metal salt precursors 
	

In this methodology, a reducing agent (e.g. hydrogen, carbon monoxide, alcohols, 

hydrazine or borohydride) is mixed with the metal salt precursor in the presence of a 

stabilizing agent (ligand, polymer or surfactant).[9g,20] The former reduces the precursor to 

free metallic zero-valent atoms that nucleate and grow to form the nanoparticles while the 

latter prevents their agglomeration and the further formation of the bulk material (Figure 

8).[21] The size of the nanoparticles depends on the type of reducing agent, the chosen metal 

precursor and solvent, the stabilizing agent, the concentration, the temperature and the 

reaction time. 

 

Figure 8. Synthesis of metal nanoparticles by reduction of a transition metal salt precursor. (Adapted from 
reference 9h)  

 

1.2.2.2 Electrochemical synthesis 
 

This methodology was developed by Reetz and co-workers in the 1990s[22] and 

consists on the oxidative dissolution of a sacrificial metal bulk anode. Then, the leached metal 

ions migrate to the cathode where they are reduced to zero-valent metal atoms that nucleate 

and grow to yield metal nanoparticles (Figure 9). The presence of a stabilizing agent is 

required in order to avoid the agglomeration and the further formation of the bulk material 

(e.g. tetraalkylammonium salts). This methodology presents many advantages since the 

products are easily isolated from the precipitate and it allows an easy size-selection of the 

particles by tuning the current density or the distance between the electrodes. 
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Figure 9. Electrochemical synthesis of metal nanoparticles. (Adapted from reference 9h). 

 

As an example of this methodology, Figure 10 shows Ag NPs prepared by Chen and 

co-workers by applying a reducing potential to an aqueous phase containing KNO3, AgNO3 

and poly(N-vinylpyrrolidone) (PVP) under mechanical agitation.[23] 

 

 

Figure 10. TEM image (a) and particle size distribution (b) of silver nanoparticles electrochemically synthesized 
in the presence of PVP under mechanical stirring. (Adapted from reference 23). 
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1.2.2.3 Reduction of organic ligands in organometallic precursors 
(Organometallic approach) 
 

This methodology was developed by Chaudret and Philippot[24] and starts from low-

valency (ideally zero) metal complexes whose ligands are typically reduced by hydrogen. The 

reduced ligands leave the zero-valent atom centre, allowing the clustering of the metal atoms 

(Figure 11). This methodology is also known as the organometallic approach. 

 

Figure 11. Organometallic approach for the synthesis of metal nanoparticles. (Adapted from reference 24). 

 

The synthesis normally requires an organometallic complex containing an olefinic or 

polyolefinic ligand able to be hydrogenated for the further releasing of the bare zero-valent 

metal atoms.[24] The reactions take place in very mild conditions (room temperature or 

below) in order to achieve a rigorous control of the surface. Additionally, a stabilizing agent 

(ligand, polymer, solvent, etc.) should be present in the reaction media to properly stabilize 

the nanoparticles.  In  this  way,  the  surface  of  the  nanoparticles  is  well-known  since 

only  the  solvent  and  the  stabilizing  agent  are  present  on  it.  Ideal  candidates  are  

zero-valent  complexes  such  as  [Ni(cod)2], bis(1,5-cyclooctadiene)nickel(0),[ 25 ] 

[Ru(cod)(cot)], (1,5-cyclooctadiene)(1,3,5-cyclooctatriene)ruthenium(0)[ 26 ] and [Pd2(dba)3], 

tris(dibencylideneacteone)dipalladium(0)[27] which   decompose under low dihydrogen 

pressures. Additionally, another type of organometallic complexes containing alkyl, allylic or 

cyclopentadienyl  groups  able  to  easily  decompose  can  be  used  but  in  these  cases not  

only is the  ligand  reduced  but  also  the  metal  center  as  for  instance,  the  case  of  the 

[Rh(C3H5)3], tris(allyl)rhodium(III)[28]   and [Co(coe)(cod)], (1,5-

cyclooctadiene)(cyclooctadienyl)cobalt(I).[29] 
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I	For instance, Chaudret, Van Leeuwen and co-workers prepared different mono- or 

diphosphine stabilized Ru NPs by decomposition of a THF solution of the organometallic 

precursor [Ru(cod)(cot)] in the presence of 0.1 or 0.2 equivalents of the corresponding 

phosphine under 3 bar of dihydrogen (Figure 12).[30] 

 

 

a) b) 

  

c) d) 

  

Figure 12. TEM images of Ru NPs and their size distribution for (a) 0.1 equivalents of L1, (b) 0.2 equivalents of 
L1, (c) 0.1 equivalents of L2, (d) 0.2 equivalents of L2. (Adapted from reference 30). 
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1.2.2.4 Chemical vapor deposition (CVD) 
 

This methodology consists in the vaporization of metal precursors and their 

decomposition onto a surface to form nanoparticles.[31] This reaction requires an activation 

energy to vaporize the precursor, which can be provided thermally, by plasma and by laser. 

Thus, the precursors in gas phase react with a substrate (surface) where their atoms are 

deposited.  

 

Figure 13. General chemical vapor deposition mechanism for the formation of supported nanoparticles. (Adapted 
from reference 31). 
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I	1.2.2.5 Thermal, photochemical and sonochemical decomposition 
 

These methodologies consist on the decomposition of organometallic complexes by 

heat,[32] light[33] (Figure 14) or acoustic phenomena[34] to release the zero-valent atoms to 

form metal nanoparticles in the presence of a stabilizer. 

 

Figure 14. Photochemical decomposition for the formation of metal nanoparticles. (Adapted from reference 33c). 

 

For instance, Mintova et al. prepared Ag NPs by photochemically irradiating UV light 

to both a suspension of AgNO3 and a suspension of AgNO3 containing faujasite type (FAU) 

zeolites in the presence of 2-hydroxy-2-methylpropiophenone. The authors studied the 

stabilizing role of FAU zeolites in the synthesis evidencing that these structures act as good 

NPs stabilizers, since their suspensions are maintained through the time as evidenced from 

their surface plasmon band resonance (Figure 15).[35]  
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(1) 

 

(2) 

 

Figure 15. (1) TEM picture of FAU-Ag sample. (2) (A) Plasmon band of Ag NPs in (a) a FAU-Ag+ suspension and 
(b) pure Ag NPs in water. (B) Evolution of the plasmon band for (a) FAU-Ag and (b) pure Ag in water after 60 
min. (Adapted from reference 35). 
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I	1.3 Nanocatalysis 
 

As mentioned above, heterogeneous catalysts possess some advantages in front of their 

homogeneous counterparts such as the easy removal/recovery of the catalyst from the 

reaction media and its potential operation at high temperatures with certain stability. 

However, heterogeneous catalysts usually tend to be less selective due to the presence of 

multiple (and diverse) active sites, difficult to tune and difficult to understand from a 

mechanistic perspective.[1d] Transition-metal nanoparticles (MNPs), at the interface between 

homogeneous and heterogeneous systems, merge some of the good points of both worlds, 

being easy to recover form the reaction media, showing distinctive selectivity and high 

catalytic activity due to their dimensions and being usually stable at high temperatures. 

Therefore, the interest on their preparation and catalytic application has exponentially risen 

in the last two decades.[9d] 

The finding of these new catalysts has prompted researchers to test nanoparticles in 

many catalytic reactions obtaining good efficiencies as shown in the selected examples shown 

in Table 2. 
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Table 2. Selected examples of chemical reactions in which nanoparticles has been tested as catalysts. a Rh-Fe bimetallic nanoparticles stabilized by the dendrimer TPP-DPAG4  
= fourth-generation (G4) dendrimer. b PVP = polyvinylpyrrolidone

Type of 
reaction 

Chemical reaction Results Reference 

Hydrogenation 
of alkynes 

 

Selectivity = 100% 
Conversion = 100 % 

[36] 

Hydrogenation 
of styrenea 

 

TON = 500 
Yield = 100% 

[37] 

Hydrogenation 
of aromatic 
compoundsb 

 

Yield = 100% [38] 

Hydrogenation 
of aromatic 

nitro 
compounds  

Selectivity = 100% 
Conversion = 100% 

[39] 

Heck arylation 

 

Selectivity = 100% 
Conversion = 70% 

[40] 

γ-Al2O3/Au NPs
H2 (1.25 cm3/min flow)

423 K, 60 min

Rh32Fe28@TPP-DPA G4
H2 (1 atm)

MeOH

Rh@PVP
H2 (7 Bar)

water/benzene, 8h

RuPt@PVP

MeOH, 303 K

NO2 NH3

ClCl

3H2 2H2O

Pd NPs

Et3N, scCO2

I

OMe

O

OMe

O
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I	It is well-known the excellent performance of molecular homogeneous catalysts in a 

myriad of catalytic reactions. [2a,4] However, in some particular cases, they have been called 

into question, since they proved to be in fact colloidal catalysts formed in situ under turnover 

conditions.[9i, 41 ] For instance, Reetz and co-workers studied the Heck reaction of 

iodobenzene with ethyl acrylate in N-methylpyrrolidinone (NMP), using Pd(OAc)2 as catalyst, 

evidencing then the formation of palladium nanoparticles as the true catalyst of the reaction 

(Figure 16).[42]  

a) 

 

b) 

 

 

Figure 16. a) Heck reaction of ethyl acrylate with iodobenzene and b) TEM image of the Pd nanoparticles 
formed in the reaction together with size histogram. d = average diameter; s = standard deviation; n = number of 
particles. (Adapted from reference 42). 

 

Also, since it is known that a solution of [Pd(PPh3)4] spontaneously forms 

nanoparticles within 1 day even at room temperature,[43] several authors tested palladium 

phosphine and NHC complexes in the Heck reaction at temperatures above 120 ºC observing 

their instability and thus, their decomposition towards the formation of nanoparticles.[44]
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Arene hydrogenation is an important reaction for industrial processes, for example the 

synthesis of cyclohexene (a precursor of adipic acid used to produce nylon®).[ 45 ] 

Nanoparticles are able to catalyze this reaction.[46] Dyson studied the mechanism for the 

arene hydrogenation catalysis finding that many catalysts commence as homogeneous but 

rapidly decompose to give heterogeneous catalysts.[47] For instance, the tungsten compound  

[W(CO)3(MeCN)(tppms)2] (tppms = 3-sulfonatophenyldiphenylphosphine sodium salt) 

catalyzes benzene hydrogenation in aqueous solution, and the nature of the catalyst varies 

with pH (Scheme 1).[48]  

  

Scheme 1. pH-dependent homogeneous/heterogeneous hybrid catalysis resulting from the pre-catalyst 
[W(CO)3(MeCN)(tppms)2]. (Reproduced from reference 47) 

 

At or below pH 6.0, the activity exhibited is totally suppressed by addition of mercury, 

indicative of a heterogeneous catalysis. However, under alkaline conditions, both, the 

appearance of the catalytic solution and the turnover frequency for the hydrogenation of 

benzene differ. Significantly, addition of mercury to the basic reaction does not cause a 

reduction in turnover frequency, indicating a homogeneous process. It is important to 

highlight that turnover frequency for heterogeneous catalysis is much higher than for the 

homogeneous counterpart, indicating that benzene is hydrogenated by being η6 coordinated to 

different metal atoms (at the surface of nanoparticles) as depicted in Figure 17.  
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Figure 17. Proposed arene hydrogenation mechanism for heterogeneous catalysts. (Adapted from reference 47). 
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1.3.1 Suzuki-Miyaura C-C Coupling 
 

Organic molecules serve for the preparation of different active pharmaceutical 

ingredients, agricultural chemicals or other compounds of current interest.[49] In many cases, 

an aromatic C-C coupling reaction is required in their syntheses such as Heck, Suzuki-

Miyaura, Sonogashira, Stille and Negishi reactions (Figure 18), where two hydrocarbon 

fragments link to form a new molecule through a carbon-carbon bond.  Although there are 

different catalysts that can catalyze these reactions, palladium-based complexes and 

nanoparticles are the main used systems due to the fact that extremely small amounts of these 

catalysts can be sufficient to achieve high TON and TOF values.[50] 

 

Figure 18. Pd-catalyzed aromatic substitution reactions where X = halide or other suitable leaving group. 
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I	As mentioned above, different C-C coupling reactions can be used for the preparation 

of different products, but the Suzuki-Miyaura is one of paramount importance due to the 

large scope of organoboronic-based acids, the feasible purification of the products as well as 

the mild conditions required.[41,51] In this reaction, typically an arylhalide and an arylboronic 

acid are coupled in a reaction catalyzed by a palladium complex in the presence of a base 

(Figure 19) although it has been also reported to work with vinyl, alkenyl and allyl halides. 

 

 

Figure 19. Suzuki-Miyaura reaction. 

Moreover, the organoboronic acid can also be replaced by boronic esters.[52] As an 

example, Buchwald and co-workers prepared a palladium complex containing the 2-(2’,6’-

dimethoxybiphenyl)dicyclohexylphosphine ligand (Figure 20), which is able to perform the 

Suzuki-Miyaura coupling of heterocyclic boronic acids with a wide variety of aryl- and 

bromides and chlorides with excellent yields, at extremely low amounts of Pd catalyst.[53] 

 

Figure 20. Chemical structure of the palladium catalyst containing the 2-(2’,6’-
dimethoxybiphenyl)dicyclohexylphosphine ligand. 
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Since Manfred, Reetz and co-workers reported the first palladium nanoparticles for the 

Suzuki-Miyaura reaction,[ 54 ] several authors have synthesized different palladium 

nanoparticles and studied the different parameters that affect their capacity as catalysts for 

this reaction. [55] 

For example, Gómez and co-workers have prepared palladium nanoparticles using 

Pd(OAc)2 as precursor and tris(3-sulfophenyl)phosphine trisodium salt (TPPTS) as stabilizing 

agent in neat glycerol (scheme 2) and obtained excellent yields and selectivities for the 

Suzuki-Miyaura reaction (Table 3).[56]  

 

Scheme 2. Synthesis of palladium nanoparticles in glycerol using TPPTS. 
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I	Table 3. Csp3-Csp2 bond formation by Suzuki-Miyaura cross-coupling reaction using Pd NPs as catalyst. Reaction 
conditions: 1 mmol of substrate, tBuOK / ArB(OH)2 / Substrate = 2 / 1.5 /1; in glycerol (1 mL, 13.6 mmol). a 
Isolated yields after column chromatography. b Reaction time: 12 h. (Adapted from reference 56 with permission 
of Adv. Synth. Catal.). 

 

Entry X ArB(OH)2 Product Yield (%)a 

1 1 a (Ar = Ph) 1a >99 

2 1 b (Ar = 2-Me-C6H4) 1b 92 

3 1 c (Ar = 2,6-Me2-C6H3) 1c 93 

4 1 d (Ar = 1-C10H7) 1d 97 

5 1 e (Ar = 4-MeO-C6H4) 1e 91 

6 2 a (Ar = Ph) 2a 98 

7 2 b (Ar = 2-Me-C6H4) 2b 95 

8 2 c (Ar = 2,6-Me2-C6H3) 2c 99 

9 2 d (Ar = 1-C10H7) 2d 92 

10 2 e (Ar = 4-MeO-C6H4) 2e >99 

11b 3 a (Ar = Ph) 3a 93 

12b 4 a (Ar = Ph) 4a 95 

 

 

+ ArB(OH)2
Pd NPs, glycerol

tBuOK / 100ºC, 2h

X

1, X = Br
3, X = Cl

2, X = Br
4, X = Cl
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X Ar
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Interestingly, in a recent work of our research group previous to this PhD thesis, both 

palladium molecular complexes and palladium nanoparticles containing hybrid pyrazole-

derived ligands with alkylether, alkylthioether or alkylamino moieties were prepared.[57 ] 

These two types of species (palladium complexes and palladium nanoparticles) display highly 

differentiated catalytic behavior in C-C coupling reactions since although both catalytic 

systems are able to catalyze the Suzuki-Miyaura reaction, only palladium nanoparticles 

performed a catalytic Ullmann-type reaction with bromoderivatives (scheme 3). 

 

Scheme 3. Differentiated reactivity for palladium molecular complexes and palladium nanoparticles in the Suzuki-
Miyaura reaction reported by our group.[57] 

 

The activation of aryl chlorides as substrates, typically less reactive due to its relatively 

high C(Ph)-X bond energy (X=Cl, 97.1 kcal/mol; X=Br, 84 kcal/mol; X=I, 67 kcal/mol) has 

been a challenge for the scientific community during the last decades.[58,59] Therefore, 

several authors have designed ligands based on phosphines, pyrazoles, ionic liquids and N-

heterocyclic carbenes (NHCs) to solve this problem, obtaining almost overall conversions in 

several cases.[56,60] For instance,  Lin and co-workers prepared cube-like Pd NPs capped by 

1,3-di(dodecyl)-imidazolium chloride, exhibiting high activities for the Suzuki-Miyaura 

coupling with different substituted aryl chlorides.[60k] 
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I	1.3.2 Leaching in metal nanoparticle catalysis for C-C coupling reactions 
 

The fact of using metal nanoparticles as catalysts does not mean that they are the true 

catalytic systems. In fact, a controversy has also arisen concerning their exact nature in 

catalysis: heterogeneous or homogeneous.[9d,41,51,61,] In fact, several authors have proposed 

an homogeneous mechanism for C-C coupling reactions in which the nanoparticles act as 

reservoirs of Pd atoms or ions.[42b,62]  

Dupont and co-workers described a study of the behavior of Pd NPs (1.7 nm) 

stabilized in imidazolium ionic liquids as catalyst in the Heck reaction between butyl acrylate 

and aryl iodides (Figure 21).[63]  

 

Figure 21. Heck reaction of butyl acrylate with iodobenzene. (Adapted from reference 63). BMI·PF6 = 1-n-butyl-
3-methylimidazolium hexafluorophosphate. 

 

The reaction was performed in an ionic liquid/organic two-phase solvent. TEM 

analyses performed before and after the reaction indicated substantial increase in nanoparticle 

size (Figure 22). 
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Figure 22. TEM micrographs showing the Pd NPs dispersed in BMI·PF6 ionic liquid before (left) and after (right) 
catalysis, observed at 200 kV. (Adapted from reference 63). 

 

In addition, ICP-AES analyses gave evidence of significant Pd leaching which varied 

during the course of the reaction. These results are coherent with the hypothesis that Pd NPs 

act as reservoirs of active species following the so-called dissolution-redeposition equilibrium 

or Ostwald ripening. 

 Thus, the presence of bases, solvation effects and other parameters as the 

temperature in the reaction conditions can promote the formation of catalytic active 

molecular species from the nanoparticles. In this way, the formation of molecular species can 

favor the Ostwald ripening in which the smaller nanoparticles are solved and deposited onto 

bigger nanoparticles through the time in order to achieve the most stable thermodynamic 

surface-to-volume state (Figure 23).[64] 

 

Figure 23. Ostwald ripening. (Adapted from reference 64). 
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I	One common leaching study to assess the nature of the active species under turnover 

conditions is the mercury poisoning. In this test, mercury is added to the catalytic mixture to 

poison the surface of the nanoparticles by forming an alloy, assuring no catalytic sites are 

available to interact with the substrates and therefore, no reaction is observed. However, 

mercury is not able to poison the molecular species so, if they are present and active, the 

catalytic activity is kept (Figure 24).[65]  

 

Figure 24. Mercury poisoning of a metal nanoparticle and poison-free molecular species. 

 

It is mandatory to mention that a positive mercury test is not enough to assure that 

the catalytic performance arises from metal nanoparticles since, as stated above, they can act 

as reservoirs of molecular species. Thus, these molecular species can catalyze the target 

reaction followed by a disparison by redeposition onto the NPs. Due to this fact, in 2006 

Rothenberg and co-workers proved, using a special membrane reactor, how palladium atoms 

and ions leach from palladium nanoparticles in both, the Heck and Suzuki-Miyaura coupling 

reactions, resulting to be the true catalytic species.[ 66 ] The reactor is formed by two 

compartments, one containing the suspension of palladium nanoparticles of 15 nm average 

size and the other containing the reaction mixture, separated by a 5-nm porous membrane. 

Thus, the membrane is designed to allow the diffusion of leached palladium atoms or ions, 
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but not palladium nanoparticles. In this way, the monitoring of the reaction over time on 

both compartments gives direct information on the true catalyst (Figure 25). Thus, the 

authors observed the formation of soluble Pd species released from the surface of the 

nanoparticles in the nanoparticles-free compartment. Moreover, only in this second 

compartment, where the Pd species were formed, the catalytic reaction took place. Later, 

Rothenberg et al.[67] used the same device for analyzing the oxidation of silanes to silanols 

catalyzed by gold nanoparticles,  confirming in this case that no gold escapes to the 

membrane permeate.  

 

 

Figure 25. Scheme of the two-compartment membrane reactor designed by Rothenberg and co-workers to assess 
the nature of the active species in Pd-catalyzed  C-C coupling reactions using Pd NPs. (Adapted from reference 
67). 
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I	Additionally, there are several reports of palladium-based nanoparticles being 

deposited, encapsulated or embedded on a solid matrix[68] ranging from well-structured metal 

oxides,[69] clay[70] or zeolites[71] to softer matrices such as dendrimers[72] or polymers[73], 

in which researchers investigated the issue of leaching and leached material as the true 

catalyst.[74] For instance, Sreedhar and co-workers prepared a layered double hydroxide 

(LDH) Mg1-xAlx(OH)2Cl·nH2O-supported palladium nanoparticles for Heck olefination of 

chloroarene (Figure 26).[75] They determined by TEM studies that the size of the Pd clusters 

of 4-6 nm presented no changes over several catalytic cycles with no appreciable leaching, 

indicating that the nanoparticles do not seem to act as reservoirs in this reaction under these 

conditions. 

 

Figure 26. Heck olefination of chloroarenes with olefins using LDH-Pd0 NPs as catalyst. (Adapted from reference 
75). 
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1.4 The energy problem 
 

Human society has relied mostly on energy sources for its development. Nowadays, 

fossil fuels are the main energy source (Figure 27) but the CO2 generated from their burning 

is one of the main reasons for the climate change, which will increase the frequencies of 

extreme weather events such as floods, droughts and heat waves producing forest changes and 

affecting the agriculture. Furthermore, the prediction for energy demands by the year 2050 is 

about 33 TW, which is more than a 100% increase with regard to what is consumed as of 

today (16 TW, 2015).[76] Thus, given the expected increase of global energy consumption and 

the drawbacks of using fossil fuels (ill-distributed, non renewable and highly CO2 polluting), it 

is mandatory to find a new carbon-neutral renewable source of energy for the sustainable 

development of our society.   

 

 

Figure 27. Structural change in world primary energy (in percent) over 1850 – 2008 illustrating the substitution 
of traditional biomass (mostly non-commercial) by coal and later by oil and gas. The emergence of hydro, 
nuclear and new renewable sources is also shown. (Adapted from reference 76e). 
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I	Different renewable sources exist nowadays including biomass, both wind and hydro 

powers, geothermal energy and solar energy, being the latter very promising since one hour of 

sunlight arriving to the Earth is almost as much as the yearly energy world consumption (ca. 

13.7 TW).[77] Due to this fact, researchers have focused the investigation on this field, mainly 

in the conversion of solar energy into electricity by means of photovoltaic panels.[ 78 ] 

Although there is still room for improving their efficiency and decreasing their price, 

photovoltaic cells already represent a mature technology (at least talking about those based on 

silicon) that is well implemented in our market. However, photovoltaic panels generate 

electricity that has to be consumed immediately after being produced. If sunlight energy wants 

to be stored, transported and consumed on demand (that is the case in automotive devices) 

its conversion into a fuel (here called solar fuel) should be achieved. 

1.4.1 Hydrogen production 
 

An attractive and clean energy vector to solve this problem could be dihydrogen (H2) 

since its combustion just releases gaseous water and energy (reaction 1).  

2 H2 + O2 → H2O (1) 

Hydrogen in molecular form can be produced from many different sources and ways 

that are presented in the following sections.  

1.4.1.1 Steam methane reforming 
 

 The steam methane reforming is a process that converts the natural gas or 

methane to hydrogen and carbon dioxide by reacting with steam in the presence of a catalyst 

(reactions 2 and 3). The produced hydrogen rich gas is typically of 70-75% hydrogen with 

smaller amounts of methane (2-6%), carbon monoxide (7-10%) and carbon dioxide (6-14%). 

Then, hydrogen can be separated from the other gases by flowing the produced feed through 

a hydrogen-permeable membrane or by condensing at different temperatures. However, the 
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steam reforming process implies the emission to the atmosphere of important amounts of 

greenhouse gases, such as carbon dioxide and carbon monoxide. 

CH4 + H2O (+ heat) → 3 H2 + CO (2) 

CO + H2O → H2 + CO2 (3) 

1.4.1.2 Gasification of coal 
 

 The gasification, also known as partial oxidation process, can produce hydrogen from a 

range of hydrocarbons including coal. In this process, the hydrocarbon reacts with low 

amounts of oxygen yielding a mixture of carbon monoxide and hydrogen at 1200ºC to 1350ºC 

(reactions 4 to 7). Then, hydrogen can be separated from the other gases as mentioned for 

the steam methane reforming (see above).  

C + ½ O2 → CO (4) 

C + CO2 → 2 CO (5) 

C + H2O → H2 + CO (6) 

CO + H2O → H2 + CO2 (7) 

1.4.1.3 Electrolysis of water 
 

 The electrolytic process can split directly water into hydrogen and oxygen molecules 

using electricity and an electrolyzer device (reaction 8). Two types of electrolyzer devices can 

be differentiated: alkaline electrolyzers, which use potassium hydroxide electrolyte, and 

polymer exchange membranes (PEM) (Figures 36 and 37). 

2 H2 + O2 → H2O (8) 



General introduction 
 
 
 

	

	 41	

I	In alkaline electrolyzers systems, electrons are consumed by protons to form hydrogen 

on the cathode whereas hydroxyl anions are transferred through the electrolyte solution to 

the anode (Figure 36), where give away electrons and form O2. The electrolyte uses to be 

potassium hydroxide, which is not as corrosive as acids, the electrodes are made by nickel, 

which confers high activity at low cost, and finally, the diaphragm is made by asbestos or 

zirfon, which prevent intermixing of both, hydrogen and oxygen gases and is permeable to 

OH- ions. Although at present alkaline electrolyzers are a well-developed technology, which 

operates with non-noble catalysts and exhibit a long-term stability, they present a reduced 

current density operation capacity (see Figure 28). 
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(a) 

 

 

 

(b) 

 

Figure 28. (a) Basic scheme of a water electrolysis system with alkaline electrolyte. (Adapted from reference 79). 
(b) Principle scheme of a PEM water electrolyzer. (Adapted from reference 80). 
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I	On the other hand, polymer exchange membranes (PEMs) employ heat-resistant 

polymer ion-exchange membranes, which are able to operate in a wide current density range 

(Figure 29). In these systems, the protons pass through the ion-exchange membrane to reach 

the opposing electrode. Thus, both, OH- and H+ ions are converted into oxygen and hydrogen 

gases in two different compartments (Figure 28). 

 

 

Figure 29. Voltage-current density performance of alkaline electrolyzers and polymer exchange membranes. 
(Adapted from reference 81). 

 

It is important to mention that the electrolysis process is pretty expensive since it 

involves high energy expenditure, which can be harnessed from fossil fuels like oil, natural gas 

or coal, or from solar energy (when coupled to a photovoltaic device) to ensure no 

greenhouse gas emissions. 

Current density (A/cm2)
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1.4.1.4 Biomass 
	

 The biomass-based plant is one of the best solutions to combine and integrate various 

processes for converting plant-based biomass to chemicals, energy and materials in order to 

maximize economic and environmental benefits, while minimizing waste and pollution. Thus, 

the conversion of biomass into hydrogen can be achieved by two technologies: the thermo-

chemical and the biochemical processes. In the former, hydrogen-rich gas can be achieved by 

heating biomass at high temperature in the absence of oxygen producing an aqueous bio-oil 

phase after a water treatment. In the latter, a digestion of sugars by using enzymes is required 

to produce bio-ethanol (Figure 39). Once both the aqueous bio-oil and the bio-ethanol are 

produced a thermal treatment followed by steam reforming releases hydrogen gas and other 

hydrocarbons. 

 

 

 

Figure 30. Schematic diagram for hydrogen production during biomass gasification and fermentation. (Adapted 
from reference 82). 

 

Nevertheless, among the above mentioned methodologies, the most typically used 

nowadays to obtain H2 is the steam reforming of natural gas, a non-renewable process which 

represents the 78% of the production (Figure 31).[83] 
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I	

 

Figure 31. Percentage of hydrogen production methods in 2010. (Adapted from reference 83) 

 

Together with the non-renewable nature of the most used production methods, the 

production of hydrogen from these technologies presents high production costs, which would 

be still higher if high purity H2 is needed, as is the case for fuel cell applications. [84] 

Hence, a different strategy should be considered to overcome these difficulties. For 

this purpose and as in many other cases, researchers have obtained inspiration from Nature, 

particularly from the photosynthetic processes where sunlight energy is stored in the chemical 

bonds of sugars and starches. The following sections will describe the grounds and state of 

the art of the field of artificial photosynthesis (see section 1.4.3), where researchers try to 

mimic Nature storing sunlight energy in the chemical bonds of a fuel such as dihydrogen.  
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1.4.2 Natural photosynthesis 
 

Natural photosynthesis is the process used by green plants, algae chloroplasts and 

cyanobacteria to harvest sunlight energy in order to oxidize water and reduce CO2 for a 

further production of energetically rich carbohydrates and molecular oxygen: the storing of 

sunlight energy into chemical bonds (reaction 9).   

"#$% + "'%$ + ℎ) → (#'%$), + "$% (9) 

 This process, involving a family of electronically-coupled proteins named photosystem 

II (PSII), cytochrome b6f, photosystem I (PSI) and ATPsynthase embedded within the 

thylakoid membrane (Figure 32), presents thermodynamic and mechanistic challenges due to 

the high quantity of electrons involved and the number of bonds that have to be broken and 

formed.[85] 

 

Figure 32. Schematic view of the thylakoid membrane and of the processes taking place in it. 

 

H2O

H2O

O2

H+

H+

H+

H+

H+

H+

PSII
P680

B6f

Chloroplast stroma

Thylakoid lumen

OEC

PQ

PQH2

Pi

Cytochrome

hν hν

ADP ATP

NADP+

NADPH PQH2

PSI
P700

Fd
FNR

Pi

PiPC

ATP 
Synthase

e-
e-

e-



General introduction 
 
 
 

	

	 47	

I	 During the photosynthesis process and after the absorption of four sunlight photons 

by chlorophyll P680, four protons and four electrons are detached from two water molecules 

together with the concomitant evolution of dioxygen. This gradient of electrons and protons 

is used by PSI to generate two NADPH and three ATP molecules. Once with both NADPH 

and ATP molecules generated, the formation of carbohydrates from CO2 at later stages during 

the Calvin-Benson cycle is feasible.[86] On the oxidation side, a tyrosine residue in the PSII 

transfers an electron to the oxidized chlorophyll, which is then ready for the next photon 

absorption. The tyrosine residue then proceeds to oxidize the oxygen evolving complex 

(OEC). Thus, after the absorption of four sunlight photons by chlorophyll P680, the OEC is 

oxidized four times and is able to oxidize water to dioxygen. 

 For the scope of this work, the OEC and the reaction taking place in it (water 

oxidation reaction) are the most relevant topic and this is why they will be further developed. 

The OEC structure has been recently solved at 1.95 Å resolution by X-ray crystallographic 

studies by Shen et al. (Figure 33),[87] although it had been previously reported by other 

authors.[88 ,89 ] It presents a Mn4O5Ca molecular formula and consists of a cubane-like 

structure where three manganese and the calcium atoms are linked by oxo bridges. The 

fourth manganese atom is located outside the cubane-like structure and linked to two 

manganese atoms through a di-µ-bridge. Additionally, five amino acids and four water 

molecules are present in the OEC. 

 

Figure 33. Structure of the OEC at 1.9 Å resolution. Manganese, purple; calcium, yellow; oxygen, red; water, 
orange. (Adapted from reference 87) 
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Although the exact mechanism for the water oxidation mediated by the OEC is still a 

matter of intense debate, it is accepted that during the so-called Kok-cycle (Figure 43) four 

electrons are released from the Mn4O5Ca cluster, provoking its oxidation and further 

formation of an oxygen-oxygen double bond from two water molecules.[90] 

 

 

 

Figure 34. The Kok-cycle for the photooxidation of two water molecules. (Adapted from reference 90). 
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I	As shown in Figure 34, the OEC accumulates four oxidative equivalents to generate 

dioxygen, passing through five intermediate states Si(i = 0 - 4) by transferring the electrons to 

the tyrosine residue (Tyr161) radical formed after the oxidative quenching of the excited 

P680 .+. 

It has been suggested that the Ca atom may play a significant role as a Lewis acid 

during water oxidation by modifying the nucleophilicity of its bounded water molecules.[91] 

1.4.3 Artificial photosynthesis: the water splitting reaction 
 

The water splitting reaction triggered by sunlight (equation 10) represents an attractive 

chemical method for storing sunlight energy into the chemical bonds of H2.[92] Thus, in 

order to split water into its fundamental constituents a first half reaction (water oxidation, 

equation 11) where two water molecules are oxidized to dioxygen releasing four protons and 

four electrons is followed by a second half reaction (proton reduction, equation 12) where 

these protons and electrons collapse to release two hydrogen molecules. These two redox half 

reactions should take place at physically separated locations so that the evolved gases O2 and 

H2 can be stored in different containers. 

2'%$ + ℎ) → $% + 2'% (10) 

2'%$ → $% + 4'/ + 401 (11) 

4'/ + 401 → 2'% (12) 

Given that single molecules/materials able to split water are elusive, a division-of-labor 

approach looks the most promising strategy. Therefore, the achievement of reliable water 

photosplitting technology necessitates the mastering of three main components: a light 

harvesting device (PS), a water oxidation catalyst (WOC) that speeds up the water oxidation 

reaction and a hydrogen evolving catalyst (HEC) that does the same job for the proton 

reduction reaction. Furthermore, these three components should be assembled into a single 

cell with a proton exchange membrane (PEM) and all these parts have to properly work in a 
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synchronized manner.[92,93] A schematic drawing of such a potential cell is shown in Figure 

35. It can be thought of as a modification of the Grätzel cell, where instead of simply making 

electricity, this electricity is used to generate a chemical fuel, in this particular case H2. 

 

 

Figure 35. Schematic representation of a photoelectrochemical cell (PEC) performing the overall light-induced 
water splitting reaction. WOC = water oxidation catalyst, HEC = hydrogen evolving catalyst, PS = 
photosensitizer, PEM = proton exchange membrane, CB = conduction band of the anode semiconductor, VB = 
valence band of the cathode semiconductor.  

 

As in natural photosynthesis, the water splitting process starts with the absorption of 

a photon by the photosensitizer which is excited (PS*) and injects an electron in the 

conduction band of the anode semiconductor, generating the oxidized photosensitizer (1). The 

injected electrons proceed thorugh the wires to the cathode, where the hydrogen evolving 

catalyst, reduces protons to hydrogen (4). The now oxidized photosensitizer (PS+) is reduced 

by the water oxidation catalyst (WOC) to regenerate its initial form. Once the WOC has 

accumulated four oxidizing equivalents, an oxygen molecule is released (2), and the protons 

generated in the process migrate through the PEM (3) to the cathode semi cell where their 

reduction is carried out.  
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I	For an efficient PEC performance, many simultaneous reactions and processes have to 

take place harmoniously. However, the main bottleneck of the whole process is the water 

oxidation reaction, thermodynamically up-hill (1.23 V vs NHE at pH = 0) and intrinsically 

molecularly complex due to the need of a synchronized reorganization of multiple 

bonds.[94,95]  

 

1.4.3.1 Water oxidation catalysis 

With the aim of improving the kinetics of the water oxidation half reaction and 

inspired by nature’s photosystem II -responsible of oxygen formation during photosynthesis-, 

during the last years chemists have been developing several electro- and photocatalysts[96] for 

this reaction at both molecular and heterogeneous level.  

