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Résumé 

Ce travail de recherche porte sur la préparation d'assemblages covalents de 

nanoparticules (NP) de Ru stabilisés par différentes molécules fonctionnelles, ainsi que 

sur l'étude des relations structure/activité de ces assemblages pour des réactions 

d'hydrogénation catalytique. Le chapitre 1 passe en revue la bibliographie relative aux 

assemblages covalents de NP métalliques en fonction des stratégies de synthèse 

utilisées et de leur application en catalyse. Le chapitre 2 décrit la préparation 

d'assemblages covalents tridimensionnels (3D) de NP de Ru caractérisés par: a) des NP 

de Ru de taille nanométrique bien définie, stabilisées par des ligands adamantane, bis-

adamantane et diamantane fonctionnalisés, et ii) une distance interparticulaire ajustable. 

La chimie de coordination avec des ligands amine et acides carboxyliques a été étudiée. 

Dans le cas de ligands d'acide carboxylique, il a été montré que les espèces de Ru 

formées lors de l'assemblage de NP sont capables de décarbonyler partiellement les 

ligands d'acide carboxylique à température ambiante. Le mécanisme de cette réaction a 

été élucidé par DFT. Le chapitre 3 détaille l’utilisation d’autres briques moléculaires 

élémentaires pour la formation d’assemblages de NP de Ru. Nous avons montré que 

l'utilisation d'un ligand tricarboxylique-hexyloxy triphénylène conduisait à la formation 

d'assemblages bidimensionnels (2D) de NP de Ru présentant une distance 

interparticulaire et une taille de NP homogènes. De plus, des assemblages 3D de NP de 

Ru ont été préparés avec de l'anthracène 9,10-dicarboxylique et un fullerène C60 

fonctionnalisé par un hexa-adduit. Dans le chapitre 4, nous avons étudié les 

performances catalytiques de ces nouveaux réseaux covalents de NP de Ru dans 

diverses réactions. Tous ces matériaux constituent un ensemble intéressant pour étudier 

les effets structurels et électroniques du catalyseur en catalyse hétérogène. Les 

assemblages sont actifs et atteignent une bonne sélectivité en styrène dans 

l'hydrogénation sélective du phénylacétylène. En particulier, nous avons démontré que 

des effets de confinement et des effets électroniques se produisaient et que la distance 

interparticulaire des NP de Ru affectait l'activité du catalyseur, tandis que les effets 
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électroniques liés aux ligands régissaient principalement la sélectivité du catalyseur. 

Nous discutons enfin la stabilité des assemblages de NP de Ru. 

 

Mots-clés: ruthénium; nanoparticule; acides carboxyliques; amines; polymantane; 

triphénylène; hydrogénation; phénylacétylène
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Abstract 

This research work focuses on the preparation of Ru nanoparticle (NP) covalent 

assemblies stabilized by different functional molecules, and the study of 

structure/activity relationships for catalytic hydrogenation reactions. Chapter 1 

reviews the metal NP covalent assemblies according to the synthesis strategies and their 

application in catalysis. Chapter 2 described the preparation of three-dimension (3D) 

Ru NP covalent assemblies characterized by: i) well-defined nanometric-sized Ru NP 

stabilized by functionalized adamantane, bis-adamantane and diamantane ligands, and 

ii) a tunable inter-particle distance. The coordination chemistry with amine and 

carboxylic acid ligands towards the Ru NP surface was investigated. In the case of 

carboxylic acid ligands, it was shown that Ru species formed during the NP assembly 

are able to partially decarbonylate carboxylic acid ligands at room temperature. The 

mechanism of this reaction was elucidated by DFT. Chapter 3 detailed the use of other 

molecular building blocks for Ru NP assembly formation. We showed that the use of 

tricarboxylic-hexyloxy triphenylene ligand leads to the formation of two-dimensional 

(2D) Ru NP assemblies with homogeneous inter-particle distance and NP size. 

Additionally, 3D Ru NP assemblies were prepared with 9, 10-dicarboxylic anthracene 

and a hexa-adduct functionalized C60 fullerene. In Chapter 4 we studied the catalytic 

performances of the Ru NP networks in various reactions. All these materials constitute 

an interesting set to investigate the structural and electronic effects in heterogeneous 

catalysis. In the selective hydrogenation of phenyl acetylene, the assemblies are active, 

reaching good selectivity towards styrene. Especially, we demonstrated that 

confinement and electronic effects are occurring and that Ru NP inter-particle distance 

affects the catalyst activity, whereas electronic effects mainly govern the catalyst 

selectivity. The stability of the Ru NP assembly is finally discussed. 

 

Keywords: ruthenium; nanoparticle; carboxylic acids; amines; polymantane; 

triphenylene; hydrogenation; phenylacetylene
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General introduction and objectives 

It has been almost two-hundred years since the conception of the first industrial 

catalysts,1 and one hundred years since the first important catalytic processes (such as 

the Haber-Bosch process). Since then, the progresses in catalysis and catalyst 

development have greatly changed human lifestyle,2 and catalysis is essential for the 

development of a sustainable world. The main task of scientific research in catalysis is 

to find how to control chemical reactions in the desired direction, achieving high 

activity and selectivity under mild conditions, while reaching maximum catalyst 

stability and low production costs.3 Recent researches are trying to depict an accurate 

portrait on crucial steps in chemical reactions therefore proposing theories that can 

guide in the catalyst design, which includes a large variety of methods and materials.4-

10  

Because of the demand to develop sustainable and green chemistry, heterogeneous 

catalysts such as supported catalysts are considered to outweigh homogeneous ones, 

especially in industrial production, because of their recyclability and easy separation.11 

However, supported catalysts suffer from some drawbacks, such as ill-defined active 

centers and metal/support interactions, broad metal particle size distribution, and no 

control of inter-particle distance (Figure 1a). On the other side, homogeneous catalysts 

are attractive due to the well-defined nature of the active sites, which is possible to 

finely tune to reach tremendous activity/selectivity. Colloidal nanoparticles (NP) are 

nanomaterials combining the features of homogenous and heterogeneous catalysts, in 

which coordination chemistry play a vital role.12 Techniques to prepare colloidal NP 

can provide exquisite control over size, shape and composition such that the 

heterogeneity of catalytic materials can be drastically decreased, even to the level of 

atomically-precise materials (Figure 1b).13 However, their separation from the reaction 

mixture is difficult, if not impossible on a large scale. 
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Figure 1 a) STEM-HAADF micrograph of a commercial Ru/C catalyst; and b) TEM 

micrograph of Ru NP stabilized by adamantane carboxylic acid prepared in this work. 

 

To circumvent this issue, colloidal NP can be deposited on a support, for example, 

supported on polymer, carbon material or inorganic substrates,14-16 or stabilized in a 

specific phase, such as ionic-liquid.17,18  However, in that case also it is difficult to 

control the inter-particle distance, which is an important parameter in catalysis,19-21 and 

the fact to deposit the NP on the support change significantly the electronic properties 

of the original, ligand stabilized NP. 

Therefore, it could be interesting to utilize the covalent assembly of metal NP in 

catalysis considering the confined space and possible robust network, which are 

desirable for applications in catalysis. Nevertheless, the covalent assembly of metal NP 

has received relatively little attention for applications in catalysis. The objective of the 

thesis is to design innovative nanomaterials containing metallic ruthenium NP and di- 

or multi-topic ligands insuring covalent bonding between NP. In such NP networks, we 

expect to have: i) a good control of NP size and electronic interactions with the 

ligand/support, ii) a good control of inter-particle distance thanks to the choice of the 

ligand/spacer, and iii) a facile catalyst separation due to the macroscopic shape of the 

final material. Given that the catalyst structure can be designed and well-defined, 
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reaching a molecular understanding, it will be feasible to understand the structure-

performance relationship and to develop predictable heterogeneous catalysis, which is 

most of the time very challenging. 

Thus, a series of original and self-assembled hybrid nanostructures containing Ru NP 

and various ligands bearing carboxylic or amine groups were produced and 

characterized. The organic backbone, which can be considered also as the support, 

consists in sp2 (anthracene, fullerene, triphenylene) or sp3 (polymantanes) carbon 

containing molecules of different sizes. Different Ru NP assemblies either tri- or bi-

dimensional were synthesized and fully characterized. Theoretical calculations were 

performed to support the experimental results concerning the stability of the assemblies 

and the nature of the coordination chemistry at NP surface. Finally, we have evaluated 

the catalytic performances of these nanostructures for various reactions. Particular 

attention has been devoted to the selective hydrogenation of phenylacetylene to styrene, 

which is an important industrial production. The intrinsic properties of the assemblies, 

confinement and electronic effect, is demonstrated to have associated influences on the 

catalytic activity and selectivity. 

This PhD thesis is composed of four chapters: 

The first chapter is devoted to an exhaustive bibliographic study on covalent assemblies 

of metal nanoparticles, focusing particularly on the various strategies for synthesis and 

on the rare examples of catalytic applications. As far as the synthesis of covalent 

assemblies of metal NP is concerned, while the first assemblies were produced with 

simple methods, efficient and more complex systems have been engineered and applied 

recently, such as the formation of reversible covalent networks of metal NP. If the metal-

ligand interaction is strong enough, the principal advantages of covalent metal NP 

assemblies in catalysis are their stability and robustness, which led in some cases to a 

better recycling, when compared to unassembled metal NPs. Furthermore, in some 

cases assembled metal NPs displayed better catalytic performances than isolated metal 

NPs.  
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The second deals with the use of bi-functional polymantanes (i.e. rigid sp3-hybridized 

diamondoids) as linker compounds to build up, via a straightforward and up-scalable 

method, Ru NP networks presenting uniform particle size and inter-particle distance, as 

well as a well-defined chemical environment. Two series of functionalized adamantanes, 

bis-adamantanes and diamantanes bearing carboxylic acid or amine functional groups 

have been used as building blocks to produce networks of ruthenium NP. Both the 

nature of the ligand and the Ru/ligand ratio affect the inter-particle distance in the 

assemblies. The first finding of this work is that during the synthesis of these NP 

covalent assemblies from polymantane carboxylic ligands, intermediate species are 

able to decarbonylate the carboxylic acid at room temperature and under 3 bar of 

hydrogen. This is an important discovery considering that this reaction for producing 

biofuel is usually conducted under extremely harsh conditions (150-250 °C, 10-60 bar 

H2). DFT calculations have allowed us to propose a mechanism for this unexpected 

reaction. 

In the third chapter, Ru NP assemblies have been successfully produced using 

carboxylic functionalized fullerene, triphenylene, and anthracene ligands. These 

ligands allow tuning the assembly structure (3D with the fullerene ligand and 2D with 

the triphenylene or anthracene ligands) and inter-particle distance. Coordination via the 

carboxylate group on the surface of Ru NP was confirmed by several analytical 

techniques. As for polymantanes ligands studied in chapter 2, carbon monoxide was 

generated during the synthesis by ligand decarbonylation and/or solvent decomposition, 

which remains adsorbed on NP surface.  

In the last chapter of this PhD thesis, we have investigated the catalytic properties of 

Ru NP assemblies in three different reactions: C-H activation (bromination), 

hydrogenation of quinoline and phenylacetylene. It is shown that the Ru NP carboxylate 

covalent assemblies are disassembled into isolated NP both in bromination and 

quinoline hydrogenation reactions even though showing good activity. For application 

in phenylacetylene hydrogenation, the short-range ordered assemblies keep their 

integrity and present a correlation between activity, selectivity and inter-particle 
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distance and electronic properties of the Ru NP. However, we also demonstrated that 

the stability of the assemblies is still a problem for phenylacetylene hydrogenation since 

the structure cannot stand recycling tests. 

Finally, the perspectives for the continuation of this work in catalysis and also some 

propositions to obtain covalent networks of NP with better stability are suggested. 
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1.1 Introduction 

Metal nanoparticles (NP) have attracted the interest of the catalysis community, as it 

has been shown that their inherent properties, such as size, shape, crystallographic 

structure, in addition to surface modifiers (ligands and/or supports) have a remarkable 

impact on their catalytic properties.1-4 In this sense, a considerably effort has been 

devoted to understand and tune these characteristics. On the other hand, supramolecular 

catalysis allows creating unique catalyst-substrate interactions, that can be tailored to 

direct substrates along particular reaction paths and selectivities.5-7 The assembly of 

metal NP could also permit to direct substrates, or to create confined spaces in order to 

produce more efficient catalysts. Nevertheless, the assembly of metal NP has received 

relatively little attention for applications in catalysis. Several approaches have been 

described for the directed self-assembly of metallic NP8 that involves manipulation of: 

i) molecular interaction forces i.e., Van der Waals (VdW),9 electrostatic interactions,10 

zwitterion type electrostatic interactions,11-14 hydrogen bonding,15-19 host-guest 

interactions,20 DNA-assisted assemblies,21 ii) covalent interactions i.e., coordination 

bonds, bifunctional linkage, or iii) external fields22 i.e., capillary forces, magnetic23 and 

electric field. This bibliography survey will focus on the creation of covalent 

interactions between NP, since they may provide robust NP networks, which are 

desirable for applications in catalysis. Covalent assemblies of metal NP have been 

obtained following several methodologies: direct cross-linking methods, indirect cross-

linking methods, and stimuli-responsive reversible covalent networks of NP, which are 

described in the next sections. The applications in catalysis of metal NP assemblies are 

also discussed. 

1.2 Direct cross-linking synthesis methods 

This section provides an overview of metal NP covalent assemblies through directed 

linkage, i.e. ligand molecules bearing two or more anchoring groups (dithiol, 

dicarboxylic, etc.) bound on the surface of adjacent metal NP to establish various 

dimensional networks (1-D, 2-D, 3-D). The covalent metal NP assemblies have been 

investigated for more than thirty years. For a large portion of the research reported, the 

synthesis process involved a ligand exchange procedure. Thus, a ditopic ligand 

achieving cross-linking would replace the mono-functional ligand stabilizing the 

isolated metal NP (monolayer-protected NP). Different methods can be used to build 
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covalent NP networks such as the layer-by-layer method (LBL), the two-phase method, 

the one-phase method, Langmuir-Blodgett (LB) method, and some others. Among them, 

the first three methods (Figure 1.1) are the most frequently employed ones.  

 

Figure 1.1 Methods involving ligand exchange for the preparation of metal NP networks: a) 

layer-by-layer; b) one-phase; and c) two-phase methods. 

 

The review of the metal nanostructures will be classified and presented according to 

the synthesis method. Table 1.1 shows representative examples of metal NP networks 

produced by direct cross-linking methods. 
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Table 1.1 Representative examples of metal NP networks produced by the direct cross-linking methods. 

Metal Ligand Method NP size (nm) 
Inter-NP distance 

(nm)a 
Ref. 

Au 1,4-di(4-thiophenylethynyl)-2-ethylbenzene LBL 3.7 1.7 24 

Au 
DMAAB/DMAAcH/PBDT/cHBDT 

(Table 1.2) 
LBL ~4 ~1 25 

Au octanedithiols/ biphenyldithiols Two-phase 1~5 ~1 26 

Au MeSi(CH2SMe)3/Si(CH2SMe)4) Two-phase 6.4  ±0.8 ~2 27 

Au RAFT Oligomers Two-phase 4.6 ± 1.5 0.6 28 

Au C60 thiol polymer Two-hase 10.8 ± 1.5 3.3±0.8 29 

Au V, Y, and X shaped methylthio aryl ethynyls Two-phase 5.1  ±0.9 1.1~1.7 30 

Au 
X-MTA 

Two-phase 5~6 
1.5 31 

X’-MTA 1.3 

Ag Dithiol with Pt (Figure 1.8) Two-phase 4.31 ± 0.28 2.1 ± 0.2 32 

Au fluorenyl dithiol Two-phase 3–7 1.2~3.0 33 

Au α,ω-dithiol One-phase 2/ 5 1.5 34 

Pd 

1,4-phenylene diisocyanide, 

4,4’-Bis(diphenylphosphino)biphenyl, 

1,3,5-Tris([2,2’:6’,2’’-terpyridin]-4’-

ylethynyl)benzene 

One-phase ~2.4 ~2 35 

Au 1,8-octanedithiol One-phase 5 0.59~1.4 36 

Au HSC6H4SC6H4SH LB 5.1 1.6 37 

AuAg 9,9-didodecyl-2,7-bis-thiofluorene Two-phase 3~5 1.5 38 

Pd Tetrakis(terpyridine) One-phase 2.7 1.2 39 

Au 

Two pyridine-N-oxide 

One-phase 5.2 ± 0.3 

5.7/6.0 

(center-center) 40 

One pyridine-N-oxide and one ArF-I group 
7.26 

(center-center) 

Ru Ru@C66(COOH)12 
Single step wet 

chemical synthesis 
1.5 

2.85 

(center-center) 
41 

a Except for ref 40 and 41, the distance between NP is the edge to edge distance. 
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1.2.1 Layer-by-layer method 

Along the development of metal NP assemblies, LBL self-assembly of building blocks has 

played a significant role, as it allows controllable growth over a substrate turning into a 

nanocomposite demonstrating specific optical and electrical properties.42,43 The LBL technique 

is a versatile approach to create ultrathin surface coatings on a wide range of surfaces. It 

involves a ligand/linker exchange process during the assembly cycle, by immersion of 

substrates into solution of NP and a linker molecule. 

In 1996, R. P. Andres et al.24 reported the preparation of the 2-D self-assembly of Au NP 

connected by ditopic ligands, in which a solid substrate acted as a template to obtain the 2-D 

growth. In this process, isolated metal NP were first produced in the gas-phase, and protected 

by alkylthiols in solution. After that, the NP were coated on a substrate placed into aryl dithiol 

or di-isonitrile ligand solution (Scheme 1.1), the NP were linked into an assembly by means of 

a ligand exchange. The authors demonstrated that by modifying the NP size or composition, 

the length and chemical structure of the linker, and the nature of the substrate, a wide range of 

electronic proprieties could be modulated. For instance, the electrical conductance of NP 

assemblies (78 nS) was lower than the one measured for unlinked NP (133 nS).  

 

 

Scheme 1.1 Ditopic ligands used for the synthesis of NP assemblies.  

 

C. Zhong et al. described a novel strategy toward the assembly of bimetallic AuAg NP via 

carboxylate-Ag+ binding at selective sites on the NP surface, giving an assembly of composition 

Au23Ag77 (Figure 1.2).44 The possibility to modify the composition of the AuAg NP as well as 

the chain length of the dicarboxylic acids allows modulating the optical and electronic 

properties. The AuAg but also Au NP assemblies45 with different inter-particle distances, 

adjusted by varying the X-(CH2)n-X length, were applied for vapor sensing, revealing a 

correlation between sensitivity (electric conductivity) and inter-particle spacing.46 
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Figure 1.2 Schematic representation of the surface binding sites and the selective linkage for the 

assembly of AuAg NP mediated by dicarboxylic acid ligands. Reproduced with permission from ref.44 

 

Another alloyed AuAg NP assembly was produced from the 4-aminothiophenol (PATP) linker 

on substrate, and investigated by Raman scattering.47 The LBL assembly was produced first by 

using the protonated pyridine groups of a polyvinylpyridine functionalized glass as anchoring 

sites for negatively charged Au NP. PATP ligands were then adsorbed on Au NP through the 

formation of Au-S bonds. The PATP molecule, which possesses two resonance structures 

(benzenoid and quinonoid), can interact with Ag NP through the quinoid form. It was concluded 

from the Raman study that the b2 vibrational mode of PATP is enhanced by charge transfer 

from the Ag to Au NP due to PATP acting as tunnel in between. 

Alkanedithiols with different carbon chain length (C6, C9, C12, C16), which are typical linkers 

for Au NP assemblies, were investigated for applications in sensoring.48 X-ray photoelectron 

spectroscopy (XPS) analyses of a 2-D film composed of Au NP assembly confirmed that 

dodecylamine ligands on Au NP were quantitatively exchanged by alkanedithiol, of which 60% 

of the alkanedithiol are bound to NP by both groups, while 40% are bound with only one thiol-

group. All films showed ohmic I-V characteristics and Arrhenius-type activation of charge 

transport. Interlinked NP assemblies help to enhance the conductivity of the films compared to 

free NP. Indeed, the electron-tunneling decay constant βN, was much lower for non-covalently 

linked NP film. A fast and fully reversible increase of film resistance was measured upon 

exposure to vapors of toluene or tetrachloroethylene. The resistance increases exponentially 

with increasing alkanedithiol chain length at a given concentration. This type of film was 

forecasted as a promising material for sensing applications, which was studied later extending 

the ligand to alkanedithiol-C12, 4,4′-terphenyldithiol and [4]-staffane-3,3′′′-dithiol to make 

chemiresistors. This study revealed that the flexibility and resistivity of the interlinkage has a 
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profound impact on the response characteristics of the sensors.49 Thus, the use of the flexible 

1,12-dodecanedithiol as linker induces the interlinked film to respond with an increase in 

resistance. Oppositely, with a rigid linker with a staffane backbone the interlinked film 

responded with a decrease in resistance. 

In a similar attempt of investigating the influence of dithiol ligands, J M. Wessels et al. 

synthesized Au NP assembly films from six different dithiols, which were classified into three 

groups according to the nature of the group in the middle and at the end (Table 1.2).25 The 

optical and electrical properties of the films were highly influenced by the nature of the ligand. 

Especially, the conductivity increased by one order of magnitude for linkers that contain a 

cyclohexane ring instead of a benzene ring. As the molecule consists in non-conjugated and 

conjugated parts, according to the electron tunneling decay constant (βN-CON), the conductivity 

can be tuned from the insulating to the metallic limit, regardless of the inter-particle spacing (4 

± 0.8 nm, dNP ~ 1 nm). 

 

Table 1.2 An overview of the DT linker molecules and the distances between S atoms and S- atoms.25  

Ligand Abbreviations  
Length 

(Å) 

Δ (EHOMO-

LUMO) 
 

 

BDMT 7.7 4.0 

Bis-

mercaptomethylenes 

 

cHDMT 8.2 5.0 

 

DMAAB 14.8 3.5 

Bis-acetamidothiols 

 

DMAAcH 14.9 4.7 

 

PBDT 10.7 2.7 

Bis-dithiocarbamates 

 

cHBDT 9.6 3.2 
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Y. Daskal et al. followed the Au NP assembly deposition using a quartz crystal microbalance. 

This is a suitable method as it can sense material deposition in the nanogram range.50 The 

assembly efficiency is higher for shorter alkyldithiols, and ligands with more strongly 

interacting functional groups such as alkylbisdithiocarbamates, which outperformed 

alkyldiamines. Comparing plasmon resonance, a typical and well-studied feature of Au NP, the 

spectrum of the bisdithiocarbamate composite exhibits a distinct blue shift, which was 

attributed to more delocalized electron charge at the NP, because the linker possesses bulkier 

groups allowing a longer structure.  

The number of the deposition cycles performed to produce multilayer films on substrate counts 

importantly for properties and applications. Thus, enhanced localized surface plasmon 

resonance sensing was obtained with multilayer structures fabricated with 1,10-decanedithiol 

as linker from four NP deposition cycles.51 This was reflected by a ∼4 -fold improvement of 

the sensitivity to the changes of the environmental refractive index compared to the 

submonolayer structure. J. Dhar et al. produced Au and Ag NP composite thin films with a 

carboxyl-functionalized chitosan polymer bearing COO- and -NH2 groups (Scheme 1.2), which 

were deposited on flat quartz substrates.52 The process of assembly allows producing up to more 

than 40 layers, the growth of which was monitored by UV-visible spectroscopy, atomic force 

microscopy (AFM), and scanning electron microscopy (SEM). The catalytic activity of these 

composite films was investigated for an organic electron transfer reaction. The kinetic data 

obtained suggest that the reaction rates are directly related to the NP size and porosity of the 

membrane. The reaction rates were five and six times higher, respectively, with films of 10 and 

40 layers of Au NP (5 nm). Mainly NP located on the film surface are the ones that take part in 

the reaction, since the accessibility of the embedded NP decreases as a function of number of 

layers. 