1.4.3.1.1 Mechanistic perspective 
	

Heterogeneous catalysis (for instance with metal oxide nanoparticles) allows for an 

easy separation of catalysts and products and their recovery from the reaction media. 

Nevertheless, the intrinsic limitations of spectroscopic techniques for solid-state samples 

difficult their characterization at the molecular/atomic level and complicates obtaining 

mechanistic information. In contrast, molecular catalyst are excellent candidates to carry out 

these studies.  Kinetic experiments, 18O-labelling and DFT calculations have been combined to 

determine mechanistic details about the O-O bond formation step in water oxidation catalysis, 

unravelling two different mechanistic pathways (Scheme 4)[97]: (a) Water Nucleophilic Attack 

(WNA) to a Metal-Oxygen bond, or (b) Interaction between two Metal-Oxygen entities (I2M). 
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Scheme 4. Proposed O-O bond formation pathways (M = transition metal).  

1.4.3.1.2 Evaluation of the catalytic activity of the catalysts 
	

As in natural photosynthesis, artificial water oxidation catalysts (WOCs) have to 

accumulate four oxidative equivalents to release dioxygen. Ideally, this oxidation process 

would take place using photons. However, although the generation of light-driven systems is 

the final goal in this field, the use of chemical oxidants allows a simple and fast way of 

assessing the catalyst performance. Thus, a quick screening of the newly synthetized 

compounds before their integration inside a PEC can be carried out. Thus, both homogeneous 

and heterogeneous catalysts are usually tested using sacrificial oxidants: molecules that supply 

the oxidative equivalents required for the reaction, without the need for a full PEC device. By 

far, the most employed  sacrificial chemical oxidants are (NH4)2[Ce(NO3)6], [Ru(bpy)3]3+, 

sodium periodate and potassium peroxymonosulfate (or OXONE), although the latter is fallen 

into disuse.[98] However, the applicability of chemically-driven WOCs is impractical since the 

sacrificial chemical oxidant is irreversibly consumed, has a non-innocent character (it is an 

indiscriminate oxidant), is energetically inefficient (usually presenting high overpotentials) and 
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I	they are only stable at determinated pH ranges (usually at acidic conditions), which 

compromises the stability of the catalyst.[99]  

The electrochemical triggering of WOCs solve some of these mentioned issues 

concerning the sacrificial oxidants since it allows the control of the applied overpotential. 

However, the direct application of a potential to an homogeneous catalyst from a set of 

electrodes connected to a potentiostate usually ends up with a diffusion/electron-transfer 

controlled catalytic systems.[100] To solve this drawback, the catalysts can be anchored onto 

the electrode surface, thus providing the necessary catalyst-support electric connection for an 

efficient electron transfer.[101] 

In the last two deacades, well-defined molecular catalysts have attracted great attention 

as water oxidation[102] and hydrogen evolving[103] catalysts (WOCs and HECs, respectively) 

due to their straightforward synthesis, ease of characterization, tunable properties and easy 

investigation of their reaction mechanism in solution. However, an important debate about 

the real homogeneous nature of part of these systems has appeared since in situ formed metal 

nanoparticles have been identified several times as the real active species in catalysis.[96] This 

is commonly observed for first-row-based molecular complexes due to their intrinsic 

coordinative unstability but also for any transition metal complex bearing oxidizable organic 

ligands. Thus, it is extremely important to check the nature of the catalytic species during and 

after the catalytic reaction.[104] Recently, our research group reported an example of such a 

transition, under turnover conditions, from a molecular complex to a highly active metal oxide 

WOC.[105] The system was originaly intended as a molecular anode based on glassy carbon 

(GC) and the [Ru(bda)(NO)(4-(pyridine-4-yl))]benzenediazonium complex (Figure 36) 

covalently attached by the electroreduction of a diazonium moiety present in the terpyridine-

based ligand. Under catalytic conditions, the catalyst progressively decomposes to form RuO2 

(determinated by EXAFS) at the surface of the electrode obtaining an outstanding 

electrocatalytic performance with this oxide-base catalyst (TOF of 300 s-1). The highly 

efficient bimolecular (I2M) pathway taking place in solution is hampered in the solid state due 

to the restricted mobility of the catalyst and leads to high energy pathways that end up 

decomposing the system.  
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Figure 36. Anchoring of the [Ru(bda)(NO)(4-(pyridine-4-yl))] benzenediazonium complex at the surface of the 
glassy carbon electrode and its evolution into RuO2 under turnover conditions. (Adapted from reference 105). 
 

1.4.3.1.3 Light-driven water oxidation catalysis 
	

The use of metal oxide or hydroxide colloidal catalysts is of intereset not only due to 

the practical incorporation on to the electrodes but also to their overall increased stability and 

robustness at extreme pH, potentials, etc.[93c], which are the requirements for a practical 

scalability and efficiency.  

Typically, when a WOC demonstrates good performance (low overpotentials, fast 

kinetics and relatively high robustness) under chemical or electrochemical triggering, light-

driven experiments are carried out. There is a standard protocol to study the catalytic 

reactivity of a given catalyst under this conditions, which is frequently based on Na2S2O8 as 

sacrificial electron acceptor (SEA) and [Ru(bpy)3]2+ (or its derivatives) as photosensitizer (PS), 

constituting this combination a prototypical dye-sensitized photoelectrochemical cell (DSPEC) 

system. Na2S2O8 provides a good index for the catalytic reactivity since it prevents the 

oxidation of bypyridine from [Ru(bpy)3]2+ and organic ligands from the catalysts, which 

competes with water oxidation. On the other hand, [Ru(bpy)3]2+ has several characteristics 

that make it the photosensitizer of choice such as; (1) once [Ru(bpy)3]3+ is formed by 

persulfate, its ability to react as a pure one-electron oxidant provides an easy standard 

protocol to study the catalytic reactivity of water oxidation catalysts, (2) the accessibility to a 
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I	wide range of reduction potentials by tunning its aromatic bypyridine rings, and (3) the high 

photogeneration quantum yields of its excited states and, (4) the characteristic absorption 

spectra shown by both [Ru(bpy)3]3+ and [Ru(bpy)3]2+, which allow the water oxidation to be 

easily monitored by using a UV-Vis spectrophotometer.[106] As depicted in scheme 5, once 

[Ru(bpy)3]2+ absorbs one photon generating the [Ru(bpy)3]2+* excited state, [Ru(bpy)3]3+ is 

produced in high quantum and chemical yields by the oxidative quenching of persulfae (S2O8
2-

). In this oxidative quenching reaction, both S2O4
2- anion and S2O4

·- radical anion are 

generated by dissociative electron transfer from [Ru(bpy)3]2+* to S2O8
2-. Thus, the S2O4

·- 

radical anion can oxidize another quivalent of [Ru(bpy)3]2+ to [Ru(bpy)3]3+. At this point, the 

generated [Ru(bpy)3]3+ species can oxidize the water oxidation catalyst driving the 

photocatalytic water oxidation reaction. 

 

Scheme 5. Catalytic cycle of visible light-driven water oxidation with Na2S2O8 and [Ru(bpy)3]2+ using water 
oxidation catalyst (WOC). (1) Dye photoexcitation; (2) oxidative dye excited-state quenching by the sacrificial 
oxidant; (3) oxidative dye excited-state quenching by the catalyst;  (4) hole injection/catalyst oxidation; (5) water 
oxidation. 

 

In a prototypical dye-sensitized photoelectrochemical cell (DSPEC) system for water 

oxidation, the desired forward reactions (depicted by green arrows in scheme 6) are the 
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photoexcitation of the photosensitizers (reaction 1, scheme 6), its oxidative quenching by an 

electron acceptor (reaction 2, scheme 6) and the electron injection to the oxidized 

photosensitizer by the catalyst (reaction 3, scheme 6) that will promote water oxidation 

(reaction 4, Scheme 6). However, some parasitic processes contribute to decrease the DSPEC 

efficiency (represented by dotted red arrows in scheme 6), named back-electron transfer 

processes. Theses processes are the deactivation of phosphorescence (reaction 5, scheme 6), 

the excited-state oxidative quenching by the catalyst (reaction 7, scheme 6), the electron-hole 

recombination to the oxidized dye (reaction 6, scheme 6) and the electron-hole recombination 

to the oxidized catalyst (reaction 8, scheme 6).[107] 

 

 

Scheme 6. Scheme of a prototypical dye-sensitized photoelectrochemical cell (DSPEC) system along with main 
energy levels and relevant electron transfer processes. (1) Dye photoexcitation; (2) electron injection/electron 
acceptor reduction: (3) hole injection/catalyst oxidation; (4) water oxidation; (5) dye radiative or nonradiative 
recombination; (6) electron-hole recombination to the oxidized dye; (7) oxidative dye excited-state quenching by 
the catalyst; (8) electron-hole recombination to the oxidized catalyst. 
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I	The first reaction involved in the water oxidation reaction is the photoexcitation of the 

photosensitizer (process 1, scheme 6). The electronic absorption spectra at room temperature 

of tris(bipyridyl)-based ruthenium(II) complexes consist of a broad band from 400-460 nm. 

This transition consists of a (spin allowed) metal-to-ligand charge transfer (MLCT) from a 

molecular orbital that has mostly Ru(II) d orbital character to a molecular orbital that has 

mostly ligand π orbital character. Therefore, these complexes are excited by MLCT transitions 

in which a singlet MLCT state is initially formed. However, this singlet state forms a triplet 

state by intersystem crossing (Figure 37).[108-110] 

 

Figure 37. Jablonski diagram illustrating the phosphorescence reaction. 

 

Since the triplet state is formed, the luminescence process is phosphorescence rather 

than fluorescence (reaction 13 below). At room temperature and in aqueous solution, these 

complexes show strong luminescence at about 600 nm with lifetimes around of ca. 600 ns. 

Two main processes that compete with the phosphorescence deactivation are the internal 

non-radiative process and the presence of quenchers (Q) as O2 in its triplet state (reactions 

14, 15 and 16; reaction 5 from Scheme 6).[111,112] 
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3Ru(bpy)32+ →  Ru(bpy)32+ + hν  (reaction 13: Luminescence) 

3Ru(bpy)32+ →  Ru(bpy)32+ + heat (reaction 14: Non-radiative deactivation) 

3Ru(bpy)32+ + Q →  Ru(bpy)32+ + 3Q (reaction 15: Quenching) 

3Ru(bpy)32+ + 3O2
 → Ru(bpy)32+ + 1O2 (reaction 16: Quenching by 3O2) 

 

Thus, for the characterization of the excited states of the photosensitizers, the emission 

of their 3MLCT bands (over 600 nm) have been analyzed through steady-state luminescence 

and emission lifetime techniques by means of quantum yields (ϕ, number of emitted photons 

relative to the number of absorbed photons) and lifetimes (τ, average time the molecule 

spends in the excited state prior to return to the ground state). Then, the one back-electron 

transfer process that could decrease the performance of the catalyst is the excited-state 

oxidative quenching by the catalyst (reaction 7, scheme 6).  

Additionaly, once the triplet state is formed, this 3MLCT excited state can be quenched 

by an electron acceptor to form the oxidized photosensitizer (reaction 2, scheme 6). At this 

point, two back electron-transfer processes can occur: the electron-hole recombination to the 

oxidized dye (reaction 6, scheme 6) and the electron-hole recombination to the oxidized 

catalyst (reaction 8, scheme 6). These reactions can be modulated by the nature of the 

sacrificial electron acceptor. In order to compete with these non-desired phenomena, efficient 

catalysts (fast kinetics at low overpotentials) are required. Since some back electron-transfer 

processes can occur at this scenario, the excited-state oxidative quenching of the PS by the 

employed catalyst (reaction 7, scheme 6) becomes a pivotal reaction. 

An alternative approach to study, tune and optimize the electron-transfer processes 

taking place between the different components in light-driven water oxidation is the 

photosensitizer-catalyst coupling. Despite several molecular examples of this approach have 

been reported in the last years,[113-116] examples of hybrid dyad systems combining a 

molecular PS with metal oxides are rare. In this context, Mallouk and co-workers studied the 

electron transfer phenomena involved in the photocatalytic water oxidation scenario for IrO2 

nanoparticles with bound and unbound ruthenium-based photosensitizers (Chart 1).[113] 
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I	They discovered that the nature of the sensitizer not only controls the size and aggregation of 

the nanoparticles but also the electronic communication towards IrO2 (Chart 1). About the 

former aspect, for instance, [Ru(dpbpy)3]12- gives particles that are ca. 7 times larger than 

those observed with [Ru(dcb)3]6- or [Ru(dcb)2(bpy(CONHSA)2)]8-. 

 

 

(a) (b) (c) 

  

 
[Ru(dpbpy)3]12- [Ru(dcb)3]6- [Ru(dcb)2(bpy(CONHSA)2)]8- 

(d) 

	  
Co3O4-[Ru(dpbpy)3]40- 

 

Chart 1. Ruthenium(II) polypyridyl compounds used for synthesizing sensitized IrO2 NPs. (a) [Ru(dpbpy)3]12-, (b) 
[Ru(dcb)3]6-, (c) [Ru(dcb)2(bpy(CONHSA)2)]8- and (d) the IrO2-[Ru(dpbpy)3]40-. 
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Transient absorbance spectroscopy was used to study the kinetics of electron transfer 

between the oxidized sensitizer and IrO2 NPs for both bound and unbound cases. The 

excited-state of the bound sensitizer molecules can be quenched by persulfate, which differs 

on the nature of the photosensitizer. For instance, electron injection from IrO2 NP to the 

excited-state tethered photosensitizer (bleaching recovery process) is faster for 

[Ru(dcb)2(bpy(CONHSA)2)]8- than for [Ru(dcb)3]4- (Figure 38a-b).  

(a) (b) 

  

(c) 

 

Figure 38. Single wavelength kinetic traces recorded at 450 nm following 532 nm, 10 ns laser excitation, showing 
the in situ formation and disappearance of RuIII for IrO2-bounded sensitizers. (a) [Ru(dcb)2(bpy(CONHSA)2)]8-. 
(b) [Ru(dcb)3]6-. (c) succinate-IrO2 NPs with [Ru(bpy)3](PF6)2. (Adapted from reference 114). 

 

 

However, as mentioned before, the excited-state of the sensitizer can be quenchend by 

persulfate in a process that is kinetically competitive with the oxidative quenching of the 

tethered sensitizer by IrO2 (reaction 7, scheme 5).  
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I	Comparing with photosensitizer-IrO2 NPs dyads, for unbounded sensitizers, the 

disappearance of RuIII and further formation of RuII is not completely achieved (Figure 38c) 

indicating a worst electronic coupling than for bounded systems. 

Thus, this study is encouraging since it evidences not only the nature of the 

photosensitizer as a pivotal effect on electron-transfer processes but also its binding to the 

nanoparticles for the first time. 

1.4.4 Water Oxidation mediated by Colloidal Cobalt-based nanocatalysts 
 

Heterogeneous catalysts for water oxidation and proton reduction were known long 

before their homogeneous analogues.[117] For instance, in 1966, Bode et al. identified NiOx as 

a water oxidation catalyst,[118] which was further investigated by Guibert and co-workers in 

1980.[119] Also, in 1977, Morita and co-workers discovered that MnO2 electrocatalytically 

evolved dioxygen under alkaline conditions.[120]. These systems are attractive due to their 

thermodynamic stability, high current densities, longevity, and more feasible introduction into 

potentially commercial photoelectrochemical cells from an engineering point of view.[121] 

Taking into account the recent progress in the synthesis of these materials at the nanoscale, 

with high surface areas, reproducibility and enhanced activities, they arise as interesting 

systems for catalyzing the reactions involved in artificial photosynthesis.[122] 

1.4.4.1 Scope 
 

Water electrolyzers require noble metal catalysts, such as Pt-based and Ir-based 

systems, in order to facilitate low overpotentials and fast kinetics in the water oxidation 

reaction.[123] However, given the scarcity of  these metals, this approach is proving extremely 

difficult towards large-scale applications. Hence, the development of efficient and cost-effective 

catalysts from non-precious earth-abundant metals is of paramount importance.[124Co-based 

nanosystems have attracted enormous interest as low-cost alternatives to noble-metal catalysts 

capable of catalyzing the OER taking also advantage of their large surface areas to volume 

ratios.[125] Although these systems have high electrical resistances, fortunately, it can be 
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mitigated by the use of conductive additives such as graphene, carbon nanotubes or N-doped 

carbon materials. These additives/supports also typically play a secondary role as stabilizers, 

expanding the relatively narrow range of alkaline pH where these type of catalysts are stable 

under catalytic conditions.[126-136] 

The study of cobalt oxide nanoparticles as catalysts for the OER have attracted 

particular attention in recent years since their robustness, composition, activity and stability 

can be controlled through the nanostructuring methods. From here, Co-based NPs as catalysts 

for the OER have been synthetized by diverse synthetic methodologies such as (a) 

solvothermal methods,[126, 137 - 145 ] (b) decomposition of molecular precursors under 

electrocatalytic conditions,[146-148] (c) thermal decomposition of molecular precursors,[127, 

149 - 155 ] (d) sol-gel chemistry,[155-157 ], (e) photochemical decomposition of molecular 

precursors,[158] (f) chemical oxidation[145, 159] and (g) pulsed-laser ablation[160]  

Cobalt oxide-based catalysts have been studied electrochemically since the 50s, since 

different cobalt oxides such as CoO, Co2O3 and CoO2 can be formed under basic conditions 

from molecular complexes under OER conditions.[161] In the 80s, Creutz and Sutin reported 

how CoII salts precipitated as a heterogeneous CoOx systems when combined with 

[Ru(bpy)3]3+ as chemical oxidant at pH 7 but no studies for the determination of the true 

active catalysts were performed.[162] The most relevant breakthrough for Co-based oxides as 

catalysts for the OER took place in 2008, when Nocera and co-workers reported a 

heterogeneous phosphate-based cobalt catalyst (so-called CoPi) showing outstanding 

performance at pH 7 (η = 410 mV) and a relatively simple synthesis. The catalyst is 

electrodeposited in situ on to the surface of an ITO electrode at water oxidation potentials 

from an aqueous solution containing Co(NO3)2 and K3PO4 or Na3PO4.[163] As determined by 

EXAFS spectra, the CoPi catalyst is composed of Co-oxo/hydroxo clusters composed of edge-

sharing CoO6 octahedra. Casey et al.[164] performed 31P NMR analyses of the CoPi system 

and suggested that phosphate anions are located in the interlayer region of a Co-based 

layered-double-hydroxide (LDH) structure, a model which was observed for similar systems 

by Stahl and co-workers (Figure 39).[165]  
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Figure 39. Depiction of cobalt-oxide layered structures that can undergo pH-dependent redox changes without 
lattice variations. During catalytic water oxidation, counterion movements and proton transfers rapidly 
compensate for changes in layer charge arising from changes in the cobalt oxidation states. (Adapted from 
reference 165). 

 

The cobalt-phosphate (CoPi) system has also been studied since it offers many 

attractive features for artificial photosynthesis such as simple synthesis procedure, low cost, 

mild operation conditions, self-repair mechanism and can characteristically undergo rapid 

redox reactions without large changes in structure.[163a] From here, and after several studies, 

Nocera and co-workers described the construction of an artificial leaf comprising earth-

abundand elements: an hydrogen evolving catalyst made of NiMoZn and an oxygen evolving 

catalyst made of CoPi. This device is able to harvest sunlight to split water in to H2 and 

O2.[166] 
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Following the pioneering work of Nocera and co-workers, cobalt oxide NPs stabilized 

by phosphate-based ligands (CoPi systems) have been recently intensely studied, showing that 

the presence of the Pi groups nearly doubled the photocurrent density observed in ligh-driven 

OER systems due to the increased photocatalytic stability of the Pi containing NPs.[146,159, 

167,168]  

1.4.4.2 Effect of NPs size, shape and composition on the catalytic activity 
 

 Several studies have dealt with the effect of size and shape of Co-related NPs on their 

OER activity. In general, it can be stated that smaller NPs show superior performances. For 

instance, Wang and co-workers evaluated the light-driven activity on the OER of Co3O4 NPs 

of 3, 10 and 40 nm average sizes finding that higher current densities were observed for the 

smaller ones, being the available surface essential for the activity, since a major degree of 

surface defects is present and thus, the binding ability of water molecules is improved.[172] 

Also, Weller et al. prepared chelated cobalt oxide NPs of 4.5 and 1.0 nm average size, finding 

that the latter showed higher TOFs but shorter lifetimes due to aggregation phenomena when 

triggered  by light.[169] 

On the other hand, cubane-like spinel-type cobalt oxide has received considerable 

attention in both electrochemical[125b,170-172] and photochemical[104,173,174] studies on 

the OER among a variety of Co-based catalysts due to the presence of Co3+ species and 

oxygen vacancies on the surface. In this context, Kurungot and Jiao studied Co3O4 NPs with 

different shapes, observing that blunt-edged nanocubes showed the smallest overpotentials 

and nanocubanes exhibit an order of magnitude higher TOF in photocatalytic OER compared 

to traditional Co3O4 spinel NPs.[126, 175 ] In the same way, Dismukes and co-workers 

prepared Co-based spinel-like NPs with different shapes and found that the Co4O4 cubes 

motif present in one of these type of structures was the major determinant for their activity 

as OER catalysts. Although there is no direct evidence that identifies exactly what is 

responsible for the activity of cubic cores in the oxidation of water, it is thought that they 

may function analogously to the CaMn4O5 core of PSII (vide infra section 1.4.2).[157]  
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I	1.4.4.3 Catalytic activity dependence on the degree of crystallinity of the NPs 
and presence/absence of phosphate based ligands 
 

Although it is true that the size, shape and composition are parameters of paramount 

importance to control the activity and the stability of the Co-based NPs as WOCs, the degree 

of crystallinity also plays a key role in these systems. There is an accepted consensus that 

amorphous materials not only exhibit higher WO activities but also larger 

stabilities.[138,141,157] Hence, a few authors have compared the WO activity of amorphous 

and crystalline Co nanocatalysts, observing that the former yield superior catalytic activities 

both under photochemical and electrochemical WO conditions because of their higher surface 

roughness.[138,140,141] For instance, Driess and co-workers prepared amorphous and 

crystalline cobalt oxide based NPs producing the formers superior catalytic activity under 

photochemical and electrochemical OER.[145] In addition to this, Frei and Jiao discovered 

how polycrystallinity of Co3O4 NPs is an important parameter for photochemically evolving 

oxygen (under [Ru(bpy)3]2+/persulfate presence) at modest overpotentials under mild pH and 

temperature conditions since very small crystalline domains enhance the WO activity.[173] 

1.4.4.4 In situ-formed NPs vs. ex situ-formed NPs 
	

In general, cobalt-based nanocatalysts formed in situ exhibit higher performances than 

those prepared ex situ. This trend is observed with both photochemical and electrochemical 

triggering and has been attributed to the higher surface roughness and/or lower degree of 

crystallinity of the species formed under turnover conditions. [140,167,175, 176 ] Several 

authors have investigated the activity of in situ formed cobalt-based NPs. For instance, Driess 

et al. have reported the in situ formation of amorphous CoO(OH) species during 

electrochemical WO from CoOx ( 1 < x < 2 ) NPs.[145] Another relevant example is the work 

of Du and co-workers reporting the in situ electrochemical formation of CoOx NPs onto the 

surface of FTO electrodes by decomposition of cobalt-based complexes.  The authors show 

how the shape, the size and the catalytic activity of the NPs depend on the nature of the 

cobaloxime precursor employed during the NPs synthesis, fact attributed to the presence of 
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ligands in solution that controls both the nucleation process and the aggregation of the NPs 

while catalytically oxidizing water.[147,167]  

1.4.4.5 Mechanistic insights 
	

As typically happens in catalysis, the comprehension of the mechanistic details of the 

water oxidation reaction is of paramount importance for the rational improvement of the 

employed catalysts. Even if the mechanistic scenario is relatively well-known from a molecular 

point of view, the mechanisms through which heterogeneous catalysts work are much less 

understood. Most heterogeneous catalysts are multimetal materials with different local 

structures, catalytic sites formed by one or more metal centers and short-lived transient 

species difficult to identify with the available spectroscopic techniques. Despite these 

difficulties, several studies, both computational and experimental, have been performed in 

order to elucidate the operating mechanism for cobalt-based NPs as water oxidation catalysts.  

From the computational point of view, several DFT calculations have been performed 

to study the interacton of water with different Co-based nanocatalysts. Dismukes[177] and 

Van Voorhis[178] studied the energetic barriers for water oxidation in a Co4O4 environment. 

The former postulated that no water oxidation occurs by Co4O4 at neutral pH but, under 

basic conditions, coordinated hydroxide ions can form a cobalt-bound peroxide which evolves 

to O2 (Scheme 7). The latter suggested a mechanism where a bis-µ–oxo-bridged CoIII 

hydroxide species is further oxidized until the bis-µ–oxo-bridged CoIV oxide species and O-O 

bond formation takes place through the intramolecular interaction of two M-O units (I2M 

mechanism) (Scheme 8). In addition to this, Tilley et al.[179] spectroscopically evidenced a 

highly oxidized cobalt intermediate for the same Co4O4 structure, which is in accordance with 

Siegbahn et al.[180] who postulated that the Co-oxyl (Co-OO·) radical is necessary for the 

catalytic activity of this fragment (species 5, Scheme 8). 
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Scheme 7. Proposed mechanism of hydroxide oxidation by Co4O4. (Adapted from reference 177). 

 

Scheme 8. Proposed mechanism of water oxidation catalysis by a Co4O4 structure. (Adapted from reference 178). 
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In another computational work, Chen and Selloni studied the interaction of water with 

the (110) NPs surface of the spinel cobalt oxide Co3O4 by DFT calculations. This surface 

shows two different terminations: one positively (A, Figure 40) and the other negatively 

charged (B, Figure 40). They found that the most difficult step of the oxygen evolution 

reaction is the second deprotonation to form an adsorbed O species (O*). Moreover, the A-

terminated surface is more active than the B-terminated surface since the former shows a 

larger density of cobalt states near the Fermi level, which stabilizes the O* species and thus 

reduces the overpotential. [181] 

 

A B 

 

 

Figure 40. Stick-and-ball model of the Co3O4 (110) surface structure. Top (a1 and b1) and side (a2 and b2) views 
of A (left) and B (right) terminations. In the top views, empty blue circles indicate water and hydroxyl group 
adsorption sites. Dark and pale-blue spheres indicate Co atoms, which in bulk are octahedrally and tetrahedrally 
coordinated, respectively. Red spheres indicate oxygen atoms. (Reproduced from reference 181). 
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I	From the experimental point of view, some mechanistic proves have also been 

provided. On the one hand, Dau and co-workers[182] found electrochemically that O-O bond 

formation occurs at the edges of cobalt oxide nanoparticles by interaction of terminal oxygen-

cobalt moieties (OT) for cobalt oxide materials edge-sharing CoO6 octahedra (Figure 41).   

 

Figure 41. A Co-based catalyst consisting of edge-sharing CoO6 octahedra. (Adapted from reference 182). 

 

On the other hand, Tilley and co-workers synthesized ε–Co, CoO and Co3O4 NPs and 

checked the stability of the nanosystems in alkaline media by electrochemical methods, 

evidencing that after 20 CV scans all three catalysts showed nearly identical CV fingerprints, 

thus suggesting the existence of the same mechanism in all cases, during which a CoIV state is 

reached.[139] However, it was not until 2014 that Frei and co-workers experimentally 

identified two intermediates during WO photocatalysis by Co3O4 NPs using time-resolved 

Fourier-transform IR spectroscopy.[183] In this context, they proposed a water nucleophylic 

attac (WNA) mechanism (Figure 43) in which two cofacial Co(O)OH moieties undergo two 

oxidations and deprotonations (Proton-Coupled Electron-Transfer, PCET) in order to generate 

two terminal CoIV oxo species. Then the attack of a water molecule generates a hydroperoxo 

species, which is converted into a superoxo intermediate. Finally, the addition of another 

water molecule leads the formation of O2. Furthermore, two types of sites with widely 

different photocatalytic efficiency were proposed depending on the presence/absence of 

adjacent CoIII-OH groups (Figure 42 a and b).  
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Figure 42. Proposed photocatalytic WO mechanism for Co3O4 NPs. a. WO mechanism for the fast Co3O4 surface 
site. b. Mechanism for the slow Co3O4 surface site. The OO bond-forming step with H2O in the fast cycle 
features the cooperative effect of adjacent electronically coupled CoIV=O sites, which is absent in the H2O 
addition reaction at the slow site. (Reproduced from reference 183 with permission from Nature) 

 

In addition to this, Yagi et al. have proposed that CO3
2- anions from the buffer are 

also involved during the electrocatalytic WO (Figure 43) with CoO(OH) NPs.[184] In this 

model, the authors propose that at high CO3
2- concentration, the hydroxo groups of the CoIII 

or CoIV atoms can be partially exchanged by CO3
2- anions, which promote the formation of 

the O-O bond through an oxidative proton-concerted oxygen atom transfer mechanism 

followed by the interaction of two Co-O units (I2M) thanks to the proton acceptor nature of 

CO3
2-. 
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Figure 43.  Proposed mechanism of electrocatalytic WO induced by CO3
2- on CoO(OH) NPs. (Adapted from 

reference 184). 

 

About the CoPi system,  Nocera et al.[163b,185] detected the formation of CoIV species 

at water oxidation potentials by in situ EPR and X-ray techniques via electrodeposition from 

aqueous solutions containing phosphate and CoII (CoPi). In the CoPi system the cobalt centers 

are responsible for evolving oxygen while phosphate anions promote the electrochemical self-

healing of the catalyst. Thus, any Co2+ ion formed and released into solution during catalysis, 

will be redeposited upon oxidation to Co3+ in the presence of phosphates.[186] Additionally, in 

the CoPi system, the thermodynamics of the catalyst is not altered by the presence of 

phosphate groups at the surface. Instead, although the role that phosphate groups play in 

CoPi systems is not fully understood, it is though that they are key for; (a) the dynamic 

processes taking place at the surface/water interface of CoPi such as the accommodation of 

water molecules[149,187 ,188] and (b) extending the lifetime of photogenerated holes by 

suppressing recombination looses, a crucial point for explaining the higher performances 

showed by these CoPi systems.[189-191]  

Recently, Messinger and co-workers prepared cobalt/methylenediphosphonate oxide 

nanoparticles (Co/M2P-oxide NPs) and experimentally demonstrated using time-resolved 18O-

labelling isotope-ratio membrane-inlet mass spectrometry (MIMS) that O2 formation from 
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photocatalytic water oxidation occurs in Co/M2P-oxide NPs almost exclusively via 

intramolecular oxygen coupling (I2M) between two vicinal Co-O moieties.[159] 

1.4.4.6 Supported Systems  
	

As mentioned above, the formation/deposition of NPs onto different electrodes to 

evaluate their OER performances is a common practice. However, the objective evaluation of 

their efficiency as OER catalysts is not straightforward, both in the measurement and 

reporting of electrocatalytic data. This is mainly due to the wide range of pH values, 

temperatures and electrolyte compositions and concentrations used togeather with 

experimental aspects under turnover conditions such as for instance the formation of gas 

bubbles at the solid-liquid interface blocking part of the active surface of the nanocatalysts.  

In this context, different authors presented similar methodologies whose results are 

comparable. Jaramillo and co-workers[ 192 ] developed a benchmarking methodology for 

evaluating the activity, stability, and electrochemically active surface area (ECSA) for 

heterogeneous OER catalysts under certain standard conditions using a rotating ring-disk 

electrode (RRDE). The activity and stability of each nanocatalyst are measured using a 

combination of voltammetry, chronoamperometry and chronopotentiometry and the ECSA is 

estimated from double-layer capacitance measurements. Analogously, Tilley and co-

workers[139] studied the activity and TOF values from double-layer capacitance 

measurements and current density-potential curves. Similarly, Müller et al.[126] determined 

overpotentials and turnover frequencies (TOFs) by measuring steady-state currents as 

function of voltage, preparing Tafel plots and applying a mass-loading correction. 

For instance, Jaramillo tested the activity for Co3O4 NPs prepared by Müller by 

pulsed-laser ablation in liquids (PLAL) confirming their overpotential of 314 mV vs NHE at 

0.5 mA. 

On the other hand, for electrochemically-triggered systems, several authors focused on 

the use of channel-rich conducting carbon-based supports such as graphene,[126,132] 

nitrogen-doped carbon nanotubes (NCNTS)[133,193] and C3N4[127,130,131,134] in order to 

increase the stability of the Co-based nanocatalysts and their electron transfer and mass 
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I	transport during electrocatalysis since the porosity of these supports controls the generation 

of gas bubbles. 

Interestingly, for Au supports,[194-196] Yeo and Bell[194] deposited Co3O4 NPs onto a 

Au support observing an excellent TOF value of 1.8 s-1, which is interestingly 1.7 s-1 higher 

than those for other supported systems measured at similar conditions (η = 350-400 mV at 

0.1 M KOH).[136] This enhancement in electrochemical activity deposited onto a Au support 

is attributed to the increase in surface CoIV population as a result of enhanced oxidation of 

the cobalt oxide mediated by the Au support, facilitating the formation of Co-OOH species, 

which is postulated to be the rate-limiting step. As shown in Figure 44, the reaction begins 

with the adsorption and discharge of an OH- anion at the anode surface to form adsorbed 

OH species (reaction 1, Figure 44). This step is followed by the reaction of OH- with the 

adsorbed OH species to produce H2O and adsorbed atomic O and the release of an electron 

(reaction 2, Figure 44). The third step in the sequence (reaction 3, Figure 44) involves the 

reaction of an OH- anion with an adsorbed O atom to form adsorbed OOH species, which 

then undergo reaction with additional OH- (reaction 4, Figure 44), resulting in the formation 

of adsorbed O2 and H2O and the release of an electron. Adsorbed O2 then desorbs in the last 

step of the sequence (reaction 5, Figure 44).  

 

Figure 44. A schematic diagram depicting the mechanism for electrochemical oxygen evolution reaction on cobalt 
oxide/Au. The cobalt oxide (grey) overlayer is above the Au support (gold). (Adapted from reference 194). 
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On the basis of above mentioned mechanism, Rossmeisl et al.[195] postulated an 

explanation for this Au-based enhancement of activity by DFT calculations. In this study, the 

authors proposed that the Au support facilitates the formation of the intermediate species (e. 

g., metal-OH, -OOH) and it acts as proton acceptor from the Co–OOH intermediate to an 

adjacent Au=O acceptor site decreasing thus the overpotential for the OER by approximately 

100 mV.  

Supported photocatalytically-triggered systems can be divided in two categories; those 

combined with a [Ru(bpy)3]2+ derivative as photosensitizer together with a sacrificial electron 

acceptor (i.e. S2O8
2-, photocatalytically-triggered systems) and those where the support 

employed acts at the same time as ligh-harvesting antenna, tipically called photoanodes 

(photoelectrocatalitically-triggered systems).  