 

 

Scheme 1.2 A carboxyl functionalized chitosan polymer.  
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1.2.2 Two-phase method 

In the method of Brust (two-phase synthesis),53,54 the linker is added to a solution of the metal 

precursor with phase transfer molecules, and reduction afforded NP self-assemblies.26 This two-

phase method is called mediator-template strategy,27 as the transfer molecule capped with 

hydrophobic chain works like a template between NP, and as linker to mediate the assembly. 

Thus, spherical Au NP assemblies (∼ 20-300 nm diameter) were produced taking advantage of 

linker molecules with tri- and quart-ending groups, Si(CH2SMe)3 or Si(CH2SMe)4 (Figure 

1.3).27,55,56 In these works, multidentate thioether ligands were used as molecular mediators and 

tetraalkylammonium-capped Au NP (5 nm) as templates. The assemblies can be disassembled 

by adding decanethiolate, as reflected by the optical response, because the binding of thiolates 

is stronger than that of thioethers, which may pave the way to drug delivery applications 

because of the reversible process. 

 

 

Figure 1.3 Schematic illustration of Au NP assembly formation via mediator-template strategy. 

Reproduced with permission from ref.27 

 

When deposited on a support, the spheres can spread onto the hydrophobic surface, indicating 

the soft nature of the outmost layer of the assembly. In a subsequent work,57 the self-assembly 

process was assessed from the kinetic and thermodynamic point of view. It was concluded that 

the process is enthalpy-driven. The enthalpy change (-1.3 kcal.mol-1) was close to the 

magnitude of the VdW interaction energy for alkyl chains, and the condensation energy of 

hydrocarbons. 

Gold NP network formation mediated by multifunctional synthetic polymers is also a versatile 

strategy.58 M P. Stemmler et al. describe a protocol to produce a Au NP assembly after 

introducing polyphenylene-dendrimers bearing 16 lipoic acid end groups (Figure 1.4).59 The 
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loosely coordinated network rearranged rapidly within hours, showing strong optical coupling 

between Au NP and a corresponding spectral shift detected by UV-vis-NIR spectroscopy.  

 

 

Figure 1.4 a) Dendrimer used as linker; and b) schematic representation of the formation of aggregates 

from dendrimers (red spheres) and Au NP. Reproduced with permission from ref.59 

 

Another example of using polymers is described by C. Rossner et al., who produced spherical 

shape Au NP network with multifunctional polymers of styrene bearing multiple 

trithiocarbonate groups as linkers to interconnect Au NP (Figure 1.5).28,60,61 The authors 

demonstrated that the formation of assemblies relies more on the polymer length than the 

anchoring group number. The distance between NP can be tuned in a wide range when 

regulating the length of the polymer chain. The internal structures of the 3-D networks were 

characterized by small-angle X-ray scattering (SAXS), dynamic light scattering (DLS), and 

UV-vis extinction spectroscopy. These analyses have revealed that a large fraction of Au NP 

network can only be obtained when the number of styrene units between two anchoring sites in 

RAFT (reversible addition-fragmentation chain transfer) oligomers is below a crucial threshold, 

which is probably due to the formation of loops that may sterically impede cross-linking with 

different NP. Their work provided useful information to build self-assembled NP networks with 

respect to the degree of polymerization of polymers. It was also shown in the case of 

hyperbranched polymer-Au NP assemblies that the degree of branching of the linker polymer, 

in addition to the concentration and number of anchoring groups, has a strong influence on the 

self-assembly process.62 
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Figure 1.5 a) Synthetic scheme of the RAFT polymer. Reproduced with permission from ref.28 b) The 

structures of the Au NP assembly cross-linked by di- and multifunctional RAFT oligomers. Reproduced 

with permission from ref.60 

 

Disulfide functionalized C60 polymers produced by reacting bis-2-aminoethyl disulfide with 

C60 constitute another example of the use of a polymer to produce Au NP 2-D self-assemblies 

through Au-S bond on a substrate (Figure 1.6).29 In that case, part of the S-S bonds in the 

polymeric chain are broken, forming Au-S bonds. The 2-D films obtained on electrodes were 

used to fabricate single electron devices, which exhibited Coulomb blockade type current-

voltage characteristics.  
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Figure 1.6 C60 polymer structure and the correlation between two Au NP. Reproduced with permission 

from ref.29 

 

The influence of the number of ending groups in linker ligands on tuning inter-particle 

interactions and structures was investigated by Zhong et al.30 Four different rigid aryl ethynyl 

molecules with V, Y, and X shapes attached to 2,3,4 methylthio- end-groups were used as 

linkers for Au NP (Figure 1.7), showing an influence on the optical and spectroscopic properties. 

The measured average edge-to-edge inter-particle distance ranged between 1.1 and 1.7 nm 

according to the nature of the ligand, which are in good agreement with molecular modeling 

results for the inter-particle orientations. It was shown that sequential addition of ligands can 

induce an initial partial disassembly. Thus, if a network is built from a weakly coordinating 

ligand, the addition of a ligand that binds strongly causes an initial disassembly due to exchange 

of ligands, before the second ligand mediated the formation of mixed ligand assemblies. For X-

shaped arylethynes, it was also shown that their molecular rigidity, π-conjugation, and 

importantly the tunability in terms of size, shape, and binding strength affect the size, kinetics, 

optical, and spectroscopic properties of the assembly.31 
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Figure 1.7 a) Schematic illustration of the NP assembly by two mediators (e.g., V and Y) in a sequential 

addition process; and b) structures of V, X, and Y-shaped methylthio arylethynes. Reproduced with 

permission from ref.30 

 

The group of I. Fratoddi has shown that Ag NP networks can be produced by means of the a 

organometallic compound trans, trans-

[CH3CO−S−Pt(PBu3)2(C≡C−C6H4−C6H4−C≡C)−Pt(PBu3)2−S−COCH3].
32 The organometallic 

bifunctional thiol-containing Pt(II) centers bridge the Ag NP (Figure 1.8). The 2-D networks 

were obtained through -SH derivatives covalently bound to Ag NP surface without Pt-S bond 

cleavage. Employing an accurate synchrotron radiation-induced XPS experiment, a semi-

quantitative analysis of the chemical interactions between Ag and the complex was performed. 

The percentage of completely and partially covalent thiols was 54.6% (direct covalent bond) 

and 45.4% (one terminal grafting involving noncovalent interactions between NP), respectively. 

A subsequent work was performed to characterize the material by X-ray absorption fine 

structure spectroscopy (XAFS) and XPS techniques, providing deeper insight at the atomic 

level into the physicochemical properties of the material.63  

 

 

 

Figure 1.8 Silver NP linked by a Pt-containing organometallic dithiol bridge.  

 

Dithiol organic molecules with different chain lengths and various middle groups have been 

used to tune the structure and the optical and electric properties of Au NP networks. For instance, 

Au NP networks were produced from 9,9-didodecyl-2,7-bis(acetylthio)fluorene (Au NP-1) and 

9,9-didodecyl-2,7-bis(acetylthiophenylethynyl)fluorene (Au NP-2) playing the role of 

linkers.33 A red shift of the emission band for Au NP-1 in emission spectroscopy was observed 

compared to the free thioester, suggesting an electron density flow to the gold center through 

the S-bridge, whereas the effect was quenched in Au NP-2, probably due to the increased 

distance of the fluorenyl chromophore from the gold core. The same type of molecule (π-π 
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conjugated 9,9-didodecyl-2,7-bis-thiofluorene, FL) was reported to give a structural 

reorganization of the Au NP assembly after thermal treatments (Figure 1.9).38  

 

 

Figure 1.9 Schematic representation of Ag NP assembly mediated by FL molecule. Reproduced with 

permission from ref.64 

 

With the help of grazing incidence X-ray diffraction technique, it was proposed that a partial 

transition from a hexagonal-like to a cubic-like packing of Au NP occurred during the thermal 

annealing (up to 100 °C with a rate of 10 °C/min). The electric properties of the Au NP 

assemblies and deposited films were also probed.64 Current-voltage (I/V) response curve 

follows a non-ohmic relation for Au NP few layer thin films, with a conduction mechanism that 

strongly depends on polarons and bipolarons along π bridges of the carbon chain of the fluorene 

bridge. For multilayer thick films, the properties followed approximately an ohmic law. In 

contrast, Au NP few layer thin films possess a resistance two orders of magnitude smaller. The 

overall resistance decreases upon illumination thanks to the organic linkers in the network, and 

optoelectronic properties appeared. 

Another example of studying the influence of the dithiol ligands involves the use of (4,4′-

dithiol-biphenyl (BI), 4,4′-dithiolterphenyl (TR) and 4,4′-dithiol-trans-stilbene (ST).65 XPS 

analyses showed that both physisorbed and chemisorbed thiols are present on the NP surface. 

Ag NP showed a lower quantity of physisorbed thiol and a higher tendency to form 

interconnected networks. Furthermore, the Au NP-BI and Au NP-TR possess high stability both 

in solution and under thermal stressing conditions (500 °C).66 
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Besides Au and Ag NP networks, Pt NP networks have been also produceded by means of the 

two-phase method. E. Morsbach et al. reported Pt NP porous three-dimensional network built 

with bifunctional amines from “unprotected” NP through a two-phase method.67-69 The 

accessibility of the metal sites in the assembly was characterized by cyclic voltammetry for 

determining the electrochemical surface area (ECSA), showing that 50% of the metal surface 

atoms are ligand-free. This showed that more potentiale catalytically active sites are present 

than in NP produced using mono-amine ligands with more ligands coordinated on the surface. 

IR characterizations demonstrated that Pt NP are coordinated by the amine. The presence of 

adsorbed CO originated from the solvent (ethanol decomposition) indicates that ligand-free 

adsorption sites are present for all ligand-linked NP network. On the other hand, the absence of 

CO in capped NP indicates the formation of a full monolayer of hexadecylamine on Pt NP.68  

1.2.3 One-phase method 

This method is similar to the two-phase solution method but carried out with the ligand 

exchange or linkage in one pot in order to simplify the procedure. In the work published by F. 

L. Leibowitz et al. the one-phase method was also called one-step exchange-cross-linking-

precipitation route.34 The materials synthesized had comparable electrical properties to those 

prepared by the LBL method. The ligand exchange process took place in 1,9-nonanedithiol 

solution with 2 and 5 nm decanethiol capped Au NP, followed by loading on a support, which 

resulted in covalently linked thin films. The surface plasmon resonance displayed by the 

assemblies having inter-NP distances shorter than the NP size, shifted at longer wavelength. 

The electrochemical properties are different, as the redox current of 2-nm NP was more 

suppressed than 5-nm ones reflecting partial blockage electron transfer barrier, gold-sulfur 

binding were suspected to be influenced with the facets, corners, or edges of nanocrystals. The 

modifiable feature was important for further catalytic application.70 Following the same 

preparation route, Au-Pt alloyed NP assembly cross-linked by 1,9-nonanedithiol were produced 

and applied for methanol electrooxidation.71 If controlling assembly in 2-D or 3-D has been 

achieved with success, the 1-D assembly is still a challenge. Nonetheless, the use of 

nonanedithiol produced size-controlled 1-D linear assemblies.72 The length and branches of 

these gold nanochains were tuned by varying the ratio of dithiols to Au NP, resulting in dimers, 

oligomers and branched linear shapes.  

The use of aromatic compounds bearing bidentate or tridentate coordination sites as cross-

linkers (1,4-phenylene diisocyanide, 4,4’-bis(diphenylphosphino)biphenyl, 1,3,5-

tris([2,2’:6’,2’’-terpyridin]-4’-ylethynyl)benzene) allows producing Pd NP networks.35 The 
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resulting assemblies have shown better hydrogen storage capacities than isolated Pd NP. Also, 

the tetrakis(terpyridine) linker (Figure 1.10a) was used to interconnect Pd NP to well-organized 

self-assemblies as a result of the rigid tetrahedral core.39 

 

Figure 1.10 a) Structure of the tetra(terpyridine) linker used for Pd NP network synthesis. Reproduced 

with permission from ref.39 b) Chemical structures of Ln (n = 1, 1.5, 2, 3) and Lb2. Reproduced with 

permission from ref.74 

 

Supra-spheres (80~320 nm) containing large amounts of metal NP, and involving more than 

two different kinds of metals (nearly monodisperse (5.5 nm) Au, Ag, Pd, or Pt NP stabilized by 

dodecylamine and didodecyldimethylammonium bromide) were produced from 1,8-

octanedithiol.73 These supra-spheres can be converted into a new material (nanoporous metals) 

by removing the organic ligands, extending the potential of metal NP assembly for material 

design. 

M. Neouze et al. presented a new approach to build networks of Pt NP using both a carboxylic 

acid functional thiol ligand (mercaptopropionic acid) and an alcohol functional thiol ligand 

(mercaptoethanol) before introducing them into a TiO2 matrix.75 Pt NP stabilized by the two 

different ligands (Au-S coordination) were cross-linked. FTIR analyses have shown that the -

COOH groups did not react with the -OH groups, and that the pending -COOH groups interact 

as -COO- groups with neighboring Pt NP. Furthermore, there were residual pending carboxylic 

acids of the Pt-Pt network that can further coordinate to the titanium centers of the TiO2 matrix, 

ensuring stability to the coating film.  

A work of M. Boterashvili et al. reports the use of different building blocks, single-crystalline 

and multiple-twinned Au NP and cross-linkers possessing two binding sites (pyridine-N-oxide 
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and/or tetrafluoro-iodoaromatics, ArF-I) (Figure 1.11) to control the aggregation of Au NP via 

halogen bonding.40 The authors demonstrated that N-oxide moieties contribute more to the 

formation of organized Au NP networks, whereas the ArF-I moieties differ in bonding reactivity 

with different facets. The observed reactivity of the single-crystalline and multiple-twinned Au 

NP to assembly illustrates the importance of NP crystallinity to control the self-assembly degree, 

providing aspects to consider for designing material in future work. 

Even though the assembly of Au NP with dithiol molecules has been investigated in detail, the 

production of ordered super-lattices is still a significant challenge. S. Nayak et al. found that 

using the one-phase route to produce self-assemblies, short-ranged fcc (face-centered cubic) 

crystals can be formed from the cross-linked network for specific dithiol linker‐length and NP 

size.75 The stability of the lattices was evaluated based on geometrical considerations and 

numerical simulations as a function of ligand length and number of connected nearest ‐

neighbors, and a phase diagram of super-lattice formation was provided by the authors. The 

methods employed provide perspective in further exploration for well-crystallized lattices. 

 

Figure 1.11 a) Molecular structures of cross-linkers 1-3; and b) schematic representation of the reactions 

between Au NP and the cross-linkers (1-3). Reproduced with permission from ref.40 
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Further management of Au NP assemblies was investigated, and an interesting electric device 

was constructed, consisting of an electric platform of nano-electrode-molecule-NP bridge, 

showing a significant improvement of reproducibility of electrical measurements (Figure 

1.12).36 The Au NP (5 nm) situated between the nano-electrode (19 nm) were connected with 

1,8-octanedithiol where the outer thiol groups are protected by triphenylmethyl (ω-trityl), which 

lead to reproducible and stable metal-molecule bonds replacing the physiosorbed metal-

molecule junction. Correspondingly, the conductivity increased and the spread of the resistance 

histogram reduced by one order of magnitude, which demonstrated that the platform can be a 

potential method for characterization of Au NP networks and furthermore molecule levels 

current transport application.  

  

 

Figure 1.12 Schematic representation of a) 1,8-octanedithiol chemisorbed at two nearby gold surfaces 

and triphenylmethyl protected 1,8-octanedithiol chemisorbed at one end and physiosorbed at other end; 

b) trapped ω-trityl protected 1,8-octanedithiolcoated (ODT) Au NP; and c) the junction after removal of 
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the trityl protective resulting in formation of chemisorbed junctions at both ends of 1,8-octanedithiol. 

Reproduced with permission from ref.36 

 

1.2.4 Langmuir-Blodgett (LB) method 

The LB method makes use of the surface-pressure to initiate the NP cross-linking onto a 

substrate. One example reported by S. Chen uses 4,4′-thiobisbenzenethiol as bifunctional linker 

that facilitated cross-linking of mono-layer-protected Au NP.37 2-D NP networks were prepared 

by using the LB method, where neighboring NP were chemically bridged by the bifunctional 

linker at the air/water interface. The fluctuations of surface pressure were studied during the 

formation of the assembly, showing that high surface pressures help to activate crosslinking, 

which resulted in long-range ordered and robust NP networks. The typical surface plasmon 

band of Au NP redshifted by 30 nm, which was attributed to the electronic coupling interactions 

between neighboring NP. Ordered arrays of quantum dots can be produced by photo-oxidation 

to remove the organic part in the network.76  

1.2.5 Light triggered self-assemblies 

Photoactive ligands have been used to create NP structures, which confers to the NP networks 

unique properties derived from the ligands in response to light stimulus. A light adjustable Au 

NP network was produced by using azobenzene thiol derivatives as inter-particle linkers. It was 

shown that the spacing between NP can be reversibly controlled by trans-cis isomerization of 

the azobenzene moiety induced by UV and visible light (Figure 1.13).77 Analogously, another 

photoactive trans-ligand 4,4’-bis(11-mercaptoundecanoxy)azobenzene (ADT) containing a 

photo-switchable azobenzene unit, was used to assemble metal NP into assembly triggered by 

UV irradiation modified by light of different wavelengths.78,79 In that case, the self-assembly 

was irreversible for high ligand surface concentrations, resulting in NP organized into 

permanently cross-linked structures by dithiols. 
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Figure 1.13 a) Scheme of photoactive linker molecule; and b) reversible tunable Au NP assembly. 

Reproduced with permission from ref.77 

1.2.6 Single step wet chemical synthesis 

Besides the ligand exchange strategy, we can also mention a directed covalent assembly 

produced in one-step, in which the self-assembly process by linker ligand is constructed when 

the metal NP are growing without any other mono-capped ligand/stabilizer. As described by 

Serp et al., C66(COOH)12 hexa-adduct can be used as a building block to construct 3-D networks 

via carboxylate bridges with very homogeneous and well crystallized sub-1.8 nm Ru NP, 

displaying a Ru NP-NP distance of 2.85 nm (Figure 1.14).41 Furthermore, IR, SSNMR and XPS 

point out that the substituted fullerene coordinates to the Ru NP via carboxylate groups, which 

was corroborated by Density Funtional Theory(DFT) calculations.  
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Figure 1.14 a) Synthesis of C66(COOH)12‐mediated covalent assembly of Ru NP; and b) optimized 

structure of the C66(COOH)12–Ru13–C66(COOH)12 species by DFT. Reproduced with permission from 

ref.41  

 

E V. Solovyeva et al. prepared Ag NP assemblies in a controllable way with diaminostilbene 

as linker for Surface Enhanced Raman Scattering (SERS) detection, with the intention that the 

well interlinked NP can form hot spots providing intensive SERS spectra.80 Indeed, only 

interconnected Ag NP at sub- or monolayer surface coverage formed hot spots. The Ag 

aggregates obtained demonstrate a high SERS activity, suggesting that such substrates could be 

used for SERS detection of analytes at a single-molecule level. 

In this single step method, the effect of the multidentate rigid ligands on the size of Au NP was 

also investigated with different length of aryl ethynyls dithiol molecules.74 It was revealed that 

the size of the Au NP and the final structure as NP or assemblies are synergistically regulated 

by ligand length, ratio of ligand to metal and ligand coordination mode on the NP surface. 

1.2.7 Novel strategies producing NP assemblies 

Covalent organic frameworks (COFs) are porous materials with well-defined 2- or 3-

dimensional structures using organic molecules as building blocks. COFs have been used as 

supports for metal NP with rather evenly distribution.81-84 S. Lu et al. have produced Pt 

NP@COF hybrid material with well dispersed average NP using thioether-containing COF 

(Figure 1.15).85 The strong anchoring groups inside the pores facilitate the binding of metal NP 

and COF, as supported to some extent by XPS characterization, which provide a potential 

pathway to get well-organized covalent NP assemblies by designing anchoring groups on COF. 

 

 



Chapter 1 Covalent assembly of metal nanoparticles – strategies for synthesis and catalytic applications 

23 

 

Figure 1.15 a) Synthesis of Thio-COF; and b) schematic representation of the synthesis of Thio-COF 

supported Pt NP@COF and Pd NP@COF. Reproduced with permission from ref.85 

 

The use of several length DNA sequences allowed also to produce assemblies of Au NP. Au 

NP stabilized by alkanethiol-capped oligonucleotides were linked into short-range and long-

range ordered networks by complementary linker oligonucleotide (DNA) strands (Figure 1.16), 

in which the optical properties are affected by aggregate size as well as inter-particle 

distance.86,87 

 

 

Figure 1.16 Scheme showing the DNA-based nanoparticle assembly strategy. Reproduced with 

permission from ref.87 

 

An interesting strategy to interconnect Pd clusters was proposed by U. Simon et al.88 The 3-D 

network was built by insertion of the bifunctional linker molecules 4,4’-diamino-1,2-

diphenylethane into Pd561phen36 clusters coordinated by the NH2 groups. The three-dimensional 

arrangement of Pd561phen36O200 clusters was deoxygenated by H2 to Pd561phen36 clusters in a 

water–pyridine solution at room temperature with the formation of H2O2. The resulting material 

showed an increase of the charging energy from 0.02 eV to 0.05 eV and a decrease of the 

electrical capacitance between the clusters compared to dense aggregates before insertion of the 

linkers. This showed the control of the physical properties of cluster arrangements in chemical 

way is possible, and contributed to understanding of the structure–property relationship in the 

nanomaterials.  

From this analysis of the literature dealing with direct cross-linking methods, it is clear that the 

direct covalent bonding of metal NP into assemblies is highly impacted by the choice of the 
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multidentate ligand. The chain length, the binding group and middle backbone tune the 

properties of the final material at different levels. Deep insight into the self-assembly process 

were obtained at both the nano and atomic levels by a vast panel of characterization techniques, 

as well as theoretical calculations. A large proportion of work involved Au and Ag, particularly 

because of their potential applications in optics, sensors and electronics. Less work has been 

devoted to other noble metals of interest for catalysis, such as Pt, Pd, or Ru, meaning that 

additional efforts are needed to develop reliable methods to produce covalent networks of NP 

with these metals. 

1.3 Indirect cross-linking synthesis methods 

Besides the direct cross-linking methods that often involved the use of ditopic ligands to directly 

link metal NP, several indirect methods have also been reported. These methods use the reaction 

between NP stabilized by specific ligands, which allow a coupling reaction between them to 

create the metal NP network. Various reactions have been described so far to connect ligand-

capped NP (click chemistry, Diels Alder reaction, nucleophilic substitution, among others) 

either under thermal- or photo-activation. Table 1.3 shows representative examples obtained 

with these methods. 

1.3.1 Click chemistry 

Click chemistry, a group of chemical reactions with favorable reaction rate and orthogonality, 

is an efficient way for NP modification,89 including their assembly. Trials with NP have been 

reported based on click chemistry, including copper-catalyzed cycloaddition, strain-promoted 

azide-alkyne cycloaddition,90 and inverse-demand Diels-Alder reaction.91 

Metallic NP can be modified by azide- and/or alkyne-functional groups, and then assembled 

into organized arrays through the basic Cu(I)-catalyzed azide/alkyne-‘click’ chemistry 

approach (Scheme 1.3).  

 

Scheme 1.3 Azide–alkyne 1,3-dipolar cycloaddition reaction. 
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Table 1.3 Representative examples of metal NP networks produced by the indirect cross-linking methods. 

Metal Ligand/reactants Method Size (nm) Inter-NP distance (nm)a Ref. 