1.4.4.7 Photocatalytically-triggered systems 
	

Together with the [Ru(bpy)3]2+-S2O8
2- pair in solution and light irradiation, diverse 

supports such as SBA-15,[172,173,197] SiO2,[198,199] biopolymers[174] and Metal-Organic 

Framewors (MOFs)[200] have been investigated in order to determine their influence over the 

OER performance of the Co-based catalysts employed. In general, it can be inferred that these 

supports act not only as size- stability- and aggregation-controllers of the NPs but also as 

medium permittivity-controllers. In general, higher performances are observed for porous 

supports since they offer a more accessible pathway to the NPs than those which are not 

porous. For instance, Vela et al. investigated the effect of the mesoporous silica thickness 

embedding Co3O4 NPs and their catalytic tests showed that thinner shells are preferable to 

assure a good permeability or diffusion of the photosensitizer and the electron acceptor 

species.[201] In addition to this, Jiao and Yusuf[202] studied Co3O4 NPs supported on KIT-6 

and SBA-15 mesoporous silicas observing a higher WO activity for the former which is 

attributed to its 3D porous structure that offers more accessible pores than the 1D channels 

in SBA-15. Also, Jiao[202], Vela[201] Lymar[203] and Frei[204] prepared Co oxide-based NPs 

supported on different porous SiO2 observing that the support not only controls the size of 

the NPs but also provides high stability, since no deactivation or aggregation was observed 

upon multiple water oxidation cycles.  
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I	1.4.4.8 Photoelectrocatalytically-triggered systems 
	

Since the discovery of TiO2 as stable photoanode for photoelectrochemical water 

cleavage by Honda and Fujishima in 1972,[205] considerable efforts have been made to seek 

an efficient and stable photoanode for water oxidation. Thus, studies have focused on 

semiconductor metal oxides such as TiO2,[156, 206 ,150,] ZnO,[156, 207 , 208 ] 

WO3,[131,153,209,210] BiVO4,[146,211-213] Fe2O3,[140,214] Ag3PO4,[215] TaON[216-218] and 

Ta3N5.[219-222] For instance, ZnO has been considered as a model of UV-driven photoanode 

for water splitting, but its performance has been limited by fast charge-carrier recombination, 

extremely poor stability in aqueous solution, and slow kinetics of water oxidation. Thus, Tang 

et al.[223] prepared ZnO nanowire arrays (0.62 mA cm-2 at 1.0 V vs RHE) and, once doped 

with CoPi, an improved incident photon-to-current conversion efficiency (IPCE, 72%) and a 

higher photocurrent (0.75 mA cm-2 at 1.0 V vs RHE) were obtained. Additionally, Park et al. 

Co-doped a ZnO photoanode and obtained not only a higher photocurrent density than the 

bare ZnO but also a lower overpotential (almost a reduction of 150 mV).[156] This same 

phenomenon has been observed for other supports. For instance, Zou and co-workers 

prepared Ta3N5 supporting Co3O4 NPs achieving a prominent photostability of the Ta3N5 

since about 75% of initial stable photocurrent (3.1 mA cm-2 at 1.2 V vs RHE, pH 7), which 

was maintained after 2 h irradiation.[222] Also, Abe and co-workers dispersed CoOx NPs on 

to TaON photoanodes and observed both, a high IPCE (42%) and a high photocurrent (ca. 

13 mA cm-2 at 01.07 V vs RHE, pH 8) under visible light irradiation, also attributed to both, 

the efficient hole scavenging and the suppressing of the self-oxidative deactivation of the 

support by Co-based NPs.[216] 

In conclusion, the use of different photoanodes as both, support and light-harvesters 

for Co-based nanoparticles has lead to an improved stability against photocorrosion (in 

comparison with those that only serve as light-harvesting antenna), showing no loss of 

photocurrent over prolonged testing. Although the electronic support-catalyst communication 

can be improved by tuning the structure of the support, the overall enhancement in current is 

due to efficient hole trapping by the surface Co-based NPs, their catalytic effect and the 

additional surface-protecting layer role. 
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1.4.4.9 Bimetallic systems 
	

As shown above (see section 1.4.2) the OEC in PSII combines two metals, Mn and 

Ca.[224,225] Therefore, despite the role of the Ca2+ ion in the OEC is not well-understood, 

intense research in bimetallic systems for catalyzing the OER has been carried out.  In 

general, the introduction of a second metal on cobalt-based NPs not only uses to increase 

their stability but also tend to decrease the observed overpotentials by facilitating the 

oxidation of the active metal sites and affecting their degree of crystallinity. Thus, several 

studies have been focused on combining Co with other metals, from which the most 

promising cases are ZnCo-based NPs,[142,156,226 , 227] MnCo-based,[193,227-229 ] FeCo-

based NPs,[132,138,230-232] and CoLi-based NPs.[227,233] For instance, Choi et al.[226] 

evaluated spinel-type ZnCo2O4 and Co3O4 nanocatalysts prepared from same synthesis 

conditions and with comparable morphologies, observing a relatively low overpotential for the 

former (η = 0.39 V  at 10 mA cm-2 1.62 V vs RHE pH 14). Also, Pfrommer et al.[142] 

demonstrated the excellent OER activity of Co(30%)-substituted ZnO NPs attributed to the 

self-oxidation of CoII/III atoms by ZnO NPs. 

Dismukes and co-workers[233] prepared layered and cubic LiCoO2, and Co3O4 NPs 

observing that both LiCoO2 systems presented a 50 mV lower overpotential (η = 430 V at 10 

mA cm-2 pH 14) in comparison with Co3O4 NPs. For FeCo-based NPs, different authors found 

that the electrochemical OER activity of CoOx can be largely enhanced by doping Fe into the 

metal oxide matrix due to a partial-charge-transfer-activation (PCTA) effect on metal ions. As 

mentioned before, CoIV has been identified as the active centres for the OER. Therefore, the 

higher the oxidation potential of the CoIV/CoIII pair, the stronger the oxidizing ability of the 

catalyst. When FeIII is doped into the materials a PCTA takes place, FeIII being oxidized to 

FeIV. The transferred electrons during this process can then restrain the oxidation from CoII 

to CoIII , resulting in less amount of CoIII and a higher CoIV/CoIII oxidation potential. This 

improves the electrochemical OER kinetics since a stronger oxidizing ability is achieved.[234] 

Thus, Geng et al.[132] prepared different CoxFeyO NPs and analyzed the dependence of the 

catalytic activity on their Co/Fe ratio observing a decrease of 50 mV on the overpotential for 

a Co/Fe ratio of 2:1.  
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I	Also, Driess and co-workers[138] synthetized amorphous cobalt-iron mixed metal 

oxide NPs observing a higher photochemical O2 evolution as well as a lower electrochemical 

overpotential in comparison with commercial CoO. Finally, the same tendency to higher 

activities and stabilies have ben observed for MnCo-based oxide NPs. Hu and Song[228] 

synthetized ultrathin nanoplates of cobalt-manganese layered double hydroxide (CoMn LDH), 

which presented an overpotential of 324 mV at 10 mA cm-2, which is 44, 92 and 13 mV less 

than Co(OH)2 + Mn2O3, spinel MnCo2O4+ δ and IrO2 NPs, respectively attributed to the 

formation of amorphous layers at the surface and possibly the accumulation of active CoIV 

species in the amorphous layers due to a leaching of Mn ions. Interestingly, Dismukes et 

al.[227] prepared different LiMn2-xCoxO4 NPs observing that substitution of CoIII for MnIII 

causes an obvious increase in the current density followed by a decrease in the overportential 

(η =  370 mV for LiMn0.25Co1.75O4, 120 mV lower at 1 mA cm-2). 
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Chapter II. Objectives 
 
 

 
 

Within the state-of-the-art of metal or metal oxide NPs as nanocatalysts presented 

in Chapter 1, and more specifically Co3O4 NPs for water oxidation catalysis or Pd(0) NPs 

for Suzuki Miyaura reactions, the present Chapter exposes the main objectives of this 

thesis.  
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Co-based Dyads for Light-Driven Water Oxidation 

The water splitting (WS) reaction, when triggered by sunlight, is a pivotal alternative 

to other non-renewable energy sources widely used nowadays such as fossil fuels. In WS, 

reductive equivalents are initially obtained from the oxidation of water, a thermodynamically 

up-hill process with sluggish kinetics that is generally identified as the bottleneck of the 

whole process. Therefore, and taking into account the previous background exposed in 

Chapter 1 concerning the advantages of using systems at the nanoscale for catalytic 

applications, the general aim of this thesis is the achievement of reliable water oxidation 

catalysts (WOCs) for light-driven water oxidation based on earth-abundant transition-metal 

nanostructures.  

In order to achieve the light-driven photo-production of O2, it is mandatory the 

mastering of two main components and, particularly, their harmonic interaction: a light 

harvesting device or photosensitizer (PS) and a water oxidation catalyst. About the latter, 

cobalt oxide-based nanoparticles are promising candidates as WOCs since they are made of 

a relatively cheap first-row metal and have shown both relatively high catalytic activities 

and good stabilities at neutral and basic pH. On the other hand, tris(bipyridyl)Ru(II) 

complexes have been extensively studied as photosensitizers in the water oxidation reaction 

due to their excellent properties as light-harvesting units. Therefore, cobalt oxide-based 

WOCs and tris(bipyridyl)Ru(II) complexes will be chosen and combined in this thesis with 

the goal of attaining dyad systems at the nanoscale for light-driven water oxidation catalysis 

and better understanding the key parameters controlling their efficient catalytic 

performance. In order to attain this general goal, the following specific objectives have been 

designed:  
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1) Synthesize Co(0) NPs through the mild decomposition of organometallic 

precursors under reductive conditions and attain from them homogeneous in size 

CoOx species by controlled oxidation methods.  

2) Evaluate and benchmark the electrocatalytic and photocatalytic capacity of the 

prepared CoOx nanomaterials towards the water oxidation reaction.  

3) Synthesize PS-CoOx dyad systems through the covalent anchoring of 

phosphonate-containing PS moieties at the surface of the CoOx nanomaterials 

prepared in 2) and evaluate their photocatalytic capacity of oxidizing water 

compared to that of unbound PS/CoOx mixtures.  

4) Study the rate of the electron-transfer events taking place in the photocatalytic 

systems described in 2) and 3) through flash photolysis/transient absorbance 

methods and use the data obtained to rationally design improved second-

generation PS-CoOx dyad systems.  

 

Colloidal vs. Molecular Pd-based Catalysts in C-C Coupling Reactions 

Palladium is the most versatile transition metal in chemical catalysis reactions and 

many of these processes cannot be catalyzed by other transition metals. Furthermore, Pd(0) 

NPs have shown large catalytic efficiency in C-C coupling reactions specially when non-

aggregated homogeneous NPs of 1-4 nm size are used as catalysts. Following these 

precedents, our group has recently prepared Pd(0) NPs stabilized by the two following 

ligands; 1-[2-(3,5-dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-3H-imidazol-1-ium 

chloride (HL·Cl) and 1-[2-(3,5-dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-3H-

imidazol-2-ylidene (L) N-heterocyclic carbene ligands (see their structure below). 
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In this work, the reactivity of these systems as Suzuki-Miyaura catalysts will be 

tested. Since different reactivity has been evidenced for molecular and colloidal Pd 

catalysts, the comparison with the analogous palladium(II) complexes will be also carried 

out. 
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Chapter III. Coordination of photosensitive Ru-polypyridylic complexes at the 
surface of Co3O4 nanoparticles: hybrid dyads for light-driven water oxidation 
 

 

 
 

A novel method for the preparation of Co3O4 nanocatalysts and their corresponding 

derivatives covalently functionalized by light-harvesting photosensitizers is presented hereafter. 

The set of nanomaterials has been thoroughly characterized by ICP, HREM, XPS, IR and Wide 

Angle X-ray Scattering, while electrochemical and photophysical studies have been carried out 

with the bare NPs and the hybrid PS-NP systems, respectively, to extract conclusions with 

regards to their respective ability to electro- and photo-oxidize water. 
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3.1 Abstract 
 

Cobalt nanoparticles (NPs) have been easily prepared by hydrogenation of the 

organometallic complex [Co(η3-C8H13)(η4-C8H12)] in heptanol in the absence of any other 

stabilizer and then oxidized to Co3O4 NPs in mild oxidative reaction conditions. After deposition 

onto a glassy carbon rotating disk electrode, the electrocatalytic performance of the latters have 

been tested in 1M NaOH solution and their activity benchmarked with that of state-of-the-art 

Co3O4 NPs through ECSA and specific current density measurements. Furthermore, the covalent 

grafting of photosensitive polypyridylic-based RuII complexes onto the surface of Co3O4 NPs 

afforded hybrid nanostructured materials able to photooxidize water into O2. These hybrid 

nanocatalysts display better catalytic performance than simple mixtures of non-grafted 

photosensitizers (PS) and Co3O4 NPs, thus evidencing the advantage of the direct coupling 

between the two entities for the photo-induced water oxidation reaction. This study represents 

the first work in which 1st row transition metal oxide NPs covalently attached to polypyridylic-

based RuII PS are shown to be active in photocatalytic water oxidation. 
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3.2 Introduction 
 

Non-renewable fossil fuels are still nowadays the main energy source used by mankind. 

However, their fast depletion due to the constant increase of the global energy consumption 

and their relationship with the worrying levels of greenhouse gases and climate change make 

the development of less polluting and renewable energy sources a central topic for the scientific 

community. In this context, sunlight-driven water-splitting is a very attractive solution [1]. The 

water splitting reaction, in which both oxygen and hydrogen gas are generated in the anode and 

cathode, respectively, represents an attractive alternative method for obtaining energy in the 

form of the highly energetic H-H chemical bond [2], as long as the energy used to produce the 

hydrogen gas is renewable. Nevertheless, the anodic oxidation of water into O2 is a 

thermodynamically uphill, mechanistically complex and kinetically slow (high overpotentials) 

process, in which four electrons have to be removed from two water molecules and an O=O 

double bond has to be formed [3]. With the aim of improving the kinetics of this half reaction 

and inspired by Nature’s photosystem II -responsible of oxygen formation during 

photosynthesis-, chemists have been developing several photocatalytic systems during the past 

years [4,5]. Thus, several homogeneous and heterogeneous water oxidation catalysts (WOCs) 

have been tested in the presence of a photosensitizer (PS), a chromophore able to harvest 

photons and convert their energy into free electrons [6]. However, the catalytic performance of 

these systems is often limited by the insufficient rate of electron transfer from the WOC to the 

PS and the undesired back-electron transfer phenomena between the PS and the WOC [6,7]. 

Within this context, covalently bound molecular PS-WOC dyad systems have proven to be 

more efficient in photocatalytic WO since the rate of electron transfer from the WOC to the 

PS is significantly faster [8,9]. Thus, molecular PS-WOC dyad systems based on 2nd and 3rd row 

transition elements [9,10,11] and abundant 1st row elements [12,13] have been successfully 

employed in photocatalytic WO.  

Transition from homogeneous to colloidal/heterogeneous species recurrently takes place 

during WO catalysis [14,15,16], particularly when 1st row transition-metals and/or easily 

oxidizable ligands are employed [17]. Despite the high activity often shown by these in-situ 

formed species, their size, composition and reactivity are poorly controlled. Therefore, the ex-

situ synthesis of metal nanoparticle (NP) catalysts with well-controlled size and surface 
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properties might allow a better tuning of their catalytic performance. In this sense, the 

photocatalytic performance in WO of colloidal dye (PS)-decorated IrOx suspensions has been 

reported by Mallouk and co-workers [7,8,18]. In these hybrid dyads, the PS serves both as NP 

stabilizer and light-harvester, thus helping to overcome the thermodynamically unfavorable 

barrier associated with water oxidation. However, to our knowledge no examples of WOC are 

known so far in which the PS is covalently bound to abundant 1st row transition metal oxide 

NPs, which would reduce the global cost of the water splitting process.  

Recent literature data thus underline the interest of a rational design of hybrid PS-NP 

catalysts for the WO reaction. Within this context, the organometallic approach, which is 

recognized to be highly efficient to prepare NPs with high control over the size, composition 

and surface properties [19], may offer new opportunities towards the synthesis of hybrid PS-

NP materials with a covalent bonding between the PS and the NP surface. By this way, one can 

expect to have at disposal well-controlled hybrid catalytic materials in order to study the 

influence of the direct link between the PS and the NP surface on their reactivity, being able 

to adjust the dyads to reach better catalytic performances. With this idea in mind, we decided 

to investigate the grafting of polypyridyl-RuII complexes acting as PSs at the surface of Co3O4 

NPs prepared by organometallic chemistry as a route to obtain advanced WO photocatalysts. 

Therefore, herein we here report the synthesis and full characterization of novel hybrid PS-NP 

materials formed by covalently attaching light-harvesting [Ru(bpy)3]2+ derived-complexes to 

preformed abundant first row cobalt oxide NPs (Co3O4 NPs), and their use as catalysts in the 

photoinduced oxidation of water in comparison with colloidal mixtures of non-bonded PS and 

Co3O4 NPs, and Co3O4 NPs alone. Finally, flash photolysis/transient absorbance methods have 

been used to analyze the electronic coupling between the different components of the 

photocatalytic mixtures. 
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3.3 Experimental Section  

3.3.1 General 
 

All operations concerning the synthesis and preparation of samples for characterization 

of Co nanoparticles were carried out using standard Schlenck tube, Fisher-Porter glassware and 

vacuum line techniques or in a glove-box (Braun) under argon atmosphere. Reagents and 

solvents were degassed before use according to a freeze-pump-thaw process. The 

(cyclooctadienyl)(1,5-cyclooctadiene)cobalt(I), [Co(η3-C8H13)(η4-C8H12)], complex was purchased 

from Nanomeps-Toulouse. 1-Heptanol, sodium persulfate, sodium hydroxide, sodium 

hexafluorosilicate, and sodium bicarbonate were acquired from Sigma-Aldrich. Dihydrogen and 

argon were purchased from Alphagaz. 1-Heptanol was dried over activated molecular sieves (4 

Å) prior to use and other reagents were employed as received unless otherwise specified. 

Solvents (THF, pentane, dichloromethane, diethyl ether) were purified before use by filtration 

on adequate alumina columns in a purification apparatus (MBraun) and handled under argon 

atmosphere.  

3.3.2 Characterization techniques 
 

Transmission electron microscopy observations at low (TEM) and high resolution (HREM) were 

performed at the “Centre de Microcaractérisation Raymond Castaing” in Toulouse (UMS-CNRS 

3623) and at the “Servei de Microscòpia” of the UAB. TEM grids were prepared by drop-casting 

of the crude colloidal solution in 1-heptanol for the cobalt material or a dispersion in 1-heptanol 

for the cobalt oxide material onto a holey carbon-coated copper grid, and under argon 

atmosphere in a glove-box for Co samples. Pumping with a Gatan turbo pumping station model 

655 was carried out before analysis. TEM analyses were performed on JEOL JEM 1011 or JEM-

2011 electron microscopes operating at 100 kV with point resolution of 4.5 Å. HREM 

observations were carried out with a JEOL JEM 2100 F electron microscope working at 200 

kV with a point resolution of 2.5 Å and equipped with X-ray analysis PGT (light elements 

detection, resolution 135 eV). Cs-corrected STEM HAADF EDX observations were performed 

using a JEOL JEM-ARM200F Cold FEG instrument equipped with a EDS/EELS detector with 
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a resolution point <1.9 Å. Statistical size distributions were built via manual analysis of enlarged 

micrographs by measuring ca. 200 non-touching nanoparticles. The analyses were done by 

assuming that the nanoparticles are spherical. Nanoparticle sizes are quoted as the mean 

diameter ± the standard deviation. FFT analysis was carried out using Digital micrograph 

software. 

Wide-angle X-ray scattering (WAXS) measurements were performed at CEMES-CNRS in 

Toulouse. Samples were measured in 1.0 mm diameter Lindemann glass capillaries. The samples 

were irradiated with graphite monochromatized molybdenum Kα (0.071069 nm) radiation and 

the X-ray scattering intensity measurements were performed using a dedicated two-axis 

diffractometer. Radial distribution functions (RDF) were obtained after Fourier transformation 

of the corrected and reduced data. 

Infrared (IR) spectra were recorded inside the glove-box with a Bruker Alpha FT-IR 

spectrometer in the range 4000–600 cm-1 in attenuated total reflectance (ATR) mode. IR spectra 

of Co3O4 NPs were also recorded in the range 4000–400 cm-1 on a thermonicolet IR200 

spectrometer in transmission mode with samples prepared as KBr pellets. 

ICP-OES measurements were performed on an Optima 4300DV Perkin-Elmer system. Samples 

were prepared by taking 5 mg of the NP powders and digesting them with aqua regia under 

microwave conditions followed by a dilution of the mixture with HCl 1% (v/v). 

X-ray photoelectron spectroscopy (XPS) studies were performed at the Catalan Institute of 

Nanoscience and Nanotechnology (ICN2) on a SPECS EA10P hemispherical analyzer using a 

non-monochromated X-ray source (Al Kα line of 1486.6 eV and 300 W) placed perpendicularly 

to the analyzer axis and calibrated using the 1s line of C. The measurements were made in 

ultra-high vacuum at residual pressure around 10−8  Pa. 

Steady-state luminescence and lifetime measurements 

Fluorescence quantum yield studies of degassed solutions were performed using a 

Fluorolog-3 (Jobin Yvon) spectrofluorometer with iHR-320 and photomultipliers from 

Hamamatsu Photonics: R2658 (range 185 – 1100 nm) with reference [Ru(bpy)3]2+ in water (Φs 

= 0.028). The excitation wavelength was chosen to correspond to the maximum of the molecule 

absorption band (450 nm). The correction of the emission spectrum was performed with respect 
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to the spectral sensitivity of detector and excitation source stabilities. Quantum yields of 

molecular systems (for optical diluted solutions) were determined versus the standard 

[Ru(bpy)3]2+ in Milli-Q water of known quantum yield according to eq (1) 

Φ" = Φ$ · &
'(

')
* · &

+(

+)
* · &

,(

,)
*
-

 (1) 

where I is the integrated emission intensity of the standard (S) and sample (x) solutions; FS and 

FX are the fraction of light absorbed by the respective solutions; Φs is the quantum yield of the 

standard and ηS and ηx denote the refractive index of the respective media. All solutions were 

thoroughly purged by saturating them with ultra pure argon gas. 

Electrochemical characterization and electrocatalytic water oxidation experiments 

Electrochemical characterization of the nanomaterials was performed at pH 14 on an IJ-

Cambria HI-660 potentiostat using a three-electrode cell. Typical cyclic voltammetry (CV) 

experiments were carried out at a scan rate of 1 mV/s or 100 mV/s. For the stability tests, a 

fluorine tin oxide (FTO) electrode (1 cm2 area) supporting the Co3O4 NPs was used as the 

working electrode, a platinum mesh as the auxiliary electrode and a saturated Hg/HgSO4 (sat. 

K2SO4) calomel electrode as the reference electrode. For the benchmarking experiments with 

Co3O4 NPs, electrochemical experiments were performed on a Biologic SP-150 potentiostat 

using the EC Lab software for data handling. The potentiostat was equipped with a R11V016 

Radiometer CTV101 speed control unit fixed at 3000 rpm. For all other experiments, a glassy 

carbon rotatory disk electrode (RDE, 0.07 cm2 area) supporting the Co3O4 NPs was used as the 

working electrode, a platinum mesh as the auxiliary electrode and an Ag/AgCl electrode as the 

reference electrode. The RDE was polished with 0.05 µm alumina paste, and washed with 

distilled water and acetone before each measurement. Bulk electrolysis experiments were 

performed on a IJ-Cambria HI-660 potentiostat connected to an external high current booster 

(5 A) using a FTO/Co3O4 NPs-PMMA (PMMA = poly(methylmethacrylate)) as the working 

electrode, a platinum wire as the counter electrode and Ag/AgCl (3.5 M KCl) as the reference 

electrode in a homemade two chambers electrochemical reactor separated by a Vycor frit. 

Additional inlets were closed by Subaseal® septa to ensure a hermetic sealing. Oxygen evolution 

was analyzed with a gas-phase Clark-type oxygen electrode (Unisense Ox-N needle microsensor). 
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The electrode was calibrated using argon saturated and air saturated water before each 

experiment. The overpotential η was calculated by the equation η = Vapplied − EpH − iR, where 

Vapplied is the applied potential vs. NHE (Vapplied = Eapplied + 0.245), EpH = 1.23 - 0.059 pH vs. 

NHE, i is the stable current under the corresponding potential and R is the solution resistance 

measured by the iR compensation function. In bulk electrolysis experiments, the theoretical 

yield of oxygen produced was calculated by assuming that all charges were used for the 4e− 

oxidation of water following the Faraday law n = Q / 4F, where n is the number of moles of 

oxygen, Q is the total charge deduced from the bulk electrolysis, and F is the Faraday constant. 

 

Photoinduced water oxidation studies 

 

The photoinduced water oxidation experiments were performed in a specific dark 

thermostated chamber (Hansatech Instruments) with an integrated Clark-type electrode that 

measured the produced oxygen in the liquid phase, with no headspace left. In a typical 

experiment, the chosen amount of photosensitizer (PS0, PS1 or PS2, see Figure S1 in the 

Supplementary Material) in the optimized conditions for PS1 (1.54·10-3 mmol; 6.0 eq with 

respect to moles of Co3O4(heptanol)2.8 units), a high molar excess of Na2S2O8 (10.71 mg, 0.045 

mmol, 175 eq) and the Co3O4 NPs (0.15 mg, 2.56·10-4 mmol of Co3O4(heptanol)2.8 units, 1 eq) 

were introduced into the dark chamber thermostated at 25.0 ºC followed by 1.5 mL of Na2SiF6 

– NaHCO3 (0.02 – 0.04 mol·L-1, pH=5.6) buffer solution (1.5 mL total volume). In non-optimized 

conditions but for comparison purposes, similar PS:Co3O4 NP ratios than those of the respective 

PS1-Co3O4 and PS2-Co3O4 hybrid systems (0.09:1.0 and 0.15:1.0, respectively, see 

Supplementary Material) were also assayed. Thus, PS1 (1.84·10-4 mmol, 0.13 eq) or PS2 (1.58·10-

4 mmol, 0.11 eq), a high molar excess of Na2S2O8 (28.8 mg, 0.121 mmol, 82 eq) and the Co3O4 

NPs (0.83 mg, 1.45·10-3 mmol of Co3O4(heptanol)2.8 units, 1 eq) were introduced into the dark 

chamber thermostated at 25.0 ºC followed by 1.5 mL of Na2SiF6-NaHCO3 (0.02 – 0.04 mol·L-1, 

pH=5.6) buffer solution (1.5 mL total volume). Finally, for the hybrid systems, PS1-Co3O4 (0.62 

mg, 1.5·10-3 mmol, 1 eq) and PS2-Co3O4 (0.82 mg, 1.6·10-3 mmol, 1 eq) and a high molar excess 

(72 eq) of Na2S2O8 (26.12 mg, 0.11 mmol, and 27.86 mg, 0.12 mmol, respectively) were added. 

For all experiments, the solution was stirred and degassed before closure of the chamber with 

a screw cap equipped with a septum. After calibration and baseline collection, the opening of 
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the windows of the chamber provoked the irradiation of the solution. The illumination was 

provided by a 150 W Xenon Arc Lamp (LS-150, ABET technology), equipped with a 400 nm 

cut-off filter and calibrated to 1 sun (100 mW cm-2, 1.37 mA) by using a calibrated silicon 

photodiode. Control experiments were carried out following the same protocol. 

3.3.3 Synthesis protocols 
 

Photosensitizers 

The photosensitizers used in this work (see Figure S1 in the Supplementary Material) 

were prepared according to literature data [20,21] and obtained with Cl- as counterion. 

 

Co nanoparticles 

[Co(η3-C8H13)(η4-C8H12)] (120 mg, 0.43 mmol) as cobalt source and anhydrous 1-

heptanol (20 mL) as both solvent and stabilizer were mixed into a Fisher-Porter reactor under 

an argon atmosphere inside a glove-box, leading to a brownish solution. Then, the Fisher-Porter 

reactor was pressurized with 3 bar of H2 and the reaction mixture was kept under vigorous 

stirring overnight, after which a dark colloidal dispersion was obtained. Excess H2 was eliminated 

under vacuum. A TEM grid was prepared under argon for TEM analysis of the crude colloidal 

solution. The application of a magnet on the reactor walls allowed to attract the Co NPs as a 

solid and then to isolate them from 1-heptanol, which was then removed via cannula. The Co 

NPs were then washed with degassed anhydrous pentane (4 x 20 mL) and dried under vacuum. 

ICP-OES (w/w%): Co (35.35%). Recovered: 46 mg.  

Co3O4 nanoparticles 

Co3O4 NPs were prepared by treatment of isolated Co NPs under ambient air at room 

temperature during 6 days. Recovered: 35 mg of a black powder. Estimated Co content: 31.33% 

(see experimental details in Supplementary Material). 
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PS-Co3O4 NP hybrids 

A solution of PS1 (11 mg, 0.014 mmol, 0.24 eq) or PS2 (13 mg, 0.014 mmol, 0.24 eq) in 

methanol (0.4 mL) was added to a colloidal dispersion of Co3O4 NPs (33 mg, 0.058 mmol) in 

1-heptanol (0.6 mL). The reaction mixture was kept under vigorous stirring for 4 days in the 

dark. Then, precipitation of the crude product was achieved by adding isopropanol (1.5 mL) 

and diethyl ether (10 mL) and centrifuging at 1000 rpm for 10 min. The obtained crude product 

and water (1 mL) were introduced in a cellulose membrane bag for dialysis against deionized 

water (2 L). Dialysis was pursued until the external dialysis solution remained colourless. Then, 

centrifugation allowed to recover a solid, which was washed 3 times with a mixture of 

diethylether/isopropanol (8:2) to remove water and 3 times again with diethylether before drying 

under vacuum. The Ru/Co ratio of the obtained PS-Co3O4 NPs hybrids was calculated from 

ICP-OES measurements. PS-Co3O4 NPs hybrids were stored in the dark. ICP-OES (w/w%): 

PS1-Co3O4, Ru (2.23%), Co (43.60%); PS2-Co3O4, Ru (3.12%), Co (35.22%). Recovered: 19 mg 

for PS1-Co3O4; 18 mg for PS2-Co3O4. 

3.3.4 Preparation of electrodes 
 

RDE/Co3O4 and GC/Co3O4 NPs: 15 µL of a dispersion of Co3O4 NPs (1 mg) in THF (250 µL) 

were deposited onto the 0.07 cm2 glassy carbon (GC) disk from the rotatory disk electrode 

(RDE) or onto a GC electrode and let dry under air. 

FTO/Co3O4 NPs-PMMA: A dispersion of Co3O4 NPs (2 mg) in 1-heptanol (500 µL) was 

prepared. Then, the NPs were deposited by spin-coating 15 µL of this dispersion onto an FTO 

electrode followed by evaporation of the solvent in a furnace at 100ºC for 10 min. After that, 

the FTO/Co3O4 NPs electrode was dipped into a 0.5% wt PMMA dichloromethane solution for 

a few seconds (<10 sec) and air-dried.  



Coordination of photosensitive Ru-polypyridylic complexes at the surface of Co3O4 nanoparticles: 
hybrid dyads for light-driven water oxidation 

 
 
 

 

 
 

107 

III 

3.4 Results and Discussion 

3.4.1 Synthesis and characterization of the nanomaterials 
 

Since the direct synthesis of ultrafine Co3O4 NPs is challenging [22], the strategy 

followed here to get the target PS-Co3O4 NPs hybrids is a three step process: 1) Co NPs with 

an average size of a few nanometers and narrow size distribution were synthesized; 2) these 

NPs were oxidized into the target Co3O4 nanomaterial while keeping their morphological 

features unchanged, and 3) RuII-polypyridyl complexes with pendant functions were grafted at 

the surface of the Co3O4 NPs. Literature survey points out that to reach Co NPs with an 

average size of a few nanometers, narrow size distribution and controlled surface chemistry, the 

reducing agent and metal precursor should be carefully chosen. One of the best precursors in 

this regard is the organometallic complex [Co(η3-C8H13)(η4-C8H12)], which upon hydrogenation 

releases only cobalt atoms and cyclooctane, a non-coordinating molecule [23]. This avoids any 

competition between the stabilizing agent introduced and reaction by-products observed in 

other cases. The NPs produced by this way display high reactivity towards air [24,25], even at 

low temperature, which is a prerequisite to keep the morphological parameters unchanged 

during the oxidation process and reach Co3O4 NPs of controlled average size and size 

distribution. In order to exclude the use of strongly coordinating stabilizers at the surface of 

the NPs and thus favor the grafting of the polypyridyl Ru complexes, Co NPs were prepared 

in 1-heptanol taking inspiration from a previous work on Ru NPs [26]. Briefly, the synthesis of 

Co NPs was performed by decomposition of the organometallic precursor [Co(η3-C8H13)(η4-

C8H12)] in a 1-heptanol solution under 3 bar of H2 and at room temperature in the absence of 

any other stabilizer. TEM analysis carried out from the so-obtained crude dark-brown colloidal 

solution revealed the formation of a monodisperse population of spherical NPs of mean size 3.0 

± 0.1 nm (Figure 1). These particles are well-dispersed on the TEM grid and display a narrow 

size distribution with a standard deviation below 5% of the mean size.  
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Figure 1. From left to right, synthesis and TEM images of Co, Co3O4 and PS-Co3O4 NPs (PS in the example shown 
is PS1). 

 

Recovery of the NPs from the 1-heptanol colloidal solution was performed by application 

of a magnet on the reactor walls (magnetic filtration). Then, successive washings with anhydrous 

pentane followed by drying of the obtained solid under vacuum afforded Co NPs under the 

form of a black fine powder for further characterization. A WAXS analysis of the sample 

confirmed the presence of Co NPs in the α (hcp) and ε (metastable cubic) crystalline structures 

as evidenced by the good match observed between experimental data and the combination of 

reference patterns (PDF 01-080-6668 and PDF 04-017-5578, respectively) (Figure 2) and with 

a coherence length of ca. 2.5 nm (Figure S2). The Co content in the sample determined by ICP-

OES (35.35%) suggests an empirical formula (1-heptanol)0.9Co1 (see Supporting Information). 

This points to more than one 1-heptanol molecule per surface Co atom, suggesting the formation 

of strongly interacting multilayers around the NPs. 

Complete conversion of the Co NPs previously described into Co3O4 NPs was achieved 

in soft reaction conditions by simple exposure of the particles in the solid state under ambient 

air for 6 days. The average size of the final NPs was estimated to 3.0 ± 0.2 nm from TEM 

images (Figure 1) recorded after redispersion of the powder in 1-heptanol. So the size of the 

initial Co NPs is kept after air treatment as the result of the mild reaction conditions applied 

for the transformation of cobalt into cobalt oxide. Importantly, the NPs are well dispersed on 

the TEM images, indicating the absence of extended aggregation during the oxidation process.  
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Oxidation of the Co NPs into Co3O4 could be attested by WAXS, XPS analyses and by IR 

spectroscopy.  

 

 
 

Figure 2. WAXS analysis of Co NPs (top) and Co3O4 NPs (bottom) in comparison with Co α / Co ε and Co3O4 
phase diagrams for Co NPs and Co3O4 NPs, respectively. 
 

 

WAXS measurements evidenced the presence of nanoparticles displaying a coherence 

length of ca. 3.0 nm (Figure S2) and a crystalline structure corresponding to the Co3O4 phase 

as shown by the good match observed between experimental data and the reference pattern 

(PDF 04-005-4386) (Figure 2). The perfect agreement between the coherence length and the 

mean size determined by TEM points towards well crystallized nanoparticles. In XPS (Figure 

3), the Co3O4 NPs show two main peaks at ca. 780.0 and 795.5 eV, corresponding to the Co 

2p3/2 and Co 2p1/2 components, respectively, accompanied by two broad satellite peaks with 
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very low intensity at higher energies (ca. 788 and 805 eV). According to the literature data, the 

presence of satellite peaks are an indication of the presence of unpaired electrons in the sample, 

i.e., the presence of CoII (d7) atoms [27], while both the positions and the intensities of all 4 

types of bands observed in the XPS spectrum clearly match the data already reported for the 

mixed CoII-CoIII oxide Co3O4 [27,28]. IR spectroscopy revealed the presence of typical Co-O 

stretching bands centered at 666 and 575 cm-1 [29] within the Co3O4 structure (green line, 

Figure 4) confirming the crystallinity and structure of the nanomaterial. Ill-defined absorptions 

in the 1600-1400 cm-1 region could correspond to adsorbed water and carbonate molecules. All 

together these results show the transformation of pre-formed Co NPs into crystalline Co3O4 

NPs while keeping the initial particle size thanks to the use of soft reaction conditions.  

 

 

 

Figure 3. Co 2p XPS spectrum of Co3O4 NPs obtained after 6 days of exposure to air. 
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Figure 4. Overlay of ATR-IR spectra of Co3O4 NPs (red), free PS1 (black) and PS1-Co3O4 NPs hybrid material 
(blue) and of IR spectrum of a KBr pellet of Co3O4 NPs (green). The transmittance of each sample has been shifted 
along the y-axis for comparison purposes. The positions of the bands described along the text have been added as 
dotted lines. 

 

The next step was the building of the hybrid nanomaterials (PS-Co3O4 NPs) by grafting 

polypyridylic-based RuII complexes at the surface of the Co3O4 NPs. For this purpose RuII 

complexes displaying phosphonic acid pending groups (PS1 with two and PS2 with four) as 

well as a RuII trisbipyridine complex ([Ru(bpy)3]2+) without anchoring groups as a reference 

(PS0) were prepared following literature data [20,21] (Figure S1) for their use as PS. 

The phosphonic acid anchoring group is well known to efficiently interact with metal 

oxide surfaces [30]. The PS grafting was performed by mixing a 1-heptanol colloidal dispersion 

of Co3O4 NPs with a methanol solution of the chosen complex ([RuII complex]/[Co3O4 

NPs]=0.1) and leaving the obtained reaction mixture under vigorous stirring in the dark for 4 

days. The nanohybrid materials were recovered by centrifugation and further purified from 

unreacted Ru complexes by dialysis against deionized water. This procedure was applied for 

PS1 and PS2 complexes giving rise to the PS1-Co3O4 and PS2-Co3O4 hybrids, which could be 

recovered as black powders after evaporation of water under vacuum. From ICP-OES analysis, 

it can be inferred that these nanomaterials show (1-heptanol)0.80(PS1)0.09-Co3O4 and (1-
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heptanol)0.97(PS2)0.15-Co3O4 empirical formulas, which corresponds to the incorporation of 

around 19 PS1 and 32 PS2 complexes per Co3O4 NP (see Supplementary Material for further 

details). The attachment of PS1 and PS2 complexes at the surface of the Co3O4 NPs was attested 

by ATR-IR spectroscopy (Figures 4 and S5, respectively).  

As it can be seen on Figure 4 (black spectrum) the PS1 complex shows two absorption 

bands at 1149 and 928 cm-1 corresponding to the free P=O and P-OH units, respectively [31,32]. 

The PS1-Co3O4 hybrid nanomaterial (blue spectrum) shows bands in the 1465-1394 cm-1 region, 

indicative of the presence of the bipyridine backbone of the PS. No free P=O nor P-OH bands 

are visible, but there is a band at 1061 cm-1 that can be attributed to -P(O-Co)3 units [32] (by 

comparison with the 1016 cm-1 value found for -P(O-Zn)3), thus supporting the grafting of PS1 

to the surface of Co3O4 NPs by a tridentate binding and the use of all possible anchoring points. 

Additionally, neither CH3 nor CH2 stretching bands are clearly observed at ca. 2900 cm-1, 

indicating that a partial replacement of the 1-heptanol molecules by the PS1 molecules at the 

NP surface may have taken place and/or that part of the 1-heptanol initially present could have 

been released from the NPs surface during dialysis. Therefore, we cannot exclude the possible 

presence of residual 1-heptanol molecules on the surface of the hybrid NPs. TEM analysis from 

the aqueous colloidal dispersion of the hybrid material revealed the presence of nano-objects 

with homogeneous shape (spherical) that display a mean size of 3.1 ± 0.3 nm (Figure 1). The 

results show that the initial size and morphology of the Co3O4 NPs are maintained after 

anchoring the PS1 at their surface. Also, WAXS investigation of their structure indicated a 

preserved Co3O4 structure with an estimated coherence length of ca. 3.0 nm. The presence of 

Ru was evidenced through STEM-EDX analysis only in the vicinity of the NPs, indicating a 

successful purification process (Figure S4). The PS2-Co3O4 NP hybrid material was 

characterized accordingly, with very similar results to the PS1-Co3O4 hybrid material (Figures 

S5, S6 and S7). Based on ICP-OES analysis, incorporation of 19 PS1 and 32 PS2 complexes per 

Co3O4 NP is estimated (see Supplementary Material for further detail). The higher grafting 

density obtained in the case of the PS2-Co3O4 hybrid could be related to the statistically more 

favored interaction between the surface and the chelating biphosphonate bipyridine ligands.  

To sum-up this first part, easily obtained Co NPs could be transformed into Co3O4 NPs 

in mild reaction conditions while preserving their morphology. These results highlight: 1) the 

efficiency of our synthetic approach where 1-heptanol acts both as solvent and stabilizer for 
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the preparation of small and well-controlled in size Co NPs; 2) the possibility to access to small 

Co3O4 NPs easily by a soft oxidative treatment with a preserved morphology, and 3) the 

possibility to graft polypyridylic-based RuII complexes at the Co3O4 NPs surface despite the 

coverage of the surface by 1-heptanol molecules to get hybrid nanostructured materials with 

multiple functionalities, namely PS and catalyst. The catalytic properties of the obtained Co3O4 

NPs and hybrid PS-Co3O4 NPs materials are described hereafter. 

3.4.2 Electrocatalytic behavior in water oxidation catalysis 
 

The electrocatalytic performance of the prepared ultrafine Co3O4 NPs were studied in 1 

M NaOH solution after their deposition onto a glassy carbon rotating disk electrode (GC-RDE). 

The electrode was prepared by depositing three drops of 5 µL from a THF dispersion (1 mg of 

Co3O4 NPs in 250 µL of THF) of the NPs onto the glassy carbon disk of the RDE (See 

Supplementary Material for further details). Figure 5a shows the rotating disk voltammetry 

(RDV) of the as-deposited Co3O4 NPs where a steep increase in intensity above 0.7 V vs. NHE 

is visible. This increase in intensity is attributed to the oxidation of water into molecular oxygen 

[33,34,35], which in our case happens at an onset overpotential (h) of ca. 0.29 V. 

 

Figure 5. Representative RDV for the deposited Co3O4 NPs onto a GC-RDE electrode at 0.01 V/s scan rate and 
1600 rpm in O2-saturated 1 M NaOH (a) and Tafel plot derived from the voltammogram (b). The results of 30 s 
chronopotentiometric steps (open green squares) and chronoamperometric steps (open blue triangles) (Fig. S8) are 
also shown for comparison in (a). The close overlay of both data sets with the RDV measurement suggests good 
approximation of steady-state conditions [36,37].  
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The electrocatalytic performance of our Co3O4 NPs deposited onto GC-RDE was further 

compared with other electrocatalysts following the benchmarking methodology reported by 

Jaramillo et al. [33,34,35]. Thus, the electrochemically active surface area (ECSA) of the Co3O4 

modified GC-RDE was estimated to be 0.175 cm2 from the electrochemical double-layer 

capacitance (Cdl) by measuring the non-Faradaic capacitive current associated with double-layer 

charging from the scan-rate dependence of CVs [38,39] over a 0.145-0.245 V vs. NHE potential 

range (Fig. S10). The roughness factor (RF) was calculated by dividing the estimated ECSA by 

the geometric area of the electrode, and these factors as well as those corresponding to the 

electrocatalytic activity of our nanocatalyst are compared with those of the state-of-the-art 

Co3O4 NPs in the same electrolyte in Table 1. However, it is important to note that the ECSA 

serves only as an approximate guide for the determination of the RF, since the accuracy of the 

data lies normally within an order of magnitude [34]. Therefore, comparison with literature data 

can only be analyzed in terms of general tendencies. As depicted in Table 1, the Co3O4 modified 

GC-RDE catalyst reported herein (entry 1) shows an onset overpotential (ηonset) of ca. 0.29 V 

vs. NHE, which lies close to the reported values for Co3O4 NPs in graphene [40,41] (entries 3 

and 6) and SWCNTs [42] (entry 7). To achieve a current density of 10 mA·cm-2, approximately 

the current density expected for a 10% efficient solar-to-fuel conversion device [34,43,44,45], a 

η10mA/cm
2 of 0.486 V is required (entry 1, this work). This value is close to the η10mA/cm2 reported 

for Co3O4 NPs of similar RF by Jaramillo et al. [35] (entry 4) but higher than the η10mA/cm2 

values published for catalytic systems with nearly two orders of magnitude higher RF [46,47] 

(entries 2 and 5). Even so, it falls within the reported area of interest for catalyst benchmarking 

[33,34,35]. Most interestingly, when the current at an η of 0.35 V (jg) is normalized by the 

ECSA [48,49], a normalized current density (js) of 1.04 mA cm-2 is obtained. This value is 

significantly higher than that reported by Jaramillo et al. for their Co3O4-based nanocatalyst of 

similar RF and η10mA/cm
2 (entry 4) and also for all other nanostructured metal oxide 

electrocatalysts deposited onto GC-RDE [35]. Thus, the Co3O4 modified GC-RDE nanocatalyst 

reported herein is very active at low η (0.35 V). However, at a higher η (0.5 V), it shows the 

same current density than the analogous system reported by Jaramillo et al. [35] (entry 4). This 

is due to the higher slope of the Tafel plot above η = 0.35 V (approx. 100 mV·dec-1, Figure 5b) 

compared to the analogous system described by Jaramillo (approx. 60 mV·dec-1). 
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Table 1. Benchmarking parameters vs. NHE for Co3O4 NPs in 1 M NaOH using a GC-RDEa and comparison with 
state-of-the-art data also reported at pH 14. bDeposited on Ni foam. cIn graphene nanocomposite. dDeposited onto 
GC-RDE. eIn N-doped graphene nanocomposite. fIn N-doped graphene deposited onto Ni foam. gIn SWCNTs. 
gdeposited onto an FTO electrode.  
 
Entry Catalyst ECSA/

cm2 
RF ηonset/V η10mA/cm

2
,  

t =0/V 

η10mA/cm
2

, 

t=1h/V 
jg,η=0.35 V 

/mA·cm-2 
js,η=0.35 V 

/mA·cm-2 
e 
(%) 

Ref. 

1 3.5 nm Co3O4 NPsa 0.175 2.5 0.29 0.486g 0.480g 2.6 1.04  95g this 
work 

2 10 nm Co3O4 NPsb  429 429 --- 0.290 --- ca. 25  ca. 0.06 95 46 
3 ca. 10 nm Co3O4 NPsc --- --- 0.24 0.313 0.313 ca. 30 --- --- 40 
4 ca. 70 nm Co3O4 NPsd 1.52 7.8 --- 0.50 0.51 0.06 0.039 --- 35 
5 50 nm Co3O4 nanocubese 6.44 91.2 --- 0.28 --- ca. 70 ca. 0.77  --- 47 
6 4-8 nm Co3O4 NPsf --- --- ca. 0.27 0.31 --- ca. 35 --- --- 41 
7 6 nm Co3O4 NPsg --- --- ca. 0.28 0.593 --- ca. 1.8 --- --- 42 

 

 

Both stability and Faradaic efficiency (e) are key parameters for a catalyst to be suitable 

for practical applications in WO catalysis. To analyze them, an FTO electrode was loaded with 

15 µL of a dispersion of our Co3O4 NPs (2 mg in 500 µL of 1-heptanol) by spin-coating, and 

afterwards a poly(methyl methacrylate) (PMMA) layer was added as “gluing” material [50]. The 

generated FTO/Co3O4NPs-PMMA electrode showed onset h of ca. 0.29 V (see Figure S11b), 

identical to that of the Co3O4 NPs on GC-RDE (see Table 1), highlighting the negligible effect 

of the support used. The FTO/Co3O4NPs-PMMA electrode was then hold at a constant current 

density of 10 mA·cm-2 in a current-controlled experiment for 1h in 1M NaOH. As shown in 

Figure S11a, the system showed a stable operating η10mA/cm
2, changing negligibly from h10mA/cm

2, 

t=0 h = 0.486 V to h10mA/cm
2, t=1 h = 0.480 V during 1 h (entry 1, Table 1). Comparison of the CV 

polarization curves measured before and after this current-controlled experiment shows a slight 

increase in the observed current density after catalytic turnover (Figure S11b). This global 

increase in current density is indicative of a certain activation of the Co ions in Co3O4 NPs 

such as an increase in the Co+3/+4/Co+2 population ratio, as suggested by Frei and co-workers 

[51], and/or an elimination of 1-heptanol molecules present at the surface of the NPs increasing 

the number of exposed active sites. XPS analysis of the resulting electrode after electrolysis 

shows that the composition of the NPs remains intact as Co3O4 (Figure S12), thus pointing to 

the removal of 1-heptanol molecules form the surface of the NPs under catalytic conditions as 

the origin of the observed activation process. Furthermore, the activation of the NPs does not 
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affect significantly the Tafel slopes (Figure S11c), which are very similar before and after 

catalytic turnover. In addition, a Faradaic efficiency of 95% was determined by quantifying the 

amount of O2 generated during a bulk electrolysis (0.886 V vs. NHE corresponding to an initial 

current density of 10 mA·cm-2) using an O2-probe and dividing the total amount of produced 

O2 by the theoretical O2 amount calculated from the total charge that has passed through the 

system (Figure S9), thus confirming the production of O2 as the only reaction taking place.  

3.4.3 Photochemical water oxidation catalysis 
 

The efficiency of the Co3O4 NPs as a photocatalyst for WO was first evaluated in 

Na2SiF6-NaHCO3 (0.02-0.04 M, pH 5.60) in the presence of PS0, PS1 or PS2 as photosensitizer 

(Figure S1), using sodium peroxodisulfate as the sacrificial electron-acceptor (SEA) and gas 

phase Hansatech-type microsensors for measuring the evolved oxygen (Figures S13-15). The 

set of reactions involved in this photocatalytic process is depicted in Scheme S1. It is 

noteworthy that the semi-conducting Co3O4 NPs alone do not behave as photocatalysts for this 

reaction. The photoactive species responsible for the activation of the Co3O4 NPs in WO is 

PS(x+1)+, which is generated after a three-step process as follows: 

PSx+ + hν ® PSx+,*     (2) 

PSx+,* + S2O8
2- ® PS(x+1)+ + SO4

2- + SO4
-.  (3) 

PSx+ + SO4
-. ® PS(x+1)+ + SO4

2-   (4) 

The influence of PS concentration on the turnover number (TON) has been studied with PS1 

in order to determine the best [PS]/[Co3O4(heptanol)2.8 units] ratio to be used (Figure S16). 

The curve (TON vs. PS1 equiv) obtained reaches a plateau at ca. 6.0 equiv of PS. Consequently, 

a PS: Co3O4(heptanol)2.8 units ratio of 6.0:1.0 was then chosen for the following photochemical 

WO studies. As it can be seen in Table 2 (entries 1-3), all the tested PS (Figure S1) could 

oxidize the Co3O4 NPs. These results are consistent with the electrochemical analysis of the 

Co3O4 NPs shown above, since their onset potential under these conditions at pH 5.6 (ca. 1.1 

V vs. NHE, Fig. S3) is lower than that of the RuIII/RuII redox couple for all PS tested (1.2-1.3 

V vs. NHE, Fig. S17). TON and TOF (turnover frequency, min-1) values were determined from 

the estimated total number of NPs and of PS molecules present on each sample (see 

Supplementary Material for detailed calculations). Thus, the TON per NP obtained for the 
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catalytic mixtures made of Co3O4 NPs plus PS0, PS1 or PS2 are all similar and within the range 

453-604 (entries 1, 2, 3 in Table 2). Concerning the TOF per NP, it is reduced to approximately 

its half when doubling the number of phosphonate groups present (67.9 vs. 36.2 min-1 for PS1 

and PS2, respectively; entry 2 vs. entry 3). The TOF per PS is also reduced in a similar amount 

(0.053 vs. 0.028 min-1 for PS1 and PS2, respectively). One potential reason for the reduced TOF 

values for the PS2 case could be that the presence of 4 phosphonate binding groups could allow 

the simultaneous binding of a single PS2 unit onto two Co3O4 NPs, thus favoring their 

aggregation, in contrast to the PS1 system. This hypothesis is confirmed when comparing the 

TEM images of the as-synthesized hybrid PS1-Co3O4 and PS2-Co3O4 systems (Figure 1 and 

Figure S6, respectively), where higher aggregation and lower dispersion of the NPs is obtained 

for PS2-Co3O4. At this point, it is also worth mentioning that the limiting factors that may stop 

the O2 evolution in such photocatalytic systems are usually the degradation of the PS (Scheme 

S2) and the pH decrease due to the release of protons during the reaction [52,53,54]. However, 

it is interesting to note that O2 evolution was not resumed under our conditions after the 

addition of an extra aliquot of PS; thus, some kind of inhibition of the whole photocatalytic 

system and not only PS degradation takes place. This inhibition could be caused by the 

progressive increase in the ionic strength of the medium (sulfate ions are produced during 

catalysis), as this can negatively affect the performance of the NPs due to a reduction of the 

quenching efficiency of the photoexcited PS (PSx+,*) by peroxodisulfate (eq. 3) [55]. In addition, 

another phenomenon that typically explains the reduced performance of nanocatalysts with 

time in the presence of the NaSiF6-NaHCO3 buffer is the hydrolysis of the buffer to generate 

SiO2 particles, which can provoke the adsorption of the cationic PS molecules onto their surface, 

thus competing with the catalytic NPs and reducing the global catalytic performance. [18] This 

last hypothesis has been confirmed by HREM and STEM analyses of the recovered nanocatalyst 

after photocatalytic turnover in the presence of PS1, in which Co3O4 NP aggregates of ca. 50 

nm attached to a higher Si-containing aggregate are observed (Figure S18).  



CHAPTER III 
 

 
 

 118 

 
Figure 6. Hansatech-detected photocatalytic oxygen production by different Co3O4-PS systems. Green line: Co3O4 
NPs (9.66·10-4 M) in the presence of PS1 (1.23·10-4 M) and Na2S2O8 (7.85·10-2 M). Khaki line: Co3O4 NPs (9.95·10-

4 M) in the presence of PS2 (1.05·10-4 M) and Na2S2O8 (8.08·10-2 M). Blue line: PS1-Co3O4 NPs (1.02·10-3 M) in 
the presence of Na2S2O8 (7.32·10-2 M). Purple line: PS2-Co3O4 NPs (1.09·10-3 M) in the presence of Na2S2O8 
(7.87·10-2 M). All measurements were performed in Na2SiF6-NaHCO3 (0.02-0.04 M, pH 5.60) buffer solution. 
Irradiation provided by a Xe lamp equipped with a 400 nm cut-off filter and calibrated to 1 sun (100 mW cm-2). 
T = 25°C. Note that for experiments in which few oxygen is evolved, we observe a decrease of the signal inside 
the chamber when exposed to light due to the reaction of the singlet state of PS with the residual oxygen traces 
[56]. 
 

Concerning the PS1-Co3O4 and PS2-Co3O4 hybrid materials, the number of PS per 

Co3O4 NP unit were estimated to be 0.09 and 0.15, respectively (see Supplementary Material). 

Thus, in order to compare the photocatalytic performance of these hybrid dyads with that of 

the corresponding unbound systems, similar PS/Co3O4 ratios were applied under catalytic 

conditions for the two control experiments (Figure 6). As shown in Table 2, the oxygen evolved 

by both unbound systems is almost negligible (entries 4 and 5 and Fig. 6). This can be attributed 

to the kinetic prevalence of the deactivation processes described above (PS degradation, NP 

aggregation) competing with oxygen evolution when very low concentrations of unbound PS 

are used. Conversely, the same PS/Co3O4 ratio is fairly more active when bound PS-Co3O4 

hybrid systems are employed (entries 6 and 7). Comparison of entries 6 and 7 in Table 2 shows 

the rather superior activity of PS2-Co3O4 (TON and TOF per NP of 82 and 2.05 min-1, 

respectively) versus PS1-Co3O4 (TON and TOF per NP of 5.4 and 0.90 min-1, respectively). 

Thus, the superior PS surface functionalization in PS2-Co3O4 (32 PS molecules per NP vs. the 
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19 molecules present in PS1-Co3O4) enhances the kinetics of oxygen evolution and better 

stabilizes the catalytic system, increasing its durability under photocatalytic conditions (purple 

line, Figure 6). When the kinetics of oxygen evolution is normalized by the PS concentration, 

TOF values of both hybrid systems get closer (rightmost column in Table 2, entries 6 and 7), 

thus confirming the relationship between the rate of photocatalytic turnover and the degree of 

functionalization of the NPs surface. In terms of stability, the weakness of P-O-M bonds has 

been extensively identified as a main deactivation pathway of grafted molecular complexes and 

dye-sensitized systems when employed as catalysts for the oxidation of water [31,32,57]. Thus, 

the superior number of anchoring groups present in PS2 (4 phosphonate groups vs. the 2 

present in PS1) can also contribute to the superior longevity of the PS2-Co3O4 hybrid system.  

Table 2. TON and TOF (min-1) per NP and per PS obtained as a function of PS nature in photochemical WO 
measurements with single Co3O4 NPs and hybrid PS-Co3O4 NPs at pH 5.6.  
 

Entry System PS:Co3O4 
ratio 

TON 
(O2/NP)   

TOF 
min-1 
(O2/NP) 

TON 
(O2/PS)   

TOF 
min-1 
(O2/PS) 

1 Co3O4 + PS0 6.0:1.0 453 49.4 0.35 0.038 
2 Co3O4 + PS1 6.0:1.0 566 67.9 0.44 0.053 
3 Co3O4 + PS2 6.0:1.0 604 36.2 0.47 0.028 
4 Co3O4 + PS1 0.09:1.0 < 1    - < 1    - 
5 Co3O4 + PS2 0.15:1.0 < 1    - < 1    - 
6 PS1-Co3O4  0.09:1.0 5.4 0.90 0.28 0.046 
7 PS2-Co3O4  0.15:1.0 82.0 2.05 2.53  0.063 

 
 
 
 
 
 

To further study the fate of our hybrid dyad nanocatalysts under photocatalytic WO 

conditions, the crude of reaction after a 1h photocatalytic test with PS1-Co3O4 was dialyzed 

against 2 L of deionized water for 4 days followed by centrifugation and air-drying. Some partial 

aggregation was observed by TEM analysis, although less intense than for the non-anchored 

system (Figure S19), thus confirming the above proposed protective role of the attached PS1 

molecules against aggregation. On the other hand, IR spectroscopy showed the loss of PS1 

(Figure S20), since the intensity of the bpy bands at 1400-1500 cm-1 and the -P(O-Co)3 bands 

at ca. 1060 cm-1 decreases after photocatalysis. Also, ICP-OES analyses evidence the decrease 
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in the [Ru]/[Co] ratio from 0.03 to 0.003 after catalysis. This loss in PS can be not only due to 

its decomposition, which is kinetically competitive with the oxidation of water [54], but also to 

its decoordination from the surface of the Co3O4 NPs, as commonly observed in related systems 

[31,32,57].  

In summary, the results shown in this section highlight the benefits of the dyad approach 

where the direct connection between the Co3O4 nanocatalyst and the PS facilitates electron-

transfer and stabilizes the system against aggregation under turnover conditions due to the 

protective effect of the PS layer at the surface of the Co3O4 NPs. However, the data shown 

also emphasize the relative instability of the –P(O-Co)3 bonds under turnover conditions and 

the need of further research for developing more stable systems with higher durability.   
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3.4.4 Photophysical studies 
 

In a prototypical dye-sensitized photoelectrochemical cell (DSPEC) system for water 

oxidation, the desired forward reactions (depicted by green arrows in Scheme 5) are the 

photoexcitation of the photosensitizers (reaction 1), its oxidative quenching by an electron 

acceptor (2) and the electron injection to the oxidized photosensitizer by the catalyst (3) that 

will promote water oxidation (4). However, some parasitic processes contribute to decrease the 

DSPEC efficiency (represented by dotted red arrows in Scheme 5), named back-electron transfer 

processes.[58] 

 

 

 

 

 

 

 

 

 
Scheme 1. Scheme of a prototypical dye-sensitized photoelectrochemical cell (DSPEC) system along with main 
energy levels and relevant desired (in green) and undesired (in red) electron transfer processes. (1) Dye 
photoexcitation; (2) electron injection/electron acceptor reduction: (3) hole injection/catalyst oxidation; (4) water 
oxidation; (5) dye radiative or nonradiative recombination; (6) electron-hole recombination to the oxidized dye; 
(7) oxidative dye excited-state quenching by the catalyst; (8) electron-hole recombination to the oxidized catalyst. 

 
 

In order to rationalize the kinetics of oxygen evolution as well as the different electron 

transfer phenomena described above, different photophysical techniques have been employed. 

These experiments were carried out in a 3-months stay in the laboratory of Professor Nathan 

McClenaghan at the Institute des Sciences Moléculaires in Bordeaux. 
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The first reaction involved in the water oxidation reaction is the photoexcitation of the 

photosensitizer (process 1, Scheme 1). The electronic absorption spectra at room temperature 

of tris(bipyridyl)-based ruthenium(II) complexes consists of a broad band centered within the 

400-460 nm range. This transition consists of a (spin allowed) metal-to-ligand charge transfer 

(MLCT) from a molecular orbital that has mostly Ru(II) d orbital character to a molecular 

orbital that has mostly ligand π orbital character. Therefore, these complexes are excited by 

MLCT transitions in which a singlet MLCT state is initially formed. However, this singlet state 

forms a triplet state by intersystem crossing.[59,60,61] Since the triplet state is formed, the 

luminescence process is phosphorescence rather than fluorescence (eq. 1). At room temperature 

and in aqueous solution, these complexes show strong luminescence at about 600 nm with 

lifetimes of ca. 600 ns. Two main processes that compete with the phosphorescence deactivation 

are the internal non-radiative process and the presence of quenchers such as O2 in its triplet 

state (equations 2, 3 and 4).[62,63] 

 

3Ru(bpy)32+ 
→

  Ru(bpy)32+ + hν    (1) 

3Ru(bpy)32+ 
→

  Ru(bpy)32+ + heat    (2)  

3Ru(bpy)32+ + Q 
→

  Ru(bpy)32+ + 3Q  (3) 

3Ru(bpy)32+ + 3O2
 
→

 Ru(bpy)32+ + 1O2 (4) 

 

Thus, in order to characterize the excited states of the photosensitizers, the emission of 

their 3MLCT bands (over 600 nm) have been analyzed through steady-state luminescence and 

emission lifetime techniques by means of quantum yield (ϕ, number of emitted photons relative 

to the number of absorbed photons) and lifetime (τ, average time the molecule spends in the 

excited state prior to return to the ground state) measurements. Data gathered in Table 3 shows 

that the quantum yield Φ in the presence of oxygen (ΦO2) is lower than in the presence of Ar 

(ΦAr) because of the fluorescence quenching effect of the O triplet state formed for the former 

case. Accordingly, lifetimes in the presence of O2 (τO2
0) are smaller than in the presence of Ar 

(τAr
0). Thus, the undesirable deactivation of the photosensitizer’ excited-states (reaction 5, 

Scheme 1) can be diminished by bubbling argon in the reaction media. Moreover, the similarity 

of ΦAr in the free and hybrid systems (entries 3,4 vs. 5,6, Table 3) indicates that no back-

electron transfer process exists between the excited PS and the Co3O4 NPs in the hybrid 
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systems. Furthermore, since a back-electron transfer process that could decrease the global 

performance is the PS excited-state oxidative quenching by Co3O4 NPs (process 7 in Scheme 

1), Co3O4 NPs were added to the buffered solutions containing the different PS and their 

lifetimes have been recorded in the presence of Ar (τNPs
0). As shown in Table 3, no significant 

differences are observed between τAr
0 and τNPs

0. Thus, we can assume that no interactions occur 

between the PS* and free Co3O4 NPs, and that no back-electron transfer takes place. 

Once the triplet state is formed, this 3MLCT excited state can be quenched by an electron 

acceptor to form the oxidized photosensitizer (reaction 2, Scheme 1). This aspect of the 

experiment is fairly routine since phosphorescence quenching obeys standard quenching 

kinetics, so-called Stern-Volmer kinetics.[64] The Stern-Volmer equation (equation 5) is used 

to describe the changes in quantum efficiency of the reaction (ϕ), as well as the change in 

luminous intensity (I), and also lifetime (τ). 

'/

'
=

012

0
=

3/

3
= 1 + 678

9[;]     (5) 

 
Thus, the photooxidation of the different photosensitizers (PS0, PS1, PS2) as well as that 

of the PS1-Co3O4 and PS2-Co3O4 hybrid systems while adding S2O8
2- as a quencher was 

investigated by steady-state luminiscene quenching and emission lifetime techniques in Na2SiF6 

– NaHCO3 (0.02 – 0.04 M, pH 5.60) (Figure S21, see Supp. Mat. For experimental details). The 

Stern-Volmer (SV) plots, I0/I vs. [S2O8
2-] (where I0 and I are the emission intensity of the 

excited PS (PS*) in the absence and presence of the quencher, respectively) for all PS (alone 

and attached to Co3O4 NPs) are shown in Fig. 6. The SV plots for the PS1-Co3O4 and PS2-

Co3O4 hybrid systems show a linear trend, intercepting the y axis at (0,1). For the free PS, the 

SV plots significantly deviate from linearity. These results are similar to those previously 

reported by Musaev [65] and Bard [66] for [Ru(bpy)3]2+ (PS0 in our work) and the same 

quencher in a different electrolyte. They showed that the SV plot is described by a model that 

takes into account the formation of ground-state ion pairs between the emitter and the 

quencher. In this case, two different quenching processes can occur: a collisional or dynamic 

quenching (bimolecular pathway, Scheme S3b) or a static or complex formation quenching 

(unimolecular pathway, Scheme S3a) [67,68]. The dynamic quenching occurs when the excited 

photosensitizer collides with the quencher, following the conventional Stern-Volmer behavior. 
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However, in some cases the photosensitizer can initially form a stable ion-pair complex with 

the quencher, followed by a photoexcitation of the whole system (Scheme S3). The model that 

considers both quenching processes at the same time gives rise to the following equation for 

quenching emission [66]: 

  '
/

'
=

(>?@ABCDEFG
EH
I)(>?KB3

/CDEFG
EH
I)

>?
LM
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(OABCPEQG

EH
I)(RSTBL

/CPEQG
EH
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(RSTB
M
LMCPEQG
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          (6) 

where Keq is the equilibrium constant of ion pair formation, and the unimolecular decay time 

and the bimolecular quenching constant of the excited emitter in the free form are, respectively,  

τ0 and kq, while in ion pair state are τ’ and kq’. Under conditions of negligible ion-pair formation, 

Keq[S2O8
2-]<<1, that is, under dynamic (or bimolecular) quenching, eq 6 is simplified to the 

Stern-Volmer equation: 
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while for Keq[S2O8
2-]>>1, that is, under static (or unimolecular) quenching 
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and when 67] 8][U-VW
-X]in the denominator is large compared to 1, then 
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Figure 7. SV plots for all the PS and PS-Co3O4 systems at pH 5.60. All solutions were purged with argon.  



Coordination of photosensitive Ru-polypyridylic complexes at the surface of Co3O4 nanoparticles: 
hybrid dyads for light-driven water oxidation 

 
 
 

 

 
 

125 

III 

 

As shown in Figure 7, curves for PS1-Co3O4 and PS2-Co3O4 fit well into eq 7, suggesting 

that the equilibrium constant corresponding to the formation of an S2O8
2-/PS-Co3O4 ion pair is 

negligible and most quenchers are not in the ion-pair ground-state. Thus, the quenching 

proceeds through a bimolecular pathway. On the contrary, for all free PS there is a deviation 

from linearity of the SV plots at [S2O8
2-]<15 mM, which indicates the formation of a ground-

state ion pair between PS and S2O8
2-. Assuming that kq and kq’ are similar [66], these SV plots 

can be fitted by eq 6, and the results of all fittings are listed in Table 3. Also, the SV plots of 

PS0, at [S2O8
2-] > 50 mM show a change in the curvature, with an extrapolated intercept at the 

x axis origin away from (0,1) (Figure 7), which suggests that adsorption of the cationic PS to 

negatively charged silica particles (originated from Na2SiF6 hydrolysis) [18] or dynamic 

quenching processes are taking place as a result of the increased ionic strength [66,69,70]. 
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Table 3. Results of kinetic analysis of the {PS*,S2O8
2-} and {Co3O4-PS*,S2O8

2-} systems at pH 5.6 a Quantum yield in air-saturated buffer solutions in the absence of quencher. b 
Quantum yield in argon-saturated buffer solutions in the absence of quencher. c From lifetime measurements in the absence of S2O8

2- in an argon-saturated buffer solution. d 

From lifetime measurements in the absence of S2O8
2- in an air-saturated buffer solution. e From lifetime measurements in the absence of S2O8

2- in an argon-saturated buffer 
solution in the presence of Co3O4 NPs.f Calculated from intercept of SV plots (τ0/ τ’) and τ0. g Intercept of SV plots at variable [S2O8

2-].h From slope of SV plots at variable 
[S2O8

2-]. i Computational best fist to equation 5 (see text). j Calculated from equation 9 (see text). k Calculated for 0.3 M S2O8
2-. l Calculated for 0.019 M S2O8

2

Entry System ΦO2,a ΦAr,b τAr0,c ns τO20,d ns τNPs0,e ns τ’,f ns τ0/ τ’,g kq (kq’),h M-1 s-1 Keq,i M-1 kET,j s-1 kq[S2O82-]k, s-1 kq[S2O82-]l, s-1 
1 PS0 no buffer  0.028 0.042 550 366 N/A 108 5.09 3.9·108 6.93·102 7.4·106 1.17·108 7.41·106 
2 PS0 0.021 0.032 558 364 550 55 10.22 4.39·108 2.46·102 1.65·107 1.32·108 8.34·106 
3 PS1 0.026 0.031 501 420 512 109 4.59 3.17·107 1.29·102 7.17·106 9.52·106 6.02·105 
4 PS2 0.023 0.029 429 340 425 312 1.37 7.50·107 2.81·101 8.72·105 2.25·107 1.43·106 
5 PS1-Co3O4 0.025 0.030 497 414 497 - - 5.05·107 - - 1.52·107 9.60·105 
6 PS2-Co3O4 0.022 0.030 412 327 412 - - 1.94·107 - - 5.82·106 3.69·105 
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On the other hand, the intrinsic radiative and nonradiative rate constants of  {PS···S2O8
2-

}* ion pairs should be similar to those of the PS* due to the weak (a few kilocalories per mole) 

electrostatic interaction between PS and S2O8
2- [65]. Then, the photoinduced unimolecular 

electron transfer (ET) rate (kET) can be estimated as 

!"# =
%
&'
− %

&)
    (9) 

At 0.3 M concentration of S2O8
2-, the bimolecular ET rates kq[S2O8

2-] are faster than 

the unimolecular ET rates (kET) for all systems at pH 5.6 (Table 3), suggesting that at this 

concentration S2O8
2- deactivates the unimolecular quenching process since it inhibits the 

formation of the ground-state {PS···S2O8
2-} ion pairs [65]. However, under catalytic conditions 

(0.019 M S2O8
2-) the bimolecular quenching is basically favored for PS2 (kq[S2O8

2-] ³  kET), 

whereas the unimolecular quenching is preferential for PS0 and PS1 (kET > kq[S2O8
2-]). 