Au 
1-Azide-1-undecane thiol 

Dialkyne derivative/CuSO4 
Click chemistry 2 2 92 

Au Octadentate thioethers Acetylene oxidative coupling 1.1 0.8 to 2.5 93 

Au 
Norbornenethiols 

Ru catalyst 

Ring-opening metathesis 

polymerization 
4.3 7 94 

Au 

Terminal amines on polyethylene 

glycol (NP) 

Thiolated amine (nanorods) 

Traut's reagent 

Dithiol coupling 
2.5 and 1.8 (NP) 

50x5 (nanorods) 
0.9 and 1.6 95 

CdSe 
2-aminoethanethiol 

Glutaraldehyde 
Condensation 2.7 3.2 to 7.6 96 

Ag 
Polyvinyl alcohol 

Dicarboxylic acids 
Esterification 10.4 

0.93 (oxalic acid) 

1.74 (sebacic acid) 

97 

Pt 
Aluminum-organic-stabilizer 

Bifunctional alcohols 

Protonolytic cross-linking 

reaction 
1.2 

0.98 (hydroquinone) 

1.23 

(4,4’-dihydroxybiphenyl) 

98 

a The distance between NP is the edge-edge distance if not otherwise noted. 
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Two procedures have been followed, either the use of a mixture of NP (one population 

being azide-functionalized and the other one alkyne-functionalized), or the reaction of 

azide- or alkyne-functionalized NP with a dialkyne or a diazide (tri- and tetra-azides 

have also been used), respectively. The Huisgen 1,3-cycloaddition reaction between 

azide and ethynyl groups has been employed to obtain assemblies (nanochains) of Au 

nanorods.99 Using a 1:1 mixture of the nanorods stabilized by azidoalkane- and alkyne-

thiols allows the formation of chainlike assemblies. The preferred end-to-end assembly 

of the Au nanorods could be attributed to the preferential ligand displacement at the 

(111) faces at the end of the nanorods. In the case of Au NP (2 nm), Au NP networks 

with an inter-particle distance of 2 nm (which fits with the molecular length of 1.8 nm 

for the rigid azobenzene unit) were obtained by click reactions of azide-functionalized 

Au NP and dialkyne-terminated functional molecules (Figure 1.17a-c).92  

 

 

Figure 1.17 a) Typical procedure to obtain Au NP network using click chemistry; b) TEM 

micrograph of azide-functionalized Au NP; and c) TEM micrograph of the Au NP network 
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prepared by the click reaction. Reproduced with permission from ref.92 d) Basic scheme of NP 

multilayers deposition. Reproduced with permission from ref.106 

A similar procedure (use of azide-tagged Au NP and a dialkyne cross-linker) was also 

followed with Au NP of ca. 18 nm diameter.100 The aggregation rate was found to 

depend on Cu concentration, but in all cases, aggregation was clearly visible within 20 

min from the beginning of the reaction. The reaction of gold NP (1.3 nm) stabilized by 

a single dendritic thioether ligand comprising an alkyne function with di-, tri- and tetra-

azide linker molecules has also been reported.101 In that case, dimers, trimers and 

tetramers could be selectively produced after the click reaction with the corresponding 

linker. All measured inter-NP distances were significantly shorter than the calculated 

maximum possible spacing. This behavior was due to the fact that the NP rearrange in 

a more folded geometry. Mixtures of gold NP that have azide‐ and alkyne‐terminated 

groups have also been used to produce covalent networks.102-104 This click reaction was 

also used for the covalent bonding of functionalized Au NP onto surfaces,105 or to 

produce multi-layers of covalently bonded Au NP onto surfaces (Figure 17d).106,107 

Interestingly, it was possible to use the click cycloaddition to prepare assemblies of Au 

nanorods and Ag NP.108 For this reaction, new disulfides with azide (for Ag NP) or 

alkyne (for Au nanorods) terminations were used. 

Covalent assemblies of other metals than gold have also been prepared by click 

chemistry, such as Fe NP,109 or core-shell CdSe/ZnS quantum dots.110 The case of iron 

NP is particularly interesting since it highlights the limit of the method in the case of 

NP that can suffer oxidation. The authors stated that the solutions for avoiding oxidation 

when assembling such NP are: i) extremely efficient click reactions to avoid surface 

oxidation; ii) the solvents excluding of substantial source of oxygen; and iii) thermal or 

photochemical methods requiring no catalysts without addition of water-based solvents. 

Finally, it is worth mentioning that 1,3-dipolar cycloaddition reactions, such as those 

forming 1,2,3-triazoles can be reversed, but the necessary conditions make the potential 

use of the reverse reactions rather unrealistic at this point.111 

1.3.2 Covalent coupling reactions 

In addition to click reactions, diverse organic transformations have been used to connect 

metal NP into 1-D, 2-D or 3-D assemblies. For instance, an amide-coupling reaction 

was used to organize Au NP into linear chains.112 The originality of this work lies in 
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the functionalization of the polar singularities that must form when a curved NP surface 

is coated with ordered monolayers, such as a phase-separated mixture of ligands (1-

nonanethiol and 4-methylbenzenethiol) coated leading to point defects, that is, sites at 

which the ligands assume a nonequilibrium tilt angle and are more prone to be replaced 

in place-exchange reactions. This approach made the NP able to bind along specific 

directions as the same the atoms and molecules do. Gold NP coated with a binary 

mixture of 1-nonanethiol and 4-methylbenzenethiol were first produced, and their 

reaction with 1,6-diaminohexane produces linear chains of Au NP. These important 

results suggest that polar singularities react faster than other defects in the ligand shell. 

Fiałkowski et al. used a naphthalene dianhydride derivative as cross-linking agent that 

forms amide bonds with the aminothiolate ligand that stabilized Au NP (5.6 nm) under 

biphasic conditions.113 In this system, the thiol group is coordinated to Au NP surface, 

and the unbound amino group has the capability of binding protons in a reversible way 

so that an equilibrium between the protonated and non-protonated amino groups is 

established depending on the pH. To carry out the cross-linking reaction, the Au NP 

have to be brought close enough the ones to the others. To do so, the authors transferred 

the Au NP from the bulk aqueous phase to the oil-water interface that takes place only 

at specific (basic) pH levels. This technique allows the formation of freestanding 

monolayer of covalently bonded Au NP at the water/oil interface. 

Azo (-N=N-) or amido (CONH) linkages were also used to covalently attach Au and 

CdS NP (Figure 1.18 a).114 These reactions were carried out under very dilute 

conditions to control the assembly and avoid the polymerization. Indeed, at high ligand 

concentrations, the NP formed a network of chains for both amido and azo 

functionalized NP. Gold NP (1.2 nm)-CdSe-ZnS quantum dots (5.6, 6.8, and 7.8 nm) 

assemblies were formed via covalent coupling of carboxy-functionalized Au NP, which 

were activated with N-hydroxysuccinimide, with amine-functionalized quantum 

dots.115 Esterification reactions were used for the covalent binding of OH-terminated 

(polyvinylalcool, PVA) Ag NP (10.4 nm) by means of dicarboxylic acid compounds 

(oxalic, l-(+)-tartaric, d-glucaric acid and sebacic acid) with a defined molecular 

length.97 PVA plays a key role in this reaction because it acts as the reducing agent of 

AgI, the surface stabilizer of the resulting NP, and as a mild Lewis acid that can exhibit 

oxophilic character towards the carbonyl group, which forms the basis for the catalysis 
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of the esterification reaction. As expected, the increase in the molecular length of the 

diacids results in larger inter-NP spacing (Figure 1.19). 

 

 

Figure 1.18 a) Azo and amido linkage. Reproduced with permission from ref.114 b) Ester 

coupling. Reproduced with permission from ref.116 c) Oxidative acetylene coupling for the 

assembly of Au NP. Reproduced with permission from ref.93 

 

Ester coupling (Figure 1.18b) of monolayer-protected Au NP (11-mercaptoundecanoic 

acid exchanged and 11-mercaptoundecanol exchanged) was performed with ester 

coupling reagents such as 1,3-dicyclohexylcarbodiimide and 4-(dimethylamino) 

pyridine.116 Bifunctionalized Au NP (1.1 nm) with two octadentate thioether ligands 

were covalently interlinked.93 Since two ligands are required to cover the NP surface, 

exactly two triisopropylsilyl-protected acetylenes are present as functional groups on 

the periphery of the NP, allowing their interlinking by wet chemistry. The method 

involved: i) deprotection of the acetylene by fluoride ions, and ii) rapid (15 min.) 

oxidative acetylene coupling (Figure 1.18c). In these assemblies, the inter-particle 

distance (0.8-2.5 nm) that depends on the length of the oligo(phenyleneethynyl) rod is 

generally shorter than the linker length (1.4-2.7 nm), which may indicate a tangential 

arrangement of the rigid-rod structure at the Au NP’s surface. Dithiol coupling was 

reported as an efficient method to covalently link Au NP and Au nanorods (length = 50 
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nm, width 5 nm).95 In this work, the control of the position, spacing and quantity of Au 

NP per nanorod is achieved through anisotropic surface functionalization of the 

nanorod with aminoalkylthiols of increasing size. The dithiol coupling was performed 

by converting the terminal amines on polyethylene glycol stabilized Au NP into thiols 

through an excess of a cyclic thioimidate (Traut's reagent, 2-iminothiolane HCl). Au 

NP (4.3 nm) functionalized with norbornenethiol were cross-linked by ring-opening 

metathesis polymerization (ROMP) with the use of a water-soluble pyridine-substituted 

ruthenium benzylidene catalyst.94 The ROMP of the Au NP can be achieved across a 

large area, stitching the NP crystalline domains together. 

 

Figure 1.19 Assembly of Ag NP mediated by different dicarboxylic acid compounds, and the 

resulting TEM images, where the average inter-particle distances are indicated. Reproduced 

with permission from ref.97 

 

The amination reaction of fullerene C60 with amine-functionalized Au NP117 was used 

to produce C60-linked Au NP.118 For the assembly, the C60 were reacted with 4-

aminothiophenoxide/hexanethiolate-protected Au NP. Although resulting from a non-

covalent bond, the affinity of streptavidin for biotin results in the strongest biological 

interaction known, and it was used for the end-to-end linkages of gold nanorods.119 A 

protonolytic cross-linking reaction of aluminum-organic-stabilized Pt NP with 

bifunctional alcohols (ethylene glycol, hydroquinone, 4,4‘-dihydroxybiphenyl and 



Chapter 1 Covalent assembly of metal nanoparticles – strategies for synthesis and catalytic applications 

31 

 

1,10-decanediol) was reported by Bönnemann et al. to build 3-D Pt NP networks.98 The 

key feature of this synthesis is the formation of an organometallic colloidal protecting 

shell around the Pt NP. When reacting with bifunctional ligands, a cross-linking of the 

NP occurs that leads to the formation of a 3-D NP network (Figure 1.20). The control 

of the inter-particle distance can be achieved by varying the length of the spacer 

molecules (Table 1.3).  

 

Figure 1.20 Assembly of Pt NP by a protonolytic cross-linking reaction. Reproduced with 

permission from ref.98 

 

Finally, CdSe NP (2.7 nm) modified with 2-aminoethanethiol were cross-linked with 

the homobifunctional amine-reactive crosslinker glutaraldehyde.96 

1.3.3 Biomolecular coupling 

Compared to linking using small organic ligands, linking with biomolecules including 

DNA, supramolecular protein,120 and viruses offers several advantages. First, these 

biomolecules can be tailored to specific lengths by varying the number of base pairs. 

Additionally, the double-helix structure of DNA is rigid, enabling the precise control 
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of the spacing. Thus, NP network engineering with DNA gives independent control of 

three important design parameters (NP size, lattice parameters, and crystallographic 

symmetry) by separating the identity of the particle from the variables that control its 

assembly.121 One- two- and three-dimensional assemblies of metal NP have been 

obtained with DNA. There is a very rich literature 21,129-131on that subject and we will 

discuss in this section only some basic principles of NP assembly with DNA. This kind 

of superstructures have found applications in (electro)catalysis.122-128 In some studies, 

the DNA has been removed through calcination to generate robust porous NP 

superlattices.122  

Although many modifications are available for functionalizing DNA to bind to 

metals,132 it can be used as a ligand by itself.133 The coordination chemistry of DNA 

nucleosides (2'-deoxyadenosine (dA), 2'-deoxycytidine (dC), 2'-deoxyguanosine (dG) 

and 2'-deoxythymidine (dT)) on Au NP was probed by surface-enhanced Raman 

spectroscopy, and is shown in Figure 1.21.134 The coordination of the dA, dC, and dG 

is stronger to Au NP than that of dT. The dA mainly binds to Au NP via an N atom of 

the imidazole ring, and the NH2 group participates in the coordination process. The dC 

binds to the Au surface via an N atom of the pyrimidine ring with a partial contribution 

from the oxygen of C=O group. The coordination of dG implicates both the N atom and 

the oxygen of the C=O group of the pyrimidine ring. Only dT binds to the Au surfaces 

via the oxygen of C=O group of the pyrimidine ring. 
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Figure 1.21 Proposed structures of DNA nucleosides bound to the gold NP. Reproduced with 

permission from ref.134 

 

1-D DNA@Au NP wires were generated by a method involving the incorporation of 

functionalized Au NP (psoralen-modified NP, 3 nm, Scheme 1.4) into double-stranded 

DNA, followed by the photochemical cross-linking (12 Watt UV lamp, λ > 360 nm) of 

the ligand to the DNA matrix.135 Under these conditions, psoralen undergoes a 

photoinduced 2π+2π cycloaddition with the thymine residues, a process that leads to 

the covalent attachment of the ligand to the DNA.  

 

 

Scheme 1.4 Molecule of psoralen. 

 

Labean et al. used a combination of self-assembly, molecular recognition, and 

templating, which rely on an oligonucleotide covalently bounded to a high-affinity 

gold-binding peptide. After integration of the peptide-coupled DNA into a self-

assembling superstructure, the templated peptides recognize and bind the Au NP.136 

Gold NP, 1.4 nm in diameter, were assembled in 2-D arrays with inter-particle spacing 

of 4 and 64 nm. The NP formed precisely integrated components, which are covalently 

bonded to the DNA scaffolding. For the self-assembly of NP into 3-D lattices, the use 

of DNA origami frames (rigid and with well-defined geometries) has emerged as a 

promising solution.137 Thus, the 3-D organization of Au NP (7, 10 and 15 nm) spatially 

arranged in pre-determined positions was reported using DNA origami octahedron as 

frame.138 The octahedra can serve as programmable inter-particle linkers. 2-D 

organization of Au NP has also been reported by wrapping them in flower-shaped DNA 

origami structures.139 
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1.3.4 Metal ion-induced nanoparticle assembly 

Modification of NP with metal coordination compounds140,141 offers the possibility of 

their assembly on surfaces,142 but also to create metal NP networks with coordination 

bonds connecting the NP. This strategy has been mainly employed for the development 

of plasmon-based colorimetric sensors for ultrasensitive molecular diagnostics.143 The 

technic is based on controlled aggregation of NP in the presence of metal ions. 

Aggregation of metal NP in the presence of analyte ions changes the color of the NP 

solution. Covalent assemblies have been built with various families of ligands such as 

carboxylates, amino acids (Figure 1.22a), amine ligands, or crown ethers (Figure 1.22b). 

While most of the reports rely on irreversible metal NP assemblies, attempts to use 

metal ions as chemical stimuli for reversible assembly has also been reported (see 

section 2.3.2). Table 1.4 shows representative examples obtained with various ligands 

and cations for gold, Ni2P and CdTe NP. 

 

 

Figure 1.22 a) Illustration of Cu2+ mediated assembly of Au NP after self-assembly. 

Reproduced with permission from ref.144 b) Crown ether-metal ion-crown ether “sandwich” 

inter-particle bridge. Reproduced with permission from ref.145 

 

Table 1.4 Representative examples of NP networks obtained with various ligands and cations 

for gold, Ni2P and CdTe NP. 

Metal Ligand 
Metal 

ion 

NP 

diameter 
TEM Ref. 
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Aua) 
Amino acid 

(L-cysteine) 
CuII 

13 and 

15 nm 

 

144 

Au 
Amino acid 

(L-cysteine) 

Hg2+, 

Cd2+, 

Fe3+, 

Pb2+, 

Al3+, 

Cu2+, 

and 

Cr3+ 

30 nm - 146 

Aub) 
Amino acid 

(histidine) 
Fe3+ 18 nm 

 

147 

Au Crown ether 

K+, 

Na+, 

and 

Ag+ 

Au140, 

Au220, 

and 

Au309 

- 145 

Au Crown ether 

K+ 

and 

Na+ 

18 nm - 148 

Auc) Crown ether K+ 18 nm 

 

149 

Au Pyridine Cu2+ 2 nm - 150 

Aud) Terpyridine 

Fe2+, 

Zn2+, 

Cu+, 

Ag+ 

2 nm 

 

151 

Au Phenanthroline Os3+ 90 nm - 152 
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Aue) 1,10-Phenanthroline Li+ 
4 and 32 

nm 

 

153 

Au 
Carboxylate 

(citrate) 

Na+, 

Ca2+, 

Mg2+, 

Cu2+, 

Zn2+, 

and 

Al3+ 

18 nm - 154 

Aue) 
Carboxylate 

(valine) 
Pb2+ 

22 to 75 

nm 

 

155 

Au Carboxylate 

Pb2+, 

Hg2+, 

and 

Cd2+ 

14 nm - 156 

Au Bishydroxamate Zr4+ 6 nm - 157 

Ni2Pf) Carboxylate Ni2+ 8-9 nm 

 

158 

CdTe Mercaptomethyltetrazole Cd2+ 3 nm - 159 
 

a) Figure reproduced with permission from ref. 144. b) Figure reproduced with permission from ref. 147. c) 

Figure reproduced with permission from ref. 149. d) Figure reproduced with permission from ref. 151. e) 

Figure reproduced with permission from ref. 153. f) Figure reproduced with permission from ref. 155. f) 

Figure reproduced with permission from ref. 148. 

 



Chapter 1 Covalent assembly of metal nanoparticles – strategies for synthesis and catalytic applications 

37 

 

1.3.5 Light-induced self-assembly of irreversible nanoparticle networks 

The use of externally manipulated light offers excellent spatial and temporal control for 

the signal molecule’s activation, degradation, or creation/disruption of a self-assembled 

system.160 Light-induced self-assembly (LISA) of metal NP have thus found 

applications into the biomedical field. Although most of the work deals with non-

covalent interactions (mainly NP aggregation due to changes in electrostatic 

stabilization), some works have reported the irreversible and photo-chemically 

activated formation of NP networks (Figure 1.23). 

Zhao and co-workers reported that UV light irradiation triggers Au NP that are 

respectively functionalized with o-nitrobenzyl alcohol and benzylamine to proceed 

with a covalent ligation reaction.161 Indeed, o-nitrobenzyl alcohol and benzylamine can 

undergo an aldehyde-amine ligation-like coupling reaction under UV irradiation. This 

reaction leads to the assembly of Au NP into anisotropic 1-D arrays in aqueous solution 

via indazolone linkages (Figure 1.23 a). The formation of anisotropic 1-D Au NP arrays 

was attributed to the anisotropic electrostatic repulsions during the self-assembling of 

the charged NP. 

The self-assembly of Au NP or nanorods into chains and networks was also achieved 

by a UV light in the presence of silver ions; taking advantage of the easy photoreduction 

property of silver nitrate.164 
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Figure 1.23 Some examples of light-induced self-assembly of irreversible NP networks: a) UV 

light irradiation promotes the irreversible assembly of Au NP functionalized with o-nitrobenzyl 

alcohol and benzylamine. Reproduced with permission from ref.161 b) Photolabile Au NP 

covalently cross-linkable with a 405 nm laser irradiation via a diazirine terminal group of 

PEG5000 ligands. Reproduced with permission from ref.162 c) Photolabile Au NP covalently 

cross-linkable with a 405 nm laser irradiation between 2,5-diphenyltetrazole and methacrylic 

groups attached PEG5000 ligands. Reproduced with permission from ref.163 

 

The authors used cetyl trimethylammonium bromide (CTAB) (or citrate)-capped gold 

NP or nanorods that were mixed with the required concentrations of silver salt (the 

assembly was strongly dependent on the AgNO3 content), and then exposed to a 365 

nm UV lamp. From High-Resolution Transmission Electron Microscopy (HRTEM) 

and XPS analyses the authors proposed the formation of a core-shell Ag@Au structure 

(near identical lattice constants of Au (0.408 Å) and Ag (0.409 Å)) on both NP and 

nanorods. The group of Shi studied the light-triggered covalent coupling of gold 
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NP.162,163 They have shown that Au NP (20 nm) stabilized with photolabile diazirine 

terminal group of PEG5000 (polyethyleneglycol, Mn = 5000) can be covalently 

crosslinked upon 405 nm laser irradiation (Figure 1.23b).162 The surface diazirine group 

is first transformed into a carbene species upon laser excitation at 405 nm. Then, the 

resulting reactive carbene moieties formed covalent bonds with ligands of adjacent Au 

NP through C-C, C-H, O-H, and X-H (X = heteroatom) insertions, leading to the 

formation of covalently cross-linked Au NP aggregates. It is worth mentioning that the 

water susceptibility of the diazirine group will suppress the photo-crosslinking 

efficiency. Another strategy reported by the same group involves the use of photolabile 

Au NP that can effectively form cross-linked aggregates upon 405 nm laser irradiation, 

between 2,5-diphenyltetrazole and methacrylic groups attached to PEG5000 on the 

surfaces of 23 nm Au NP (Figure 1.23c).163 The tetrazole groups on the NP surface 

firstly undergo a facile cyclo-reversion reaction upon laser excitation at 405 nm to 

release N2 and to generate nitrile imine dipoles that cyclize spontaneously with the 

alkene moieties of methacrylic acid on the adjacent Au NP to afford pyrazoline 

cycloadducts, leading to the formation of covalently cross-linked NP networks. The 

degree of connection of the Au NP was strongly dependent on the exposure time. 

Finally, the photochemical assembly of 3.2 nm Au NP was also realized by using the 

photodimerization of thymine (Scheme 1.5).165 In that work, mixtures of 11,11 -́

dithiobis(undecanoic acid 2-(thymine-1-yl)ethyl ester) and 1-dodecanethiol were used 

as stabilizers to suppress intramolecular photoreaction of the thymine units on the Au 

NP surface. 

 

 

Scheme 1.5 Photodimerization of thymine units. 

 

The diameter of the obtained NP aggregates became larger with increasing photo-

irradiation time: 0.15, 0.25, and 1 μm were observed after 6, 22, and 72 h, respectively. 

In a study dealing with 2 and 7 nm Au NP, Ralston et al. have shown that the photo-
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dimerization of thymine, which is a [2+2] cycloaddition reaction, was mainly 

influenced by particle size, surface charge, and solvent type.166,167 

1.4 Stimuli-responsive reversible covalent networks of nanoparticles 

Stimuli-responsive nanomaterials have been particularly studied for biomedical 

applications, such as drug delivery.168 In the field of catalysis with metal NP, artificial 

switchable catalysts usually rely on non-covalent interactions between NP that induce 

aggregation.169-171 Higher activity is achieved when the NP are homogeneously 

distributed in the reaction medium, while it is lowered after aggregation. Association 

of metallic NP with stimuli-responsive gels/polymers is another strategy, for which 

catalytic performances can be modified by organizing and confining metal 

NP.172,173Diverse stimuli have successfully been used to direct reversible NP covalent 

networks.174 They can be classified as chemical stimuli (dynamic covalent chemistry,175 

metal ions) and physical (mainly light). 