For all systems, their photooxidation by S2O8
2- has also been studied at pH 8.4, in which 

all PS are deprotonated (Table S1, Figures S22 and S23). Under these conditions we can see 

no deviations from linearity for the Stern-Volmer plots, since the unimolecular ET mechanism 

is clearly disfavored now due to the repulsion that appears between the negatively charged PS 

and S2O8
2- at basic pH. 

Transient absorption spectroscopy was also used to study the difference between the free 

PS1 and the PS1-Co3O4 hybrid systems. No significant differences were observed between the 

free PS and that attached to Co3O4 NPs (Figure S24), and in both cases the ground-state 

bleaching of PS1 at 452 nm and the formation of the PS1* excited state near 360 nm could be 

observed (Figure S25). Thus, undesired back electron transfer from the Co3O4 NPs to PS1* is 

not observed in any of both systems, as otherwise deduced from the comparison between τAr
0 

and τNPs
0 (Table 3), meaning that PS1* probably remains excited until its reaction with S2O8

2-. 

Unfortunately, the oxidation of Co3O4 nanoparticles by PS+3 (reaction 3, Scheme 1 above) 

has not been possible to study by transient spectroscopy due to scattering effects. 
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3.5 Conclusions 
 

In conclusion, we have demonstrated that the use of 1-heptanol resulted to be both a 

proper solvent and stabilizing agent for the synthesis of 3 nm Co0 NPs, preventing their 

aggregation. The Co0 NPs have been oxidized into Co3O4 NPs by air-exposure in very mild 

conditions preserving their morphology and dispersion. When deposited at the surface of a 

GC-RDE electrode and in 1M NaOH, these ultrafine Co3O4 NPs electrocatalytically oxidize 

water with an onset h of ca. 0.29 V and η10mA/cm
2 of 0.486 V, showing ECSA normalized current 

densities (js) of 1.04 mA cm-2 at h = 0.35 V, a value that fairly outperforms that of all 

benchmarked nanostructured metal oxide electrocatalysts deposited onto GC-RDE. Despite 

stable and showing 95% Faradaic efficiency, the system is less competitive at higher current 

densities due to its Tafel slope of ca. 100 mV·dec-1.  

RuII photosensitizers displaying phosphonic acid pending groups (PS1 with two and 

PS2 with four) were attached to the surface of Co3O4 NPs, yielding PS-Co3O4 hybrid systems 

with different degree of surface functionalization: (1-heptanol)0.80(PS1)0.09-Co3O4 and (1-

heptanol)0.97(PS2)0.15-Co3O4, which corresponds to the incorporation of around 19 PS1 and 32 

PS2 complexes per Co3O4 NP. The capacity of these dyad systems to photooxidize water into 

dioxygen using visible light and S2O8
2- as sacrificial electron acceptor at pH 5.6 was evaluated 

and the results compared with those of unbound systems of the same components and 

concentrations. The benefits of the dyad approach arise when observing the inactivity of the 

unbound Co3O4/PS systems with regards to the significant TON and TOF values per NP (5.4 

/ 0.90 min-1 and  82 / 2.05 min-1) obtained for PS1-Co3O4 and PS2-Co3O4, respectively. The 

better performance of the latter over the former was attributed to the higher surface 

functionalization of PS2-Co3O4, that enhance the kinetics of WO and protect better the catalytic 

entity under catalytic conditions against aggregation. These data stress the important role of 

the direct connection between the PS and the nanocatalyst by; 1) favoring their efficient 

electronic communication that allows being kinetically competitive with the typical side 

deactivation processes of light-driven WO and 2) minimizing catalyst aggregation under 

turnover conditions by means of the protective/stabilizing PS layer at the surface of the Co3O4 

NPs. 
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Additionally, both bound PS-NP and unbound PS/Co3O4 systems have been photo-

physically studied observing that no back electron transfer from the excited dye to the Co3O4 

NPs takes place in any case, evidencing a good electronic communication in the PS-NP dyad. 

Summarizing, this work opens the way towards precisely defined 1st row RuPS-NP 

hybrid dyads by means of the so-called organometallic approach as synthetic methodology, 

which provides well-controlled and fully characterized cobalt, cobalt oxide and RuPS-Co3O4 

nanomaterials. The latter species have proven capable to photooxidize water into dioxygen at 

pH 5.6, being fairly superior to their unbound Co3O4/PS counterparts under identical 

conditions. Therefore, the fine tuning of this system through the length and nature of the PS-

Co3O4 connection is expected to lead to a better understanding of the key parameters governing 

the catalytic process and is already under way in our laboratories.  

Contribution 

Jonathan De Tovar synthesized and characterized the Ru(II)-polypyridylic complexes, Co3O4 

NPs, PS-Co3O4 dyads, and  carried out the electrochemical and photochemical catalytic 

experiments and the photophysical analysis. 
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3.6 Supporting information 

3.6.1 Estimation of Co content in Co3O4 NPs 
 

As the oxidation is carried out in solid state, and the boiling point of the ligand is too high to 

allow for significant spontaneous evaporation, we hypothesize that the mass change in the 

sample is only due to the gain in oxygen. 

 

100 g of the Co NPs sample contain 35.35 g of Co, which corresponds after oxidation to a 

mass of 48.17 g of Co3O4 determined as follows: 

 

35.35	g	Co ·
1	mole	Co
58.9	g	Co ·

1	mole	Co8O:
3	moles	Co ·

240.8	g	Co8O:
1	mole	Co8O:

= 48.17	g	Co8O: 

 

The mass gain is thus (48.17 – 35.35) = 12.82 g and the final mass of the material is (100 + 

12.82) = 112.82 g. 

 

Hence one can estimate the %Co in the oxidized material:  

 

35.35	g	Co
112.82	g	 . 100 = 31.33	% 

 

3.6.2 Estimation of the number of 1-heptanol molecules per Co NP  
 

The 1-heptanol content can be estimated as follows, under the hypothesis that it is the only 

by-product present in the material, and given the %Co weight determined by ICP-OES. 

 

In 100 g of the Co NPs there are 35.35	g	Co · %	ABCD	EB
FG.H	I	EB

= 0.6	moles	Co . Then, 100	g −

35.35	g	Co = 64.65	g	hept , which corresponds to  64.65	g	hept · %	ABC	NDOP
%%Q.R	I	NDOP

=

0.56	moles	hept. Thus, the heptanol/Co ratio is S.FQ	ABCDT	NDOP
S.Q	ABCDT	EB

= 0.9 
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Therefore, the empirical formula for Co NPs is (1-heptanol)0.9-Co, pointing to more than one 

1-heptanol molecule per Co surface atom. 

 
The density reported for bulk Co is 8.9 g/cm3 and its molar mass 58.9 g/mole. Taking into 

account the Avogadro number value of 6.02·1023 atoms/mole, the number of Co atoms / nm3 

can be calculated as follows: 

 

8.9. 10UR%	g/nm8

58.9	g/mole · 6.02 ·
10R8atoms
mole = 91	Co	atoms/nm8 

 

In a first approximation the Co NPs are spherical, with an average diameter of 3 nm, so the 

particle volume is 14.1 nm3 and the number of Co atoms per particle is 1283 atoms. Therefore, 

each Co NP is surrounded by an average of 1155 molecules of 1-heptanol given the heptanol/Co 

ratio of 0.9. 

 

3.6.3 Estimation of the number of Co atoms per Co3O4, PS1-Co3O4 and PS2-Co3O4 NPs 
 

For this calculation we consider that Co3O4 NPs as well as PS1-Co3O4 and PS2-Co3O4 NPs have 

the same average size (3 nm) given the error bar of their respective size distributions (3.0 ± 

0.2 for Co3O4, 3.1 ± 0.2 for PS1-Co3O4 and 3.0 ± 0.3 for PS2-Co3O4) and that they are spherical. 

So the particle volume is 14.1 nm3. 

 

Given the density and the molar mass of the Co3O4 unit (in the bulk), one can calculate: 

 

YZ[\]^	_`	[_a]bZac^	ZYdef = 		
6.11	g	h_8i:	

1Y[8 ·
1	[_a]	h_8i:
240.8	g	h_8i:

·
6.02 · 10R8[_a]bZa]f

[_a]

= 15.3	h_8i:	[_a]bZac^	ZYdef	/Y[8 

 
So the number of Co3O4 molecular units per NP is 14.1·15.3 = 216 h_8i:	[_a]b/jk (or 3·216 

= 648 Co atoms/Co3O4 NP). 
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3.6.4 Estimation of the number of 1-heptanol molecules per Co3O4 NP 
 

The Co content of Co3O4(heptanol)x NPs is 31.33% (see above). Thus, we can calculate for 100 

g of Co3O4(heptanol)x NPs an “average molecular weight” of the material: 

 

31.33	g	Co ·
1	mole	Co
58.93	g	Co ·

1	mol	Co8O:(ℎ]ne)p
3	moles	Co = 0.177	moles	Co8O:(ℎ]ne)p 

 

100	g	Co8O:(ℎ]ne)p
0.177	moles	Co8O:(ℎ]ne)p

= 564.3	g/mole	Co8O:(ℎ]ne)p 

 

From this average MW we can estimate the number of heptanol molecules per molecular Co3O4 

unit supposing that there are no other impurities on the material. We first calculate mass of 

oxide anions:  

 

31.33	g	Co ·
1	mole	Co
58.9	g	Co ·

4	moles	iRU

3	moles	Co ·
16	g	iRU

1	mole	iRU = 11.34	g	iRU	 

 

For 100 g of material, we have 11.34 g of O2-. Thus, 100-31.33-11.34 = 57.32 g of heptanol. In 

moles: 

 

57.32	g	heptanol ·
1	mole	heptanol	
116.2	g	heptanol	 = 0.493	moles	heptanol 

 

Therefore, the heptanol:Co3O4 ratio will be 

 

0.493	moles	heptanol
0.177	moles		Co8O:(ℎ]ne)p

= 2.78	molecules	of	heptanol/Co8O: 

 

So the ratio will be Co3O4(heptanol)2.8 
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3.6.5 Estimation of the number of 1-heptanol and PS molecules per PS1-Co3O4 NP and PS2-
Co3O4 NP  

 
The Co content of PS1-Co3O4NPs is 43.60%. Thus, we can calculate for 100 g of PS1-Co3O4 

NPs an “average molecular weight” of the material: 

 

43.60	g	Co ·
1	mole	Co
58.93	g	Co ·

1	mole	Co8O:
3	moles	Co = 0.2466	moles	(tuv)wCo8O:(ℎ]ne)p 

 

100	g	(tuv)wCo8O:(ℎ]ne)p
0.2466	moles	(tuv)wCo8O:(ℎ]ne)pp

= 405.5	g/mole	(tuv)wCo8O:(ℎ]ne)p 

 

If we now calculate the mass of oxide anions:  

 

43.60	g	Co ·
1	mole	Co
58.93	g	Co ·

4	moles	iRU

3	moles	Co ·
16	g	iRU

1	mole	iRU = 15.78	g	iRU	 

 

and the mass of PS1 according to the ICP-OES value of 2.23% Ru: 

 

2.23	g	Ru ·
1	mole	Ru
101.7	g	Ru ·

1mole	ky1
1	mole	Ru ·

800.49	g	ky1
1	mole	ky1 = 17.66	g	tuv	(_^	0.022	[_a]f) 

 
Therefore, we have 100-43.60-15.78-17.66 = 22.95 g of heptanol in 100 g of sample. In moles: 

 

22.95	g	heptanol ·
1	mole	heptanol	
116.2	g	heptanol	 = 0.1975	moles	heptanol 

which means a ratio of: 

 

0.1975	moles	heptanol
0.2466	moles	(tuv)wCo8O:(ℎ]ne)p

= 0.80	molecules	of	heptanol/Co8O: 

 

0.0221	moles	z{v
0.2466	moles	(tuv)wCo8O:(ℎ]ne)p

= 0.09	molecules	of	z{v/Co8O: 

 

So the ratio will be (PS1)0.09Co3O4(heptanol)0.80 
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Then, given that in a single Co3O4 NP there are 216 Co3O4 molecules (see above), in a 

(PS1)0.09Co3O4(heptanol)0.80 NP there are 19 PS1 molecules. 

 

Analogously, for the PS2-Co3O4 system we have found ICP-OES values of 35.22% Co and 

3.12% Ru, which account for an average MW of 501.96 g/mole and a 

(PS2)0.15Co3O4(heptanol)0.97 formula. Also, if supposing the presence of 216 Co3O4 molecules 

per NP, there are 32 PS2 molecules per hybrid NP. 

 

3.6.6 Calculation of TON (O2 molecules/NP) 
 

The turnover number per NP was obtained by dividing the number of moles of O2 obtained 

during the photocatalytic experiments by the total number of moles of Co3O4, PS1-Co3O4 or 

PS2-Co3O4 NPs present in the weighted sample assuming that each NP contains 648 Co atoms 

(independently of whether it is a pure Co3O4 or a hybrid PS-Co3O4 material, see above) and 

using the %Co obtained in each respective ICP-OES measurement. 

For example, we obtained 6.45·10-7 moles O2 in 16.7 min using 0.13 mg of Co3O4 NPs and 6 

equivalents of PS2. So TON per NP (entry 3) was calculated as follows: 

  

6.45 · 10U|	moles	iR
0.13 · 10U8	g	Co8O:jkf

·
100g	Co8O:	jkf

31.33	g	Co ·
58.93	g	Co
1	mole	Co ·

648	moles	Co
1	mole	NP = 604	

moles	iR
mole	NP 	 

 

3.6.7 Calculation of TON (O2 molecules/PS) 
 

To obtain the TON per PS the number of moles of O2 obtained during the photocatalytic 

experiments are divided by the total number of moles of PS (anchored or not).  

For example, we obtained 6.45·10-7 moles O2 in 16.7 min using 0.13 mg of material PS2-Co3O4. 

So TON per NP was calculated as follows: 

  

6.45 · 10U|	moles	iR
0.13 · 10U8	g	Co8O:jkf

·
100g	Co8O:	jkf

31.33	g	Co ·
58.93	g	Co
1	mole	Co ·

3	moles	Co
6	moles	z{� = 0.466	

moles	iR
mole	z{�	 
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3.6.8 Calculation of TOF (O2 molecules/NP) 
 

The turnover frequency per NP is calculated by dividing TON per NP by the number of 

minutes the catalysis has taken place until reaching a plateau. 

 

3.6.9 Calculation of TOF (O2 molecules/PS) 
 

The turnover frequency per PS is obtained by dividing the TON per PS by the number of 

minutes the catalysis has taken place until reaching a plateau. 

 

3.6.10 PMMA Coating 
 

A poly(methyl methacrylate) (PMMA) coating was formed onto the FTO electrode supporting 

Co3O4 NPs by simply dipping this electrode in dichloromethane (DCM) with 0.5 % wt 

concentration of PMMA. After soaking the electrode in the PMMA solution for a few seconds 

(< 10 sec), the electrode was air-dried. 

 

3.6.11 Quenching of [Photosensitizer]+2,* by S2O8
2- 

 
Solutions of S2O8

2- of different concentrations were prepared with a constant amount of 

photosensitizer or hybrid material. Thus, after bubling the mixture with argon for 20 min, 

quantum yields and lifetimes were recorded for each concentration of S2O8
2-. The excited-state 

lifetime of [photosensitizer]2+, τ0, was determined from luminescence decay data following 

excitation at 450 nm. The counterion present in all solutions was Cl-. 
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3.6.12 PS used and Characterization of Co and Co3O4 NPs and PS1-Co3O4 and PS2-Co3O4 
hybrid systems 

 

Figure S1. [Ru(bpy)3]2+ (PS0) and modified [Ru(bpy)3]2+ complexes with 2 and 4 phosphonic acid coordinating 
pending groups (PS1 and PS2, respectively) used as photosensitizers. 
 
 

 

 

Scheme S1. Catalytic cycle of visible light-driven water oxidation with Na2S2O8 and [Ru(bpy)3]2+ using Co3O4 NPs 
as water oxidation catalyst (WOC). (1) Dye photoexcitation; (2) oxidative dye excited-state quenching by the 
sacrificial oxidant;  (3) oxidative dye excited-state quenching by the catalyst;  (4) hole injection/catalyst oxidation; 
(5) water oxidation. 
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2 SO4 + 2 SO42-
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Figure S2. RDF of Co NPs (red) and of Co3O4 NPs (green). 
 
 
 
 
 

 
 
Figure S3. LSV of Co3O4 NPs measured at 1 mV/s scan rate. 
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a 

  
b 

 
 

Figure S4. STEM (left) and EDX (right) analyses of the PS1-Co3O4 hybrid material in a selected (003) nanoparticle 
(a) and a free-nanoparticle (005) region (b). 
 

  

 
 

Figure S5. ATR-IR spectra of PS2 (black) and PS2-Co3O4 NPs hybrid material (red). The transmittance of each 
sample has been shifted along the y axis for comparison purposes. The positions of the bands described along 
the text have been added as dotted lines. 
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Figure S6. HREM micrograph and size histogram of the PS2-Co3O4 hybrid. 
 
 
 
 
 

 
 

Figure S7. STEM and EDX analyses of the PS2-Co3O4 NPs hybrid system in a selected (005) nanoparticle region. 
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3.6.13 Electroinduced water oxidation experiments 
 
 

a) b) 
 

 
 

Figure S8. Representative 30 s current steps from 0.67 mA·cm-2 to 20 mA·cm-2 (a) and representative 30 s potential 
steps from 0 V to 0.68 V h vs. NHE at 3200 rpm and 0.01 V·s-1 scan rate in 1M NaOH (b) for the deposited 
Co3O4 NPs onto a GC-RDE electrode in 1M NaOH. In (a) the measured h at each applied current density have 
been converted into the applied potential vs. NHE according to Vapp = h + EpH + iR and shown as open green 
squares in Fig. 5a, whereas in (b) the measured current densities at each applied h are shown as open blue triangles 
in Figure 5a. 
 
 
 

 
 
Figure S9. Theoretical (red) and experimental (black) oxygen evolution by bulk electrolysis at 0.886 V vs. NHE 
for a FTO/Co3O4 NPs-PMMA electrode in a 1M NaOH solution. 
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a) 

b)  

 
 
Figure S10. Double-layer capacitance measurements for determining the ECSA for the deposited Co3O4 NPs at 
pH 14 onto a RDE. (a) Cyclic voltammograms were measured in a non-Faradaic region of the voltammogram at 
the following scan rates: 0.005, 0.010, 0.025, 0.050, 0.075, 0.1, 0.25 and 0.5 V/s. The working electrode was held 
at each potential vertex for 10 s before beginning the next sweep. All currents are assumed to be due to capacitive 
charging. (b) The cathodic (open red circles) and anodic (open blue squares) charging currents measured at 0.195 
V vs. NHE plotted as a function of scan rate. The double-layer capacitance has been measured as the average of 
the absolute value of the slopes of the linear fits to the data. 
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a) b) 

 
 

c)  

 

 

 
Figure S11. (a) Representative 1 h controlled current electrolysis at 10 mA·cm-2 per geometric area and 1M NaOH 
for FTO/Co3O4 NPs-PMMA (a), CV before (black) and after (red) the electrolysis (b) and Tafel plots derived from 
CV experiments registered before (black) and after (red) the electrolysis (c). 
 

 
 
Figure S12. Co 2p XPS spectra of Co3O4 NPs before (black) and after (red) performing a 1 h bulk electrolysis 
with a FTO/Co3O4 NPs-PMMA electrode at 0.886 V vs. NHE in 1M NaOH. 
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3.6.14 Photoinduced water oxidation experiments and related data 
 

 
Figure S13. Hansatech-detected photocatalytic oxygen production by Co3O4 NPs in the presence of PS0 as PS. 
Reaction conditions: 1.2·10-4 M Co3O4 NPs; 2.1·10-2 M Na2S2O8; 7.3·10-4 M PS0 in Na2SiF6-NaHCO3 (0.02-0.04 M, 
pH 5.6) buffer solution. Irradiation provided by a Xe lamp equiped with a 400 nm cut-off filter and calibrated to 
1 sun (100 mW·cm-2). T = 25°C.  
 

 
Figure S14. Hansatech-detected photocatalytic oxygen production by Co3O4 NPs in the presence of PS1 as PS. 
Reaction conditions: 2.5·10-4 M Co3O4 NPs; 4.3·10-2 M Na2S2O8; 1.5·10-3 M PS1 in Na2SiF6-NaHCO3 (0.02-0.04 M, 
pH 5.6) buffer solution. Irradiation provided by a Xe lamp equiped with a 400 nm cut-off filter and calibrated to 
1 sun (100 mW·cm-2). T = 25°C.  
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Figure S15. Hansatech-detected photocatalytic oxygen production by Co3O4 NPs in the presence of PS2 as PS. 
Reaction conditions: 1.54·10-4 M Co3O4 NPs; 2.67·10-2 M Na2S2O8;  9.16·10-4 M PS2 in Na2SiF6-NaHCO3 (0.02-
0.04 M , pH 5.6) buffer solution. Irradiation provided by a Xe lamp equiped with a 400 nm cut-off filter and 
calibrated to 1 sun (100 mW·cm-2). T = 25°C.  
 

 
 
Figure S16. TON vs. PS1 equiv. in photochemical WO measurements in the presence of 1 equiv. of 
Co3O4(heptanol)2.8 units and 72 equiv. of Na2S2O8 at pH 5.6. 
 
 
 



CHAPTER III 
 

 
 

 146 

 
 
 
a) b) 

  
c)  

 

 

 
Figure S17. CVs of free PS0 (a), PS1 (b) and PS2 (c) photosensitizers in a Na2SiF6- NaHCO3 (0.02-0.04 M, pH 
5.60) buffer solution. 
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a) b) 

  
c) 

 
d) 

 
 
Figure S18. HREM (a) and STEM (b) images of the aggregated crude of reaction at pH 5.6 after the photocatalysis 
of Co3O4 NPs in the presence of PS1, and EDX analyses of the 006 selected region containing Co (c) and of the 
007 region containing Si (d). 
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Figure S19. HREM image of the aggregated crude of reaction at pH 5.6 after the photocatalysis of Co3O4 NPs in 
the presence of PS1 (a) and TEM micrograph of dialyzed PS1-Co3O4 NPs after performing a 1 h photocatalytic 
WO catalysis at pH 5.6 (b). 
 
 

 
 
Figure S20. IR spectra of PS1-Co3O4 NPs before (red) and after (black) WO photocatalysis at pH 5.6. The 
transmittance of each sample has been shifted along the Y axis for comparison purposes. 
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a) 

 

 

b) 

 

Scheme S2. Reactions leading to the decomposition of the photosensitizer. 
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3.6.15 Photophysical studies 
 
 
a) b) 

  
 
 
Figure S21. Quantum yield (a) and lifetime (b) of different PS or hybrid PS-Co3O4 NP systems as a function of 
[S2O8

2-] at pH 5.60. 

 

 
Scheme S3. Schematic representation of  static (a) and dynamic (b) quenching. 
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a) b) 

  
Figure S22. Quantum yield (a) and lifetime (b) of different PS or hybrid PS-Co3O4 NP systems as a function of 
[S2O8

2-] at pH 8.4. 
 
 

 
Figure S23. SV plots for all the PS and PS-Co3O4 NPs systems at pH 8.4. All solutions were purged with argon. 
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Table S1. Results of kinetic analysis of the {[PS]*,S2O8
2-} and {Co3O4-[PS]*,S2O8

2-} systems at pH 8.4. a Quantum yield in air-saturated buffer solution in the absence of quencher. 
b Quantum yield in argon-saturated buffer solution in the absence of quencher. c From lifetime measurements in the absence of S2O8

2- in an argon-saturated buffer solution. d 
Calculated from intercept of SV plots (τ0/ τ’) and τ0. e Intercept of SV plots at variable [S2O8

2-]. f From slope of SV plots at variable [S2O8
2-]. g Computational best fist to 

equation 5 (see text) h Calculated from equation 9 (see text). i Calculated for 0.3 M S2O8
2-. j Calculated for 0.019 M S2O8

2-. 

 
 

System ΦO2,a ΦAr,b τ0,c ns τ’,d ns τ0/ τ’,e kq (kq’),f M-1 s-1 Keq,g mM-1 kET,h s-1 kq[S2O82-]i, s-1 kq[S2O82-]j, s-1 
PS0 no buffer  0.028 0.042 550 108 5.09 3.9·108 6.93·102 7.4·106 1.17·108 7.41·106 
PS0 0.021 0.032 558 55 10.22 4.39·108 2.46·102 1.65·107 1.32·108 8.34·106 
PS1 0.019 0.025 540 - - 3.32·108 - - 9.96·107 6.64·106 
PS2 0.024 0.028 548 - - 9.43·107 - - 2.83· 107 1.89·106 
PS1-Co3O4 0.020 0.026 546 - - 2.61·108 - - - 5.23·106 
PS2-Co3O4 0.025 0.029 554 - - 8.13·107 - - - 1.63·106 
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a) b) 

  
  

Figure S24. 2D transient spectra of free PS1 (a) and PS1-Co3O4 NP hybrid system (b). 
 
 
 
a) b) 

  
c) d) 

  
 
Figure S25. Disappearance of PS1 as a function of time according to the 452 nm signal for free PS1 (a) and PS1-
Co3O4 NPs (b), and 1D transient spectra for free PS1 (c) and PS1-Co3O4 NPs (d) showing the disappearance of 
PS1 at 452 nm and the formation of a PS1* excited state at 360 nm. 
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Chapter IV. Dissimilar Catalytic Behavior of Molecular or Colloidal Palladium 
Systems with a New NHC Ligand 
 

	

	
	

 

Both molecular and colloidal Pd systems based both on an ionic liquid or its N-

heterocyclic carbene (NHC) are tested in C-C coupling processes. The conversion, yield and 

the different reactivity are discussed for the set of four systems.  

 

This chapter consists in the following paper: 

 

Gómez-Villarraga, F.; De Tovar, J.; Guerrero, M.; Nolis, P.; Parella, T.; Lecante, P.; Romero, 

N.; Escriche, L.; Bofill, R.; Ros, J.; Sala, X.; Philippot, K.; García-Antón, J. Dalton Trans. 

2017, 46, 11768-11778. 
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4.1 Abstract 
	

New palladium complexes and nanoparticles stabilized by 1-[2-(3,5-dimethylpyrazol-1-

yl)ethyl]-3-((S)-1-phenylethyl)-3H-imidazol-2-ylidene (L) N-heterocyclic carbene (NHC) (C1 

and N1, respectively) or 1-[2-(3,5-dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-3H-

imidazol-1-ium chloride (HL·Cl) ligands (C2 and N2, respectively) have been tested in the 

Suzuki-Miyaura coupling. Three different reactions have been observed depending on the 

catalytic system: i) the Suzuki-Miyaura reaction takes place with Pd molecular complexes; ii) a 

secondary reaction, the dehalogenation of the substrate, is always detected and iii) the C-C 

homocoupling between two molecules of bromoarenes is observed with colloidal catalysts. 
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4.2 Introduction 
	

During the last few years the rapid development in cross-coupling reactions of un-

activated substrates mediated by metal complexes has prompted the design of a huge family 

of achiral and chiral phosphine ligands.[1] As alternative ligands to phosphines for transition 

metals, N-heterocyclic carbenes (NHCs) have become paramount ligands in catalysis and 

beyond.[2] This can be explained not only by their remarkably strong σ-binding and steric 

tunability,[3] but also because they are able to stabilize highly unusual and hitherto elusive 

reactive species such as metal nanoparticles (MNPs) thanks to their stability under oxidative 

conditions once coordinated.[4] Thus, NHCs have become ligands of paramount importance 

in nanochemistry given their advantageous behavior for the stabilization and functionalization 

of MNPs.[5] Although different families of NHCs have been largely explored in various 

important organic transformations when combined with metal pre-catalysts, those bearing 

imidazolium salts as core structures are the most frequently employed given their 

straightforward syntheses and feasible tuning properties.[6] 

Different methodologies can be followed to obtain and stabilize NPs in different media 

while controlling their size, shape and composition, which, in turn, can tune their unique 

properties.[7] The use of coordinating ligands is of particular interest to prepare MNPs 

because it gives the possibility to modulate their surface properties as known for the 

synthesis of molecular complexes.[8] As a consequence, ligand-stabilized MNPs became very 

attractive for applications in catalysis.[9] MNPs not only are able to catalyze reactions also 

catalyzed by molecular complexes (i.e. C-C coupling or hydrogenation of olefins) but also 

reactions that cannot be catalyzed by these species (such as the hydrogenation of arenes). 

Furthermore, palladium is the most versatile transition metal in chemical catalysis 

reactions since many of these processes cannot be catalyzed by other transition metals.[10] 

Thus, Pd(0) NPs have shown large catalytic efficiency in C-C coupling reactions specially 

when non-aggregated homogeneous NPs of 1-4 nm size are used as catalysts.[11] 

 The Suzuki-Miyaura reaction is one of the most important cross-coupling processes 

from an industrial point of view.[12] It allows to easily obtain biaryl products, important 

intermediates in the organic syntheses of various target products ranging from performance 



   Dissimilar Catalytic Behavior of Molecular or Colloidal Palladium Systems with a New NHC Ligand  
	
	
	

	 163	

IV	

materials to pharmaceuticals.[13] Although noble metal complexes are usually employed as 

catalysts for this reaction, MNPs merit also to be studied since playing with stabilizing ligands 

may tune their catalytic performance.[14] Therefore, comparing the catalytic behavior of both 

Pd complexes and Pd NPs bearing the same ligands can provide useful information to 

discriminate the potential in catalysis of both species and find the most appropriate catalytic 

system depending on the target application.  

A recent work of García-Antón, Philippot and co-workers has focused on discerning 

the catalytic behavior of colloidal and molecular palladium systems in C-C coupling reactions. 

For example, it has been found that Pd molecular/colloidal systems containing new hybrid 

pyrazole-derived ligands with alkylether, alkylthioether or alkylamino moieties lead to 

different catalytic output depending on the system.[15] 

 In this chapter, Pd systems based on a new NHC-pyrazole hybrid ligand are 

presented. Interestingly, as it will be described hereafter, different behaviors were observed in 

C–C coupling catalysis that illustrates the possibility to optimize the catalytic system 

according to the final aim. 
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4.3 Experimental Section 

4.3.1 Syntheses of ligands and both catalytic molecular and nanoparticles systems 
	

 The ligands, catalityc palladium complexes and palladium nanoparticles were prepared 

following the procedures described in reference 16 as well as in the research thesis of Dr. 

Fernando Gómez Villarraga.[17] 

4.3.2 Catalytic Experiments 

	

 The quantification of the catalytic reactions was carried out in a HP5890 Hewlett 

Packard gas chromatograph equipped with a FID detector and a HP-5 column (5% 

diphenylpolysiloxane and 95% dimethylpolysiloxane). The products obtained in the catalytic 

reactions were identified using a G1800A Hewlett Packard gas chromatograph with an 

electron impact ionization detector and a HP-5 column (5% diphenylpolysiloxane and 95% 

dimethylpolysiloxane). The mass spectra of the catalytic products are in agreement with those 

published in the literature.[18,19] 

4.3.2 Suzuki-Miyaura Reactions 

 

 In a two-neck round-bottom flask fitted with a reflux condenser and a septum, 4-

halogenotoluene (2.5 mmol), phenylboronic acid (3.125 mmol), tBuOK (5.0 mmol), and 

naphthalene (0.5 mmol) as internal standard were dissolved in DMF/H2O (10 mL, 4/1). Next, 

the palladium organometallic complex (1.10-3 mmol) or palladium nanoparticles (1.10-3 mmol 

Pd atoms) were added. The solution was vigorously stirred and heated at 100º C for 6 h 

under nitrogen. Then, the reaction crude was cooled to room temperature and the products 

were extracted with a mixture of diethyl ether/brine (20 mL, 1/1). The organic phase was 

analyzed by GC and GC-MS. 
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4.4 Results and Discussion 

4.4.1 Presentation of the catalytic systems 
	

Following with the research of Dr. Fernando Gómez Villarraga,[17] two type of 

palladium complexes (C1 and C2) and two type of palladium nanoparticles (N1 and N2) have 

been prepared as shown in Scheme 1. 

	

Scheme 1. Synthetic procedure for the preparation of the different catalytic systems used in this work. 

 

HL·Cl
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For the synthesis of HL·Cl, 1-(2-chloroethyl)-3,5-dimethyl-1H-pyrazole and 1-(S)-

(phenylethyl)imidazole were heated solventless at 120 ˚C for 64 h. The deprotonation of 

HL·Cl to yield 1-[2-(3,5-dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-3H-imidazol-2-

ylidene (L) was achieved by reacting HL·Cl with NaH and a catalytic amount of tBuOK in 

anhydrous dichloromethane. 

On the one hand, the imidazolium salt HL·Cl and its deprotonated NHC L ligands 

have been used to prepare nanoparticles N2 and N1, respectively, according to the 

organometallic approach, in mild reaction conditions. From here, N1 resulted in spherical 

particles presenting a mean size of 2.1(0.9) nm (Figure 1a). With the same methodology, N2 

nanoparticles resulted in an aggregated NPs mixture of isolated NPs of 3.2(0.9) nm mean size 

and superstructures (Figure 1b). From these results and given the main difference of two 

ligands (where L is a carbene while HL·Cl is not deprotonated), it is believed that the 

stabilization of the Pd NPs takes place by the coordination of L through the carbene (M-C) 

and pyrazolic (M-N) groups to the surface of the Pd NPs whereas HL·Cl would only 

coordinate through the pyrazolic group (scheme 1). Additionaly, the presence of the ligands L 

or HL·Cl in N1 or N2, respectively, has been demonstrated by IR spectroscopy, ICP-OES and 

elemental analyses. 
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a) 

 

b) 

 

Figure 1. HRTEM micrographs and corresponding size-histograms of Pd nanoparticles stabilized with (a) L and 
(b) HL·Cl, both in a [L]/[Pd] = 0.5 ratio.[16]  

 

 On the other hand, complex C1 has been prepared through a silver carbene 

transmetallation. Thus, a silver complex CAg is synthesized by reacting silver dioxide and 

HL·Cl in anhydrous dichloromethane were the proton of the imidazolium salt is no loger 

present, thus confirming the deprotonation of the imidazolium group and formation of the 

Ag-NHC bond. Further, CAg is reacted with [PdCl2(cod)] in anhydrous dichloromethane to 

obtain the carbenic C1 Pd complex (Figure 2). Also, the direct reaction of HL·Cl with PdCl2 

in acetonitrile yielded the complex C2 where the existence of the protonated ligand HL+ is 

confirmed by 1H NMR spectroscopy. 
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Figure 2. 1H NMR of HL·Cl and CAg registered at 360 MHz (CDCl3, 298K) and C1 registered at 600 MHz 
(CDCl3, 298K).[16] 

 

Even if the synthesis of the L, HL·Cl, C1, C2, N1 and N2 were previously synthesized 

by Dr. Fernando Gómez Villarraga, these compounds have been synthesized again in this 

work, in order to perform all the catalytic experiments.  
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4.4.2 Catalytic Experiments with Pd molecular or colloidal systems 
 

Pd complexes C1 and C2 (with L and HL·Cl ligands, respectively) as well as Pd 

nanoparticles N1 and N2 (with L and HL·Cl at [ligand]/[Pd]=0.5, respectively) have been 

evaluated as catalysts for the Suzuki-Miyaura reaction (Scheme 2, Table 1).[20,21]  

 

Scheme 2. Suzuki-Miyaura, homocoupling and dehalogenation reactions performed in the presence of Pd 
complexes C1 and C2 and Pd NPs N1 and N2. 
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Table 1. Suzuki-Miyaura reactions with palladium catalysts.a 

Entry Catalyst X [PhB(OH)2]/[Pd] 
Conv. b 

(%) BT c (%) TT c (%) PhMe c (%) Yield BT (%) Yield TT (%) 

1 C1 I 3125 100 51 0 49 51 0 

2 C2 I 3125 82 41 0 59 34 0 

3 C1 Br 3125 28 71 0 29 20 0 

4 C2 Br 3125 46 93 0 7 43 0 

5 N1 I 3125 100 81 0 19 81 0 

6 N2 I 3125 100 47 0 53 47 0 

7 N1 I 0 100 0 0 100 0 0 

8 N2 I 0 56 0 0 56 0 0 

9 N1 Br 3125 66 5 51 44 3 34 

10 N2 Br 3125 36 7 37 56 3 13 

11 N1 Br 0 72 0 83 17 0 60 

12 N2 Br 0 36 0 72 28 0 26 

a Reaction conditions: 1·10-3 mmol of Pd, 2.5 mmol of 4-halogenotoluene, 5.0 mmol tBuOK and 0.5 mmol naphthalene as internal standard in 8.0 mL of DMF 
and 2.0 mL of H2O. Temperature 100º C. 
b Conversion after 6 h reaction. 
c Chemoselectivity in 4-methylbiphenyl (BT), 4,4’-dimethylbiphenyl (TT) and toluene (PhMe), respectively.  
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4-halogenotoluene derivatives (4-chlorotoluene, 4-bromotoluene or 4-iodotoluene) 

and an excess of phenylboronic acid were chosen as substrates to easily distinguish between 

cross-coupling and homocoupling products. Under the catalytic reaction conditions applied 

(Scheme 2)[20], two different by-products can be formed besides the expected cross-coupled 

product (4-methylbiphenyl; BT) as follows: i) toluene (PhMe) arising from the 

dehalogenation of the substrates and ii) 4,4'-dimethylbiphenyl (TT), resulting from the 4-

bromotoluene homocoupling. 

Once optimized,[15] 4-halogenotoluene (substrate/Pd = 2500), phenylboronic acid 

(PhB(OH)2/Pd = 3125 or 0), tBuOK (base/Pd = 5000) were employed in a DMF/water 

mixture (4/1) as solvent.  

The dehalogenation of the employed halogenotoluene derivatives is a collateral 

reaction that takes places in the Suzuki-Miyaura coupling.[22] As shown in Figure 3, when a 

primary or secondary alcohol is used as solvent in the presence of a base a Pd(II) alkoxide is 

formed, followed by β-elimination to a Pd(II) hydride and formation of the  dehalogenated 

product after a final step of reductive elimination.  

 

Figure 3. Dehalogenation mechanism for secondary alcohols as solvent.[22] 
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In this work DMF is used as solvent but its role as hydrogen source has also been 

reported,[23] as shown in Figure 4. 

 

 

Figure 4. Proposed dehalogenation mechanism for DMF as solvent.[23] 

 

The partial decomposition of DMF in basic media and at high temperature releases 

carbon monoxide and Pd(II) dimethylamine. Then, the latter intermediate can be 

transformed into a Pd(II) hydride that finally releases the dehalogenated product through 

reductive elimination. Proposed catalytic cycles for the Suzuki-Miyaura coupling and the 

dehalogenation reaction are shown in Figure 5.[22,23,24] 
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Figure 5. Proposed catalytic cycles for the Suzuki-Miyaura coupling and the dehalogenation reaction.[22,23,24] 

 

As a general trend for the molecular/colloidal catalytic systems here studied, higher 

conversions were obtained with 4-iodotoluene compared to 4-bromotoluene (Table 1), as 

expected from the respective C(Ph)-X bond energies (X=Br, 84 kcal/mol; X=I, 67 

kcal/mol).[25] Unfortunately 4-chlorotoluene could not be activated probably due to the 

higher C(Ph)-Cl bond energy value (97.1 kcal/mol)[25] and the Suzuky-Miyaura coupling 

reaction was unsuccessful.  

Interestingly, in the presence of the molecular catalysts C1 and C2, besided the 

Suzuki-Miyaura expected product (BT), toluene was the only side product observed in a 
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significant amount using both 4-bromotoluene and 4-idodotoluene as substrates (Table 1, 

entries 1-4).  Homocoupling reaction does not take place, as otherwise predictable according 

to the literature on Pd molecular complexes.[20]  Also, 4-bromotoluene yields BT as the major 

product, while the amount of the dehalogenation product (toluene) significantly rises when 4-

iodotoluene is used.  

Recently, V. P. Ananikov et al. have demonstrated the formation of Pd NPs when 

molecular Pd complexes with NHC ligands are used in the Mizoroki-Heck reaction.[26] In our 

case, even if it is not a definitive proof, TEM control analyses of the solutions after catalysis 

with C1 or C2 did not show the presence of Pd nanoparticles. In any case, Hg poisoning tests 

carried out to these systems (vide infra) confirm the molecular nature of the real catalyst 

when C1 or C2 are used. 

When 4-iodotoluene was used as substrate with nanocatalysts N1 and N2, complete 

conversions were achieved in 6 h in both cases. In the case of N1, formation of the cross-

coupling product (4-methylbiphenyl; BT) was mainly observed together with a small amount 

of toluene (Table 1, entry 5). Formation of toluene rises to 53% in the case of N2 (Table 1, 

entry 6). On the contrary, N1 and N2 behave similarly against 4-bromotoluene, with the 

formation of 4,4'-dimethylbiphenyl (TT), arising from the homocoupling reaction, together 

with toluene and small amounts of BT (Table 1, entries 9 and 10). Furthermore, for the two 

halogenotoluene substrates, both conversion and chemoselectivities are higher for the Pd 

NP/L system (N1) than for the Pd NP/HL·Cl system (N2). These differences can be explained 

by the binding of the carbene group at the Pd NP surface in the case of N1 compared to N2. 

Indeed, the different coordination mode (by C and N in N1 and only by N in N2) may tune 

both electronic and steric properties at the surface and consequently the catalytic behavior of 

N1. 

In the last years, different authors have investigated the homocoupling of two 

halogenotoluene substrates catalyzed by Pd as an alternative to Ullmann reaction, which 

requires stoichiometric quantities of copper under harsh reaction conditions (Figure 6).[27] 
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Figure 6. Ullmann reaction 

Consequently, palladium complexes[28] and nanoparticles[29] have been tested for this 

reaction. Nevertheless, these catalysts typically present poor conversions due to their low 

stability. 

Additionally, this homocoupling reaction requires a reducing agent. As explained 

above, DMF can act as a hydride source[23]. Thus, this solvent can potentially act as a source 

of electrons for the reduction of Pd(II) to Pd(0) in the homocoupling reaction through a 

reductive elimination of HX mediated by a base. For this mechanism to take place, a multisite 

catalyst is required (e.g. the surface of a nanoparticle) in order to avoid the formation of 

Pd(IV) species arising from two consecutive oxidative additions of ArX on a single Pd(0) site. 

In a multiple site catalyst, the oxidative addition of ArX onto two vicinal Pd(0) sites (yielding 

two Pd(I) species) can take place. Consequently, the formation of a hydride onto the surface 

of a nanoparticle followed by a reductive elimination of HX and a biaryl could be feasible and 

the Pd(0) sites would be regenerated (Figure 7). 
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Figure 7. Proposed mechanism for the homocoupling of 4-bromotoluene onto the surface of Pd nanoparticles.
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Additionally, the dehalogenation reaction could take place as shown in Figure 8, where 

a hydride coming from the decomposition of the DMF and present onto the surface of the 

nanoparticles is able to release the dehalogenated product through a reductive elimination 

step. 

 

 

 

Figure 8. Proposed mechanism for the dehalogenation of 4-bromotoluene onto the surface of Pd nanoparticles. 
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In order to determine the influence of phenylboronic acid in C-C coupling reactions 

catalyzed by the colloidal systems, catalytic experiments were also carried out in absence of 

the boron reagent. Besides that BT was not detected, it is remarkable that full conversion to 

the dehalogenated product (PhMe) is observed in the case of the reaction carried out with 4-

iodotoluene catalyzed by N1 (Table 1, entry 7). However, when 4-bromotoluene is employed a 

significant increase in the yield of TT homocoupling product is observed for both 

nanocatalysts (from 34% to 60%; Table 1, entries 9 and 11, respectively, for N1, and from 

13% to 26% for N2, entries 10 and 12). When performed with the molecular complexes, the 

same reaction of 4-halotoluene in the absence of phenylboronic acid reagent did not yield to 

homocoupling products at all.  

A recurrent discussion with Pd NPs as catalysts for C-C coupling reactions is 

wether the real catalyst are the NPs or molecular Pd species leached from them.[30] 

There are several publications that support either a surface-based[31] or atom-leachin 

mechanism.[32] In this context, three different tests have been carried out to assess 

the nature of the active spicies during the catalytic process. First of all, in the mercury 

poisoning test,[33] 100 equivalents of Hg were added to the catalytic mixtures after 10 

min of reaction. For molecular systems (C1 and C2) the conversions were not affected, 

while for the colloidal systems (N1 and N2) the catalytic reactions ceased completely. 

These data suggest that C1 and C2 act as real molecular catalysts when starting with 

them whereas Pd NPs are the active species when N1 and N2 are introduced in the 

catalysis. This is in accordance with the different results observed in catalysis 

depending on the molecular or colloidal nature of the introduced catalysts. However, 

the mercury poisoning test is not definitive, since the amalgam of Hg and Pd from the 

NPs could prevent potential Pd molecular species from leaching. For these reason, two 

additional experiments have been performed with systems from entries 9 and 10 in 

Table 1 (Suzuki-Miyaura reaction conditions, p-bromotoluene as the haloderivative and 

N1 or N2 as the catalyst, respectively). First of all, TEM grids were prepared after the 

catalytic experiments, observing the existence of Pd NPs (Figure 9). The mean size of 

these NPs (2.7(0.7) and 3.3(0.6) nm for N1 and N2 after catalysis, respectively) is 

similar to those found for the same NPs prior to the catalytic tests (2.1(0.9) and 

3.2(0.9) nm for N1 or N2, respectively). Even if no restructuration of the NPs seems to 
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have taken place (which could indicate a leaching / deposition mechanism through the 

Ostwald rippening process[34]) it is important to note that for N2, the NPs appear 

isolated after catalysis, in contrast with the aggregation observed prior catalysis. 

 

 

 (a) 

 

(b) 

 

Figure 9. HR-TEM micrographs of Pd nanoparticles (a) N1 and (b) N2 after catalytic experiments. 

 

Secondly, ICP-MS analyses of the solutions after catalysis for entries 9 and 10 

in Table 1 have been carried out in order to know the amount of Pd leached from the 

NPs to the solution. The concentration of Pd in these solutions are 0.17 and 1.8 ppm 

for N1 or N2, respectively, meaning that 0.7% and 15% of Pd has leached to the 

solution, for N1 or N2, respectively. The differences on the percentage of leached Pd 

can be explained by the different coordinative properties of the ligands on each 
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system. For N1, the carbene and pyrazolyl groups from L can coordinate to the surface 

of the NPs, and better stabilize them from Pd leaching than in N2, where only the 

pyrazolyl group from HL·Cl can coordinate the surface of the NPs. 

The leached molecular Pd species can be responsible of the small amount of C-

C heterocoupling reaction observed in entries 9 and 10 of Table 1 (5% and 7%, 

respectively).  

All in all, these experiments would confirm that that C1 and C2 act as molecular 

catalysts in Suzuki-Miyaura C-C heterocoupling and N1 and N2 are the real active species for 

C-C homocoupling reaction. 
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4.5 Conclusions 
A new hybrid pyrazole-imidazol-2-ylidine ligand, 1-[2-(3,5-dimethylpyrazol-1-

yl)ethyl]-3-((S)-1-phenylethyl)-3H-imidazol-2-ylidene (L), has been synthesized for the 

first time and proved to effectively stabilize small and isolated palladium(0) 

nanoparticles. A comparison with the counterpart HL·Cl as stabilizer led to badly 

stabilized NPs which evidenced that the coordination of the ylidene group is a key 

factor in the stabilization process of the colloidal system. The successful preparation 

and complete characterization of molecular Pd(II) coordination compounds with the 

same ligands confirmed a chelated coordination mode through the pyrazolic nitrogen 

and the ylidene group for L but a terminal monodentated one through pyrazolic 

nitrogen for HL·Cl. It can be concluded that similar coordination modes of L and 

HL·Cl here take place for both the Pd NPs particles and Pd complexes respectively. As 

a consequence, the coordination of L is stronger and leads to nanoparticles with well-

controlled size.  

All those systems have been tested in catalytic C-C coupling reactions. For colloidal 

systems (N1, N2), an improving effect has been observed, in terms of chemoselectivity and 

yield, of L containing NPs (N1) with respect to HL·Cl containing NPs (N2) as the result of 

the different coordination modes of the carbene group to the surface of the NPs. 

Interestingly, these systems are the only ones able to achieve the C-C homocoupling reaction 

between two molecules of bromoarenes or the complete dehalogenation reaction of 

iodoarenes. The Suzuki-Miyaura reaction is favored with the Pd molecular complexes.  

Three different types of reactions have been observed depending on the catalytic 

system: i) the Suzuki-Miyaura reaction takes place with Pd molecular complexes; ii) a 

secondary reaction, the dehalogenation of the substrate, is always detected and iii) the C-C 

homocoupling between two molecules of bromoarenes is observed with colloidal catalysts. 

Contribution 

Jonathan De Tovar resynthesized the ligands, complexes and nanoparticles for their testing in 

the Suzuki-Miyaura catalytic reaction in order to study their dissimilar catalytic behavior. 
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Chapter V. Summary and Conclusions 
 

 

 
 

After exposing the general objectives and the experimental results obtained, the 

present chapter summarizes the work developed within this thesis.  
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Chapter III 

✓�A new synthetic methodology for the easy preparation of Co NPs through the room 

temperature hydrogenation (3 bar of dihydrogen) of [Co(h3-C8H13)(h4-C8H12)] in 1-

heptanol is reported. This methodology demonstrates the ability of 1-heptanol to be both a 

proper solvent and stabilizing agent tor the synthesis of isolated and homogeneous in size 

3 nm Co(0) NPs. This nanomaterial has been characterized by FT-IR, TEM, WAXS and 

ICP. 

✓�Slow (6 days) aerobic oxidation of the obtained Co(0) NPs allows the access to isolated 

Co3O4 NPs of preserved morphology (3.0 nm) and dispersion. These NPs have been 

characterized by FT-IR, TEM, HREM, XPS and WAXS.� 

✓ When deposited at the surface of a GC-RDE electrode and in 1M NaOH, the ultrafine 

Co3O4 NPs electrocatalytically oxidize water with an onset h of ca. 0.29 V and η10mA/cm
2 of 

0.486 V, showing ECSA normalized current densities (js) of 1.04 mA cm-2 at h = 0.35 V, a 

value that fairly outperforms that of all benchmarked nanostructured metal oxide 

electrocatalysts deposited onto GC-RDE. Despite stable and showing 95% Faradaic 

efficiency, the system is less competitive at higher current densities due to its Tafel slope 

of ca. 100 mV·dec-1. 

✓ A family of tris(bipyridyl)-based Ru(II) complexes containing phosphonate groups in 

the bipyridyl rings (PS0, PS1, PS2,) have been prepared as light-harvesting 

photosensitizers, following previously described procedures.  
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✓�The binding of the Ru(II) photosensitizers to the surface of the Co3O4 NPs was 

afforded by stirring a mixture of the bare Co3O4 NPs and the desired photosensitizer in 

MeOH yielding two new hybrid nanocatalyts of general formula (PS1)0.09Co3O4(1-

heptanol)0.80 and (PS2)0.15Co3O4(1-heptanol)0.97. As expected, the mean size of these new 

hybrid nanomaterials is similar to that of the initial Co3O4 NPs. The prepared dyads were 

characterized by ICP-OES, FT-IR, CV, HREM, STEM-EDX and WAXS. 

✓�The PS1-Co3O4 and PS2-Co3O4 dyads and their respective separate analogues under 

same Co3O4/PS ratios have been tested as water oxidation catalysts for the photo-

production of O2 using visible light and S2O8
2- as sacrificial electron acceptor at pH 5.6. 

The benefits of the dyad approach arise when observing the inactivity of the unbound 

Co3O4/PS systems with regards to the significant TON and TOF values per NP (5.4 / 0.90 

min-1 and  82 / 2.05 min-1) obtained for PS1-Co3O4 and PS2-Co3O4, respectively. The 

better performance of the latter over the former was attributed to the higher surface 

functionalization of PS2-Co3O4, that enhance the kinetics of WO and protect better the 

catalytic entity under catalytic conditions against aggregation. These data stress the 

important role of the direct connection between the PS and the nanocatalyst by; 1) 

favoring their efficient electronic communication that allows being kinetically competitive 

with the typical side deactivation processes of light-driven WO and 2) minimizing catalyst 

aggregation under turnover conditions by means of the protective/stabilizing PS layer at 

the surface of the Co3O4 NPs. 

✓�Both bond and unbound systems have been photo-physically studied observing that no 

back electron transfer from the dye to the Co3O4 NPs was observed in any case, 

evidencing a good electronic communication in the PS-NP dyad. 
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Chapter IV 

✓�Following a procedure previously described by the research group, the ligands HL·Cl, 1-

[2-(3,5-dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-3H-imidazol-1-ium chloride and L, 

1-[2-(3,5-dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-3H-imidazol-2-ylidene, have been 

synthesized. The latter corresponds to a N-heterocyclic carbene (NHC) ligand with a 

pending pyrazolyl group, which infers potential chelating properties towards metallic 

centres. In contrast, HL·Cl is a terminal ligand only capable of coordinating through the 

pyrazolyl group. 

 

 

✓�These two ligands have been used as stabilizing agents in the synthesis of Pd(0) NPs 

through the organometallic approach. The better coordinating properties of ligand L 

provokes a good stabilization of the NPs, yielding particles of 2.1 nm of mean size for an 

initial L/Pd ratio of 0.5. On the other hand, when the HL·Cl ligand is used to stabilize Pd 

NPs with the same ligand to palladium ratio, NPs of 3.2 nm were obtained. 

✓�For comparative purposes, L and HL·Cl have been used to synthesize Pd(II) 

coordination compounds. As expected, L chelates the Pd centre through the ylidine and 

pyrazolyl groups, while HL·Cl acts as terminal ligand only coordinating through the 

pyrazolyl group. 

✓�Both colloidal and molecular systems have been tested as catalysts for C-C coupling 

reactions, under Suzuki-Miyaura conditions (phenylboronic acid and 4-halogenotoluene 

under basic conditions). 

N
N

NN

Cl

N
N

NN

HL·Cl L
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✓�As expected, molecular compounds yield the hetero-coupling Suzuki-Miyaura product 

(4-methylbiphenyl), for iodo- and bromo- 4-halogenotoluene reactions. A secondary 

reaction has also been observed, the dehalogenation of the 4-halogenotoluene to yield 

toluene through a palladium hydride species, coming from the partial decomposition of the 

solvent (DMF) under catalytic conditions.  

✓�The better coordinating properties of L towards HL·Cl, provokes an improving effect on 

terms of chemoselectivity (towards 4-methylbiphenyl) and yield. 

✓�When Pd NPs were used as catalysts under the same reaction conditions, they lead to 

Suzuki-Miyaura (4-methylbiphenyl) or C-C homocoupling (4,4’-dimethylbiphenyl) reactions 

depending on the substrate (iodo- or bromo- derivatives, respectively). The dehalogenation 

of the 4-halogenotoluene to yield toluene has also been observed in all the catalytic tests. 

In the absence of phenylboronic acid, toluene can even be obtained in quantitative yield. 

✓�The results obtained in this Chapter, lead us to conclude that the C-C homocoupling 

reaction takes place on the heterogeneous surface of the Pd Ps, whereas the Suzuki-

Miyaura reaction preferentially takes place when coordination compounds are used. 
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Chapter VI. Annexes 

 

 

 

 

The following papers have been published during this PhD thesis and are closely 

related with the present work. In the first work, a new chiral family of Ru complexes with the 

general formula [RuCl(-)-L1(bpy)]
+
 has been synthetized and characterized. DFT calculations 

of the different isomers have been performed in order to interpret the experimental results in 

terms of electronic and steric effects. In the second work, both molecular and colloidal Pd 

systems based both on an ionic liquid or its N-heterocyclic carbene (NHC) are synthetized, 

characterized and tested in C-C coupling processes. The conversion, yield and the different 

reactivity are discussed for the set of four systems. 
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ABSTRACT: A new chiral derivative of the N,N-bis(2-
pyridylmethyl)ethylamine (bpea) ligand, Me-pinene[5,6]bpea
[(−)-L1], has been prepared from a new aldehyde building
block [Me-pinene-aldehyde, (−)-4] arising from the monoterpene
chiral pool. The tridentate (−)-L1 ligand has been employed to
prepare a new set of Ru−Cl complexes in combination with
didentate 2,2′-bipyridine (bpy) with the general formula
[RuCl((−)-L1)(bpy)]+. These complexes have been characterized
in solution by cyclic voltammetry, UV−vis, and 1D and 2D NMR
spectroscopy. Isomeric mixtures of trans,fac-C1a and anti,mer-C1c
compounds are formed when (−)-L1 is reacted with a
[Ru(bpy)(MeOH)Cl3] precursor. Density functional theory
calculations of all of the potential isomers of this reaction have
been performed in order to interpret the experimental results in terms of electronic and steric effects and also to unravel the
observed isomerization pathway between anti,mer-C1c and trans,fac-C1a.

■ INTRODUCTION

Today, ruthenium complexes have a variety of applications in
many fields of science.1 From a redox catalysis viewpoint, they
are excellent because they enjoy a wide range of accessible
oxidation states, ranging from 2− to 8+. Thus, they can be
applied for both oxidative2 and reductive3 transformations.
Furthermore, ruthenium complexes bearing enantiopure
ligands have already been used as asymmetric catalysts, giving
spectacular enantiomeric excess.4

Within the asymmetric catalysis field, the nature of the chiral
ligand plays a crucial role in the performance of the catalyst, in
terms of efficiency and especially stereospecificity. However,
despite the wide variety of enantiopure ligands reported so far,
just a few of them have been shown to create effective
asymmetric environments to a broad range of reactions and
substrates.5 Therefore, the development of new chiral ligands
that could generate “privileged” scaffolds is one of the most
important issues in enantioselective catalysis by transition-metal
complexes. In addition, the unraveling of the basic principles
that make them “privileged” is also of paramount importance.
With all this in mind, we have undertaken a project aimed at
developing new chiral polypyridylic ligands with different
geometries and denticities based on the monoterpene chiral
pool.6 Their combination with metals such as manganese, iron,

and ruthenium has already led to interesting catalysts for
diverse asymmetric oxidative transformations.7

Together with the nature of the ligands, their coordination
arrangement around a given metal ion is also crucial for the
final outcome of a catalytic reaction.8 For chiral ligands in an
octahedral environment, the formation of metal complexes can
lead to a large variety of isomers, especially for second-row
transition metals such as ruthenium. This generates an
additional challenge from a synthetic perspective in order to
be able to separate and isolate individual pure isomers.
Therefore, the rational ligand and complex design should be
combined with appropriate synthetic methodologies in order to
be successful in this type of endeavor.9

In 2008, we showed how both steric and electronic factors
are key to explaining the isomeric ratios obtained when
combining the N,N-bis(2-pyridylmethyl)ethylamine (bpea)
ligand and its chiral derivative pinene[5,6]bpea (Chart 1)
with N- and P-donor didentate ligands in an octahedral
ruthenium(II) environment.10

Here, we further analyze this excellent platform by preparing
a new diastereoselectively alkylated Me-pinene[5,6]bpea ligand
[(−)-L1; Chart 1] with increased bulkiness and two new
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stereogenic centers. Ru−Cl complexes containing this ligand
combined with 2,2′-bipyridine (bpy) have been prepared,
thoroughly characterized, and stereoisomerically analyzed in
comparison with their achiral and chiral analogues previously
reported by our group.10,11

■ EXPERIMENTAL SECTION
Materials. All reagents used in the present work were obtained

from Aldrich Chemical Co. and were used without further purification.
Reagent-grade organic solvents were obtained from SDS. RuCl3·3H2O
was supplied by Alfa Aesar and was used as received.
Preparations. Pinene-furan [(−)-1]12 and [Ru(bpy)(MeOH)-

Cl3]
13 were prepared following the procedures described in the

literature.
Me-pinene-furan [(−)-2]. A solution of n-BuLi (26 mL, 1.6 M in

hexane, 42.21 mmol) was added dropwise over a solution of
diisopropylamine (6.5 mL, 46.4 mmol) in dry tetrahydrofuran
(THF; 120 mL) at −40 °C. The solution of the formed LDA was
brought to 0 °C in an ice bath, stirred for 30 min, and cooled again to
−40 °C. A solution of the pyridine-pinene derivative (−)-1 (4.5 g, 18.8
mmol) in THF (120 mL) was added slowly for 1 h. The resulting red
solution was stirred at −40 °C for 2 h. Then, methyl iodide (2.6 mL,
42.21 mmol) was added dropwise for 1 h, and the mixture was stirred
overnight at room temperature. Water (310 mL) was added, and the
product was extracted with dichloromethane, washed with brine, and
dried with magnesium sulfate. The product was purified by column
chromatography on silica gel using a mixture of hexane/ethyl acetate
(95:5) as the eluent. Compound (−)-2 was obtained as a mixture of
(−)-2 and Me-pinene-Me-furan (methylation on both the pinene and
furan moieties) in a 10:3 ratio. This product was used without further
purification in the next step. Yield: 74% (3.5 g, 13.8 mmol). 1H NMR
(400 MHz, CDCl3): δ 7.49 (d, J = 1.5 Hz, 1H, H9), 7.37 (d, J = 7.8
Hz, 1H, H3), 7.20 (d, J = 8.0 Hz, 1H, H4), 6.87 (d, J = 3.4 Hz, 1H,
H7), 6.5 (dd, J = 3.2 and 1.6 Hz, 1H, H8), 3.23 (m, 1H, H13), 2.75 (t,
J = 4.8 Hz, 1H, H10), 2.56 (m, 1H, H14), 2.16 (m, 1H, H12), 1.42
(m, 6H, H15, H16), 1.29 (d, J = 9.4, 1H, H14′), 0.67 (s, 3H, H17).
13C NMR (100 MHz, CDCl3): δ 160.8 (C, C2), 160.6 (C, C1), 154.4
(C, C6), 142.5 (CH, C9), 140.3 (C, C5), 133.1 (CH, C3), 115.4 (CH,
C4), 111.8 (CH, C8), 107.2 (CH, C7), 47.1 (CH, C10), 46.8 (CH,
C12), 41.4 (C, C11), 38.8 (CH, C13), 28.6 (CH2, C14), 26.3 (CH3,
C16), 20.9 (CH3, C17), 18.3 (CH3, C15)). [α]D: −7.2 (c 1.5,
CH2Cl2). ESI-MS: m/z 254.1 ([M + H]+), 276.1 ([M + Na]+).
Me-pinene-COOEt [(−)-3]. (−)-2 (23 g, 90.0 mmol) and

ammonium metavanadate (1.5 g, 13.0 mmol) were mixed in water
(400 mL). The mixture was heated to 65 °C, and fuming nitric acid
(190 mL) was added slowly. The evolved gases were trapped by

connecting the reflux condenser to a solution of water and a mixture of
aqueous NaOH (5 M) and H2O2 (2−3%). The solution was heated to
reflux for 5 h. After distillation of the solvent under vacuum, ethanol
(175 mL) and 96% sulfuric acid (64 mL) were added. The resulting
solution was heated to reflux overnight. Water (800 mL) was added,
and the solution was neutralized with a saturated aqueous solution of
sodium carbonate. The black solid was filtered and extracted through a
Soxhlet with hexane. The solvent was evaporated to obtain 14 g of
(−)-3 as a yellow oil. Yield: 60% (14 g, 54 mmol). 1H NMR (400
MHz, CDCl3): δ 7.82 (d, J = 7.9 Hz, 1H, H4), 7.29 (d, J = 7.9 Hz, 1H,
H3), 4.46 (m, 2H, H15), 3.32 (m, 1H, H6), 2.83 (t, J = 5.6 Hz, 1H,
H9), 2.58 (m, 1H, H10), 2.18 (m, 1H, H7), 1.44 (m, 9H, H12, H11,
H16), 1.30 (d, J = 9.1 Hz, 1H, H10′), 0.63 (s, 3H, H13). 13C NMR
(100 MHz, CDCl3): δ 165.7 (C, C4), 157.6 (C, C1), 146.2 (C, C5),
145.5 (C, C2), 133.4 (CH, C3), 122.5 (CH, C4), 61.6 (CH2, C15),
46.8 (CH, C9), 40.0 (CH, C7), 39.4 (C, C8), 36.7 (CH, C6), 31.5
(CH2, C10), 25.9 (CH3, C12), 21.3 (CH3, C13), 18.1 (CH3, C11),
14.4 (CH, C16). [α]D: −25.4 (c 0.94, CH2Cl2). ESI-MS: m/z 260.1
([M + H]+).

Me-pinene-aldehyde [(−)-4]. (−)-3 (13.7 g, 52.8 mmol) was
dissolved in anhydrous THF (200 mL), and the solution was cooled to
−78 °C. LiAlH4 (1 M in hexane, 63.4 mL) was added for a period of
20 min with a syringe pump. The resulting solution was stirred for 1 h
at the same temperature. Glacial acetic acid (27 mL) was added, and
the solution was left at room temperature. Hexane (400 mL) was
added, and the solution was poured over water (400 mL). The
solution was neutralized with a saturated solution of sodium
bicarbonate, extracted with hexane, washed with water, and dried
with magnesium sulfate. After collection and evaporation of the
organic phases, a mixture of aldehyde (−)-4 and alcohol (−)-5 was
obtained. This mixture was purified by column chromatography on
silica gel. Using dichloromethane as the mobile phase, 6.8 g of (−)-4
was eluted. Yield: 60% (6.8 g, 31.6 mmol). 1H NMR (400 MHz,
CDCl3): δ 10.04 (s, 1H, H14), 7.68 (d, J = 7.5 Hz, 1H, H4), 7.34 (d, J
= 7.5 Hz, 1H, H3), 3.27 (m, 1H, H6), 2.86 (t, J = 5.3 Hz, 1H, H9),
2.60 (m, 1H, H10), 2.20 (m, 1H, H7), 1.44 (m, 6H, H11, H12), 1.31
(d, J = 10.0 Hz, 1H, H10′), 0.64 (s, 3H, H13). 13C NMR (100 MHz,
CDCl3): δ 193.6 (COH, H14), 161.8 (C, C1), 150.8 (C, C2), 147.4
(C, C5), 133.3 (CH, C3), 119.5 (CH, C4), 47.6 (CH, C9), 46.5 (CH,
C7), 41.4 (C, C8), 38.7 (CH, C6), 28.2 (CH2, C10), 26.2 (CH3,
C12), 20.8 (CH3, C13), 18.1 (CH3, C11). [α]D: −19.4 (c 0.98,
CH2Cl2). ESI-MS: m/z 216.1 ([M + H]+), 238.1 ([M + Na]+).

Me-pinene-OH [(−)-5]. (−)-4 (3 g, 13.9 mmol) was dissolved in
dry methanol (34 mL), and then sodium borohydride (1 g, 26.5
mmol) was added slowly. The solution was left at room temperature,
and stirring was continued for 4 h. After evaporation of the solvent,
dichloromethane (34 mL) and water (26 mL) were added. The
product was extracted to the dichloromethane layer, washed with
water, and dried with magnesium sulfate. After evaporation, 2.8 g of
pure (−)-5 as a yellow solid was obtained. Yield: 92% (2.8 g, 12.9
mmol). 1H NMR (400 MHz, CDCl3): δ 7.17 (d, J = 7.5 Hz, 1H, H3),
6.87 (d, J = 7.5 Hz, 1H, H4), 4.70 (b s, 2H, H14), 4.00 (b s, 1H, OH),
3.17 (m, 1H, H6), 2.75 (t, J = 5.4 Hz, 1H, H9), 2.55 (m, 1H, H10),
2.15 (m, 1H, H7), 1.43 (s, 3H, H12), 1.38 (d, J = 7.2 Hz, 3H, H11),
1.30 (d, J = 9.8 Hz, 1H, H10′), 0.63 (s, 3H, H13). 13C NMR (100
MHz, CDCl3): δ 159.6 (C, C1), 155.3 (C, C2), 140.4 (C, C5), 133.4
(CH,C3), 117.0 (CH, C4), 63.8 (CH2, C14), 46.9 (CH, C9), 46.8
(CH, C7), 41.3 (C, C8), 38.6 (CH, C6), 28.7 (CH2, C10), 26.3
(CH3, C12), 20.8 (CH3, C13), 18.1 (CH3, C11). [α]D: −22.9 (c 1.2,
CH2Cl2). ESI-MS: m/z 218.1 ([M + H]+), 240.1 ([M + Na]+).