1.4.1 Dynamic covalent chemistry 

Dynamic covalent chemistry usually relates to chemical reactions carried out reversibly 

under conditions of equilibrium control, which are employed by chemists to make 

complex supramolecular assemblies from discrete molecular building blocks.176 

Borsley and Kay have demonstrated that gold NP can be covalently and reversibly 

assembled using boronate ester chemistry (Figure 1.24) to form covalent bonds with 

1,2-dihydroxybenzenes (catechols).177 After the addition of different ditopic catechols 

in the presence of N-methylmorpholine, the aggregation of NP occurs and leads to an 

insoluble material. Indeed, boronic acids react with various dihydroxy compounds to 

yield boronate esters in the presence of Lewis bases. Treating the resulting precipitate 

with a monofunctional catechol, makes it possible to break the covalent bonds between 

NP and form free NP in solution. This phenomenon is nevertheless slow (5 days for 

aggregation and 42 days for disaggregation). Qu et al. also took advantage of the 

reversibility of boron chemistry to produce Au NP networks that are composed of 

covalent and readily reversible spiroborate diester linkages.178 Au NP stabilized with 

thioctic amides terminated by D-lactose (D-Lac) were cross-linked with borate ions by 

forming dynamic-covalent spiroborates between the cis-vicinal diol sites of D-Lac 

under alkaline conditions. In the presence of external chemical stimulus, such as cis-
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vicinal diols that compete for bonding with the borate, the spiroborate linkages between 

the Au NP can be broken. TEM micrographs of the initial D-Lac stabilized Au NP and 

of their assembly and disassembly are shown on Figure 1.24 c-e. 

 

 

Figure 1.24. a) Schematic representation of boronate ester-driven dynamic covalent Au NP 

assembly and disassembly on sequential addition of a bifunctional linker and a monofunctional 

capping unit (R = N-methylmorpholinium); and b) Chemical structures of a bifunctional 

catechol linker and representative TEM image of the assemblies formed on treating Au NP with 

the linker. Reproduced with permission from ref.177 c) TEM image of D-Lac-Au NP; d) TEM 

images of the assembly of D-Lac-Au NP; and e) TEM images of the disassembly of D-Lac-Au 

NP. Scale bar: 100 nm. Reproduced with permission from ref.178 

 

The thermally reversible Diels-Alder reaction between furan and maleimides has been 

also investigated to connect and disconnect Au NP (Figure 1.25a).91 Maleimide-

modified monolayer-protected Au NP (2-Au) were produced from protected furan-

maleimide NP (1-Au) via a thermally reversible Diels-Alder reaction. These 

maleimide-NP served as a general platform for a Diels-Alder reaction with furan 

modified Au NP (3-Au) to prepare 3D networks reversibly. A similar strategy was 

followed by Xia et al., but in that case the reaction occurred through mild Diels-Alder 
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cross-linking between maleimide bearing oligo(p-phenylenevinylene)- OPV- and 2 nm 

furan functionalized Au NP (Au-f) as depicted in Figure 1.25b.179 

 

Figure 1.25 a) Forward and retro Diels-Alder reactions between maleimide-modified Au NP 

(2-Au) and furan-modified Au NP (3-Au). Reproduced with permission from ref.91 b) 

Representative illustration for the thermos-reversible Diels-Alder reaction leading to ordered 

Au NP self-assemblies. Reproduced with permission from ref.179 

 

1.4.2 Metal ions as chemical stimuli 

The interest of assembling (plasmonic) NP using metal ions comes initially from the 

development of sensors to detect these often-toxic ions. The self-assembly, disassembly, 

and reassembly of Au nanorods mediated by [(disulfide-terminated tpy)2-M
II] 

complexes (M = Fe, Cd) was investigated by Newcome et al.180 The side faces of the 

Au nanorods are protected more strongly by the CTAB than their tips, where the ligand 
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exchange reaction occurs preferentially with the MII-based cross-linker. Facile 

disassembly occurred upon NaOH addition for the FeII linker, and Cd(NO3)2.4H2O 

addition for the CdII linker. The process was not reversible in the case of iron since 

subsequent FeII addition results in the chelation of FeII by two terpyridine units on the 

same nanorod. Reversibility was achieved using CdII, since cadmium complexes with 

terpyridine ligands are weaker and more labile. 

Metal-ion-induced reversible self-assembly of carboxylated peptide-functionalized 

gold NP was reported by Mandal et al.181 The extent of assembly (2-D and 3-D 

structures) is dependent on the amount of metal ions (PbII, CdII, CuII, and ZnII) present 

in aqueous solution. The process is completely reversible by addition of alkaline 

ethylenediaminetetraacetic acid (EDTA) solution (Figure 1.26). 

 

 

Figure 1.26 a) Metal-ion-induced reversible self-assembly of carboxylated peptide- 

functionalized Au NP; and TEM images of a NP suspension b) before addition of metal ions, 

c) 10 min after addition of PbII ions, and d) 5 min after addition of alkaline EDTA solution to 

the solution of Au NP containing PbII ions. Reproduced with permission from ref.181 

 

In order to achieve the formation of stable NP aggregation, which is difficult to control 

by binding divalent metal ions with carboxylate ligands because of charge 

neutralization on the NP, Pillai et al. studied how the colloidal stability is affected by 

the incorporation of different amounts of thiols terminated with NMe3
+ groups within 



Chapter 1 Covalent assembly of metal nanoparticles – strategies for synthesis and catalytic applications 

44 

 

monolayers of COO--terminated ligands (Figure 1.27).182 After addition of PbII, NP 

containing 80% of a COO-- and 20% of NMe3
+-terminated thiol formed aggregates. 

Including the NMe3
+ species within the protective coating was essential for reversing 

the self-assembly. The subsequently added NaOH sequestered PbII from NP aggregates, 

resulting in the disassembly. Without NMe3
+ species, PbII ions were bound too strongly 

and could not be removed using NaOH. 

 

 

Figure 1.27 Concept of regulating inter-particle forces to achieve controlled aggregation in 

charged NP. The interactions of a) [−] and b) [+/−] AuNP with triggering ions resulting in the 

formation of unstable and stable AuNP-ion aggregates, respectively. The colloidal stability of 

[+/−] AuNP is retained in the aggregates due to the electrostatic repulsions experienced from 

the like charged head groups on adjacent NP. Reproduced with permission from ref.182 

 

The use of Au NP capped with a zwitterionic peptide (AuNP-(EK)3) has allowed 

Surareungchai et al. to trap NiII ions.183 Zwitterionic polypeptide-capped Au NP contain 

alternate carboxylic/amine groups. The zwitterionic peptide can function dually by 

being able to trap metal ions and maintain colloidal stability. The authors have 

demonstrated that the aggregation mechanism is due to the interactions between the -

NH2 group of the peptide and NiII, and the aggregation process is reversible because 

the pH controls the protonation/deprotonation of the -COOH/-NH2 groups, and 

therefore the ligand affinity. Spiropyran-terminated alkanethiols were used to stabilized 

gold NP.184 Under visible light, the spiropyran (photoswitchable organic molecules) 

exists in their nonplanar and closed form (A), which isomerized to the planar and open 

form (merocyanine, B) with UV light irradiation heterocyclic ring cleavage (Scheme 
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1.6). The open form has a phenolate group that can bind with CuII metal ions, and the 

chelated metal ions can be released by visible light irradiation. 

 

Scheme 1.6 Spiropyran (A) to merocyanine (B). 

 

Finally, other chemical stimuli can be investigated. Thus, in the case of covalent cross-

linking of gold NP with dithiol molecules, which is normally considered to be an 

irreversible self-assembly process, it was recently shown that the process may be 

reversible by oxidizing the dithiolate linkers with ozone.185 Ozone quantitatively 

oxidizes the dithiolate groups to weakly bound sulfonates, thereby damaging the cross-

linking and freeing the NP to redisperse as charge-stabilized colloids. The process is 

repeatable by adding additional dithiol to reinitiate the assembly. 

1.4.3 Dynamic covalent chemistry assisted by light as physical stimulus 

The use of light‐induced reactions as external stimuli offers rapid and precise spatial 

control in closed systems.186 A simple way to render NP photoresponsive is to 

functionalize their surfaces with ligands terminated by light-switchable moieties, which 

can lead to light-induced reversible self-assembly (LIRSA). Photoreversible [2+2] 

photocycloaddition186,187 or reversible Diels-Alder reaction employing a diarylethene 

as the diene and a maleimide as the dienophile188 have been used for exerting 

photocontrol over the connection and disconnection of dynamic covalent bonds. 

The successful LIRSA of gold NP stabilized with coumarin ligands was reported by 

Zhan et al.189 Due to the thiolated coumarin derivative, Au NP can be self-assembled 

by light irradiation at 365 nm via a [2+2] photocycloaddition, and the resulting purple 

NP network can be disassembled back to the initial deep red disperse state by a 

relatively short exposure to UV light, as shown in Figure 1.28 a. This LIRSA cycle was 
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repeated four times (Figure 1.28 b). A similar procedure was used by Lin et al. with 

amphiphilic star-like poly(acrylicacid)-block-poly(7-methylacryloyloxy-4-

methylcoumarin) diblock copolymers.190 

 

 

Figure 1.28 a) The LIRSA behavior of Au NP; and b) reversible change in the wavelength 

maximum during assembly of Au NP with illumination at λ = 365 nm (72 h) and disassembly 

at λ = 254 nm (60 min). Reproduced with permission from ref.189 

 

The use of 3-cyanovinylcarbazole as a photochemical switch to reversibly ligate gold 

NP assemblies using light was reported by Kanaras et al.191 In this work gold NP 

stabilized with oligonucleotides are hybridized under the appropriate conditions to form 

NP networks. The sequences used in this work are reported in Table 1.3. Each DNA 

sequence has a thiol-modification, a spacer part of 15 thymine bases and a 

complementarity region of 15 bases with carbazole modification. The oligonucleotide-

coated NP contains a 3-cyanovinylcarbazole modification, which can react upon 

irradiation at λ = 365 nm with an adjacent thymine in the complementary strand via a 

[2+2] photocycloaddition, causing the formation of a cyclobutane (Figure 1.29). This 

photochemical process can be reversed upon irradiation with light at λ = 312 nm. 

All the indirect cross-linking methods we have seen up to now rely on the use of organic 

ligands to direct the NP assembly that act as inter-particle spacers. Thus, the NP 

interactions are mediated by these ligands, and their presence can be detrimental to 

electrical transport, inter-particle coupling, and thermal stability, properties of 
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importance for catalysis. Therefore, the synthesis of self-supported NP networks with 

direct inter-particle linkages (metallic and not covalent bonding) has also been 

investigated. Mono- and bimetallic NP were self-assembled using destabilizer via 

oxidation of the ligand leading to non-supported metal nanostructure. 192-194 

 

Figure 1.29 Reversible photochemical ligation of Au nanoparticle networks. Reproduced with 

permission from ref.191 

 

1.5 Metal nanoparticle assemblies as catalysts 

It has been shown that assemblies of metal NP can be beneficial for catalytic 

applications. For instance, FePt NP assembled on graphene were more active and robust 

than the same NP or commercial Pt NP deposited on a commercial carbon support for 

the oxygen reduction reaction.195 Also, Ru nanochains produced by self-assembling of 

Ru NP (3.5 nm) were more efficient as CO oxidation catalyst than the respective 

isolated NP (3.5 nm) or 6 nm Ru NP.196 The self-assembly of the Ru NP was 

accomplished by reacting the Ru NP seeds with cetyltrimethylammonium bromide in 

water, which allowed the authors to obtain interconnected networks of Ru NP, the 

length of which varies from a few tens of nanometers to the micron scale. 

Photoresponsive Au NP (6 nm), Fe3O4 NP (11 nm) and SiO2 NP (17 nm) led to a 

reversible self-assembly by using the azobenzene anchored to their surface and light.197 

In this particular example, the cavity in between the NP was exploited to trap selectively 

some molecules, including enantiomeric compounds, and also to perform reactions 

more efficiently in the confined space. The acid-catalysed hydrolysis of an acetal or the 

anthracene dimerization reaction proceeded more efficiently compared to unconfined 

reactions (without the assemblies in the reaction media). The dimensions of the 



Chapter 1 Covalent assembly of metal nanoparticles – strategies for synthesis and catalytic applications 

48 

 

confined space could be modulated by the NP size as well as by the lengths of the 

surface ligands. Even though those examples do not concern specifically covalently 

bound metal NP, they show that assemblies of metal NP can find applications as catalyst 

and that their assembly affects in a positive way their activity, robustness, or both. 

Covalent assemblies of metal NP have also been used as catalysts; however, a limited 

work on the field has been described up to now, and in many cases, the effect of the 

assemblies compared to non-aggregated NP has not been discussed. Nevertheless, some 

works have evidenced that the covalent assemblies of metal NP have a positive effect 

in the catalytic performances with respect to other catalytic systems.198,199 Also, the 

possibility to use dynamic (switchable) assemblies triggered by different stimuli (pH, 

light, temperature) has been exploited,169,170,173 which, in some cases are reversible, thus 

allowing one to turn on/off the catalytic reaction at will.198  

As stated in the previous sections, a large volume of scientific contributions in the field 

of covalent assemblies of metal NP is devoted to Au and at certain extent to Ag, mainly 

because of their possible applications in several fields such as optics, sensors and 

electronics.200,201 Au assembled NP have also found applications as catalysts, mainly in 

reduction52,126,198,202,203 and oxidation reactions.45,70,71,107,122,204 Even if predominately 

metal NP assemblies pivot around Au NP, other metals have been discussed and 

investigated. Metals such as Pd, Pt and Ru that possess excellent catalytic properties, 

have also been studied for the production of NP assemblies, which in turn can be used 

as catalysts.201,205 Some examples of the use of metal NP assemblies as catalyst in 

reduction, oxidation, water splitting as well as in other reactions are summarized in 

Tables 1.5, 1.6, and 1.7, respectively, and representative systems are discussed below.  

1.5.1 Reduction reactions 

Thin films of Au NP prepared by means of the LBL method using O-carboxymethyl 

chitosan as stabilizer, were used as catalysts for the reduction 4-nitrophenol by 

NaBH4.
52 The catalyst layers deposited on glass plates (10, 20 or 40 layers), and the 

size of the Au NP (5 nm or 10-20 nm) were crucial for the measured catalytic activity. 

The reaction rate was higher with catalysts with less layers (10 layers) and smaller NP 

size (5 nm), hence proportional to the available catalytic metal surface, related to the 

porosity and NP size. SEM analyses were performed after catalysis, showing that the 

most active catalyst was the less stable, but no leaching tests were reported.  
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Au NP inside DNA hydrogel were synthesised by reduction of HAuCl4 adsorbed in the 

DNA hydrogel by NaBH4 (Figure 1.30).126 The material displayed a weak absorbance 

band at λ = 550 nm, with an average NP size of 2.8±1.0 nm. Reduction of 4-nitrophenol 

to 4-aminophenol by NaBH4 was monitored spectroscopically. The calculated rate 

constant was 1.5x10-3 s-1, which according to the authors was faster than the rates of 

analogous systems. However, no recycling test or characterization of the catalysts after 

catalysis was given to evaluate the robustness of this Au nanocomposite. 

 

 

Figure 1.30 a) Protocol for preparation of hybrid hydrogel; b) reduction of HAuCl4 in the DNA 

hydrogel. Photographic images of the DNA hydrogel film containing HAuCl4 after addition of 

5 mL of a solution of 10 mM NaBH4. The time interval between snapshots is 1.5 s; and c) (A 

and B) Time dependent changes in UV-vis absorbance spectra of 4-nitrophenol solution (0.2 

mM) with (A) and without (B) added hybrid hydrogel (0.1 g) after addition of NaBH4 (1 mM) 

in 1 mL of water solution, (C) time dependence of nitrophenol absorbance at λ = 400 nm in 

solution with (filled circles) and without (open circles) hybrid hydrogel, and (D) time 

dependence of the normalized nitrophenol absorbance at λ = 400 nm built in logarithmic 

coordinates. Reproduced with permission from ref.128 

 

Two-dimensional self-assembled AuCu NP were synthesised from CuCl2 and HAuCl4 

in the presence of hexadecylamine by reduction with glucose, to give well-organized 
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assemblies into highly flexible ribbon-like structures.202 The morphology and the self-

assembly was highly dependent on the synthetic procedure. These assemblies were 

active in the photocatalytic degradation of 4-nitrophenol by NaBH4, which was carried 

out with a 515 nm continuous laser.  

1-D or 3-D assemblies of Au NP were synthesised in a controlled manner by adjusting 

the pH in the reduction of HAuCl4 by α-cyclodextrin. While alkaline solutions 

promoted the synthesis of isolated Au NP, higher pH produced Au NP assemblies. 1-D 

assemblies could also be obtained by the host-guest interaction between α-cyclodextrin 

capped Au NP and toluene.206 The Au NP were tested as catalyst in the reduction of 4-

nitrophenol by NaBH4. An effect of the size on the catalytic performances was 

evidenced, which was mainly attributed to the fact that smaller NP have a larger 

catalytically active metallic surface, but the effect of the assembly was not studied. The 

α-cyclodextrin was also used to create Au/Fe3O4 assemblies, which were used as 

reduction catalyst of methylene blue with NaBH4.
203 The assemblies were synthesised 

by mixing oleic acid-decorated Fe3O4 NP with α-cyclodextrin-decorated Au NP thanks 

to the host-guest binding of oleic acid and α-cyclodextrin. The synthesised bimetallic 

structures spontaneously assembled into spherical architectures in water by controlling 

several parameters: a high ratio and small size of α-cyclodextrin-decorated Au NP 

allowed to produce the assembly. The nanocomposite was catalytically active for the 

reduction of methylene blue, and due to the presence of Fe3O4 NP, it was easily 

recovered and reused up to seven times. 

Stimuli ‐ responsive NP assemblies of Au and surface modified TiO2 display a 

reversible dynamic self-assembly, by the reversible covalent bond due to Schiff base 

formation, responding to an acid/base stimulus.198 Water-soluble, ammonium-modified 

TiO2 NP (TiO2-NH2 NP) and aldehyde-modified Au NP (Au-CHO NP) did not form 

the corresponding Schiff base as the amine groups are protonated in water. The increase 

of the pH to 11 led to the deprotonation of the ammonium groups on the TiO2 and in 

consequence, to the efficient formation of the Schiff base and the assembly of both NP, 

TiO2-NH2 and Au-CHO NP. Under basic conditions the catalyst that was effectively 

connected was more efficient for the photocatalytic degradation of methylene blue than 

the unassembled system under neutral conditions. Furthermore, the addition of the 

macrocycle cucurbit[6]uril (CB[6]) under acid conditions, led to a noncovalent self-

assembly of TiO2-NH2 and Au-CHO NP, which in turn behaved differently in the 
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photocatalytic degradation reaction. Due to the high aggregation of the NP in this case, 

the catalyst was almost inactive (Figure 1.31). The control of the pH leads to an artificial 

switchable photocatalyst, where the three described different states of the catalyst had 

remarkably different photocatalytic performances. The authors pointed out that these 

differences are the result of the control of the electron-transfer efficiency between Au 

and TiO2 NP (controlled by the covalent dynamic assembly), and the accessibility of 

the catalytic active surface (noncovalent self-assembly). 

 

 

Figure 1.31 a, b) The pH‐switching photocatalytic mechanism of the dynamic covalent 

heteroassembly of Au-CHO and TiO2-NH2 NP; c) photocatalytic decolorization of methylene 

blue (MB) curves of the Au-TiO2 complexed in basic conditions with different amounts of Au) 

curNP: a) 0; b) 20; c) 40; d) 100; e) 160; f) 220 µL; d) photocatalytic decolorization of the tri‐

stable system under different pH conditions. Reproduced with permission from ref.198 

 

Ru NP assemblies displaying a short range order were obtained with the use of a hexakis 

fullerene C60 adduct.41 The C66(COOH)12 multitopic ligand bearing -COOH anchoring 

groups, robustly coordinated to the Ru NP surfaces, the high symmetry of which giving 

the possibility to create a 3-D assembly. Ru@C66(COOH)12 assemblies were active in 

the hydrogenation of nitrobenzene, and TEM analysis performed after catalysis have 

shown that the 3-D assembly is maintained. However, the lack of porosity of the 
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assembly induces a lower catalytic activity, when compared to other Ru based systems, 

which is due to the poor accessibility to the Ru NP surface.  

Pd NP embedded in a COF structure were successfully used as catalyst for the reduction 

of 4-nitrophenol with NaBH4.
84 Pd NP encapsulated in a sacrificial MOF, were used to 

create a COF in a second step reaction, which coated the Pd/MOF species. The 

subsequent selective etching of the MOF allowed encapsulation of multiple Pd NP 

inside the cavities of the COF. The reduction of 4-nitrophenol was monitored by UV-

vis absorption spectroscopy, the constant rate calculated to be 0.41 min−1. The catalytic 

performance of this catalyst was compared to other Pd NP systems, which evidenced 

the superior catalytic activity of the encapsulated Pd NP, and an effect of the shell 

thickness of the COF. The catalyst was characterised by microscopy after catalysis, 

which revealed no change in the Pd NP systems. Filtration and recycling tests (up to 4 

cycles), together with the characterisation after catalysis suggested that Pd NP are 

effectively protected from aggregation and leaching by the COF shell. The successful 

synthesis of a thiol-modified COF allowed the synthesis of Pd or Pt NP within the 

pores.85 K2PtCl4 or K2PdCl4 were first embedded in the thiol-modified COF and 

successively, the metallic salts were reduced with NaBH4. Using this straightforward 

procedure ultra-small NP (<2 nm) of both metals were confined in the COF structure. 

Pt NP were successfully used as catalyst in the reduction of 4-nitrophenol by NaBH4. 

The catalyst was reused six times, displaying up to 90% of conversion in each cycle. 

TEM image shows that the recycled catalyst does not undergo aggregation. Similarly, 

Pd NP within the thiol-modified COF were used as catalyst in the Suzuki-Miyaura 

coupling reaction. Excellent catalytic activities were also observed. The catalytic 

performances were compared with Pd NP and with the [PdCl2(PPh3)2] complex, 

evidencing the positive effect of the encapsulation, as lower activities were obtained 

with these latter systems. The catalyst exhibited excellent stability and recyclability 

under the catalytic reaction conditions, as evidenced by TEM analyses and recycling 

tests (up to five cycles). 

In another example, chain-like aggregates of NiWO4 were used as catalyst in the 

reduction of ferricyanide to ferrocyanide in the presence of Na2S2O3 under light.127 
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Table 1.5 Reduction reactions catalysed by NP assemblies 

Metal Ligand Method Reaction Ref. 

Au O-Carboxymethyl Chitosan LBL Reduction of 4-nitrophenol by NaBH4 52 

Au DNA cross-linked hydrogel DNA-assisted 
Reduction of 4-nitrophenol by NaBH4 

 

126 

AuCu Hexadecyl amine 
One-phase 

 
Photocatalytic reduction of 4-nitrophenol by NaBH4 202 

Au α-cyclodextrin 
Indirect cross-

linking 
Reduction of 4-nitrophenol by NaBH4 206 

Au/Fe3O4 
Oleic acid and α-

cyclodextrin 

Indirect cross-

linking 
Reduction of methylene blue by NaBH4 203 

Au/TiO2 
Amine and aldehyde 

compounds 

Dynamic self‐

assembly 
Photocatalytic reduction of methylene blue 198 

Ru C66(COOH)12 One-phase Hydrogenation of nitrobenzene by H2 41 

Pd COF Two-phase Reduction of 4-nitrophenol by NaBH4 84 

Pt Thio-COF One-phase Reduction of 4-nitrophenol by NaBH4 85 

Pt DNA One-phase Reduction of nitroarenes by NaBH4 124 

NiWO4 DNA One-phase K3[Fe(CN)6] to K4[Fe(CN)6] in the presence of Na2S2O3 under UV-light 127 

AuPt Peptide-SWCNT One-phase Electrocatalytic oxygen reduction 123 

Au Thiol LBL Electrocatalytic oxygen reduction 45 
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The electrocatalytic oxygen reduction was used to confirm the controlled arrangement 

of AuPt NP assemblies.123 Peptide coated single-walled carbon nanotubes (SWCNT) 

were prepared, to further accommodate AuPt NP, synthesised by reduction of HAuCl4 

and PtCl6 with NaBH4 in the presence of several peptide coated-SWCNT supports. The 

peptide coated SWCNT supports connect efficiently the conducting SWCNT with the 

electrocatalytically active NP. Engineering the peptide allowed the efficient control of 

the distance between the bimetallic NP, creating controlled assemblies. The 

electrochemical performances were governed by the size and inter-particle distance, 

which was further endorsed by theoretical calculations. 

1.5.2 Oxidation reactions 

A three-step process was used to synthesize catalytically active superlattices of Au NP, 

which consisted of: i) adsorption of citrate-capped Au NP on thiol-DNA, followed by 

the formation of body-centred cubic (bcc) superlattices by addition of different DNA 

linker strands, ii) silica embedding of the Au NP DNA superlattices, and iii) calcination 

in air for 2h at 350 °C (Figure 1.32).122 This procedure gave rise to the production of 

robust porous structures containing arranged Au NP, which maintained the bcc 

superlattice structures. The Au NP were active in the aerobic oxidation of 4-

hydroxybenzyl alcohol, while DNA-functionalized Au NP (unsupported) as well as the 

uncalcined superlattice Au NP were inactive, pointing out the importance of the ligand 

and porosity. Nevertheless, the recycling test showed almost not catalytic activity, 

which was attributed by the authors to the poisoning of the catalyst by the products of 

the catalytic reaction. 
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Figure 1.32 Left) Schematic representation of the synthesis of DNA-AuNP superlattices; and 

right) a) TGA trace of silica-embedded DNA-AuNP superlattices; b) FTIR spectrum of pure 

DNA only (blue), superlattices before calcination (red), and superlattices after calcination 

(black); c) SAXS data of the as-synthesized solution-phase bcc superlattices (black) compared 

to the silica-embedded lattices after calcinations (red). Theoretical scattering from a perfect bcc 

lattice is shown in gray; d,e) TEM images of silica-encapsulated superlattices after calcination 

at 350 °C for 2 h; f) Nitrogen adsorption (filled circles)/desorption (hollow circles) isotherms 

of calcined nanoparticle superlattices. Reproduced with permission from ref.122 

 

ZnWO4 NP chain-like assemblies128 were synthesised similarly to the chain-like 

aggregates of NiWO4
127 described by the same group. ZnWO4 NP assemblies were 

prepared by reaction of Zn(NO3)2.6H2O salt with Na2WO4.2H2O in DNA by 

microwave heating. NP size and chain lengths were controlled by tuning the reaction 

parameters. ZnWO4 NP assemblies were active in benzyl alcohol oxidation using H2O2 

as oxidizing agent. The catalyst was recycled 5 times with a slight decrease of the 

activity. 

Thiolate-encapsulated gold NP assembled as thin-films on electrodes were efficient 

catalysts for the electrooxidation of CO.70 Decanethiolate was used to produce 2 and 5 

nm Au NP on glassy carbon electrodes by cross-linking with 1,9-nonanedithiol. The 2 

nm Au NP are more active for CO oxidation than the 5 nm Au NP. The same authors 

further studied the 2 nm Au assembled NP, by investigating the effect of the number of 

layers deposited (up to 20) on different supports (glassy carbon and carbon black), in 

the electrooxidation of CO, MeOH and, electroreduction of oxygen.45 Similarly, AuPt 

NP were used as electrocatalyst for MeOH oxidation.71 

Azide- and alkyne-terminated groups have been used to produce covalent networks by 

click chemistry and LBL, allowing the production of assemblies of Au NP onto several 

surfaces (Figure 1.33).107 Alkyne-functionalized substrates (titania, silica, tin oxide, 

glass, stainless steel substrates) were immersed in a 3.5 wt% solution of azide-

functionalized NP in THF for 12 h, and then immersed in an aqueous solution of copper 

sulphate and ascorbic acid for another 6 h to catalyse the click reaction. To produce 

multilayers, the Au NP assembly was subsequently soaked in an alkyne-functionalized 

NP suspension as many times as required. The authors point out that the growth rate of 

the monolayer was inversely proportional to the size of the NP and the density of the 
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particles depended on the solvent, as well as on the substrate, being higher on TiO2. 

Cyclic voltammetry profiles (up to 150 cycles) performed during methanol electro-

oxidation with the Au NP monolayers on silica, titania, ITO and stainless steel 

substrates in electrolyte solution (0.1 M NaOH + 2.5 M MeOH) have confirmed the 

high stability of the catalytic systems. The same catalytic systems have been also tested 

in water splitting and photocatalytic degradation of Rhodamine B dye. 
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Figure 1.33 Up) Schematic representation of the synthesis of an azide-functionalized NP 

assembly on alkyne-functionalized substrates via click chemistry; and bottom) SEM images of 

a) two (scale bar 1 µm, inset 200 nm), b) three (scale bar 200 nm, inset 200 nm), and c) four 

layers of silica nanoparticles (scale bar 1 µm, inset 100 nm); and d) bilayer of gold nanoparticles 

(scale bar 200 nm, inset 100 nm), e) Au@TiO2@silicon (scale bar 20 µm, inset 1 µm), and (f) 

Au@SiO2@silicon (scale bar 10 µm, inset 1 µm). Reproduced with permission from ref.107 

 

Table 1.6 Oxidation reactions catalysed by NP assemblies 

Metal Ligand Method Reaction Ref. 

Au DNA DNA-assisted Aerobic 4-hydroxybenzyl alcohol oxidation 122 

ZnWO4 DNA DNA-assisted Benzyl alcohol oxidation by H2O2 128 

Au Thiol Two-phase Electrooxidation of CO 70 

Au Thiol LBL Electrooxidation of CO and MeOH 45 

AuPt Thiol Two-phase Electrooxidation of MeOH 71 

Au 
Azide + 

alkyne 
Click-chemistry Electrooxidation of MeOH 107 

 

1.5.3 Miscellaneous reactions 

Au NP deposited onto several surfaces discussed above (Figure 1.33) were active 

catalysts for the electrochemical water splitting.107 The onset potential at approximately 

0.7 V (vs SCE) for all four monolayer Au NP assemblies on silicon, titania, ITO, and 

stainless steel substrates shows the oxygen-evolution current at approximately 0.6, 11, 

2.3, and 45 mA/cm2, respectively, which is higher than that of the bare substrates. The 

authors claim that the overall current density is dependent on the NP density, the 

electrocatalytic activity of the substrate, and the metal-NP support interactions (Figure 

1.34). The comparison of these systems to other Au NP based catalysts pointed out a 

positive effect of the assemblies in terms of stability. 

Photocatalytic water splitting was also investigated by using CdSe NP assemblies as 

catalyst.199 Capped oleylamine/thiol Au, Pd, Pt, CdSe NP can form NP assemblies by 

the photo-oxidation of the capping thiol ligands. The assemblies consisted of vesicles, 

the size of which could be tuned by the size of the NP, and the thickness (number of 

NP layers) by the solvents used. Indeed, the type and the polarity of the solvent is crucial 

in the formation of the vesicles by light. Concerning the catalytic properties, the 
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photocatalytic rate using the prepared CdSe nanovesicles was 1.5 times of that using 

individual CdSe NP, due to the enhanced light absorption of the assembly. Also, the 

catalytic activity remained unchanged after 10 h of visible light irradiation. This is 

clearly in contrast with the activity of isolated CdSe NP, the activity of which decreased 

to less than 40% of the initiate value. The authors attributed this robustness to the 

mechanical strength in aqueous solution of the vesicles. 

 

 

Figure 1.34 Cyclic voltammetric results for water splitting on (a) Au@silicon, (b) Au@titania, 

(c) Au@ITO, and (d) Au@stainless steel substrates. Reproduced with permission from ref.107 

 

Unprotected Pt NP were assembled by the addition of several amino compounds (mono 

and diamines), using a two-phase method.67-69 The chemical structure of the ligands 

plays a crucial role in the performance of the Pt based catalyst in the catalytic H2 gas 

sensing. Monoamine assemblies were less stable and sintered, while diamine 

assemblies show better stability, which was related to the reduction of the ligand 

desorption rates and degradation. Ligand backbone also plays a role; aromatic 
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structures remained stable during H2 oxidation, while alkyl fragments oxidized and 

decomposed. 

Photo-switchable catalysis mediated by the assembly of Au NP has been reported 

(Figure 1.35). The formation of the assembly triggered by light is used in two different 

ways. In a first example the assembly of Au NP led to an inactive catalyst when the 

assembly is triggered by light;171 in the second example, the disassembly of the Au NP 

allows the ZnII-coordinated β-cyclodextrin dimer to be free to coordinate to the 

substrates and the catalytic reaction proceeds.207 

 

 

Figure 1.35 a) Molecular structures of the “background” DDA surfactant and of the 

photoresponsive azobenzene-thiol ligand, AT. b) Schematic representation of a 

photoswitchable Au NP system. Dispersed NP are catalytically active; aggregated NP are 

catalytically inactive. c) Hydrosilylation of 4-methoxybenzaldehyde catalyzed by Au NP in dry 

toluene at 39 °C and under argon. Reproduced with permission from ref.171 

 

Au NP capped with a mixture of dodecylamine (DDA) and photo-switchable 

azobenzene-terminated alkane thiols remain unaggregated in the absence of light, 

therefore exposing a large catalytic active surface area (catalysis on). Upon UV light 

irradiation, Au NP assembled and were no longer able to catalyse the hydrosilylation 

reaction (catalysis off) (Figure 1.35). The reaction could be turned on and off several 

times over time as depicted in Figure 1.36. Even though three on-off cycles could be 
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efficiently performed, after that, the aggregation of Au NP was less efficient and as a 

consequence, the catalyst displayed some catalytic activity when off. The authors point 

out that the possible reason is the displacement of some surface ligands by coordination 

of reagents or products, which leads to the loss of the photo-responsive azobenzene-

thiol ligand. 

 

 

Figure 1.36 (A) Percent conversion for the Au NP-catalyzed hydrosilylation of 4-

methoxybenzaldehyde as a function of time under irradiation with visible light (red markers) 

and under 365 nm UV irradiation (blue markers). Surface coverage of azobenzene ligands on 

the AuNP was χ = 0.3. (B) Hydrosilylation of 4-methoxybenzaldehyde can be switched “on” 

by visible light (red portions of the curve) and “off” by UV (blue portions). For the experiments 

shown, χ = 0.31. Error bars were calculated based on standard deviations from three NP batches, 

three samples per batch. Reproduced with permission from ref.171 

 

The photoisomerization of the azobenzene unit from the trans to the cis form under 

UV-light irradiation was also exploited to generate another photo-switchable 

catalyst.207 In this case, the host-guest interaction of Au NP containing azobenzene units 

with a β-cyclodextrin dimer was controlled by light. Under UV-light irradiation, the cis 

form of the azobenzene weakened the binding with the β-cyclodextrin, allowing the 

host to encapsulate the substrates and catalyse the reaction. Under visible light trans 

azobenzene forms the inclusion complex with the β-cyclodextrin, turning off the 

catalytic reaction. Several catalytic cycles of the catalysed ester hydrolysis could be 

achieved with this system, and in addition, the reaction rate of this system was higher 

than that of other Au based catalysts. 
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Table 1.7 Miscellaneous reactions catalysed by NP assemblies 

Metal Ligand Method Reaction Ref. 

Au Azide + alkyne Click chemistry Electrochemical water splitting 107 

CdSe Thiol Light‐triggered Photocatalytic water splitting 
199 

Pt Amine Two-phase Catalytic H2 gas sensing 
67,68 

Pt Amine Two-phase Catalytic H2 gas sensing. 
67,69 

Pt Thio-COF One-phase Suzuki–Miyaura coupling reaction 85 

Au Amines and azobenzene- thiols Light‐triggered Hydrosilylation of 4-methoxy-benzaldehyde 
171 

Au Thiol and azobenzene- thiols Light‐triggered Ester hydrolysis 
207 
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1.6 Conclusion  

The covalent assembly of metal NP has been reviewed, focusing on the methodologies 

of synthesis and their applications in catalysis. As far as the synthesis is concerned, the 

direct cross-linking synthesis methods are simple, efficient and well-controlled. The 

properties of the metal NP and NP networks can be tuned through the nature of the 

linker molecule. The indirect cross-linking synthesis methods involved more complex 

systems that have been engineered and applied recently. Numerous works involved Au 

and Ag and limited studies have been devoted to other noble metals of interest for 

catalysis, such as Pt, Pd, or Ru,. Finally, the formation of reversible covalent networks 

of metal NP is now possible by application of diverse stimuli. This concept, which has 

been rarely employed in catalysis, deserves further studies. In our work, we will focus 

on the direct method to produce heterogeneous catalyst. Meanwhile, considering the 

impact of the ligand in NP networks we will investigated different type of linkers, based 

on polymantane, triphenylene and fullerene backbones. 

If the metal-ligand interaction is strong enough, one advantage of covalent metal NP 

assemblies in catalysis should be the stability and robustness. Compared to colloidal 

NP, which suffer from a difficult separation (if not impossible for large-scale processes), 

NP networks should also allow simplifying the separation process. In catalysis and 

according to the reaction, the presence of ligands on NP surface can be either positive 

(selectivity/activity control, like in homogeneous catalysis) or negative (limited 

adsorption site, poisoning) 

Finally, compared to a conventional heterogeneous catalyst, for which important 

characteristics such as NP size, inter-particle distance, and surface interactions with the 

support at the atomic level are not well controlled yet, the use of covalent metal NP 

assemblies produced from a bottom-up approach constitutes an interesting way for a 

better control of these key structural parameters. Table 1.8 present the advantages and 

drawbacks of these three types of catalysts. From this table, it seems that the use of 
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covalent metal NP assemblies in catalysis could be a good compromise between 

colloidal NP and conventional heterogeneous catalysts. 

 

Table 1.8 Comparison of colloidal NP, covalent networks of NP and conventional 

heterogeneous supported catalysts in terms of parameters relevant to catalytic performances. 

Catalyst  NP 

size 

Inter-

particle 

distance 

Presence 

of ligand 

Metal 

support 

interaction 

Robustness  Separation 

Colloid NP 

 

- 

 

- 

  

Covalent 

network of 

NP  

      

Heterogenous 

catalyst 
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2.1 Introduction 

As depicted before, the self-assembly of molecules, clusters or nanostructures is a 

promising avenue for the development of organized nanostructures with peculiar 

properties and broad spectrum of emerging applications.1-4 In the case of metal 

nanoparticles (NP), a combination of self- and directed assembly processes involving 

inter-particle forces can be used to produce the desired materials.4 To obtain stable NP 

assemblies, molecular mediators that can induce a covalent bond between the NP have 

to be used. Such molecules enable inter-particle distance and interaction tuning in the 

assemblies, allowing studying not only the properties of the individual NP, but also the 

collective effects of the two-dimensional (2D) and three-dimensional (3D) networks of 

NP.5-7 Networks of ruthenium NP 8 have already been described, assembled by means 

of polytopic ligands. In general, the inter-particle distance can be modulated by 

changing the length of the alkyl chain of the ligands, and in that context ligand rigidity 

should be considered. The use of multi-carboxylate ligands, such as the C66(COOH)12 

hexa-adduct, allowed to produce 3D networks of Ru NP (1.6 nm) showing an inter-

particle distance of 2.85 nm.8 

Nano diamonds are hydrocarbon cage molecules like adamantane and larger ones with 

repeated or superimposable diamond lattice (polymantane), which are of great rigidity, 

stability and potentiality for a large span of applications.9 The stable skeleton and 

carbon atoms in different but precise chemical environment make the accurate 

functionalization of these molecules feasible with flexible groups, extending the field 

of application, particularly for constructing new materials.10 Adamantane 

functionalized by tetrahedral amine worked as “bricks” in building 3D microporous 

covalent organic frameworks (COFs). Such materials were used as catalysts in the 

Knoevenagel reaction, they show high conversion (96 and 98%), very efficient size 

selectivity and nice recyclability.11 Functionalized adamantane have been investigated 

as building blocks for nanostructure self-assembly.12 The preparation of Pd nanolayers 

on self-assembled functional diamantane with hydroxyl and phosphine oxide groups 

was reported, leading to covalent Pd-O-PH-diamantane bonding species, and affording 
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sp3-hybrid nanocomposites for gas sensors.13-14 

In this chapter, we describe the use of bi-functional polymantanes (i.e. rigid sp3-

hybridized diamondoids) as ligands to build, via a straightforward and up-scalable 

method, Ru NP networks presenting uniform particle size and inter-particle distance, as 

well as a well-defined chemical environment. Adamantane, bis-adamantane and 

diamantane dicarboxylic and diamine ligands were used to produce a set of Ru NP 

networks with well-defined characteristics of interests for catalysis.  

2.2 Results and discussion 

We have used a set of different carboxylic and amine ligands bearing the sp3 

adamantane (Ad), bis-adamantane (BAd), and diamantane (DAd) backbone (Scheme 

2.1). Most of these compounds were prepared by Houssein Nasrallah from the Institut 

de Chimie Moléculaire de l’Université de Bourgogne in the frame of research 

collaboration with Prof. J. C. Hierso (see section 2.4 for a detailed description of their 

synthesis). 

 

Scheme 2.1 Series of polymantane ligands, including adamantane, bis-adamantane, and 

diamantane backbone, used for the synthesis of discrete Ru NP and networks of Ru NP. 

 

Compound 1,3-diaminoadamantane (6), Ad-(NH2)2, was prepared from 1,3-
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dibromoadamantane in 28% yield following a reported method.15 The compound BAd-

(NH2)2 7 was obtained from bis-adamantane, which was prepared from 1-

bromoadamantane homocoupling by metallic sodium.16-17 From commercial 

diamantane, the DAd-(NH2)2 8 was obtained after selective dibromation on 4, 9 apical 

positions.18 Concerning the carboxylic polymantane derivatives: Ad-COOH 1 and Ad-

(COOH)2 2 are commercially available, and DAd-(COOH)2 4 was prepared based on 

literature methods and isolated with 23% overall yield starting from 4,9-dihydroxy-

diamantane.19-20 We also tried to synthetize BAd-(COOH)2 3, but the product is 

insoluble in all common organic solvents, which hamper its use. 

The discrete NP and NP networks were conveniently obtained by reaction of (1,5-

cyclooctadiene)(1,3,5-cyclooctatriene)ruthenium(0) ([Ru(COD)(COT)]) at room 

temperature in THF under 3 bar H2 in the presence of the stabilizing ligand (see Scheme 

2.2 for a representative example with ligands 1 and 2). Different amounts of ligand were 

employed for the synthesis of some of the Ru NP, specifically 0.2, 0.1 and 0.05 molar 

equiv., with the aim to obtain different sizes and reactivity. 

 

 

Scheme 2.2 Synthesis of Ru NP and NP networks using polymantane ligands as stabilizers. 

 

2.2.1 Structure of Ru nanoparticles and Ru nanoparticle assemblies 

The Ru NP and Ru NP assemblies were characterized by different techniques, including 

transmission electron microscopy (TEM), wide-angle X-ray scattering (WAXS), small-
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angle X-ray scattering (SAXS), inductively coupled plasma (ICP) and electron 

tomography (ET). The most relevant structural parameters provided by these analyses 

are listed in Table 2.1. The experimental results are discussed in detail below. 

Table 2.1 Mean size distributions, inter-particle distances and ruthenium content of the 

synthesized Ru NP and Ru NP networks. 

Ligand 
Ru/L 

(molar) 

Ru loading 

(%) 

Ru NP 

size (nm)a) 

Ru NP size 

(nm)b) 

NP 

network 

Inter-particle 

distance (nm)c) 

1 

5/1 77.9 1.5 ± 0.6 1.5 no - 

10/1 65.5 1.8 ± 0.5 2.2 no - 

20/1 78.7 1.9 ± 0.6 2.5 no - 

2 

5/1 50.2 1.7 ± 0.7 1.7 yes 2.2 

10/1 61.8 1.8 ± 0.8 2.0 yes 2.7 

20/1 70.1 1.9 ± 0.7 2.2 yes 2.7 

4 10/1 67.7 1.8 ± 0.6 2.1 yes 2.9 

5 10/1 82.5 1.6 ± 0.7 1.5 no - 

6 10/1 80.1 1.8 ± 0.7 1.9 yes 2.4 

7 10/1 65.7 1.7 ± 0.6 1.2 yes 2.5 

8 10/1 70.2 1.7 ± 0.7 2.1 yes 2.7 

a) From TEM. b) From WAXS. c) From SAXS. 

  

2.2.1.1 Transmission electron microscopy analyses 

We first verified that the mono-functionalized ligands 1 and 5, can indeed stabilize Ru 

NP. Adamantane carboxylic acid 1 has already been used to stabilize FeCo3 NP21 and 

CdSe quantum dots.22 To the best of our knowledge, the adamantane amine 5 has not 

been used before as ligand for surface stabilization in NP synthesis. The decomposition 

of [Ru(COD)(COT)] in the presence of 1 or 5 (Ru/ligand molar ratio = 10) leads to the 

formation of discrete Ru NP with size of 1.8 and 1.6 nm (TEM) respectively (Figure 

2.1) 
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Figure 2.1 TEM micrographs and NP size histograms of Ru NP obtained with ligand 1 at a 

Ru/L molar ratio of: a) 5 (scale bar = 50 nm); b) 10 (scale bar = 50 nm); c) 20 (scale bar = 50 

nm); and d) by ligand 5 with Ru/L molar ratio of 10 (scale bar = 100 nm).  

 

The mean NP diameters were calculated from at least 200 NP in the TEM images. 

Similar NP sizes were reported for Ru NP prepared from [Ru(COD)(COT)] and 

amines,23 and carboxylic acid ligands.24 The NP produced from the amine ligand 5 are 

more agglomerated than the ones produced from the carboxylic acid ligand 1. This 

could result from the dynamic exchanges between free and coordinated species as 

amine ligands possess a facile reversible binding leading to Ru NP coalescence has 

been reported.25 

Pleasingly, the use of the bis-carboxylic acid (2, 4) and bis-amino (6-8) bi-functional 

polymantanes induces the formation of networks of Ru NP (Figure 2.2). In these 

networks, the Ru NP size range between 1 and 2 nm, according to the Ru/L molar ratio, 

and to the nature of the ligand. Larger particles are obtained at higher Ru/L molar ratio: 

from 1.7 (Ru/L = 5) to 2.2 nm (Ru/L = 20) for ligand 2. 
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Figure 2.2 TEM micrographs and NP size histograms of Ru NP networks obtained by ligand 2 

at a Ru/L molar ratio of: a) 5 (scale bar = 50 nm); b) 10 (scale bar = 50 nm); c) 20 (scale bar = 

50 nm) and at a Ru/L molar ratio of 10 for ligands: e) 4 (scale bar = 50 nm); f) 6 (scale bar = 

50 nm); g) 7 (scale bar = 50 nm); and h) 8 (scale bar = 50 nm).  

 

This synthetic method allows the production of networks of metal NP with a relatively 

narrow particle size distribution, compared to conventional catalytic materials prepared 

on carbon supports. 

2.2.1.2 Wide-angle X-ray scattering analyses 

WAXS analyses have shown that Ru@1 at 10/1 and 20/1 Ru/L molar ratio and Ru@2 
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at all ratio are well crystallized and highly consistent with the Ru hcp crystal structure. 

The coherence length (2.2 nm Ru NP produced from 1) indicated by the radial 

distribution function (RDF) resultant from WAXS analyses (Figure 2.3) is larger than 

the mean diameters determined by TEM. 