Me-pinene-Cl [(−)-6]. (−)-5 (5.15 g, 23.7 mmol) was dissolved in
dry dichloromethane (55 mL). A solution of SOCl2 (5 mL, 71 mmol)
in dry dichloromethane (44 mL) was added dropwise. The solution
was kept stirring overnight. The solvent was carefully evaporated.
Dichloromethane (350 mL) and an aqueous solution of sodium
hydroxide (0.4 M, 666 mL) were added. The product was extracted to
the dichloromethane layer, washed with water, and dried with
magnesium sulfate. After evaporation, (−)-6 was obtained as a yellow
oil. Yield: 88% (4.9 g, 21 mmol). 1H NMR (400 MHz, CDCl3): δ 7.23
(d, J = 7.5 Hz, 1H, H3), 7.16 (d, J = 7.4 Hz, 1H, H4), 4.68 (s, 2H,

Chart 1. Drawings of the Ligands Used in This Work
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H14), 3.20 (m, 1H, H6), 3.78 (t, J = 5.7 Hz, 1H, H9), 2.57 (m, 1H,
H10), 2.17 (m, 1H, H7), 1.44 (s, 3H, H12), 1.40 (d, J = 7.1 Hz, 3H,
H11), 1.32 (d, J = 9.7 Hz, 1H, H10′), 0.65 (s, 3H, H13). 13C NMR
(100 MHz, CDCl3): δ 160.4 (C, C1), 153.1 (C, C2), 141.6 (C, C5),
134.1 (CH, C3), 119.9 (CH, C4), 47.0 (CH, C9), 46.7 (CH, C7),
46.6 (CH2, C14), 41.3 (C, C8), 38.5 (CH, C6), 28.5 (CH2, C10),
26.2 (CH3, C12), 20.8 (CH3, C13), 18.3 (CH3, C11). [α]D: −16.4 (c
1.3, CH2Cl2). ESI-MS: m/z 236.1 ([M + H]+).
Me-pinene[5,6]bpea [(−)-L1]. (−)-6 (2.29 mg, 9.7 mmol) was

dissolved in a mixture of acetonitrile/water [1:1 (v/v), 10 mL], and
70% aqueous ethylamine (172 μL, 4.8 mmol) was added. The solution
was heated to 60 °C for 5 min. Then, an aqueous solution of sodium
hydroxide (10 M, 850 μL, 10.7 mmol) was added slowly. The solution
was heated at 60 °C for 1 h. The product was extracted with
chloroform and dried with anhydrous magnesium sulfate. The crude
was purified by column chromatography of neutral alumina. Using a
mixture of dichloromethane/acetone [9:1 (v/v)], (−)-L1 was eluted.
Yield: 54% (1.17 g, 2.6 mmol). 1H NMR (400 MHz, CDCl3): δ 7.23
(d, J = 7.7 Hz, 2H, H2), 7.12 (d, J = 7.7 Hz, 2H, H3), 3.80 (s, 4H,
H14), 3.15 (m, 2H, H12), 2.70 (t, J = 5.6 Hz, 2H, H6), 2.65 (q, J = 7.1
Hz, 2H, H15), 2.51 (m, 2H, H7), 2.12 (m, 2H, H8), 1.39 (s, 6H,
H10), 1.35 (d, J = 7.1 Hz, 6H, H13), 1.28 (d, J = 9.6 Hz, 2H, H7′),
1.11 (t, J = 7.1 Hz, 3H, H16), 0.61 (s, 6H, H11). 13C NMR (100 MHz,
CDCl3, 25 °C): δ 159.8 (C, C5), 157.1 (C, C1), 139.4 (C, C4), 133.1
(CH, C3), 119.3 (CH, C2), 59.9 (CH2, C14), 48.2 (CH2, C15), 47.0
(2CH, C6, C8), 41.3 (C, C9), 38.7 (CH, C12), 28.7 (CH2, C7), 26.3
(CH3, C10), 20.9 (CH3, C11), 18.5 (CH3, C13), 12.3 (CH3, C16).
[α]D: −18.2 (c 1.4, CH2Cl2). ESI

+-HRMS ([M + H]+). Anal. Calcd for
C30H43N2: m/z 444.3373. Found: m/z 444.3398.
trans,fac-[Ru((−)-L1)(bpy)Cl]Cl (C1a) and anti,mer-[Ru((−)-L1)-

(bpy)Cl]Cl (C1c). To a solution of [Ru(bpy)(MeOH)Cl3] (53 mg,
0.134 mmol) and triethylamine (28 μL, 0.20 mmol) in dry ethanol (20
mL) was added (−)-L1 (56 mg, 0.134 mmol). The mixture was heated
to reflux for 24 h in the dark. To the resulting red solution was added
dry diethyl ether (50 mL). The red solution was filtered and separated
from a green solid. The solution was evaporated, and the obtained
solid was purified by column chromatography of alumina. Starting with
dichloromethane, the polarity of the mobile phase was increased with
methanol. With a mixture of dichloromethane/methanol [100:2 (v/
v)], a red band was eluted. The first fractions of this band, which had a
darker color and contained a mixture of C1a and C1c (11 mg), were
separated. The next fractions contained pure C1a (37 mg; yield 36%).
Anal. Calcd for C40H49ClF6N5PRu: C, 54.51; H, 5.60; N, 7.95. Found:
C, 54.31; H, 5.82; N, 7.68. C1c was isolated by purification of the
mixture of C1a and C1c with an alumina semipreparative thin layer
chromatograph using a mixture of dichloromethane/methanol [100:2
(v/v)] as the mobile phase, obtaining 5 mg of pure C1c (yield 5%).
Anal. Calcd for C40H49ClF6N5PRu: C, 54.51; H, 5.60; N, 7.95. Found:
C, 54.42; H, 5.75; N, 7.73. C1a. 1H NMR (500 MHz, CD2Cl2): δ 8.28
(d, J = 8.0 Hz, 1H, H4), 8.25 (d, J = 7.8 Hz, 1H, H5), 7.98 (d, J = 5.5
Hz, 1H, H1), 7.87 (t, J = 7.3 Hz, 1H, H3), 7.80 (t, J = 7.3 Hz, 1H,
H6), 7.50−7.40 (4H, H9, H10, H18, H19), 7.30 (t, J = 6.4 Hz, 1H,
H2), 7.18 (t, J = 6.2 Hz, 1H, H7), 6.68 (d, J = 5.2 Hz, 1H, H8), 5.34
(m, 1H, H21), 4.59 (d, J = 15.6 Hz, 1H, 28a), 4.26 (2H, H27a, H12),
4.14 (d, J = 15.7 Hz, 1H, H27b), 3.78 (d, J = 15.7 Hz, 1H, H28b), 2.95
(dt, J = 10.3 and 5.4 Hz, 2H, H15, H24), 2.67−2.58 (m, 1H, 29a),
2.58−2.51 (m, 2H, H14a, H23a), 2.48 (dd, J = 13.7 and 7.0 Hz, 1H,
H29b), 2.23−2.15 (m, 4H, H13, H22, H14b, H23b), 1.76−1.68 (m,
3H, H30), 1.47 (s, 3H, H26), 1.44 (s, 3H, H16), 1.37−1.26 (m, 6H,
H11, H20), 0.87 (s, 3H, H25), 0.59 (s, 3H, H17). CV (CH2Cl2 vs
SSCE): 0.79 V. ESI+-HRMS ([M − 2Cl]2+, z = 2). Calcd for
C40H49N5Ru: m/z 347.6532. Found: m/z 347.6518. C1c. 1H NMR
(500 MHz, CD2Cl2): δ 10.63 (d, J = 5.0 Hz, 1H, H1), 8.65 (d, J = 7.9
Hz, 1H, H4), 8.61 (d, J = 6.9 Hz, 1H, H5), 8.50 (d, J = 5.7 Hz, 1H,
H8), 8.02−7.95 (m, 1H, H3), 7.80 (dd, J = 11.3 and 4.3 Hz, 1H, H6),
7.51 (ddd, J = 7.4, 6.0, and 1.4 Hz, 1H, H2), 7.38−7.32 (m, 1H, H7),
7.08−6.87 (m, 4H, H9, H10, H18, H19), 6.31 (d, J = 16.6 Hz, 1H,
H28a), 5.63 (d, J = 13.3 Hz, 1H, H27a), 4.60 (d, J = 16.7 Hz, 1H,
H28b), 4.52 (d, J = 13.4 Hz, 1H, H27b), 3.89 (dq, J = 13.3 and 6.6 Hz,
1H, H29a), 3.24 (dq, J = 14.5 and 7.3 Hz, 1H, H29b), 2.61−2.54 (m,

2H, H14a, H23a), 2.53 (dd, J = 6.4 and 5.5 Hz, 1H, H15), 2.49 (dd, J
= 6.4 and 5.5 Hz 1H, H24), 2.27−2.19 (m, 4H, H13, H22, H14b,
H23b), 1.46 (s, 3H, H16), 1.42 (s, 3H, H25), 1.24 (m, 1H, H21),
1.15−1.05 (m, 3H, H30), 0.75 (d, J = 6.9 Hz, 3H, H20), 0.65−0.58
(m, 1H, H12), 0.59 (s, 3H, H26), 0.55 (s, 3H, H17), −0.17 (d, J = 7.0
Hz, 3H, H11). CV (CH2Cl2, V vs SSCE): 0.83 V. The NMR
assignment for C1a and C1c has been carried out in accordance with
the labeling shown in Figure S15 in the Supporting Information.

Instrumentation and Measurements. The NMR spectroscopy
experiments were performed on Bruker Avance 400 and 500
Ultrashield NMR spectrometers. Samples were run in CD2Cl2 and
CDCl3. Cyclic voltammetry (CV) experiments were performed on an
IJ-Cambria HI-660 potentiostat using a three-electrode cell. Typical
CV experiments were carried out at a scan rate of 100 mV/s. A glassy
carbon electrode (2 mm diameter) was used as the working electrode,
a platinum wire as the auxiliary electrode, and a saturated calomel
electrode as the reference electrode. Working electrodes were polished
with 0.05 μm alumina paste and washed with distilled water and
acetone before each measurement. The complexes were dissolved in
CH2Cl2 containing the necessary amount of n-Bu4NPF6 (TBAPF6) as
the supporting electrolyte to yield a 0.1 M ionic strength solution. E1/2
values reported in this work were estimated from CV experiments as
the average of the oxidative and reductive peak potentials (Ep,a + Ep,c)/
2. UV−vis spectroscopy was performed on a Cary 50 (Varian) UV−vis
spectrophotometer in 1 cm quartz cuvettes. Mass spectrometry
analysis were performed in a mass spectrometer with time-of-flight
matrix-assisted laser desorption ionization (Bruker Autoflex).
Elemental analyses were performed on an EA-1108 CHNS-O
elemental analyzer from Fisons Instruments (Universidad de
Santiago). [α]D was measured in a Jasco P-1030 polarimeter with
symmetric angular oscillation for the sodium D line and a
photomultiplier tube detector. Angular range: ± 90 °C. A Jasco
spectropolarimeter (model J-715; Jasco Inc., Easton, MD) interfaced
to a computer (J700 software) was used for circular dichroism (CD)
measurements at a constant temperature of 25 °C, maintained by a
Peltier PTC-351S apparatus (TE Technology Inc., Traverse City, MI),
in CH2Cl2. All spectra were recorded with 0.2 cm capped quartz
cuvettes.

Computational Details. The density functional theory (DFT)
calculations have been carried out with the hybrid B3PW91
functional,14 as implemented in the Gaussian 03 package.15 The Ru
atoms have been represented with the quasi-relativistic effective core
pseudopotentials of the Stuttgart group and the associated basis sets
augmented with an f polarization function (α = 1.235).16 The
remaining atoms (C, N, P, Cl, and H) have been represented with 6-
31G(d,p) basis sets.17 The B3PW91 geometry optimizations were
performed without any symmetry constraints, and the nature of
minima was checked by analytical frequency calculations. The energies
given throughout the paper are electronic energies without zero-point-
energy (ZPE) corrections (inclusion of the ZPE corrections does not
significantly modify the results). These energies contain also solvent
effects calculated with the polarizable continuum solvation model
using ethanol as the solvent.18 These solvent effects include
contributions of nonelectrostatic terms and have been estimated in
single-point-energy calculations on the gas-phase-optimized structures.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. The synthetic strategy

that we have followed for preparation of the (−)-L1 ligand is
outlined in Scheme 1. This strategy is based on the
diastereoselective alkylation of the pyridyl-pinene-aldehyde
[(-)-4; Scheme 1]. The latter is a very convenient chiral
building block intermediate for the synthesis of a wide variety
of polypyridylic ligands via simple Schiff-base chemistry, as we
have previously shown with related (nonalkylated) aldehyde
scaffolds.7b−d The synthetic pathway followed started with the
furan derivative (−)-1 developed by Bernhard and co-workers12
(Scheme 1). Methylation of (−)-1 at the methylene group
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adjacent to the pyridine ring employing LDA and methyl iodide
took place in a diastereoselective manner to form (−)-2 in
good yield (74%).19

The next step consisted of the oxidative degradation of the
furan substituent by employing a mixture of nitric acid and
ammonium metavanadate. The carboxylic acid formed is
esterified in situ with sulfuric acid in ethanol, and compound
(−)-3 is obtained in 60% yield. Reduction of the obtained ester
(−)-3 with LiAlH4 resulted in formation of the desired (−)-4
and (−)-5 as minor byproducts. The two products were
separated by column chromatography on silica gel (see the
Experimental Section for further details), obtaining (−)-4 in
60% yield. The slow and careful addition of NaBH4 was then
employed for the almost quantitative reduction of (−)-4 to
alcohol (−)-5 (92% yield). The subsequent formation of (−)-6
in quantitative yield was obtained by the slow addition of
SOCl2 to (−)-5. Finally, a double nucleophilic attack of
ethylamine over (−)-6 led to formation of the desired (−)-L1
ligand (54% yield).
(−)-L1 was characterized by NMR (1D and 2D), ESI-MS,

and optical polarimetry (see the Experimental Section and
Figures S16−S21 in the Supporting Information). The 1H
NMR spectrum of (−)-L1 is presented in Figure 1, together

with its corresponding labeling scheme. C2 symmetry is
observed in solution, and thus the two pyridine-pinene moieties
are equivalent. This leads to 16 resonances that were
unequivocally assigned to the corresponding protons after
analysis of the homo- and heteronuclei bidimensional spectra.
Ru−Cl complexes were then prepared by employing

[Ru(bpy)(MeOH)Cl3] as the metal precursor. The sequence
of ligand addition to the Ru metal center is reversed here with

regard to the previously related complexes containing the
pinene[5,6]bpea and bpea ligands reported earlier,10,11 and
actually this turns out to be essential in this particular case for
preparation of the desired compounds. Attempts to coordinate
the bpy ligand to a typical [Ru((−)-L1)Cl3] intermediate were
always unfruitful because of the increased bulkiness of the
(−)-L1 ligand. Therefore, we used a solution of [Ru(bpy)-
(MeOH)Cl3] in dry ethanol and added (−)-L1 and triethyl-
amine to generate the corresponding complexes (Scheme 2).

The substitution of one methanol (MeOH) and two chlorido
ligands by a flexible10,20 C2-symmetric tridentate N-donor
ligand such as (−)-L1 can potentially lead to a wide range of
stereoisomers, as shown in Scheme 2. The flexibility of the
mentioned ligands will allow them to coordinate in a facial or
meridional manner around the octahedral RuII d6 metal center.
When the tridentate ligands act in a facial manner, then cis

and trans isomers can be obtained depending on whether the
Ru−Cl bond is cis or trans to the Ru−Naliphatic bond,
respectively. In the particular case of a cis,fac configuration,
two possible isomers can be obtained and are depicted in
Scheme 2 as C1b and C1b′. When the tridentate ligands act in
a meridional fashion, two possibly isomers can be obtained
depending on the relative orientation of the Ru−Cl bond with
regard to the ethyl group of the aliphatic amine. These isomers
are thus named anti,mer-C1c and syn,mer-C1d (Scheme 2).
Reaction of the [Ru(bpy)(MeOH)Cl3] complex with (−)-L1

in dry ethanol at reflux for 24 h generates a mixture of
complexes. A careful 1H NMR analysis of the crude revealed
the presence of two major complexes: trans,fac-C1a and
anti,mer-C1c in a 84:16 ratio. Additionally, the NMR also
showed the presence of small amounts of a third complex that
could not be identified but that, on the basis of DFT, could be
potentially assigned to C1d (vide infra). Overall we managed to
account for 78% yield.
It is worth mentioning here that the introduction of two extra

methyl groups to the pinene[5,6]bpea ligand [Chart 1; (−)-L1]
produces an enhancement of the steric effects close to the metal
center in such a way that the number of isomers obtained is
now substantially lower.10 For this reason, in the present case,

Scheme 1. Synthetic Pathway for the (−)-L1 Ligand

Figure 1. 1H NMR spectrum of (−)-L1 and its corresponding labeling
scheme.

Scheme 2. Synthetic Procedure and Potential Isomers of C1
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we manage to obtain trans,fac-C1a as the major product. This
was also the case for the achiral bpea ligand (Chart 1), where
the main isomer obtained was trans,fac-[Ru(bpea)(bpy)Cl]+

(C3a).11 Isolation of both C1a and C1c (Scheme 2) as pure
isomers was accomplished by combining column chromatog-
raphy and semipreparative thin layer chromatography (TLC),
both having alumina as the solid phase. Elution of the former
with 50:1 dichloromethane/methanol allowed us to obtain pure
C1a (36% yield) and a mixture of C1a and C1c. Semi-
preparative TLC using the same elution conditions finally
allowed us to isolate pure C1c (5% yield). In Figure S15 in the
Supporting Information, the 1H NMR of the reaction crude is
plotted together with the 1H NMR of the isolated isomers C1a
and C1c. For these types of complexes, 1D and 2D NMR has
been shown to be an extremely powerful tool to unambiguously
identify and characterize the isolated isomers (Scheme 2). In
particular, the chemical shift of the CH2−N moieties is
indicative of the presence of a facial or meridional disposition of
(−)-L1. A chemical shift for the CH2−N unit of around 6 ppm
is indicative of meridional geometry, whereas a shift of more
than 1 ppm to higher fields indicates facial coordination.20 For
C1a, this chemical shift is 4 ppm and thus is a clear indication
of the facial geometry of (−)-L1 in this compound. This is
further corroborated by the absence of shifted bpy protons
because of the fact that the bpy ligand is situated perpendicular
to the Ru−Cl bond (see Figures S15 and S22 in the Supporting
Information). 2D NOESY experiments allowed us to
distinguish between the three potential facial isomers (C1a,
C1b, and C1b′; Scheme 2). Two interactions between bpy and
(−)-L1 protons, H8 with H15 and H1 with H20, allow
identification of the trans,fac-C1a isomer (Figure S22 in the
Supporting Information). The assignment of the anti,mer-C1c
isomer is based on three key observations. First, the chemical
shift of CH2−N at around 6 ppm suggests a meridional
conformation.20 Second, a deshielded doublet shifted to low
fields (H1 of the bpy ligand in Figure S27 in the Supporting
Information) reveals the presence of the Ru−Cl bond parallel
to the bpy plane. Finally, a NOE interaction between H26a of
(−)-L1 and H8 of the bpy ligand (Figure S27 in the Supporting
Information) clearly supports the presence of the anti,mer-C1c
isomer.
The electrochemical properties of C1a and C1c were

investigated by means of CV in dichloromethane (Figure S32
in the Supporting Information). trans,fac-C1a and anti,mer-C1c
isomers exhibit chemically reversible and electrochemically
quasi-reversible waves centered at E1/2 = 0.79 V (ΔEp = 90 mV)
and 0.83 V (ΔEp = 110 mV), respectively. Therefore, σ
donation of the tertiary amine of the (−)-L1 ligand seems to be
more effective when the Naliphatic−Ru bond is trans to the Ru−
Cl bond, decreasing the RuIII/II redox potential by roughly 40
mV. A similar cathodic shift in the redox potentials is observed
in a comparison of related meridional versus facial isomers of
achiral bpea complexes, as has been previously reported.20a

In the presence of light and in a CH2Cl2 solution, C1c is not
stable and isomerizes toward the trans,fac isomer C1a. This
transformation has been followed by 1H NMR and is shown in
Figure 2. After 24 h of irradiation, the anti,mer isomer C1c is no
longer present in solution. The isomerization kinetics has also
been followed by UV−vis spectroscopy (Figure S33 in the
Supporting Information). A decrease in the absorbance at 395,
480, and 500 nm and the appearance of a new band at 530 nm
are observed together with clean isosbestic points, indicating a
neat interconversion between the two species. Under the same

conditions, but in the absence of light, there is no trans-
formation at all, as indicated by UV−vis and 1H NMR
spectroscopy.
The isomerization of C1c → C1a can also be thermally

promoted in the dark, by refluxing a solution of the former
complex in 1,2-dichloroethane. In this case, the reaction is
much slower, taking 168 h to proceed (Figure S35 in the
Supporting Information).
The thermal mer/fac isomerization of a bpea ligand bound to

a RuII metal ion was already described by us for the
[Ru(Cl)2(bpea)(DMSO)] complex.20b In this case, a dis-
sociative mechanism was proposed, in which one of the
chlorido ligands was removed as the initial step. In order to gain
a deeper understanding of this kind of process and assess the
influence of the steric and electronic effects imposed by the
ligands over the isomerization mechanism, DFT calculations
were carried out for the C1c→ C1a thermal process, where the
facial isomer C1a is slightly more stable (1.3 kcal/mol) than the
meridional isomer C1c. Two possible dissociative mechanisms
were proposed as the initial hypothesis: a first one based on the
dissociation of a pyridylic arm of the (−)-L1 ligand (pathway a,
Figure 3) and a second one based on the removal of the
chlorido ligand (pathway b, Figure 3). The energies of the
different calculated species involved in both mechanisms are
represented in Figure 3. Following pathway a, one pyridyl ring
of (−)-L1 is first decoordinated to reach the transition state
TSI by means of 34.4 kcal/mol. On the other hand, release of a
chlorido ligand from C1c (pathway b) leads first to the
formation of intermediate II and subsequently to pentacoordi-
nated transition state TSIII through a highly energetically
demanding reorganization process (44.1 kcal/mol). Further
ligand reorganization allows the gathering of species III with
the already facial coordination of (−)-L1. In general,
decoordination of an “arm” of a chelating ligand is disfavored
with regard to decoordination of a monodentate ligand.20b In
this case, the steric hindrance exerted by the pinene moieties
precludes reorganization of the pentacoordinated species up to

Figure 2. 1H NMR spectra (aromatic region, CD2Cl2) monitoring the
isomerization process of anti,mer-C1c to trans,fac-C1a triggered by
ambient light irradiation.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic302678b | Inorg. Chem. 2013, 52, 4985−49924989



44.1 kcal/mol, hampering the viability of this mechanism.
However, decoordination of one pyridyl ring gives rise to a
much more flexible intermediate, less sterically hindered and
easier to reorganize to its facial form. These steric arguments
would also explain why in the case of the previously reported
[Ru(Cl)2(bpea)(DMSO)] complex, in which no bulky ligands
are used, the proposed mer-to-fac isomerization mechanism was
based on the initial removal of a chlorido ligand.20b

Stereoisomeric Analysis. DFT calculations were per-
formed for the five potential isomers of C1, and their relative
energy diagram is shown in Figure 4a. In the same figure, the
relative energy diagram is compared with the ones reported
recently for the two analogous complexes [Ru(pinene[5,6]-
bpea)(bpy)Cl]+ (C2; Figure 4b) and ([Ru(bpea)(bpy)Cl]+

(C3; Figure 4c), containing respectively nonalkylated and
achiral bpea scaffolds.10 Selected bond distances and angles are
collected in Table S1 in the Supporting Information for all of
the optimized structures of C1 together with reported data for
C2 and C3, for purposes of comparison. To simplify the
structural discussion for these complexes, the plane nearly
perpendicular to the Ru−X bond (X = monodentate ligand)
will be considered to be the equatorial plane.
For the C3 complexes containing the achiral bpea ligand,

only the C3a isomer is obtained experimentally. This is due to
the absence of a strong steric interaction and the presence of
hydrogen bonding between the chlorido ligand and the CH
groups situated in the α position with regard to the N atoms of
the bpea pyridyl rings (see Figure 4c).10 Introduction of a

pinene moiety in the 5 and 6 positions of the pyridylic bpea
rings (pinene[5,6]bpea, Chart 1) produces large steric
interactions and removes the potential hydrogen bonding
mentioned above. As a consequence of this, the relative
energies of the potential isomers are relatively similar and thus
synthetically we obtain a mixture of isomers: trans,fac-C2a,
cis,fac-C2b/C2b′, and syn,mer-C2d (Figure 4b).10 Finally, the
double alkylation of the pinene moieties in (−)-L1 provokes a
further increase of the steric hindrance, clearly destabilizing the
cis,fac isomers C1b and C1b′ by 12.9 and 16.9 kcal/mol over
trans,fac-C1a, respectively (Figure 4a), which is the more stable
isomer in the present case. Strong repulsive steric interactions
between the bpy ligand and one of the bulky Me-pinene groups
of (−)-L1, both occupying the equatorial plane, are responsible
for this energy increase. As a consequence of this, C1b/C1b′
isomers present a large distortion of the octahedral geometry
(see Figure 4a and Table S1 in the Supporting Information).
An indication of the degree of this octahedral distortion is
offered by the dihedral angles between the two pyridyl rings of
(−)-L1. For C1b, this angle is 68.4°, whereas for C1b′, it is
71.4°, while for an ideal geometry, these rings should be almost
coplanar. This highly disfavored steric situation explains why
these cis,fac isomers are not observed experimentally. In sharp
contrast, the steric constraints clearly decrease when (−)-L1
coordinates meridionally to the Ru metal center. Now anti,mer-
C1c and syn,mer-C1d are only 1.3 and 2.6 kcal/mol above the
more stable trans,fac-C1a isomer. This enhanced stability of the
mer isomers with regard to the cis,fac ones is due to the reduced
steric hindrance between the bpy ligand and the pinene groups
in this new geometry, as can be clearly observed in Figure 4.
Nevertheless, there is still some remaining hindrance between
the bpy pyridyl group trans to the chlorido ligand and (−)-L1,
as can be inferred from the increased Ru−Nbpy distance from
the typical 2.05 Å up to the 2.10 Å calculated for this isomer

Figure 3. Relative energy diagram for the B3PW91 C1c → C1a
isomerization.

Figure 4. Relative energy diagram for the B3PW91-optimized
geometries of the cationic moieties of (a) C1a−C1d, (b) C2a−C2d,
and (c) C3a−C3d. Energies are given in kcal/mol. Color codes:
ruthenium, light blue; chlorine, green; nitrogen, blue; carbon, gray.
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(see, for instance, Ru−N4/N5 in Table S1 in the Supporting
Information). Finally, the trans,fac disposition of (−)-L1 has
the lowest steric hindrance between the bpy and pinene groups
and thus becomes the most stable isomer. This is in total
agreement with the fact that it is by far the major isomer
obtained experimentally.
In conclusion, we have prepared a new chiral dialkylated

pyridyl-pineno-fused aldehyde building block, (−)-4, which has
been employed in the preparation of a new enantiopure
derivative of the bpea ligand, (−)-L1. The combination of the
latter with a [RuCl(bpy)]+ subunit afforded trans,fac-C1a as the
major product together with anti,mer-C1c in much lesser
amounts. The reduced isomeric mixture obtained here (when
compared with the one previously reported for Ru−Cl
complexes bearing a nonalkylated pineno-fused bpea ligand,
C2) arises from the strong destabilization of cis,fac-C1b/C1b′
isomers. As shown by their highly distorted DFT-calculated
structures, the large steric repulsions between one of the bulky
Me-pinene groups and a bpy pyridyl moiety occupying the
equatorial plane produce the observed energy increase.
Furthermore, the calculated thermodynamic instability of the
anti,mer isomer versus its trans,fac counterpart is experimentally
confirmed by the C1c → C1a thermo- and photoisomerization
processes observed. Here again, for the thermal case, steric
arguments (lower ligand reorganization energies) support the
initial dissociation of a bpea pyridylic arm, as described by
DFT, instead of a Ru−Cl decoordination pathway.
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Dissimilar catalytic behavior of molecular or
colloidal palladium systems with a new NHC ligand†
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In this work, we describe the synthesis of a new N-heterocyclic carbene (NHC) ligand, derived from a

hybrid pyrazole-imidazolium scaffold, namely 1-[2-(3,5-dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenyl-

ethyl)-3H-imidazol-2-ylidene (L). This ligand has been used as a stabilizer for the organometallic

synthesis of palladium(0) nanoparticles (Pd NPs). L presents a better stabilizing effect than its pre-carbenic

HLCl counterpart, allowing the formation of isolated Pd NPs while HLCl yields aggregated ones.

Additionally, molecular Pd(II) coordination compounds of L and HLCl were synthesized and characterized

to better understand the coordination modes of these ligands. Both molecular and colloidal Pd systems

have been further tested in catalytic C–C coupling processes. Three different types of reactions have

been observed depending on the catalytic system: (i) the Suzuki–Miyaura reaction takes place with Pd

molecular complexes; (ii) a secondary reaction, the dehalogenation of the substrate, is always detected

and (iii) the C–C homocoupling between two molecules of bromoarenes is observed with colloidal

catalysts.

Introduction
During the last few years, the use of N-heterocyclic carbenes
(NHCs) as primary ligands has emerged in catalysis and
beyond. Amongst other catalytic processes, organometallic
compounds containing these ligands have been applied in the
cross-coupling reactions of un-activated substrates.1 This can
be explained not only by their remarkably strong σ-binding
and steric tunability,2 but also by their ability to stabilize
highly unusual and hitherto elusive reactive species such as
metal nanoparticles (MNPs) thanks to their stability under

oxidative conditions once coordinated.3 Thus, NHCs have
become ligands of paramount importance in nanochemistry
given their advantageous behavior for the stabilization and
functionalization of MNPs.4 Although different families of
NHCs have been largely explored in various important organic
transformations when combined with metal pre-catalysts, imi-
dazolium salts are the most frequently employed as the core
structures for NHCs given their straightforward syntheses and
feasible tuning properties.5

Different methodologies can be followed to obtain and
stabilize NPs in different media while controlling their size,
shape and composition, which, in turn, can tune their
unique properties.6 The use of coordinating ligands is of
particular interest to prepare MNPs because it gives the possi-
bility of modulating their surface properties as known for the
synthesis of molecular complexes.7 As a consequence, ligand-
stabilized MNPs became very attractive for applications in
catalysis.8 MNPs are able to catalyze not only reactions that
can also be catalyzed by molecular complexes (i.e. C–C coup-
ling or hydrogenation of olefins) but also reactions that
cannot be catalyzed by molecular complexes (i.e. hydrogen-
ation of arenes).

Furthermore, palladium is the most versatile transition
metal in chemical catalytic reactions since many of these pro-
cesses cannot be catalyzed by other transition metals.9 Thus,
Pd(0) NPs have shown large catalytic efficiency in C–C coupling

†Electronic supplementary information (ESI) available. CCDC 1432563. For ESI
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reactions specially when non-aggregated homogeneous NPs of
1–4 nm size are used as catalysts.10

The Suzuki–Miyaura reaction is one of the most important
cross-coupling processes from an industrial point of view.11

It allows to easily obtain biaryl products, important inter-
mediates in the organic syntheses of various target products
ranging from performance materials to pharmaceuticals.12

Although noble metal complexes are usually employed as
catalysts for this reaction, MNPs merit study since playing with
stabilizing ligands may tune their catalytic performance.13

Our research group has focused on discerning the catalytic
behavior of colloidal and molecular palladium systems in C–C
coupling reactions. For example, we have recently studied
Pd molecular/colloidal systems containing new hybrid pyrazole
derived ligands with alkylether, alkylthioether or alkylamino
moieties leading to different catalytic outputs depending on
the system.14 Here we present improved Pd systems based on a
new NHC–pyrazole hybrid ligand. Interestingly, as it will be
described hereafter, different behaviors were observed in C–C
coupling catalysis that illustrates the possibility of optimizing
the catalytic system according to the final aim.

Results and discussion
Synthesis of the ligand (L)

For the synthesis of 1-[2-(3,5-dimethylpyrazol-1-yl)ethyl]-3-((S)-
1-phenylethyl)-3H-imidazol-1-ium chloride (HLCl), 1-(2-chloro-
ethyl)-3,5-dimethyl-1H-pyrazole and 1-(S)-(phenylethyl)imid-
azole were heated solventless at 120 °C for 64 h. The deproto-
nation of HLCl to yield 1-[2-(3,5-dimethylpyrazol-1-yl)ethyl]-
3-((S)-1-phenylethyl)-3H-imidazol-2-ylidene (L) was achieved by
reacting HLCl with NaH and a catalytic amount of tBuOK in
anhydrous dichloromethane (Scheme 1). Both L and HLCl
have been fully characterized by NMR and IR spectroscopies as
well as by ESI-MS (Fig. S1–S6 in the ESI†).

Synthesis of Pd(0) nanoparticles (Pd NPs)

Ligand L has been used to prepare Pd NPs according to the
organometallic approach under mild reaction conditions.15

The syntheses have been carried out by reacting [Pd2(dba)3]
(dba = dibenzylideneacetone) and L ([L]/[Pd] molar ratios
varying from 0.1 to 1.0) in anhydrous dichloromethane for
18 h in a Fisher-Porter reactor, under 3 bar of dihydrogen at
room temperature. Finally, Pd NPs were precipitated and
washed with cold pentane and dried under reduced pressure.

TEM (transmission electron microscopy) and SEM (scan-
ning electron microscopy) analyses (after deposition/drying of
a drop of crude colloidal solutions onto a holey carbon-
covered copper grid) were performed with all the obtained
samples. The results showed that the Pd NPs are aggregated
into superstructures when a L/Pd ratio of 0.1 is used (HR-TEM
images are shown in Fig. 1a and SEM-FEG images are shown
in ESI, Fig. S7a†). The single NPs are spherical and have a
mean size of 3.6(0.9) nm but the superstructures do not have a
preferential shape and their size varies from 50 to 250 nm. For

L/Pd ratios of 0.3, 0.5 and 1.0, only isolated NPs were observed
(Fig. 1b–d). In all these cases, NPs are spherical and present
similar mean sizes in the range of 2.1–2.4 nm. These similar
sizes indicate that a minimum L/Pd molar ratio of 0.3 is
needed to have stable isolated NPs, but the addition of a
higher ligand/metal ratio does not have a significant effect on
the size of the NPs.

For comparative purposes, the stabilization of the NPs has
also been attempted with the protonated ligand HLCl (see
HR-TEM images in Fig. 2 and SEM-FEG images in ESI,
Fig. S7b–d†). In this case, a molar ratio of 0.1 failed to afford
stable NPs. For molar ratios of 0.3 and 0.5 Pd NPs appeared
organized into superstructures, and for the molar ratio of 1.0,
a mixture of isolated and aggregated NPs was observed. The
mean sizes of these NPs are 3.0(0.7), 3.2(0.9) and 2.1(0.9) nm
for HLCl/Pd molar ratios of 0.3, 0.5 and 1.0, respectively.
Therefore, with HLCl a higher ratio of ligand is needed to suc-
cessfully stabilize the NPs. From these results and given the
main difference of the two ligands (L is a carbene while HLCl
is not deprotonated), we believe that the stabilization of the
Pd NPs takes place by the coordination of L through the
carbene (M–C) and pyrazolic (M–N) groups to the surface of
the Pd NPs whereas HLCl would only coordinate through the
pyrazolic group (Scheme 1).

Scheme 1 Synthetic preparation of L and HLCl and their corresponding
Ag and Pd molecular complexes (CAg, C1 and C2) and Pd nano-
particulate systems (N1 and N2).
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The presence of the ligands L or HLCl in N1 or N2 (those
prepared with L and HLCl, respectively, in a ligand/Pd molar
ratio equal to 0.5) has been demonstrated by IR spectroscopy
(Fig. S8† and the Experimental section), and ICP-OES and
elemental analyses. The Pd/ligand ratios found are Pd561L37
and Pd1415HLCl93 for N1 and N2, respectively.

Wide-angle X-ray scattering (WAXS) measurements have
been performed on nanoparticles N1 and N2. The two radial
distribution functions (RDFs) (Fig. 3a) are very similar and in
good agreement with the fcc structure of bulk Pd. However,
significant distances can be observed of at least up to 4 nm,

thus being in disagreement with the sizes obtained from HR-TEM
(2.1(0.9) and 3.2(0.9) for N1 and N2, respectively). Indeed,
when compared with the RDF computed (Fig. 3b) from a
spherical model 2.0 nm in diameter, the agreement does not
go beyond 1.5 nm. A much better result can be obtained with a
dual size model, including a small amount (10%) of much
bigger spherical particles (5 nm in diameter). Actually, this
dual size model is likely itself oversimplified and different
combinations including a large majority of 2 nm particles and
a minority of bigger ones should probably lead to the same
level of agreement. This result, however, is not in contradiction
with the TEM results taking into account not only the mean
sizes but also the relatively large tail on the bigger size side.

Synthesis and characterization of Pd(II) molecular complexes
(C1–C2)

Pd(II) molecular complexes of L and HLCl have been syn-
thesized in order to better understand the coordination
properties of these ligands (Scheme 1).

The silver carbene transmetallation reaction is a general
procedure for the preparation of palladium–carbene com-
plexes16 and was considered to obtain the Pd complex with L.
The silver complex of L (CAg) was prepared by reacting
silver dioxide and HLCl in anhydrous dichloromethane. The
1H NMR spectrum of this complex shows that the pre-carbene
proton of the imidazolium salt is no longer present, thus
confirming the deprotonation of the imidazolium group and
formation of the Ag–NHC bond (Fig. 4 and Fig. S9†). Also, the
formation of CAg has been confirmed by ESI-MS and IR
spectroscopy (Fig. S10 and S11,† respectively). The next step
consisted of the reaction of CAg with [PdCl2(cod)] in anhydrous

Fig. 1 HR-TEM micrographs and the corresponding size-histograms of
Pd nanoparticles stabilized with L synthesized as follows: (a) [L]/[Pd] =
0.1; (b) [L]/[Pd] = 0.3; (c) [L]/[Pd] = 0.5; (d) [L]/[Pd] = 1.0.