 

Figure 2.3 WAXS analyses for Ru@1 and Ru@2: a) top, diffractograms of Ru@1 at different 

Ru/ligand ratio with Ru hcp reference data; bottom, corresponding RDF; b) top, diffractograms 

of Ru@2 at different Ru/ligand ratio with Ru hcp reference data; bottom corresponding RDF. 

 

This feature, which was common to many of the samples prepared (see Table 2.1), was 

already reported for ligand stabilized metal NP.26 The size of the NP embedded in the 

assembly produced by 2 is similar to isolated NP ranging from 1.7 ~ 2.2 nm. The 

increase of the Ru/L molar ratio (from 5/1 to 20/1 in the case of 1) induces an increase 

of the Ru NP size (from 1.5 to 2.5 nm) and therefore provides an interesting control 

lever. 
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Figure 2.4 WAXS analyses for Ru@4, Ru@5, Ru@6, Ru@7 and Ru@8: a) top, 

diffractograms of Ru@4 and Ru@8 at Ru/ligand ratio of 10 with Ru hcp reference data; bottom 

corresponding RDF; b) top, diffractograms of Ru@5, Ru@6 and Ru@7 at Ru/ligand ratio of 

10 with Ru hcp reference data; bottom corresponding RDF. 

 

Diffractograms and RDF clearly show that the Ru NP assemblies stabilized by ligands 

4, 6, and 8 have a more cystaline structure than those stabilized by ligands 5 and 7. The 

NP assemblies stabilized by amine groups show a mean NP size between 1.5 and 2.1 

nm, except for Ru@7, which presents a smaller size perhaps due to the flexibility of 

the bis-adamantane. 

2.2.1.3 Small-angle X-ray scattering analyses 

SAXS analyses were performed to evaluate the inter-particle distances in the assemblies. 

The scattering intensity profiles (Figure 2.5) show a general increase of the scattering 

intensity towards small q values, which is coherent with a system constituted of Ru NP.8, 

27 
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Figure 2.5 SAXS spectra of Ru NP assemblies produced from ligands 2, 4, 6, 7 and 8. The 

experimental SAXS curves are plotted in Log I(q) fct Log q representation in black lines and 

the fitting curves corresponding to the calculated SAXS curves from the model are plotted in 

dashed lines. a) SAXS curves corresponding to the complex Ru@2 at different molar ratio: red 

line for Ru/L molar ratio 5/1, in yellow for the molar ratio 10/1 and in green for the molar ratio 

20/1; b) SAXS curves corresponding to the complex Ru@2 (yellow curve) and Ru@4 (blue 

curve); and c) SAXS curves corresponding to the complex Ru@6 (magenta curve), Ru@8 

(gray curve) and Ru@7 (cyan curve). 
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At higher values of q (qmax = 0.2-0.3 Å−1) we observed a peak interpreted as a correlation 

distance between the metallic NP (center-to-center distance between Ru NP in the 

superstructure).8, 28 These correlation distances were found to vary between 2.2 and 2.9 

nm, according to the nature of the ligand, and the Ru/L molar ratio (Table 2.1). Slightly 

larger correlation distances were measured in the case of dicarboxylic ligands compared 

to diamine ones. This is consistent with the dimensions of these ligands and the 

nanoparticle sizes. The self-assembly process can be directed to tune the inter-particle 

spacing by using BAd and DAd ligands; and with ligands 4, 7 and 8, larger correlation 

distances were measured compared to ligands 2 and 6, respectively. For a given ligand, 

the increase of the Ru/L molar ratio contributes to enhance the spatial distribution of 

the NP, creating a more homogeneous particle network. Indeed, for ligand 2 the SAXS 

curve shows at intermediate angles a correlation peak larger for the Ru/L ratio 5/1 

(Figure 2.5a), reflecting a change in distribution of inter-particle distance with an 

increase of the polydispersity.  

Other effects are directly observable on the SAXS curves at small angles (<0.01 Å-1). 

The oscillations are due to a contribution of structure factor S(q)≠1, reflecting the 

presence of large structures interacting each other with a correlation distance shorter 

than their diameter. For Ru@2 with Ru/L ratio of 10 and 20, the formation of 3D 

assembly containing Ru NP was promoted with a regular spatial spacing (>500Å). The 

value of the slope at small angle, reflecting the state of the surface of the large 

agglomerate, does not change significantly when increasing the Ru/2 ratio. For Ru@4, 

the oscillations at very small angles disappeared and the decrease of the slope at the 

beginning indicates a significant change of the size of the agglomerate; the state of the 

surface showing more irregularity compared with Ru@2. By replacing in the global 

equation applied to fit the data (see experimental section) the term corresponding to the 

power law function with a “Guinier-Porod” function, we can evaluate the gyration 

radius Rg of the agglomerates, which is close to 90 Å. For Ru NP connected through 

amine ligands, the oscillations are absent and this phenomenon is probably correlated 

to the loss of spatial organization of large assemblies. With this ligand, the NP assembly 
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is presented as amorphous aggregates of variable size. 

2.2.1.4 Electron tomography analyses 

To confirm the short-range order between the Ru NP, we performed an ET analysis on 

a typical aggregate obtained from ligand 2 at a Ru/L molar ratio of 10 (Figure 2.6a). 

The measures were performed by A. Falqui in King Abdullah University of Science and 

Technology. 

 

Figure 2.6 a) 3D manual reconstruction of some Ru NP from the corresponding tomogram. A 

slice of the latter was used just as a visual background for the NP. It should be noticed that not 

all the NP imaged by ET are reported, but just few of them, properly chosen in order to make it 
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clearly distinguishable. b) top part of the cluster and the correlation distance between Ru NP 

extracted from the square; c) center part of the cluster and the correlation distance between Ru 

NP extracted from the square. 

After performing ET on large NP assemblies, it was possible to determine the 

distribution of their distance (Figure 2.6b, c) and to reconstruct the 3D shape of some 

of them, indicating a Ru NP mean size of 1.9 ± 0.3 nm and an inter-particle distance of 

2.65 nm. The Ru NP mean size determined by ET for this sample is in excellent 

agreement with the WAXS data (Table 2.1, 2 nm), and the inter-particle distance is 

perfectly consistent with the one determined by SAXS analysis (Table 2.1, 2.71 nm). 

2.2.2 Coordination of carboxylate and amine ligands on Ru nanoparticle surface 

In the case of the use of carboxylic stabilizers for NP synthesis, different coordination 

modes of carboxylate on metallic surface have been reported: i) monodentate; ii) 

chelating bidentate; and iii) bridging bidentate.29 The coordination of primary amine30 

ligands to Ru NP prepared by the decomposition of [Ru(COD)(COT)] has already been 

studied. NMR studies have unambiguously demonstrated the coordination of 

octylamine to the surface of the Ru NP.31 In our case, the coordination of 5 and 6 by the 

amine has been confirmed experimentally by X-ray photoelectron spectroscopy (XPS), 

infrared (IR) and solid-state NMR (SS-NMR) (see below). 

2.2.2.1 Surface modeling from coordination complex analyses 

In order to obtain better insight on the coordination mode of carboxylic acid derivatives 

onto the Ru NP surface we achieved the reaction of [Ru(COD)(COT)] with 1 and 2. 

Reports concerning the reactivity of [Ru(COD)(COT)] with carboxylic acid derivatives 

have previously shown that reaction with 9-anthracenecarboxylic gives the complex 

[Ru(9-anthracenecarboxylate)2(COD)],32 and with acetic acid gives the Ru complex 

[Ru(CH3COO)(η4-1,4-COD)(η5-1,5-COT)].33 [Ru(COD)(COT)] reacts smoothly with 

1 at room temperature to give [Ru(κ2-AdCOO)(η2,η2-C8H12)(η
3-C8H11)], Ru1, isolated 

as a pale yellow solid in 64% yield was characterized by NMR, IR and single crystal 

X-ray crystallography (XRD) (Figure 2.7). 
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Figure 2.7 a) Infrared spectrum, b) 13C{1H} NMR characterization and c) crystal structure of 

[Ru(κ2-AdCOO)(η2,η2-C8H12)(η
3-C8H11)] Ru1. 
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Ru1 results from the coordination of the carboxylic acid (Scheme 2.3), through 

oxidative addition of the O–H bond inducing the reduction of cyclooctatriene to form 

an η3-allyl system. Likewise, the coordination of ligand 2 with [Ru(COD)(COT)] leads 

to the O–H bond cleavage of the ligand to produce a carboxylate Ru complex. In this 

case, the presence of two carboxylic acids on the ligand allowed synthesizing a 

bimetallic complex in which 2 in the carboxylate form acts as a bridge. Ru2 was isolated 

as yellow powder in 52% yield and characterized by NMR, IR and elemental analyses 

(Figure 2.8). Similar reactivity, i.e. oxidative addition followed by reduction of the 

cyclooctatriene molecule, has been previously reported with Si–H bonds, in which the 

reduced cyclooctratriene is coordinated to the Ru center through the three carbons in 

the allyl form and the two carbons of the double bond.34-35  

 

 

Scheme 2.3 Structure of Ru1-3 complexes obtained by reaction of [Ru(COD)(COT)] with 

ligands 1 and 2. 

Upon heating these carboxylate Ru complexes in the presence of ligands, the 

unsaturated ligands of the Ru center are generally removed. We experimented a similar 

procedure, i.e. heating Ru1 at 55 °C in THF, but without any excess of ligand, in an 

attempt to reproduce the formation of Ru NP by loss of the unsaturated ligands. A 

mixture of 1, Ru1, and other species was obtained. Crystals grown from a saturated 

solution of the mixture in THF, which correspond to a bimetallic complex Ru3, were 

isolated. Ru3 contains two ligand 1 coordinated, chelating both metallic centers with a 

THF molecule attached to one Ru atom (see Figure 2.9). This finding is in line with the 
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formation of Ru NP by the coordination of ligand 1 to the Ru NP surface. 

 

Figure 2.8 a) Infrared spectra and b) 13C{1H} NMR spectrum of the dimer [Ru2(κ
2-

Ad(COO)2)(η
2,η2-C8H12)2(η

3-C8H11)2] Ru2. 

In the two isolated Ru complexes bearing ligands 1 and 2, the carboxylic acids are easily 

deprotonated and the carboxylate ligands are chelating bidentate. Complexes Ru1 and 

Ru2 show in their respective IR spectra the typical νas (COO-) and νs (COO-) bands of 

the carboxylate ligand at 1497/1443 and 1502/1430 cm-1, respectively. In IR, the 

difference in νas (COO-) and νs (COO-) (Δν), is generally used to determine the 

coordination mode of the carboxylate group. In that case, the Δν are 54 and 72 cm-1 for 

Ru1 and Ru2, respectively, which is in accordance with a chelating bidentate 

coordination (Δν < 110 cm-1).36 The 13C NMR spectra of these complexes show singlets 
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at 190.3 and 189.5 ppm for Ru1 and Ru2, respectively, attributed to the chelating 

bidentate carboxylates, which are consistent with chemical shifts reported in the 

literature for Ru complexes bearing chelating bidentate acetate ligands. 37 

 

Figure 2.9 a) Infrared spectrum, b) 13C{1H} NMR spectrum of Ru3 and c) single crystal 

structure of Ru3. 



Chapter 2 Controlled synthesis of 3D ruthenium nanoparticle covalent assemblies from polymantane ligands 

101 

 

2.2.2.2 Infrared of Ru nanoparticles and Ru nanoparticle assemblies 

As far as Ru NP stabilized by carboxylate (acetate) ligands are concerned, Poteau et al. 

reported a bridging bidentate coordination mode (Δν = 145 cm-1),24 in accordance with 

data reported for molecular (or polymeric) Ru species bearing such ligands.38-41 

The IR spectra of Ru@2 samples prepared at different Ru/L ratio are shown in Figure 

2.10a and compared to the one of the free ligands.  

 

Figure 2.10 a) Infrared spectra of Ru@2 prepared using different Ru/L ratio, together with 

ligand 2; and b) simulated infrared frequencies of different coordination modes between Ru13 
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cluster and ligand 2 by theoretical calculations.  

 

First, it is clear as observed for coordination complexes Ru1-3, the ligand 2 has been 

deprotonated since no carboxylic acid (-C=OOH) stretching vibration bands are visible 

at 1710 cm-1. Whatever the Ru/L ratio, several bands are visible in the 1600-1300 cm-1 

region. As in the case of Ru NP stabilized by acetate ligands,24 we identified bands at 

1560/1390 cm-1 (Δν = 170 cm-1), which are consistent with bridging bidentate 

carboxylate coordinated ligands. Density functional theory (DFT) calculations 

performed on a Ru13H18@(Ad-COOH-COO-) model predicted bands at 1473 and 1340 

cm-1 (Δν = 133 cm-1) (Figure 2.10b). The frequency of the νas (COO-) mode is 

underestimated in our calculation, as similarly reported elsewhere.24 Other bands are 

visible at 1450, 1361, 1337 and 1312 cm-1. The band at 1450 cm-1 is characteristic of 

CH2 scissoring. These bands are not consistent with the presence of monodentate 

carboxylate species, since monodentate species should give a Δν > 200 cm-1. DFT 

calculations were performed on Ru13H18@Ad(COOH)2 model in two possible 

monodentate coordinations, the favorable model with high adsorption energy predicts 

bands at 1590 and 1309 cm-1 (Δν = 281 cm-1) (Figure 2.10b). Additionally, monodentate 

carboxylate Ru complexes give bands for the νas (COO-) mode at around 1600 cm-1.37 

Although it is difficult at that point to safely assign these bands, we can propose the 

presence of chelate bidentate species. 

Beside to the bands attributed to carboxylate species, a band at 1940-1960 cm-1 

(according to the Ru/ligand ratio) is also observed, as in the work of Poteau et al. In our 

case, however, the intensity of this νCO band is very high and depends on the Ru/ligand 

ratio. At a Ru/ligand ratio of 5, two bands are visible at 2040 and 1942 cm-1; for a ratio 

of 10 a single broad band at 1962 cm-1 is observed, and at a ratio of 20 the band at 1957 

cm-1 is very broad with a shoulder at 1800 cm-1, which could correspond to bridged 

CO.41 The shift of the main band as well as the appearance of new bands could be due 

to an influence of the CO coverage.42-45 Interestingly, the adsorbed CO species could 

be removed easily by vacuum treatment as shown by IR (Figure 2.11).  
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Figure 2.11 Infrared spectra of Ru@2 at Ru/L ratio of 10 before (blue) and after vacuumed 

(red). 

 

To determine whether the CO arises from ligand 2 or THF, we performed the synthetic 

reaction to produce Ru networks with labeled ligand 2 (Ad-(13COOH)2) using a 

Ru/ligand ratio = 10. We recorded the IR for which a shift should be observed in the 

νCO band if the 13CO resulted from the decarbonylation of the ligand. Figure 2.12 shows 

the spectra obtained with unlabeled and labeled 2.  

 

Figure 2.12 Infrared spectra of Ru NP assemblies with 13C labelled carboxylic group (Ru@2*) 

and with unlabeled carboxylic group (Ru@2). 

 

2500 2000

0.828

0.897

0.966

1.035

0.728

0.819

0.910

1.001

 

1934

Wavenumber/cm
-1

T
ra

n
s
m

it
ta

n
c
e
/a

.u
.

 

 

Ru@Ad(COOH)2

Ru@Ad(
13

COOH)2

1962



Chapter 2 Controlled synthesis of 3D ruthenium nanoparticle covalent assemblies from polymantane ligands 

104 

 

The CO band for the unlabeled 2 is observed at 1962 cm-1, whereas for the labeled 2* 

the νCO band is found at 1934 cm-1. When 12C16O is replaced by 13C16O (R = 0.978), the 

differences between observed and calculated frequencies are generally low. In our case, 

the calculated frequency should be at 1918 cm-1, so the difference (16 cm-1) is relatively 

large. This could be because, in addition to ligand 2 decarbonylation, we may also 

observe some THF decomposition. The large envelops at 1934 cm-1 could encompass 

two bands (Ru(13CO)(12CO)); the Ru(13CO) arising from 2 decarbonylation and the 

Ru(12CO) from THF decomposition. The fact that THF decomposition also occurs 

during the reaction of [Ru(COD)(COT)] with H2 and polymantane ligands was 

supported by the νCO band at 1914-1923 cm-1 observed in the case of the diamine 

ligands 5, 6, 7 and 8 (Figure 2.13). 

 

Figure 2.13 Infrared spectra of a) ligand 6 and Ru@6 and b) Ru@5, Ru@6, Ru@7 and Ru@8 

at Ru/L ratio of 10. 
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The IR spectrum of Ru@6 shows bands at 3275-3205 and 2903-2852 cm−1 (Figure 

2.13a) corresponding to the N–H and C–H stretching bands of the ligand, respectively; 

confirming the presence of the amine ligands near the surface of the Ru particles. 

Bending vibration bands of the N-H bond at 1560 cm-1 are splitted into two peaks at 

1570 and 1515 cm-1. The peaks at 1350-1400 cm-1 are supposed to be related to C-C 

bonds adjacent to N-C bond. While the N-C stretching vibration peak at 1300 cm-1 was 

not detected in Ru@6, a slightly downshifted peak appears at 1296cm-1 for Ru@5.  

2.2.2.3 Solid-State NMR analyses 

The 13C MAS SS-NMR spectrum of Ru@2 (Figure 2.14) has been recorded on a 

compound prepared with 13C labeled 2 (Ad-(13COOH)2) in order to obtain clear signals 

of the sp2 carbons of carbonyl groups. 

 

Figure 2.14 13C UDEFT (Uniform driven equilibrium Fourier transform) MAS SS-NMR 

spectrum of a) Ru@2 (Ru/ligand ratio = 10) obtained with a 13C labeled 2 (Ad-(13COOH)2); 

and b) Ru@6. 
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Beside the peak at 27.1 ppm corresponding to the sp3 carbons of the adamantane cage, 

carbonyl species are clearly detected at 178.3, 193.6 and 220.1 ppm. The peak at 220.1 

ppm has been assigned to CO ligands on the Ru NP surface. Indeed, we independently 

checked by IR (Figure 2.11) and NMR that this adsorbed CO can be easily removed 

from the NP surface by a simple vacuum treatment of the sample at room temperature 

overnight. This treatment induces the disappearance of the CO peak in 13C MAS SS-

NMR at 220.1 ppm. The fact to observe an intense signal for this CO peak after labeling 

of 2 suggests that the carbonyl ligand results from 2 decarbonylation. The peak at 193.6 

ppm has been attributed to the bridging bidentate carboxylate ligands (186.0 ppm in the 

work of Poteau et al.24 and 198.4 ppm in Ru3), whereas the peak at 178.3 ppm could be 

tentatively attributed to chelate bidentate species (a peak at 185.2 ppm was also 

observed in the mixture of Ru3 synthesis). 13C-NMR studies on Ru complexes bearing 

chelate bidentate carboxylate ligands have reported chemical shifts (182-186 ppm), 

which are consistent with this attribution.37 The 13C MAS SS-NMR spectrum of Ru@6 

shows broad bands at 30-50 ppm characteristic of the sp3 carbons of ligand 6. 

2.2.2.4 CO adsorption analyses 

We used carbon monoxide adsorption on the Ru NP produced from ligands 2 (Ru@2) 

and 6 (Ru@6) to probe the charge transfer induced by the ligand coordination to the 

metallic surface by infrared spectroscopy. Prior to CO adsorption, the Ru NP were first 

outgassed under vacuum to eliminate the CO ligands arising from the decomposition 

reaction. After the treatment of the sample with CO (1 bar at room temperature), the IR 

spectra were recorded and the νCO stretching frequency were observed at 2050-1940 

and 1980-1920 cm-1 for Ru@2 and Ru@6, respectively (see Figure 2.15 for the 

corresponding spectra). The use of ligand 6, a donor ligand, contributes to increase the 

electronic density on Ru NP, and consequently to a significant Ru → CO π-donation. 

The increase of the electronic density in the π* of the CO causes the C–O bond length 

to increase and thus the νCO to decrease. In the case of ligand 2, the charge transfer 

occurs from the metal to the ligand, and consequently the CO band frequency shifted 

to higher wavenumber. 
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Figure 2.15 Infrared spectra of Ru@2 and Ru@6 after CO adsorption. 

 

2.2.2.5 X-ray photoelectron spectroscopy analyses 

XPS analyses support the charge repartition deduced from CO adsorption. The details 

of the analyses of Ru@2 and Ru@6 at a Ru/L molar ratio of 10 are depicted in Tables 

2.2 and 2.3 and Figure 2.16. As far as the Ru(3d) and (3p) core levels are concerned, 

the data obtained for the Ru 3d5/2, Ru 3d3/2 and Ru 3p3/2 peaks are consistent with 

metallic ruthenium.46 A slight difference in the binding energy of the Ru 3p3/2 peaks 

between the product obtained from ligands 2 (461.3eV) and 6 (461.2 eV) is consistent 

with Ru NP that are more electro deficient in the case of ligand 2.  

The existence of C and O in the assembly is evidenced by peaks observed of C 1s (286.8 

and 288.3 eV) and O 1s (531.2 and 532.9 eV). The mass fraction of Ru calculated with 

both ligands is in good agreement with ICP analyses (Table 2.1). For Ru@6, the binding 

energy of C1s at 286.8eV is assigned to C-N species. The nitrogen percentage is 

estimated to be 4.5%. 
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Figure 2.16 XPS spectra of Ru 3d + C 1s, Ru 3p, O 1s and N 1s of: a) Ru@2 and b) Ru@6. 

 

Table 2.2 XPS analyses of Ru@2 (Ru/ligand = 10). 

Name Position FWHM % Conc. 

Ru 3d 
279.9-284.1 1.0-1.1 16.4 

280.7-284.9 2.2-2.2 0.7 



Chapter 2 Controlled synthesis of 3D ruthenium nanoparticle covalent assemblies from polymantane ligands 

109 

 

 17.1 

Ru 3p 
461.3-483.5  2.8-2.7 - 

462.6-484.8  3.0-3.0 - 

C 1s 

285.0  1.5 54.6 

286.8  1.5 5.8 

288.3  1.5 3.4 

 63.8 

O 1s 

529.8  1.8 0.9 

531.2  1.8 11.3 

532.9 1.8  4.8 

 17.0 

 

Considering the bonding energy of C-NH2 and nitrides of metal at 400 and 397 eV, 

respectively, the N 1s spectrum of Ru@6 shows a peak at 398.6 eV (Table 2.3 and 

Figure 2.16b) corresponds well to what might be expected for a nitrogen atom donating 

electron density to the Ru surface via its lone pair and, hence, is assumed to arise from 

the chemisorbed amine. It was reported that coordination of primary amine such as 

hexadecylamine to iron oxide NP gives a peak at 399.7 eV, whereas the free amine gives 

a peak at 397.2 eV.31 

 

Table 2.3 XPS analyses of Ru@6 (Ru/ligand = 10). 

Name Position FWHM % Conc. 

Ru 3d 

279.9-284.1  0.9-1.1 20.7 

280.7-284.9  2.2-2.2 2.3 

 23.0 

Ru 3p 
461.2-483.4  2.8-2.7 - 

462.6-484.8  3.1-3.1 - 

C 1s 

285.0  1.4 50.7 

286.8  1.4 3.8 

288.3  1.4 1.9 

 56.4 

O 1s 

529.7  1.7 4.4 

531.2  1.7 5.3 

532.9  1.7 3.2 

 12.9 

N 1s 398.6  2.7 4.5 
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2.2.2.6 Temperature programmed desorption analyses 

Temperature programmed desorption (TPD) experiments couple with mass 

spectrometry (MS) analyses were performed to probe the stability of Ru@1 and Ru@2 

samples under an inert (helium) atmosphere (Figure 2.17 and Table 2.4).  

 

 

 

 

Figure 2.17 Temperature programmed desorption spectra of different desorption species: a) 

CO, b) CO2, c) H2O, d) H2 and e) CH4 for Ru@1 (orange) and Ru@2 (blue) at Ru/L ratio of 

10. 

 

The decarboxylation and decarbonylation reactions started at almost the same 
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temperature for both samples. For both samples the decarboxylation reaction is a two-

step process. The first decarboxylation occurs at low temperature (110-130 °C) and the 

second one at higher temperature (300-345 °C).  

 

Table 2.4 Temperatures of gas evolution in Ru@1 and Ru@2.  

Sample 
CO2 CO H2O H2 CH4 

T (°C) 

Ru@1 110/190/300 310 160/210/330 240/320 130/190/310 

Ru@2 130/345 320/345 155/350 250/350 140/340 

 

For Ru@1 a narrow and intense peak is also observed at 190 °C. This narrow peak 

could be related to a Ru-assisted decarbonylation, since narrow peaks are characteristic 

of catalyzed reactions. While low temperature decarboxylation (< 200°C) prevails for 

Ru@1, for Ru@2 high temperature decarboxylation (> 300°C) is the major route. 

Decarbonylation occurs above 300 °C for both samples. For the low-temperature 

process, CO2 evolution is concomitant with H2O and little CH4 evolution. The high 

temperature process involves desorption of CO2, large amount of CO, CH4, H2 and H2O. 

It is worth noting that the CO/CO2 ratio is significantly different for both samples (Table 

2.5). 

 

Table 2.5 Quantification of CO and CO2 evolution in Ru@1 and Ru@2.  

Sample 

CO CO2 

CO/CO2 
(mol.g-1) (mol.g-1) 

Ru@1 1307 1406 0.93 

Ru@2 4115 1345 3.06 



Chapter 2 Controlled synthesis of 3D ruthenium nanoparticle covalent assemblies from polymantane ligands 

112 

 

The fact that little amounts of CH4 are associated to the low-temperature process could 

be rationalized by the fact that this decomposition should involve only the carboxylate 

groups of the adsorbed ligands and maybe adsorbed hydrogen present on the Ru surface. 

At low temperatures, the decomposition could thus involve different reactions: 

Ad-CO2* → CO2 + Ad-* (eq. 1) 

Ad- * + H* → AdH + * (eq. 2) 

Ad-CO2* + 2H* → Ad-* + CO* + H2O (eq. 3) 

The equation (3) is related to the reverse water-gas shift reaction, which produced CO 

that can remains adsorbed on the Ru surface. The high temperature process should 

involve the complete destabilization of the materials, during which, beside CO 

desorption, desorption of some water, hydrogen and methane is also observed. The 

formation of methane could arise from CO methanation (equation 4), since ruthenium 

is known as an active catalyst for this reaction. 

CO* + 6H* → 7* + CH4 + H2O (eq. 4) 

From these TPD/MS analyses, it appears that the use of dicarboxylic adamantane 2 

should induce the formation of thermally more stable materials than when using the 

monocarboxylic acid 1. Our DFT calculation do agree with this statement, since the 

adsorption energy of 2 to a single Ru55 cluster (64 kcal.mol-1) or to two Ru55 clusters 

(100 kcal.mol-1) are significantly higher than the one of 1 to a single Ru55 cluster (48 

kcal.mol-1). 

 

2.2.2.7 Theoretical calculations 

Theoretical calculations using DFT were performed in several systems in order to 

obtain a better insight on the coordination of ligands onto the Ru NP surface, and also 

to analyze further the origin of the decarbonylation of a carboxylic acid at room 

temperature in the presence of dihydrogen in the Ru NP surface. 
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Figure 2.18 Optimized geometry (from DFT), ligand adsorption energy and charge transfer 

(CT) for a) 1@Ru13 and b) 5@Ru13 models. 

 

A higher binding energy (Figure 2.18) of 1 compared to 5 to a Ru13 cluster was predicted 

by DFT. Adsorption energy of –60 kcal.mol-1 was obtained for 1 on a bare Ru13 cluster, 

presenting a syn-syn bridging coordination with two Ru–O distances of 2.0 and 2.1 Å 

after the spontaneous O-H bond dissociation on the cluster. Similar energies have been 

obtained in a previous work involving the coordination of acetic acid on Ru55.
28 A 

significant charge transfer from the cluster to the ligand has been estimated by Bader 

charge analysis: –0.84 e-, because of the oxygen lone pair sigma donation and * 

backdonation, with 0.27 e- given to the hydride. Slightly smaller adsorption energy on 

a bare Ru55 NP was calculated: –48 kcal.mol-1, with very similar charge transfer. In the 

case of 5, in agreement with previous results involving the coordination of amines on 

RuNP,47 the adsorption energy is reduced to –30 kcal.mol-1. This difference can be 

associated to a top coordination, with a single Ru–N bond-length of 2.2 Å. In the same 

way, a lower charge transfer (0.12 e-) from the ligand to the metal was obtained. 
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In the case of ligands 2 and 6, DFT calculations have confirmed greater interactions of 

the carboxylate groups compared to the diamine ones with both Ru13 and Ru55 NP 

models. With a single ligand 2, Ru–O interactions are strong enough to avoid the 

coalescence of two Ru13 or Ru55 clusters. For ligands 6, larger clusters are obtained due 

to coalescence upon geometry optimizations. See Figure 2.19b for the coordination 

mode of ligand 2 bridging two Ru55 clusters, the charge transfer corresponds to a loss 

of around 0.8 e- for each NP. In this case, the Ru NP-Ru NP distance is 1.8 nm, measured 

from both NP centers. 

 

Figure 2.19 a) Optimized structure of one ligand 2 molecule on Ru55 with a bi-carboxylate 

anchoring coordination; and b) optimized structure of the two 2@Ru55 species. 

 

Confirmed by DFT, it is concluded that the use of ligands 1 and 5 lead to different 

charge transfer between the ligand and the Ru NP. DFT calculations, XPS and IR 

analyses show a similar tendency for possible charge transfer in the case of the ligands 

Ad-(COOH)2, 2, and Ad-(NH2)2, 6: the charge transfer is from the ligand to the metal 

with the amine ligand, and from the metal to the ligand with the carboxylic ligand.  

As far as the presence of CO ligands on the Ru NP is concerned, we were surprised by 

the intensity of the CO band. Then, the question about its origin arose. Chaudret et al.48-

49 and Poteau et al.24 have also observed the presence of CO ligands on Ru NP formed 

from [Ru(COD)(COT)] in THF solvent, and have attributed this CO to THF 

decomposition into propane and CO. In our case, CO could arise either from THF 
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decomposition or from 2 decarbonylation, as experimentally supported by IR and 

labelled 13C MAS SS-NMR experiments. Decarbonylation of a carboxylic acid at room 

temperature in the presence of dihydrogen is very surprising since this reaction usually 

occurs on catalysts at much higher temperatures. Accordingly, the decarbonylation of 

propanoic acid in the presence of H2 on Ru catalyst has been observed above 180 °C.50-

51 This can be rationalized by the energy barrier necessary to pass for C–C bond 

breaking, an essential step to produce CO.51 Our result suggests a very high reactivity 

of under-coordinated ruthenium species that are formed during the decomposition of 

[Ru(COD)(COT)] in the presence of H2 and 2. To further investigate this unexpected 

reactivity, a DFT study was performed on a Ru13H16 model, as representative species 

of a small-size reactive intermediate in realistic conditions, and the ligand 2 was 

replaced by CH3COOH species for sake of simplicity. Several reaction pathways were 

considered (Figure 2.20), but only the lowest energy ones are discussed here. The 

reference initial state is given by those two species infinitely separated. The reaction 

begins by the thermodynamically favorable coordination of 2 (–23 kcal.mol-1). We will 

see in the following that among all the investigated pathways, it is very likely that 

CO@Ru13H16 is formed on the surface with the help of an extra H2 molecule and the 

release of one H2O and one CH4 molecule (–46 kcal.mol-1). This pathway appears 

reasonable in terms of kinetics and thermodynamics. In this case, the reaction occurs 

first through the facile (10 kcal.mol-1) C-OH bond dissociation leading to the formation 

of adsorbed CH3CO* and OH* on the Ru NP surface. A C-C bond breaking with an 

even lower barrier height (5 kcal.mol-1) follows this step. Yet this (CH3)*(CO)*(OH)* 

intermediate is slightly less stable than the previous one (-35 vs. -43 kcal.mol-1). Owing 

to the experimental conditions, under H2 pressure, one dihydrogen molecule can easily 

react on the surface and act as a thermodynamic driving force, leading to the release of 

methane and water and finally yielding the final adsorbed CO product (-46 kcal.mol-1). 

Another possibility we have explored is a direct C-C dissociation, assuming that some 

surface hydrides are mobile enough to allow for the clearance of a facet composed by 

3 Ru atoms. The corresponding barrier energy is 29 kcal.mol-1, when the 
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(CH3)*(COOH)*@Ru13H16 final state remaining very high in energy (-1 kcal.mol-1).  

 

 

Figure 2.20 DFT investigation of the mechanism of the decarbonylation reaction. Blue values 

correspond to total energy differences with respect to the initial state, when red ones give energy 

barrier height. 

 

A second possible pathway is a further dissociation of the carboxylic group (almost 

barrierless) that yields a very deep well in the potential energy landscape 

((CH3COO)*(H)*: -52 kcal.mol-1). This value is slightly lowered compared to the one 

reported above for 1@Ru13. This is mainly due to the surface saturation by hydrides. 

This intermediate corresponds to a thermodynamic trap since neither a further C–C nor 

C–O dissociation could provide a more stable state. The question thus arising is which 

principle reaction favor the CO formation herein. Some reported semi-quantitative 

clues based on previous phase diagrams calculations are to be considered.24, 52 These 

diagrams show that under realistic conditions close to the present experimental ones, a 
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Ru55 NP under acetic acid concentration and carbon monoxide pressure can respectively 

accommodate 16 (CH3COO)*(H)* and up to 63 (CO)*. Owing to the average 

adsorption energy per ligand (-35 kcal.mol-1 per (CH3COO)*(H)* and -40 kcal.mol-1 

per (CO)*), the final decomposition of a large amount of acids into carbon monoxide 

can be considered as the strongest driving force. 

2.3 Conclusion  

We have successfully prepared materials based on well-defined nanometric-sized Ru 

NP (< 2 nm) surface stabilized by mono or difunctionalized adamantanes, bis-

adamantanes and diamantanes ligands, bearing either carboxylic acid or amine 

functional groups. Monofunctionalized ligands lead to discrete NP, and 

defunctionalized ones to Ru NP covalent networks. We have shown that the mean NP 

size and the internal network inter-particle distances can be finely tuned by a proper 

choice of the ligand and the Ru/ligand ratio. We have also shown that the choice of the 

ligand is crucial to tune the electronic properties of the metal. In a systematic approach 

from molecular regime to nanoparticles and networks, the coordination chemistry of 

these species has been investigated, and it was shown that highly reactive Ru cluster or 

colloidal species are formed during NP synthesis, which were experimentally shown to 

be able to decarbonylate carboxylic acids at room temperature in the presence of 3 bar 

of H2. DFT theoretical investigation, which support this high reactivity with small 

clusters, also allowed proposing a preferential low energy pathway for this innovative 

decarbonylation reaction.  

From these fundamental experimental data and simulation, it can be anticipated that 

these two types of ligands, carboxylic acid vs amine, should induce very different 

surface states for Ru NP, possibly also different networks assembly, and certainly as a 

consequence contrasted catalytic performances, which will be demonstrated in the 

following chapter.  
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2.4 Experimental section 

Materials 

The solvents we used in this work were purified with a MBraun SPS-800 solvent 

purification system and degassed by freezing cycles. [Ru(COD)(COT)] was purchased 

from Nanomeps Toulouse. 1-Adamantanecarboxylic acid (AdCOOH, 1) and 1-

Adamantylamine (AdNH2, 5), phenylacetylene and decane were purchased from 

Sigma-Aldrich and used as received. 

 

Synthesis of polymantane ligands 

Ligand 6: 1,3-diaminoadamantane Ad-(NH2)2 

 

 

1,3-dibromoadamantane (Ad-Br2). A dry 250 mL three-necked flask was fitted with 

a reflux condenser. At –78 °C aluminum tribromide (solution of 10 mg in 1 mL Br2, 

0.03 mmol) was added to a solution of dry Br2 (5 mL) and BBr3 (1 mL, 10 mmol). The 

resulting mixture was vigorously stirred and 1-bromoadamantane (2.07 g, 9.6 mmol) 

was added in one portion. The reaction was gradually heated to 85 °C for 90 min, during 

which time HBr were evolved. The reaction mixture was then cooled to room 

temperature and poured into 100 mL of ice-water, and CH2Cl2 (20 mL) was added. With 

rapid stirring and external cooling (ice bath), the excess Br2 was quenched by slow 

addition of solid NaHSO3, until the red color disappeared. The resulting bilayer mixture 

was separated and the organic layers were combined, dried with MgSO4, and 

concentrated. The residue was crystallized from hot methanol to afford 2.0 g (78 %) of 

Ad-Br2 as a white powder. 1H NMR (300 MHz, CDCl3) δ(ppm): 1.73 (bs, 2H), 2.2-2.37 
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(m, 10H), 2.87 (s, 2H). 

 

 

1,3-Diazidoadamantane Ad-(N3)2. A mixture of 880 mg of Ad-Br2 (3 mmol), 2.5 mL 

of azidotrimethylsilane (2.2 g, 19 mmol, 6.4 equiv) and 1.92 g of SnCl4 (7.4 mmol, 2.4 

equiv) in 11 mL of CH2Cl2 was refluxed under argon for 5 h the overnight at room 

temperature. The mixture was poured onto crushed ice and H2O. The mixture was 

stirred for 15 min and the organic phase was extracted. The organic phase was 

successively washed with H2O, saturated aqueous NaHCO3, and brine and then dried 

over anhydrous MgSO4. After solvent evaporation the product was collected as a 

colorless liquid (508 mg, yield 77%). 1H NMR (500 MHz, CDCl3) δ (ppm): 1.59 (s, 

2H), 1.76 (m, 8H), 1.82 (s, 2H), 2.37 (bs, 2H). 
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1,3-Diaminoadamantane Ad-(NH2)2. A mixture of 1.2 g of Ad-(N3)2 (0.005 mol) and 

81 mg of Pd/C* 10% in 25 mL of THF was hydrogenated (2.7 bar) in a Fisher-Porter 

glass bottle at room temperature for 22 h. Hexane (12.5mL) was added to the mixture 

before filtering through celite on a coarse glass frit. The solvent was evaporated to 

collect 320 mg of Ad-(NH2)2 as a white solid (35 %). 1H NMR (500 MHz, C6D6) δ 

(ppm): 0.69 (bs, 4H), 1.18 (s, 2H), 1.37–1.24 (m, 10H), 1.96 (m, 2H). 

 

 

Ligand 7: 3,3'-diamino-1,1'-bisadamantane BAd-(NH2)2 

 

 

1,1'-Bisadamantane (BAd). 1.47 g (60 mmol) of metallic sodium in 64 ml of n-
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heptane was introduced in a 250 mL two-necked flask equipped with a reflux tube. The 

temperature was cooled to 0 °C. 6.6 g (30 mmol) of 1-bromoadamantane dissolved in 

34 ml of n-heptane were slowly dropwise added under vigorous stirring. The reaction 

was stirred overnight at 100 °C and, after cooling, the mixture was poured into ice-

water. The reaction mixture was extracted with chloroform, and the organic phases 

collected were dried over anhydrous MgSO4. After filtration and solvent evaporation a 

mixture of the desired bisadamantane and adamantane was obtained. BAd (2g, 50%) 

was purified by washing with cold n-hexane to remove adamantane. 1H NMR (500 

MHz, CDCl3) δ (ppm): 1.50-1.70 (m, 24H, CH2), 1.95 (s, 6H, CH). 

 

 

3,3'-dibromo-1,1'-bisadamantane (BAd-Br2). A mixture of 1 g of 1,1'-

bisadamantane(3.7 mmol) and 554 µL of CCl4 in 7 mL liquid bromine (139 mmol) was 

stirred under reflux for 6 h. The reaction was monitored by evolution of hydrogen 

bromide gas. The reaction mixture was poured into iced water, and the excess bromine 

was carefully quenched by the addition of solid NaHSO3. The layers were separated, 

and the aqueous layer was extracted three times with CHCl3. The combined organic 

layers were dried over anhydrous MgSO4 and then concentrated under reduced pressure. 

The light yellow residue obtained was recrystallized from 1,4-dioxane, giving the 
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product desired as a colorless powder in 66% yield (1.05 g). 1H NMR (500 MHz, CDCl3) 

δ (ppm): 1.59 (m, 8H), 1.65 (t, J = 10 Hz, 4H), 2.19 (bs, m, 8H, CH2), 2.28 (dd, J = 10 

Hz, J = 35 Hz, 8H). 

 

 

3,3'-diacetamido-1,1'-biadamantane BAd-(NHAc)2. To a suspension of BAd-Br2 

(620 mg, 1.4 mmol) in CH3CN (10 mL) under vigorous stirring, concentrated H2SO4 

(0.7 mL) was added. The solution was heated at reflux for 12 h. After cooling to room 

temperature, 10 mL of water was added and the solution was neutralized to pH 7 by 

addition of saturated NH4OHaq. solution. The white precipitate formed was filtered off, 

washed with water and air-dried, yielding 450 mg of BAd-(NHAc)2 (80%): 1H NMR 

(500 MHz, dmso-d6) δ (ppm): 1.48-1.58 (m, 12H), 1.64-1.87 (m, 18H), 2.05 (s, 4H), 

7.31 (s, 2H, NH). 
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3,3'-diamino-1,1'-bisadamantane BAd-(NH2)2. 450 mg of BAd-(NHAc)2 (, 1.17 

mmol) was added to a hot solution of 1.1 g of NaOH (26 mmol) in 11 mL of 

diethyleneglycol. The mixture was stirred at 180 °C for 18 h. After cooling to room 

temperature, the residue was poured into 34 mL of water and cooled at –10°C in a fridge. 

The precipitate formed was filtered off, washed with water to neutral pH and air-dried. 

The resulting product was purified by sublimation under 0.001 mm Hg at 160 °C to 

give 70 mg of pure product (20%). 1H NMR (500 MHz, dmso-d6) δ (ppm): 1.26-1.46 

(m, 28H), 2.06 (s, 4H); 13C NMR (126 MHz, dmso-d6) δ (ppm): 24.5 CH, 34.0 CH2, 

35.9 CH2, 38.4 CIV, 44.3 CH2, 45. 6, CH2, 47.8 CIV (C–N). 
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Ligand 8, 4,9-Diaminodiamantane DAd-(NH2)2 

 

 

4,9-Dibromodiamantane DAd-Br2. In a 25 mL two-necked round bottom flask fitted 

with a controlled addition funnel were added 1.0 g of diamantane (5.3 mmol) and 108 

mg of AlBr3 (0.41 mmol) in 6 mL n-heptane under Ar at –10 °C. 1.4 mL of Br2 (27.2 

mmol) in 2 mL of n-heptane was added dropwise over 2h at –10 °C. The reaction 

mixture was stirred for another 1 h at 0 °C, and then poured into iced water. To this 

mixture was added 6 mL of CCl4 and then NaHSO3 until the solution become colorless. 
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20 mL of CH2Cl2 was added and the mixture was extracted with Na2CO3 and brine. The 

organic layer was dried over MgSO4 and concentrated. The organic residue was 

crystallized from acetone to give 1.3 g (72 %) of DAd-Br2 as a white solid. 1H NMR 

(500 MHz, CDCl3) δ (ppm): 1.97 (s, 6H), 2.32 (s, 12H). 

 

 

4,9-Diazidodiamantane DAd-(N3)2. A mixture of 500 mg of DAd-Br2 (1.4 mmol), 1.3 

g of azidotrimethylsilane (1.23 mL,9.1 mmol, 6.5 equiv) and 754 mg of SnCl4 (2.8 

mmol, 2 equiv) In 6.5 mL of CH2Cl2 was refluxed under N2 for 12 h. The mixture was 

poured onto crushed ice and H2O. The mixture was stirred for 30 min and then separated. 

The organic phase was successively washed with H2O, saturated aqueous NaHCO3, and 

brine, and then dried over anhydrous MgSO4. The solvent was evaporated and the 

resulting crude was washed by CH3CN, yielding 100 mg of DAd-(N3)2 (25% yield). 1H 

NMR (500 MHz, CDCl3) δ (ppm): 1.83 (s, 12H), 1.97 (s, 6H).  
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4,9-Diaminodiamantane DAd-(NH2)2. A mixture of 92 mg of DAd-(N3)2 (0.3 mmol) 

and 6 mg of Pd/C*in 2 mL of THF was hydrogenated (2.7 bar) in a Fisher-Porter glass 

bottle at room temperature for 22 h. 0.5 mL of hexane was added to the mixture before 

filtering through celite on a coarse glass frit. The solvent was evaporated and the residue 

was washed by n-hexane to get 70 mg of DAd-(NH2)2 as a white solid (95 %). 1H NMR 

(500 MHz, CDCl3) δ (ppm): 1.46-1.62 (m, 16H, CH2, NH2), 1.81 (s, 6H). 

 

 

Ligand 4, 4,9-Diamantanedicarboxylic Acid DAd-(COOH)2 
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Diamantane-4,9-diol (DAd-OH). A suspension of finely triturated diamantane (1.66 

g, 8.8 mmol) in 16 mL of CH2Cl2 was stirred in a cooling bath of iced water. To this 

suspension 9 mL of fuming HNO3 (100%) was added dropwise over a period of 10 min. 

The reaction mixture was stirred at 0 °C for 20 min, the iced water bath was removed, 

and the mixture was stirred overnight at room temperature. Afterwards, the reaction 

mixture was diluted with CH2Cl2, and the excess of HNO3 was neutralized with 

NaHCO3 at 0 °C under vigorous stirring. The precipitate formed was filtered and 

washed with CH2Cl2 which removed at reduced pressure affording 3 g of crude nitroxy-

diamantane. The crude product is added to 60 mL of 96% H2SO4 at 0 °C and stirred 2.5 

h at room temperature. Next, the reaction was poured onto 300 g of ice and extracted 

with CHCl3. Combined organic extracts where dried over MgSO4 and solvent was 

removed at reduced pressure. Crystallization of the residue from methanol yield 0.5 g 

(26 %) of diamantane-4,9-diol. 1H NMR (500 MHz, DMSO) δ: 1.58 (s, 12H), 1.77 (s, 

6 H), 4.30 (s, 2H, OH). 
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4,9-Diamantanedicarboxylic Acid DAd-(COOH)2. 0.2 g of diamantane-4,9-diol (0.9 

mmol) was added to a 96% solution of 70 mL of H2SO4 cooled to 0 °C and containing 

several drops of HCOOH. 2 mL of HCOOH 98% were added dropwise with stirring 

within 4 h. The reaction was stirred overnight at room temperature. The mixture was 

afterwards poured into ice and the resulting precipitate was collected by filtration, 

washed with water, and dried to afford 0.22 g of DAd( (88 %). 1H NMR (500 MHz, 

dmso-d6) δ (ppm): 1.76 (s, 6 H),1.78 (s, 12H). 13C NMR (126 MHz, dmso-d6) δ (ppm): 

35.8 CH, 37.6, 38.8 CIV, 178.5 CIV (COOH). 
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Synthesis of Ru NP stabilized by (di)carboxylic polymantane ligands 

In a typical experiment [Ru(COD)(COT)] complex and the desired ligand were 

introduced in a Fisher-Porter bottle, solubilized with THF, and stirred 1h in the 

glovebox. The resulting yellow solution was pressurized with 3 bar of H2. The solution, 

which turned black after few minutes of reaction, was kept under stirring overnight at 

room temperature. After this period of time, excess of H2 was eliminated and the 

volume of solvent was reduced under vacuum. Pentane was then added to the colloidal 

suspension to precipitate the Ru nanoparticles. After filtration under argon with a 

cannula, the black solid powder was washed twice with pentane and filtrated again 

before drying under vacuum. For each ratio studied, the quantities of reactants are 

detailed hereafter. The products were all kept in glovebox to avoid oxidation. The 

assemblies and NP are stable in solution for several days in inert atmosphere. 