Fig. 2 HR-TEM micrographs and the corresponding size-histograms
of Pd nanoparticles stabilized with HLCl synthesized as follows:
(a) [HLCl]/[Pd] = 0.3; (b) [HLCl]/[Pd] = 0.5; (c) and (d) [HLCl]/[Pd] = 1.0.
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dichloromethane (Scheme 1) to obtain the carbenic Pd
complex [PdCl2L] (C1). The absence of the pre-carbene proton
in the 1H-NMR spectrum of C1 confirms the formation of the

Pd–NHC bond (Fig. 4 and Fig. S12†). The formation of the
complex has been attested by HR-ESI-MS and IR spectroscopy
(Fig. S13 and S14,† respectively). Moreover, the NMR data also
evidence the chelation of the ligand to the metallic centre
through the NHC and pyrazolic groups. The rigidity imposed
by this coordination mode causes the two protons of each
CH2 in the N–CH2CH2–N moiety (H8 and H9) to become
diastereotopic, resulting in four visible signals assigned to a
single hydrogen atom each (see high-resolution NMR spectra
of C1 including 1H and 13C NMR spectroscopy chemical shift
assignments in Fig. S12a and b†). It is also noticeable that
some proton signals split, which is a single quote labeled in
Fig. S12a.† This splitting is due to conformational exchange
between a major and a minor component with a ratio of
approximately 70/30, as deduced from signal integration.

In order to study further this chemical exchange process, a
2D ROESY (Rotating Frame Overhauser Effect Spectrocopy)
spectrum was recorded.17 Briefly explained, in this NMR
experiment ROE and occasionally chemical exchange cross
peaks are observed.18 The former are indicative of through
space distance proximity, and the latter are detected when
protons experience distinct chemical environments, which is
commonly the case when a conformational equilibrium is
present. The distinction of the above mentioned different
cross peaks families is possible from the opposite signal phase
in the ROESY spectrum. Fig. 5 and S12d† show the 2D ROESY
spectrum of C1, where chemical exchange cross peaks are
detected in the negative phase (blue color), while ROE cross
peaks are positive phased (red color). Thus, protons H8 and H9

in the ethyl chain undergo a pronounced chemical environ-
ment exchange, with cross peaks situated notably separated
from the spectrum diagonal. This conformational exchange

Fig. 3 WAXS measurements on Pd nanoparticles for N1 and N2 and
comparison with Pd fcc in reciprocal space (a) and real space including
simulated from a model including only 2 nm particles based on the
Pd fcc structure (lower) and simulated from a model including 2 nm
particles plus 10% of 5 nm particles (upper) (b).

Fig. 4 1H-NMR of HLCl, L and CAg registered at 360 MHz (CDCl3,
298 K) and C1 registered at 600 MHz (CDCl3, 298 K).

Fig. 5 2D ROESY spectrum of C1 registered at 600 MHz (CDCl3, 298 K).
Arrows pointing negative cross peaks (blue color) indicate chemical
exchange between H8 and H9 protons.
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might be explained on the basis of a slow conformational
equilibrium of the new seven-membered ring formed. Other
protons (H4, H6, H7, H13, H14 and H16) also exhibit chemical
exchange cross peaks, which are closer to the spectrum
diagonal, indicating that chemical exchange is taking place
between less differentiated chemical environments. This latter
effect could be explained as a side-effect from the mentioned
seven ring conformational exchange. On the other side,
neither benzyl ring protons H18–H22 nor H15 show any chemi-
cal exchange cross peaks, suggesting that these protons are
situated far enough from the conformational exchange
described.

On the other hand, the direct reaction of HLCl with PdCl2
in acetonitrile yielded the complex [PdCl3(HL)] (C2, Scheme 1),
which has been characterized by NMR and IR spectroscopies
and ESI-MS (Fig. S15–S17†), thus confirming its stoichiometry.
Interestingly, the existence of the protonated ligand HL+ is
confirmed by the singlet 1H NMR spectroscopy resonance
appearing at 9.03 ppm for the H11 pre-carbene proton
(Fig. S15†).

Crystal and molecular structure of trichloro[(S)-
3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(1-phenylethyl)-
1H-imidazol-3-ium-κ1N]palladium(II) (C2)

Single crystals of C2 suitable for X-ray diffraction analysis were
obtained by slow evaporation of a concentrated acetonitrile
solution of the complex at RT. The structure of C2 consists of
monomeric [PdCl3(HL)] units (Fig. 6a), linked by van der
Waals forces (Fig. 6b). The palladium center is coordinated
by three terminal chloride ligands and one pyrazolic nitrogen
from a 1-[2-(3,5-dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-
3H-imidazol-1-ium cation in a slightly distorted square-planar
geometry. Crystallographic data are listed in Table S1,† and
the data on selected bond lengths and angles are gathered in
Table S2.† The positive charge generated by the imidazolium
cation is canceled by the negative charge provided by the third
chloride ion coordinated to Pd(II), thus forming a zwitterionic
structure.

There are three complexes reported in the literature with a
PdCl3N core (terminal chloride ligands and pyrazolic
nitrogen).19–21 The Pd–N and Pd–Cl bond lengths here
observed are comparable to the values found in the literature,
and the N–Pd–Cl and Cl–Pd–Cl bond angles slightly deviate
from the square planar angles (Table S2†).

In compound C2, chlorine atoms (Cl2 and Cl3, Fig. 6b)
form three different hydrogen bonds: C3–H3A⋯Cl2 (2.707 Å,
146.11°) and C15–H15⋯Cl3 (2.935 Å, 154.30°) interacting with
hydrogens from the ethylene group of an adjacent C2 unit,
and C11–H11⋯Cl2 (2.840 Å, 138.45°) interacting with a hydro-
gen atom from the imidazole aromatic ring of another adja-
cent C2 complex. These interactions are responsible for the
expansion in the crystallographic a direction.

Catalytic experiments with Pd molecular or colloidal systems

C1 and C2 Pd complexes (with L and HLCl ligands, respec-
tively) as well as N1 and N2 Pd nanoparticles have been evalu-

ated as catalysts for the Suzuki–Miyaura reaction (Scheme 2,
Table 1).22,23

4-Halogenotoluene derivatives (4-chlorotoluene, 4-bromo-
toluene or 4-iodotoluene) and an excess of phenylboronic acid
were chosen as substrates in order to easily distinguish
between cross-coupling and homocoupling products. Under
the catalytic reaction conditions applied (Scheme 2),14 two
different by-products can be formed besides the expected
cross-coupled product (4-methylbiphenyl; BT) as follows:
(i) toluene (PhMe) arising from the dehalogenation of the sub-
strates and (ii) 4,4′-dimethylbiphenyl (TT), resulting from the
4-bromotoluene homocoupling. Once optimized, 4-halogen-
otoluene (substrate/Pd = 2500), phenylboronic acid (PhB(OH)2/
Pd = 3125 or 0), and tBuOK (base/Pd = 5000) were employed in
a DMF/water mixture (4/1) as the solvent. As a general trend,

Fig. 6 ORTEP drawing of C2, showing the atom-numbering scheme;
50% probability amplitude displacement ellipsoids are shown for all
non-hydrogen atoms (a) and hydrogen interactions present in the unit
cell of C2 (b).

Scheme 2 Suzuki–Miyaura, homocoupling and dehalogenation reac-
tions performed in the presence of Pd complexes C1 and C2 and Pd NPs
N1 and N2.
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higher conversions were obtained with 4-iodotoluene com-
pared to 4-bromotoluene in both molecular and colloidal
systems (Table 1), as expected from the respective C(Ph)–X
bond energies (X = Br, 84 kcal mol−1; X = I, 67 kcal mol−1).24

Unfortunately, 4-chlorotoluene could not be activated
probably due to the higher C(Ph)–Cl bond energy value
(97.1 kcal mol−1)24 and the Suzuki–Miyaura coupling reaction
was unsuccessful.

Interestingly, in the presence of the molecular catalysts C1
and C2, toluene was the only side product observed in a
significant amount using both 4-bromotoluene and 4-iodoto-
luene as substrates (Table 1, entries 1–4). The homocoupling
reaction does not take place, as otherwise predictable accord-
ing to the literature on Pd molecular complexes.14 Also, 4-bro-
motoluene yields BT as the major product, while the amount
of the dehalogenation product (toluene) significantly increases
when 4-iodotoluene is used.

Recently, V. P. Ananikov et al. have demonstrated the for-
mation of Pd NPs when molecular Pd complexes with NHC
ligands are used in the Mizoroki–Heck reaction.25 In our case,
even if it is not a definite proof, TEM control analyses of the
solutions after catalysis with C1 or C2 did not show the
presence of Pd nanoparticles. In any case, Hg poisoning tests
carried out using these systems (vide infra) confirm the mole-
cular nature of the real catalyst when C1 or C2 is used.

When 4-iodotoluene was used as a substrate with nanocata-
lysts N1 and N2, complete conversions were achieved in 6 h in
both cases. In the case of N1, the formation of the cross-coup-
ling product (4-methylbiphenyl; BT) was mainly observed
together with a small amount of toluene (Table 1, entry 5). The
formation of toluene increases to 53% in the case of N2
(Table 1, entry 6). In contrast, N1 and N2 behave similarly
against 4-bromotoluene, with the formation of 4,4′-dimethyl-
biphenyl (TT), arising from the homocoupling reaction,
together with toluene and small amounts of BT (Table 1,
entries 9 and 10). Furthermore, for the two halogenotoluene
substrates, both conversion and chemoselectivities are higher

for the Pd NP/L system (N1) than that for the Pd NP/HLCl
system (N2). These differences can be explained by the binding
of the carbene group at the Pd NP surface in the case of N1
compared to N2. Indeed, the different coordination modes (by
C and N in N1 and only by N in N2) may tune both electronic
and steric properties at the surface and consequently the cata-
lytic behavior of N1.

In order to determine the influence of phenylboronic acid
in C–C coupling reactions catalyzed by the colloidal systems,
catalytic experiments were also carried out in the absence of
the boron reagent. Besides that BT was not detected, it is
remarkable that full conversion to the dehalogenated product
(PhMe) is observed in the case of the reaction carried out with
4-iodotoluene catalyzed by N1 (Table 1, entry 7). However,
when 4-bromotoluene was employed a significant increase in
the yield of the TT homocoupling product is observed for both
nanocatalysts (from 34% to 60%; Table 1, entries 9 and 11,
respectively, for N1, and from 13% to 26% for N2, entries 10
and 12). When performed with the molecular complexes, the
same reaction of 4-halotoluene in the absence of phenylboro-
nic acid reagent did not yield homocoupling products at all.

A recurrent discussion with Pd NPs as catalysts for C–C
coupling reactions is whether the real catalysts are the NPs or
molecular Pd species leached from them.10 There are several
publications that support either a surface-based26 or atom-
leaching mechanism.27 In this context, three different tests
have been carried out to assess the nature of the active species
during the catalytic process. First of all, in the mercury poison-
ing test,28 100 equivalents of Hg were added to the catalytic
mixtures after 10 min of reaction. For molecular systems (C1
and C2) the conversions were not affected, while for the
colloidal systems (N1 and N2) the catalytic reactions ceased
completely. These data suggest that C1 and C2 act as real
molecular catalysts when starting with them, whereas Pd NPs
are the active species when N1 and N2 are introduced into the
catalysis. This is in accordance with the different results
observed in catalysis depending on the molecular or colloidal

Table 1 Suzuki–Miyaura reactions with palladium catalystsa

Entry Catalyst X [PhB(OH)2]/[Pd]
Conv.b

(%)
BTc

(%)
TTc

(%)
PhMec

(%)
Yield
BT (%)

Yield
TT (%)

1 C1 I 3125 100 51 0 49 51 0
2 C2 I 3125 82 41 0 59 34 0
3 C1 Br 3125 28 71 0 29 20 0
4 C2 Br 3125 46 93 0 7 43 0

5 N1 I 3125 100 81 0 19 81 0
6 N2 I 3125 100 47 0 53 47 0
7 N1 I 0 100 0 0 100 0 0
8 N2 I 0 56 0 0 56 0 0
9 N1 Br 3125 66 5 51 44 3 34
10 N2 Br 3125 36 7 37 56 3 13
11 N1 Br 0 72 0 83 17 0 60
12 N2 Br 0 36 0 72 28 0 26

a Reaction conditions: 1 × 10−3 mmol of Pd, 2.5 mmol of 4-halogenotoluene, 5.0 mmol tBuOK and 0.5 mmol naphthalene as an internal standard
in 8.0 mL of DMF and 2.0 mL of H2O. Temperature, 100 °C. b Conversion after 6 h reaction. c Chemoselectivity in 4-methylbiphenyl (BT), 4,4′-di-
methylbiphenyl (TT) and toluene (PhMe), respectively.
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nature of the introduced catalysts. However, the mercury
poisoning test is not definitive, since the amalgam of Hg and
Pd from the NPs could prevent potential Pd molecular species
from leaching. For this reason, additional experiments have
been performed with systems from entries 9 and 10 in Table 1
(Suzuki–Miyaura reaction conditions, p-bromotoluene as the
haloderivative and N1 or N2 as the catalyst, respectively). First
of all, TEM grids were prepared after the catalytic experiments,
observing the existence of Pd NPs (Fig. S18†). The mean size of
these NPs (2.7(0.7) and 3.3(0.6) nm for N1 and N2 after cata-
lysis, respectively) is similar to those found for the same NPs
prior to the catalytic tests (2.1(0.9) and 3.2(0.9) nm for N1 or
N2, respectively). Even if no restructuring of the NPs seems to
have taken place (which could indicate a leaching/deposition
mechanism through the Ostwald ripening process29), it is
important to note that for N2 the NPs appear isolated after
catalysis, in contrast with the aggregation observed prior to
catalysis.

Secondly, ICP-MS analyses of the solutions after catalysis
for entries 9 and 10 in Table 1 were carried out in order to
know the amount of Pd leached from the NPs to the solution.
The concentrations of Pd in these solutions are 0.17 and
1.8 ppm for N1 or N2, respectively, meaning that 0.7% and
15% of Pd have leached to the solution for N1 or N2, respec-
tively. The differences on the percentage of leached Pd can be
explained by the different coordinative properties of the
ligands on each system. For N1, the carbene and pyrazolyl
groups from L can coordinate to the surface of the NPs, and
better stabilize them from Pd leaching than in N2, where only
the pyrazolyl group from HLCl can coordinate to the surface of
the NPs.

Moreover, the leached molecular Pd species can be respon-
sible for the small amount of C–C heterocoupling reaction
observed in entries 9 and 10 of Table 1 (5% and 7%,
respectively).

All in all, these experiments indicate that C1 and C2 act as
molecular catalysts in Suzuki–Miyaura C–C heterocoupling
and N1 and N2 are the real active species for the C–C homo-
coupling reaction.

Experimental section
General procedure and reagents

All manipulations were carried out under an argon atmosphere
using standard Schlenk tubes or Fisher-Porter reactors and
vacuum line techniques, or in a glove-box. [Pd2(dba)3] was
purchased from Strem Chemicals, and [PdCl2(CH3CN)2]30

and [PdCl2(cod)]31 (cod = 1,5-cyclooctadiene) were prepared as
described in the literature. Solvents were purchased from SDS
and dried using a purification machine (MBraun MB SPS-800)
or distilled prior to use: tetrahydrofuran and diethyl ether over
sodium/benzophenone, and pentane, n-hexane, acetonitrile
and dichloromethane over calcium hydride.

Elemental analyses (C, H, and N) were carried out by the
Chemical Analyses Service of the Universitat Autònoma de

Barcelona on a Eurovector 3011 instrument. The Pd weight
percentages or concentrations were analyzed by the Chemical
Analyses Service of the Universitat Autònoma de Barcelona
using an inductively coupled plasma mass spectrometry
(ICP-MS) Agilent 7500ce model system or an inductively
coupled plasma optical emission spectrometry (ICP-OES)
PerkinElmer Optima 4300DV model system. Infrared spectra
were recorded on a PerkinElmer FT spectrophotometer, series
2000, as KBr pellets or polyethylene films in the range of
4000–150 cm−1. 1H NMR, 13C {1H} NMR, HSQC, COSY, DOSY
and NOESY spectra for all compounds but C1 were recorded
on Bruker AVANCE 360 and 400 NMR spectrometers in CDCl3
solutions at room temperature. For C1, NMR spectroscopy
experiments were performed on a Bruker Avance 600 spectro-
meter (Bruker Biospin, Rheinstetten, Germany) equipped with
TXI HCN z-grad probes. The temperature for all measurements
was set to 298 K. The NMR spectroscopy experiments per-
formed for the structural characterization were the standard
1H, 13C, COSY, ROESY, multiplicity-edited HSQC and HMBC
experiments (see the ESI†). All chemical shift values (δ) are
given in ppm. Electrospray ionization mass spectra (SI-MS)
were obtained with an Esquire 3000 ion trap mass spectro-
meter from Bruker Daltonics.

Specimens for TEM/HR-TEM and SEM-FEG analyses were
prepared by slow evaporation of a drop of crude colloidal solu-
tion deposited under argon onto holey carbon-covered copper
grids. TEM/HR-TEM analyses were performed at the Servei de
Microscopia de la UAB with a JEOL JEM 2010 electron micro-
scope working at 200 kV with a resolution point of 2.5 Å.
SEM-FEG analyses were performed at the Service Commun
de Microscopie Electronique de l′Université Paul Sabatier in
Toulouse with an MEB JSM6700F microscope. The size distri-
butions were determined via manual analysis of enlarged
micrographs by measuring ca. 200 particles on a given grid to
obtain a statistical size distribution and a mean diameter.

Data collection for WAXS was performed at the CEMES-CNRS
(Toulouse) on small amounts of powder. All samples were
sealed in 1 mm diameter Lindemann glass capillaries.
The measurements of the X-ray intensity scattered by the
samples irradiated with graphite monochromatized MoKα
(0.071069 nm) radiation were performed using a dedicated two-
axis diffractometer. The measurement time was 15 h for each
sample. Scattering data were corrected for polarization and
absorption effects, then normalized to one Pd atom and Fourier
transformed to obtain the RDFs. To make comparisons with the
crystalline structure in real space, a model was generated from
bulk Pd parameters. The classic Debye’s function was then used
to compute the intensity values, subsequently Fourier trans-
formed under the same conditions as the experimental ones.

Synthesis and characterization of the ligands

1-[2-(3,5-Dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-3H-
imidazol-1-ium chloride (HLCl). A mixture of 1-(2-chloroethyl)-
3,5-dimethyl-1H-pyrazole20 (0.942 g, 5.94 mmol) and 1-(S)-
(phenylethyl)imidazole32 (1.023 g, 5.94 mmol) was heated and
stirred at 120 °C for 64 hours. After cooling to room tempera-
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ture, the product was dissolved in dichloromethane (5 mL)
and precipitated with diethylether (50 mL). For complete pre-
cipitation, the system was stored overnight at −31 °C. The
product was washed with diethylether (3 × 30 mL) and dried
under vacuum. The product was obtained as a sticky orange
solid. Yield: 1.79 g, 91%.

Anal. calcd for C18H23N4Cl·1.5H2O: C, 60.41; H, 7.32;
N, 15.66. Found: C, 60.54; H, 7.27; N, 16.02. 1H-NMR: (CDCl3,
360 MHz, 298 K) δ: 1.89 [s, 3H, H6 or H7], 1.92 [br, 3H, H16],
2.06 [s, 3H, H6 or H7], 4.44 [br, 2H, H9], 4.87 [br, 2H, H8], 5.61
[s, 1H, H4], 5.76 [q, 1H, 3J = 7.0 Hz, H15], 7.00, 7.23 [2br, 1H
each one, H13, H14], 7.30 [br, 5H, H18–H22], 10.32 [s, 1H, H11].
(DMSO, 360 MHz, 298 K) δ: 1.81 [d, 3H, 3J = 7.0 Hz, H16], 1.99
[s, 6H, H6 and H7], 4.42 [t, 2H, 3J = 5.0 Hz, H9], 4.58 [t, 2H, 3J =
5.0 Hz, H8], 5.73 [s, 1H, H4], 5.83 [q, 1H, 3J = 7.0 Hz, H15], 7.36
[br, 5H, H18–H22], 7.72, 7.92 [2br, 1H each one, H13, H14], 9.39
[s, 1H, H11]. 13C{1H}-NMR: (CDCl3, 91 MHz, 298 K) δ: 10.7, 13.4
[C6, C7], 21.1 [C16], 47.9 [C9], 49.2 [C8], 59.9 [C15], 105.5 [C4],
120.4, 123.0 [C13, C14], 126.8, 129.4, 137.8 [C17–C22], 136.6
[C11], 140.5, 148.7 [C3, C5]. (DMSO-d6, 91 MHz, 298 K) δ: 10.2,
13.3 [C6, C7], 20.6 [C16], 47.2 [C9], 48.8 [C8], 58.5 [C15], 105.0
[C4], 121.3, 123.2 [C13, C14], 126.5, 128.7, 129.0, [C17–C22],
136.0 [C11] 139.4, 146.8 [C3, C5]. IR (ATR) cm−1: 3040, 2978
ν(C–H), 1552 (ν(CvC), ν(CvN))ar, 1455 (δ(CvC), δ (CvN))ar,
1160 δ (C–H)ip, 703 δ (C–H)oop. MS (ESI): m/z (%) 295.2
(100.0%) [C18H23N4Cl − Cl−].

1-[2-(3,5-Dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-
3H-imidazol-2-ylidene (L). Under an argon atmosphere,
sodium hydride (60% dispersion in mineral oil, 124.1 mg,
3.10 mmol) was washed with anhydrous pentane twice
(2 × 15 mL) and the residual solvent was evaporated under
reduced pressure. Then, a catalytic amount of potassium tert-
butoxide (95%, 10 mg, 0.08 mmol) and anhydrous dichloro-
methane (5 mL) was added. A solution of 1-[2-(3,5-dimethyl-
pyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-3H-imidazol-1-ium chloride
(HLCl, 513.2 mg, 1.55 mmol) in anhydrous dichloromethane
(20 mL) was added to the dispersion of NaH/KOtBu. The result-
ing mixture was stirred overnight at room temperature. The reac-
tion crude was then filtered through a small plug of Celite and
the solvent was removed under reduced pressure. The product
was obtained as a sticky dark orange solid. Yield: 333 mg, 73%.

1H-NMR: (CDCl3, 400 MHz, 298 K) δ: 2.00 [s, 3H, H6 or H7],
2.02 [d, 3H, 3J = 7.0 Hz, H16], 2.16 [s, 3H, H6 or H7], 4.55 [t, 2H,
3J = 5.0 Hz, H9], 5.01 [t, 2H, 3J = 5.0 Hz, H8], 5.65 [q, 1H, 3J =
7.0 Hz, H15], 5.71 [s, 1H, H4], 6.77, 6.90 [2d, 1H each one, 3J =
2.0 Hz, H13, H14], 7.31–7.42 [2 m, 5H, H18–H22]. 13C{1H}-NMR:
(CDCl3, 100 MHz, 298 K) δ: 10.7, 13.5 [C6, C7], 21.2 [C16], 48.0
[C9], 49.2 [C8], 60.2 [C15], 105.6 [C4], 120.4, 123.0 [C13, C14],
126.8, 129.5, 137.8 [C17–C22], 140.5, 148.8 [C3, C5], signal for
[C11] was not observed. IR (ATR) cm−1: 3033, 2960 ν(C–H), 1552
(ν(CvC), ν(CvN))ar, 1454 (δ(CvC), δ(CvN))ar, 1015 δ(C–H)ip,
700 δ(C–H)oop.

Synthesis and characterization of the Pd(II) or Ag(I) complexes

Chloro[(S)-3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(1-phenyl-
ethyl)-1H-imidazol-2-ylidiene]silver(I), (CAg). A mixture of

1-[2-(3,5-dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-3H-
imidazol-1-ium chloride (HLCl, 342 mg, 1.03 mmol) and silver
(I) oxide (99%, 240 mg, 1.03 mmol) in anhydrous dichloro-
methane (25 mL) was stirred at room temperature for 24 hours
in the dark. Then, the reaction crude was filtered through
Celite. The filtrate solvent was removed under vacuum and the
product was dried completely. The product was obtained as a
sticky grey-brown solid. Yield: 361 mg, 80%.

Anal. calcd for C18H22AgClN4: C, 49.39; H, 5.07; N, 12.80.
Found: C, 49.92; H, 5.14; N, 12.47. 1H-NMR: (CDCl3, 360 MHz,
298 K) δ: 1.77 [s, 3H, H6 or H7], 1.81 [br, 3H, H16], 2.18 [s, 3H,
H6 or H7], 4.29 [br, 2H, H9], 4.54 [br, 2H, H8], 5.68 [s, 1H, H4],
5.76 [br, 1H, H15], 6.43, 6.80 [2br, 1H each one, H13, H14], 7.23,
7.32 [2br, 5H, H18–H22]. 13C{1H}-NMR: (CDCl3, 91 MHz, 298 K)
δ: 10.6, 13.7 [C6, C7], 21.4 [C16], 49.3 [C9], 51.9 [C8], 60.9 [C15],
105.5 [C4], 118.5, 122.2 [C13, C14], 126.6, 128.7, 129.2, 139.7
[C17–C22], 140.2, 148.9 [C3, C5], signal for [C11] was not
observed. IR (ATR) cm−1: 3087, 2977 ν(C–H), 1551 (ν(CvC),
ν(CvN))ar, 1448 (δ(CvC), δ(CvN))ar, 1219 δ(C–H)ip, 700
δ(C–H)oop. MS (ESI): m/z (%) 401.1 (100.0%) [C18H22N4ClAg − Cl−].

Dichloro[(S)-3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(1-
phenylethyl)-1H-imidazol-2-ylidiene-κ1N]palladium(II), (C1).
A mixture of CAg (242 mg, 0.55 mmol) and dichloro(1,5-
cyclooctadiene)palladium(II) (158 mg, 0.55 mmol) in dichloro-
methane (30 mL) was kept under vigorous stirring for 24 hours
at room temperature in the dark. The reaction crude was fil-
tered through Celite. Then, the filtrate solvent was evaporated
under vacuum and the resulting solid was washed with hexane
(30 mL). The residue was purified by flash column chromato-
graphy (silica gel 60 Å) using ethyl acetate : diethyl ether 4 : 1
as the eluent and then by second column chromatography
(silica gel 60 Å) using dichloromethane : hexane 9 : 1 as the
eluent. The product was obtained as a pale yellow powder.
Yield: 133 mg, 51%.

1H-NMR: (CDCl3, 600 MHz, 298 K) δ: 1.61 [s, 3H, H6 or H7],
2.02 [br, 3H, H16], 2.70 [s, 3H, H6 or H7], 5.71 [s, 1H, H4], 5.87
[br, 2H, H9], 6.27 [br, 2H, H8], 6.08, 6.55 [2br, 1H each one,
H13, H14], 6.89 [br, H15], 7.39, 7.62 [2br, 5H, H18–H22]. 13C{1H}-
NMR: (CDCl3, 150 MHz, 298 K) δ: 10.9, 14.5 [C6, C7], 19.5 [C16],
50.1 [C9], 51.1 [C8], 59.2 [C15], 106.4 [C4], 118.5, 123.4
[C13, C14], 127.4, 128.5, 128.8 [C17–C22], 139.6, 144.1 [C3, C5],
signal for [C11] was not observed. IR (ATR) cm−1: 3097, 2978
ν(C–H), 1555 (ν(CvC), ν(CvN))ar, 1452 (δ(CvC), δ(CvN))ar,
1180 δ(C–H)ip, 694 δ(C–H)oop. HRMS (ESI): m/z 399.0808
[C18H22N4Cl2Pd − Cl− − HCl].

Trichloro[(S)-3-(2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl)-1-(1-phenyl-
ethyl)-1H-imidazol-3-ium-κ1N]palladium(II), (C2). A mixture of
1-[2-(3,5-dimethylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-3H-
imidazol-1-ium chloride (HLCl, 205 mg, 0.62 mmol) and palla-
dium(II) chloride (99.9%, 110 mg, 0.62 mmol) in acetonitrile
(20 mL) was kept under vigorous stirring for 24 hours at room
temperature. Then, the solution was filtered through Celite.
The solvent volume was decreased to ca. 2 mL and diethyl
ether (30 mL) was added to induce precipitation. The orange
powder was filtered and washed with diethyl ether (3 × 30 mL),
and dried under vacuum. The product was obtained as an
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orange powder. The single crystals for X-ray diffraction
were obtained by slow evaporation of a concentrated aceto-
nitrile solution of the complex at room temperature. Yield:
222 mg, 70%.

Anal. calcd for C18H23N4Cl3Pd: C, 42.54; H, 4.56; N, 11.02.
Found: C, 42.03; H, 4.62; N, 10.76. 1H-NMR: (DMSO-d6,
360 MHz, 298 K) δ: 1.80 [d, 3H, 3J = 7.0 Hz, H16], 1.98 [s, 3H,
H6 or H7], 2.01 [s, 3H, H6 or H7], 4.38 [t, 2H, 3J = 5.0 Hz, H9],
4.54 [t, 2H, 3J = 5.0 Hz, H8], 5.75 [s, 1H, H4], 5.79 [br, 1H, H15],
7.32, 7.40 [2 m, 5H, H18–H22], 7.64, 7.83 [2br, 1H each one,
H13, H14], 9.03 [s, 1H, H11]. 13C{1H}-NMR: (DMSO-d6, 91 MHz,
298 K) δ: 10.2, 13.3 [C6, C7], 20.6 [C16], 47.1 [C9], 48.9 [C8], 58.5
[C15], 105.0 [C4], 121.3, 123.2 [C13, C14], 126.4, 128.7, 129.0,
139.4 [C17–C22], 135.8 [C11], 139.4, 146.9 [C3, C5]. IR (ATR)
cm−1: 3091, 2984 ν(C–H), 1555 (ν(CvC), ν(CvN))ar, 1453
(δ(CvC), δ(CvN))ar, 1152 δ(C–H)ip, 704 δ(C–H)oop. MS (ESI):
m/z (%) 399.1 (100.0%) [C18H23N4Cl3Pd − Cl− − 2HCl], 437.1
(26.5%) [C18H23N4Cl3Pd − Cl− − HCl], 473.0 (25.7%)
[C18H23N4Cl3Pd − Cl−].

Synthesis of Pd/L and Pd/HLCl nanoparticles

The general procedure for the preparation of palladium
nanoparticles is detailed through the case of [L]/[Pd] = 0.5
(Fig. 2a and Scheme 1). The procedure was similar for all other
samples.

[Pd2(dba)3] (200 mg, 0.22 mmol) and L (28.6 mg,
0.11 mmol) were dissolved in a Fisher-Porter reactor in pre-
viously degassed anhydrous dichloromethane (200 mL) under
argon at 196 K. The mixture was pressurized under 3 bar of
dihydrogen and kept at room temperature under vigorous stir-
ring. The color of the solution turned from purple to black
after 1 h. The hydrogen pressure and the temperature were
maintained for 18 h. After that period of time, the colloidal
solution was black and homogeneous. Hydrogen was evacu-
ated and a drop of the crude colloidal solution was deposited
under argon on a holey carbon-covered copper grid using filter
paper under the grid for TEM and SEM analysis. Then, the
colloidal solution was concentrated to ca. 10 mL. The addition
of cold pentane (20 mL) allowed the precipitation of the par-
ticles as a black solid, which was washed with pentane
(3 × 20 mL) and dried under reduced pressure. The filtered
pentane was slightly yellow due to dba elimination. This was
corroborated by 1H-NMR experiments of the dried pentane
solution. N1 Anal. found (wt%): Pd, 66.0; N, 5.34 for a stoichio-
metry of Pd561L37. IR (ATR, cm−1): 3026, 2939 ν(C–H), 1564
(ν(CvC), ν(CvN))ar, 1462 (δ(CvC), δ (CvN))ar, 700 δ (C–H)
oop. N2: anal. found (wt%): Pd, 83.0; N, 2.90 for a stoichio-
metry of Pd1415HLCl93. IR (KBr, cm−1): 3019, 2960 ν(C–H),
1563 (ν(CvC), ν(CvN))ar, 1456 (δ(CvC), δ(CvN))ar, 1137
δ(C–H)ip.

Crystal structure determination of C2

Crystallographic data for compound C2 were collected at low
temperature (180 K) on a Bruker Kappa Apex II diffracto-
meter using graphite-monochromated Mo-Kα radiation (λ =
0.71073 Å) and equipped with an Oxford Cryosystems

Cryostream Cooler device. Crystallographic data for C2 can be
gathered in the ESI, Tables S1 and S2.†

The structures have been solved by Direct Methods using
SIR92,33 and refined by means of least-squares procedures on
F2 with the aid of the program SHELXL9734 included in the
software package WinGX version 1.63.35 The atomic scattering
factors were taken from International tables for X-ray crystallo-
graphy.36,37 All hydrogen atoms were placed geometrically, and
refined by using a riding model. All non-hydrogen atoms were
anisotropically refined, and in the last cycles of refinement a
weighing scheme was used, where weights are calculated from
the following formula: w = 1/[σ2(Fo2) + (aP)2 + bP] where
P = (Fo2 + 2Fc2)/3.

Crystallographic data for the structural analyses have been
deposited at the Cambridge Crystallographic Data Centre,
CCDC, with reference number 1432563 (C2).†

Catalytic experiments

The quantification of the catalytic reactions was carried out in
an HP5890 Hewlett Packard gas chromatograph equipped with
a FID detector and an HP-5 column (5% diphenylpolysiloxane
and 95% dimethylpolysiloxane). The products obtained in the
catalytic reactions were identified using a G1800A Hewlett
Packard gas chromatograph with an electron impact ionization
detector and a HP-5 column (5% diphenylpolysiloxane and
95% dimethylpolysiloxane). The mass spectra of the catalytic
products are in agreement with those published in the
literature.38,39

Suzuki–Miyaura reactions

In a two-neck round-bottom flask fitted with a reflux conden-
ser and a septum, 4-halogenotoluene (2.5 mmol), phenylboro-
nic acid (3.125 mmol), tBuOK (5.0 mmol), and naphthalene
(0.5 mmol) as internal standards were dissolved in DMF/H2O
(10 mL, 4/1). Next, the palladium organometallic complex
(1 × 10−3 mmol) or palladium nanoparticles (1 × 10−3 mmol
Pd atoms) were added. The solution was vigorously stirred and
heated at 100 °C for 6 h under nitrogen. Then, the reaction
crude was cooled to room temperature and the products were
extracted with a mixture of diethyl ether/brine (20 mL, 1/1).
The organic phase was analyzed by GC and GC-MS.

Conclusions
A new hybrid pyrazole-imidazol-2-ylidene ligand, 1-[2-(3,5-di-
methylpyrazol-1-yl)ethyl]-3-((S)-1-phenylethyl)-3H-imidazol-2-
ylidene (L), has been synthesized for the first time and proved
to effectively stabilize small and isolated palladium(0) nano-
particles. A comparison with its counterpart HLCl as a stabi-
lizer led to badly stabilized NPs which evidenced that the
coordination of the ylidene group is a key factor in the stabiliz-
ation process of the colloidal system. The successful prepa-
ration and complete characterization of molecular Pd(II)
coordination compounds with the same ligands confirmed a
chelated coordination mode through the pyrazolic nitrogen
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and the ylidene group for L but a terminal monodentate mode
through pyrazolic nitrogen for HLCl. From our previous
research with carbene or pyrazole-containing ligands as stabil-
izers, we can conclude that similar coordination modes of L
and HLCl here take place for both the Pd NP particles and
Pd complexes respectively. As a consequence, the coordination
of L is stronger and leads to nanoparticles with well-controlled
size.

All these systems have been tested in catalytic C–C coupling
reactions. For colloidal systems (N1 and N2), we observed an
improving effect, in terms of chemoselectivity and yield, of L
containing NPs (N1) with respect to HLCl containing NPs (N2)
as a result of the different coordination modes of the carbene
group to the surface of the NPs. Interestingly, these systems
are the only ones able to achieve the C–C homocoupling reac-
tion between two molecules of bromoarenes or the complete
dehalogenation reaction of iodoarenes. The Suzuki–Miyaura
reaction is favored with the Pd molecular complexes.

Taking into account the advantages of the organometallic
approach and the different attributes of these catalysts, we
believe that these materials could find practical uses in C–C
coupling reactions in the future.
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