Ru@1 - 5/1: 100 mg (0.32 mmol) of [Ru(COD)(COT)], 70.4 mg (0.06 mmol) of 

AdCOOH, and 40 mL of THF. Yield: 30.5 mg. Ru loading: 77.9 % (mass). 

Ru@1 - 10/1: 250 mg (0.79 mmol) of [Ru(COD)(COT)], 14.3 mg (0.08 mmol) of 
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AdCOOH, and 100 mL of THF. Yield: 82.5 mg. Ru loading: 65.5 % (mass). 

Ru@1 - 20/1: 150 mg (0.48 mmol) of [Ru(COD)(COT)], 4.3 mg (0.02 mmol) of 

AdCOOH, and 90 mL of THF. Yield: 46 mg. Ru loading: 78.7 % (mass). 

Ru@2 - 5/1: 150 mg (0.48 mmol) of [Ru(COD)(COT)], 22.0 mg (0.10 mmol) of 

Ad(COOH)2, and 60 mL of THF. Yield: 78.0 mg. Ru loading: 50.2 % (mass). 

Ru@2 - 10/1: 150 mg (0.48 mmol) of [Ru(COD)(COT)], 17.8 mg (0.05 mmol) of 

Ad(COOH)2, and 60 mL of THF. Yield: 49.4 mg. Ru loading: 61.8 % (mass). 

Ru@2 - 20/1: 200 mg (0.634mmol) of [Ru(COD)(COT)], 7.1 mg (0.03 mmol) of 

Ad(COOH)2, and 60 mL of THF. Yield: 71.2 mg. Ru loading: 70.1 % (mass). 

Ru@4 - 10/1: 250 mg (0.79 mmol) of [Ru(COD)(COT)], 21.9 mg (0.08 mmol) 

of DA(COOH)2, and 100 mL of THF. Yield: 107.3mg. Ru loading: 67.7 % (mass). 

Ru@5 - 10/1: 150 mg (0.48 mmol) of [Ru(COD)(COT)], 7.2 mg (0.05 mmol) of 

AdNH2, and 60 mL of THF. Yield: 41 mg. Ru loading: 82.5 % (mass). 

Ru@6 - 10/1: 250 mg (0.79 mmol) of [Ru(COD)(COT)], 13.1 mg (0.08 mmol) of 

Ad(NH2)2, and 100 mL of THF. Yield: 85.8 mg. Ru loading: 80.1 % (mass). 

Ru@7 - 10/1: 250 mg (0.79 mmol) of [Ru(COD)(COT)], 17.2 mg (0.08 mmol) of 

DA(NH2)2, and 100 mL of THF. Yield: 112.2 mg. Ru loading: 65.7 % (mass). 

Ru@8 - 10/1: 88 mg (0.28 mmol) of [Ru(COD)(COT)], 8.4 mg (0.03 mmol) of 

BAd(NH2)2, and 35 mL of THF. Yield: 26 mg. Ru loading: 70.2 % (mass). 

Synthesis of Ru complexes 

Synthesis of [Ru(κ2-AdCOO)(η2,η2-C8H12)(η3-C8H11)] – Ru1 

To a solution of [Ru(COD)(COT)] (100 mg, 0.32 mmol) in 10 mL of dry acetone, an 

excess of ligand 1 was added (62 mg, 0.35 mmol). The yellow solution was allowed to 

react 1h at room temperature in the glovebox. After this period, the solvent was slowly 

evaporated until a yellow precipitated appeared. The solvent was filtered off, the yellow 
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solid was cleaned twice with 3 mL of dry acetone, and dried under vacuum overnight. 

Yield: 111 mg (64%). 

1H NMR (300MHz, CD2Cl2): δ (ppm) = 5.48 (m, 1H, CH COT), 5.22 (m, 1H CH, COT), 

5.22 (m, 1H CH, COD), 4.65 (m, 2H, CH, COD), 4.17 (m, H, CH, COT), 3.97 (m, 1H, 

CH, COT), 3.27 (m, CH, COT), 2.94 (m, CH, COD), 2.44 (m, 4H, CH2, COD), 2.05, 

1.98, 1.81, 1.5, 1.37, 1.24 and 0.98 (m, 10H total, CH2), 1.89 (m, 3H, CH2, adamantane), 

1.78 (m, 6H, CH2, adamantane) and 1.62 (m, 6H, CH2, adamantane). 13C NMR (75 

MHz, CD2Cl2): δ (ppm) = 189.9 (-COO-), 135.0 (-CH=, COT), 125.8 (-CH=, COT), 

105.2 (coordinated CH, COT), 90.6 (coordinated CH, COD), 84.9 (coordinated CH, 

COD), 80.6 (coordinated CH, COT), 73.2 (coordinated CH, COD), 58.4 (coordinated 

CH, COT), 41.5 (quaternary carbon), 39.0 (CH2, adamantane), 36.7 (CH2, COD), 33.4 

(CH2, COD), 28.8 (CH2, COT), 28.3 (CH, adamantane), 25.9 and 25.8 (CH2, COD), 

24.8(CH2, COT), 24.5 (CH2, COT). IR (neat) ν = 1497 cm-1 (s, ν(C-O)), 1443 cm-1 (s, ν(C-

O)), 1309 cm-1 (m, ν(C-C)). Anal. calcd. (%) for C27H38O2Ru (495,67 g/mol): C,65.43; H, 

7.73; Ru 20.39; found: C 65.59, H 8.39, Ru 20.99. Single crystals of Ru1 suitable for 

X-ray diffraction were obtained by slow evaporation of a saturated solution of the 

complex in acetone. 

Synthesis of [Ru2(κ2-Ad(COO)2)(η2,η2-C8H12)2(η3-C8H11)2] – Ru2   

To a solution of ligand 2 (80 mg, 0.36 mmol) in 10 mL of dry acetone, [Ru(COD)(COT)] 

(280 mg, 0.89 mmol) was added. The solution turned orange immediately, and after 20 

min of agitation at room temperature in the glovebox a yellow precipitated appeared. 

The solvent was filtered off, and the yellow solid was cleaned twice with 5 mL of dry 

acetone, and dried under vacuum overnight. Yield: 160 mg (71%).  

1H NMR (300MHz, CD2Cl2): δ (ppm) = 5.44 (m,2H, CH, COT), 5.24 (m,2H, CH, COT), 

5.21 (m,2H, CH, COD), 4.67 (m,4H, CH, COD), 4.17 (m, 2H, CH, COT), 3.99 (m, 2H, 

CH, COT), 3.28 (m, 2H, CH, COT), 2.95 (m, 2H CH, COT), 2.45 (m, 8H, CH2, COD), 

1.83, 1.28, 1.52, 1.37, 0.99 and 0.94 (m, 20H total, CH2), 2.04, 1.83, 1.72 and1.58 (m, 

14H total, CH and CH2, adamantane).13C NMR(75 MHz, CD2Cl2): δ (ppm)= 189.1 (-
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COO-), 134.9 (-CH=, COT), 125.7 (-CH=, COT), 105.2 (coordinated CH, COT), 90.7 

(coordinated CH, COD), 85.1 (coordinated CH, COD), 80.7 (coordinated CH, COT), 

73.3 (coordinated CH, COD), 58.5 (coordinated CH, COT), 41.8 (quaternary carbon), 

38.3(CH2, adamantane), 36.3 (CH2, COD), 35.7 (CH2, adamantane), 33.4 (CH2, COD), 

28.9 (CH2, COT), 28.3 (CH, adamantane), 25.9 and 25.8 (CH2, COD), 24.9 (CH2, COT), 

24.5 (CH2, COT). IR (neat) ν = 1502 cm-1(s, ν(C-O)), 1430 cm-1 (s, ν(C-O)), 1451 cm-1 (m, 

ν(C-C)). Anal. calcd. (%) for C44H60O4Ru2 (855.1 g/mol): C, 61.8; H, 7.07, Ru, 23.6; 

found: C 60.5, H 7.2, Ru 23.3. 

Synthesis of [Ru2(µ-AdCOO)2(µ-η3,η2,η2-C8H9) (η3-C8H9)(THF)] – Ru3 

A yellow solution of ligand 1 (70 mg, 0.36 mmol), Ru(COD)(COT)] (50 mg, 0.16 mmol) 

in 10 mL of dry acetone was allowed to react at room temperature. After 2h of stirring, 

the solution was evaporated to dryness. The crude was then solubilized with 10 mL of 

dry THF and stirred overnight at 55 °C. After this period THF was evaporated under 

vacuum and the 1H NMR of the crude was recorded. Single crystals of Ru3 suitable for 

X-ray diffraction were obtained by slow evaporation of a saturated solution of the crude 

in THF. IR (neat) ν = 1691 cm-1 (s, ν(C=O)), 1553 cm-1 (s, ν(C-O)), 1407 cm-1 (s, ν(C-O)), 

1451 cm-1 (m, ν(C-C)), 1258 cm-1 (vs, ν(C-O)). 

Characterization 

The ruthenium content in the products was measured by ICP performed at the LCC with 

a Thermo Scientific ICAP 6300 instrument. Elemental analyses of C, H, and N were 

carried out on a PERKIN ELMER 2400 serie II elemental analyzer. 

TEM and HR-TEM analyses were performed at the “Centre de microcaracterisation 

Raimond Castaing, UMS 3623, Toulouse” by using a JEOL JEM 1011 CX-T electron 

microscope operating at 100 kV with a point resolution of 4.5 a and a JEOL JEM 1400 

electron microscope operating at 120 kV. The high-resolution analyses were conduct 

by using a JEOL JEM 2100F equipped with a field emission gun (FEG) operating at 

200 kV with a point resolution of 2.3 a and a JEOL JEM-ARM200F Cold FEG 

operating at 200 kV with a point resolution of > 1.9 a. The particle size distribution was 
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determined through a manual measurement of enlarged micrographs from different 

areas of the TEM grid (at least 200 particles).  

SS- NMR spectroscopy (magic angle spinning, MAS NMR) with and without 1H-13C 

cross polarization was performed at the LCC with a Bruker Avance 400WB instrument 

equipped with a 4 mm probe with the sample rotation frequency being set at 12/16 kHz, 

unless otherwise indicated. Measurements were carried out in a 4 mm ZrO2 rotor. 

Liquid NMR spectra were obtained with Bruker Fourier 300 systems using CD2Cl2 / 

THF-d8 as the solvent, TMS as internal standard, with proton and carbon resonances at 

300 and 75 MHz, respectively.  

The crystallographic data were collected on a Bruker Kappa Apex II diffractometer 

equipped with a 30 W air-cooled microfocus source using MoKα radiation (λ = 0.71073 

Å). An Oxford Cryosystems Cryostream cooler device was used to collect the data at 

low temperature (100(2)K). Phi- and omega- scans were performed for data collection. 

An empirical absorption correction with SADABS was applied [Bruker, SADABS, 

Bruker AXS Inc., Madison, Wisconsin, USA]. The structures were solved by intrinsic 

phasing method (SHELXT)53 and refined by means of least-squares procedures on F² 

with SHELXL53. All non-hydrogen were refined anisotropically and all hydrogen atoms 

were refined isotropically at calculated positions using a riding model. 

IR spectra were recorded with a PerkinElmer GX2000 spectrometer installed in a 

glovebox, in the range 4000–400 cm-1. WAXS measurements were performed at 

CEMES on a diffractometer dedicated to pair distribution function (PDF) analysis: 

graphite monochromatized molybdenum radiation (0.07169 nm), solid-state detection, 

and low background setup. Samples were sealed in Lindemann glass capillaries 

(diameter 1.0 mm) to avoid any oxidation after filling in a glovebox. For all samples, 

data were collected in an extended angular range (2q= 1298) with counting times of 

typically 150 s for each of the 457 data points, thus allowing for PDF analysis. Classic 

corrections (polarization and absorption in cylindrical geometry) were applied before 

reduction and Fourier transform. 
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XPS measurements were performed on a Thermo K spectrometer working at a base 

pressure of 5x10-9 mbars and equipped with a monochromatic Al K X-ray source 

(1486.7 eV). The spectra presented here were recorded with a Pass Energy of 20 eV. 

The data were processed with CasaXPS using Gaussian-lorentzian combinations and a 

Shirley background. Scofield photoionization cross-sections55 corrected for the 

transmission function of the analyzer and the analysis depth were used for 

quantifications. 

ET experiments were realized by a FEI Titan transmission electron microscope 

operating at 300 kV, equipped with a CT objective lens, a FEG electron source and a 

Gatan 2kX2k CCD camera. The tomogram was reconstructed by using the software 

Inspect3D (FEI) using the SIRT method (Simultaneous Iterative Reconstruction 

Technique) with 30 iterations, applied on several TEM images acquired with the sample 

tilted between +70 and -70 degrees, with an angular step of 2 degrees. The 3D-

nanoparticles reconstruction was finally realized using the software AVIZO (FEI), 

while the calculation of the distance among their center was performed by a dedicated 

code developed at KAUST visualization lab. 

SAXS measurements were performed on the XEUSS 2.0 laboratory source equipped 

with a pixel detector PILATUS 1M (DECTRIS) and an X-rays source provided by a 

GeniX3D with a fixed wavelength based on Cu Kα radiation (λ = 1.54 Å). The sample 

to detector distance was fixed at 1216.5mm giving a q range starting from 0.005 Å-1 to 

0.5 Å-1 assuming that q is the scattering vector equal to 4π/λ sin θ with 2θ the scattering 

angle. The distance was calibrated in the small angles region using silver behenate (d001 

= 58.34 Å). The powders of nanoparticles were stored on sealed capillaries to prevent 

oxidation and placed on motorized sample holder. To remove scattering and absorption 

from air, a primary vacuum has been applied to the entire instrument. Acquisition time 

per sample was 1 hours and all scattering curves were corrected for the empty capillary 

contribution, divided by transmission factor, acquisition time and optical path in order 

to obtain SAXS curves in absolute units (cm-1). The X-ray scattering curves at low q 

can be described as the scattering from multiscale organization of nanoparticle 
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assembly. The elementary particles can be assimilated as dense spherical objects 

showing interaction at small distances. In this case, we can describe the SAXS curves 

at medium and high angles (0.1 to 1Å-1) with a form factor of sphere multiplied by a 

structure factor to take an account of interactions at low distances. At small and 

intermediate angles (0.01-0.1Å-1), the increase of the intensity indicates the presence of 

large assemblies containing the nanoparticles, and the state of the surface of these large 

size objects can be described with a power law function. The total scattering is the sum 

of the different scattering contributions and the SASView program (SasView, 

http://www.sasview.org/) has been used to build the sum model and fit the data. The 

global equation applied to fit the data can be written as follow:  

𝐼(𝑞)𝑔𝑙𝑜𝑏𝑎𝑙 = 𝐼(𝑞)𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟𝑎𝑡𝑒𝑠 + 𝐼(𝑞)𝑠𝑝ℎ𝑒𝑟𝑒 ∗ 𝑆(𝑞) 

𝐼(𝑞)𝑔𝑙𝑜𝑏𝑎𝑙 = 𝐴𝑞−𝑃 +
𝐵

𝑉
[
3𝑉(∆𝜌)(sin(𝑞𝑟) − 𝑞𝑟𝑐𝑜𝑠(𝑞𝑟)

(𝑞𝑟)3
]

2

∗ [1 +
1

𝑣1
4𝜋∫ (𝑔(𝑟) − 1)𝑟2

sin⁡(𝑞𝑟)

𝑞𝑟
𝑑𝑟

∞

0

] 

 

where the A and B are factor scaling, P the slope providing information of the surface 

and the sphere is described by the volume V, the radius r and the contrast . The form 

factor S(q) used here correspond to the “hard sphere interaction model” described by 

Percus-Yevick.54 Finally, three parameters such as radius of the sphere r, the state of the 

surface P and the inter-particle distance d are employed to fit the data.   

At very small angles (<0.01Å-1), we are unable to determine the size of large assemblies 

but in some conditions we can observe oscillations coming from interaction at short 

distances between large size particles. By adding a term I(q)sphere*S(q) to give a 

contribution of large spheres with a spatial distribution at short distances, we can fit the 

beginning of the curve giving an approximation of the spatial distribution of these large 

particles. 
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Computational details section 

The DFT calculations were performed using the Vienna ab initio simulation package 

(VASP),55-58 based on the full-potential projector augmented wave framework,59-60 

Exchange-correlation effects have been approximated using the spin-polarized version 

of PBE functional.61 A kinetic-energy cutoff of 400 eV was found to be sufficient to 

achieve a total-energy convergence within several meV, considering the k-point 

sampling in Gamma-point only calculations for isolated molecules and complexes, in 

conjunction with a gaussian smearing with a width of 0.05 eV. During geometry 

optimization runs, all the atoms were fully relaxed until forces on individual atoms were 

smaller than 0.01 eV/Å. Calculation cells for isolated molecules and complexes were 

(25x26x27) Å3, to avoid spurious interactions between periodic images. Figures of the 

different geometries were produced thanks to the 3D visualization program VESTA.62 

Bader charge analyses were performed using Henkelmann’s group code.63 The optimal 

geometries upon H2 adsorption were constructed following the results of reference,64 i. 

e. all available μ3 sites were occupied and then the top sites and, if needed, some bridge 

sites were used to build the starting geometries. Reaction barriers were estimated by the 

climbing image nudge elastic band (CI-NEB) method65-67 with a spring force between 

images of 5 eV/Å2 and a force tolerance of 0.05 eV/Å. The harmonic vibrational modes 

were systematically calculated to distinguish minima and saddle points using dynamical 

matrix extraction scheme of VTST tools.  
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3.1 Introduction 

As described in Chapter 2, and in previous published works,1-3 carboxylic acid groups 

strongly coordinate to the Ru NP surface. A previous work in our group has shown that 

the multitopic C66(COOH)12 ligand provided Ru@C66(COOH)12 nanostructures (Figure 

3.1), which are ordered in assemblies.1 The formation of the network was confirmed by 

SAXS and electron tomography analyses. Other fullerene derivatives have been also 

reported for the stabilization of Au NP providing similar assemblies.4-7 

 

Figure 3.1 a) TEM image of the Ru@C66(COOH)12 self-assembly displaying Ru NP mean size 

diameter of 1.2 nm; b) SAXS spectrum of the Ru@C66(COOH)12 assembly; and c) optimized 

structure established through theoretical calculations of C66(COOH)12-Ru13-C66(COOH)12 

displaying a highly favourable formation (-149 kcal·mol-1) and a monodentate and a bridging 

bidentate coordination of carboxylic acids groups to the Ru NP surface.1 

 

A ligand with the same fullerene structure but including spacers in between the cage 

and the anchoring groups (-COOH) can be of interest in order to build up similar Ru 

NP networks with a longer distance among the NP to control the porosity of the 

assembly. In this sense three ligands of hexa-adducted fullerene have been previously 

synthesised (Scheme 3.1),8 but only compound 1 was used for building up NP 

assemblies. The [60] fullerene hexakis-adduct synthesised through click chemistry 

(Scheme 3.1c, compound 4, HF) allows obtaining a longer spacer between the acid 

moieties and the fullerene cage. Its synthesis is straightforward giving better yields than 

the other proposed compounds depicted in Scheme 3.1. In this chapter the synthesis and 
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use of this fullerene-based ligand for stabilizing Ru NP is described. 

 

Scheme 3.1 Previously synthesized fullerene adducts bearing carboxylic acid groups:  a) 

compound 1 C66(COOH)2; b) compound 3 and c) compound 4.8 

 

In this chapter it is also described the use of ligands having a triphenylene backbone as 

stabilizers of Ru NP. The triphenylene moieties with an extended aromatic sp2 basal 

plane and six substituents at the periphery position of the polyaromatic core 

(Figure 3.2a) have been exploited as discotic liquid crystal.9-10 The disc-shaped 

molecules form mesophases, which are of primarily two types: nematic and columnar. 

In the discotic nematic phase, the arrangement of discs is orientationally ordered with 

no long-range translational order, while, in the columnar phase, the discs are stacked 

one on top of another to form columns (Figure 3.2b and c). The properties of 

mesomorphism and the presence of several binding sites lead to use widely these kind 

of molecules as building blocks to obtain self-assembled materials, such as metal 

complexes, polymers, metal-organic frameworks (MOFs), among others.11-15 
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Figure 3.2 a) Functionalized triphenylene molecule; and schematic representations of b) the 

discotic nematic phase and c) the columnar phase.  

 

For instance, triphenylene hexa-substituted derivatives afforded 2D MOFs because of 

the presence of the planar molecule, thus leading to extended sheets, which provided a 

significant electroactivity.16-18 Also, triphenylene-2, 6, 10-tricarboxylate was applied to 

construct dynamic fluorescent 3D MOFs along the c axis with Tb3+, which was stable 

and highly selective sensor of nitroaromatic compounds.19 Furthermore, metal 

complexes containing triphenylene based ligands were found to display photonic 

properties, for example, Pt complexes are luminescent metallomesogens.20 S. Coco, P. 

Espinet et al.21 reported mesophase organometallic complexes of isocyano-

triphenylene molecule with several metals, including Au, Cu, Pd and Pt, which 

displayed promising properties for further applications as semiconductors. Columnar 

mesophases were detected resulting from π-π stacking of the triphenylene, and also due 

to inorganic columns formed through dipole-dipole interactions of the metallic moieties. 

It was also found that triphenylene based molecules can be well ordered and assembled 

on Ag (111) and Au (111) substrates.22-24 

The nanocomposites of discotic liquid crystal hybridized with, or stabilizing, metal 

nanoparticles have been also reported; the associations of the compounds improved the 

liquid crystal properties leading to novel materials for device applications.25-26 As an 

illustration, Au NP was intercalated into a matrix of a discotic liquid crystals of 

hexapentyloxytriphenylene (TP) altering the thermophysical properties, leading to 
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enhanced conductivity and keeping the columnar mesophase.27-31The thermodynamic, 

electrical and optical properties of the TP liquid crystalline material could be also 

modified by supported Ag NP.32-33 Miyake et al.34-35 synthesized Au NP coated with 

hexaalkoxy-substituted triphenylene, which can be self-assembled to stripe-like 

arrangement of hcp structure due to the π-π interactions of ligands with the NP surface. 

The controllable arrangement of NP was achieved successfully by modifying the 

solvent ratio between methanol and toluene. Z. Shen et al. reported a simple method to 

transfer Au NP capped with triphenylene moiety into Au nanodisks by UV irradiation.36 

Wire-assembled Au NP were synthesized by template effect of star-shaped triphenylene 

columnar stacks.37 Similarly, 2D hexagonal Au superlattices were produced by the 

confinement of NP stabilized by TP in the mesophase.38 Other materials based on ZnO 

NP have also been reported. ZnO NP can coordinate with thiol-functionalized 

triphenylene ligand to obtain polymer/ZnO hybrid solar cells, with enhanced charge 

separation and transfer efficiency compared to polymer/ZnO without the ligand.39  

2D materials own remarkable physical and chemical properties, making it the focus of 

the forefront of material science. Due to their unique geometric and electronic 

properties, 2D materials can also find applications as catalysts.40 The properties of 

extended 2D and mesophase of triphenylene derivative has been investigated by using 

carboxylic triphenylene (Scheme 3.2).41-44  

 

 

Scheme 3.2 a) Triphenylene-2,6,10-tricarboxylic acid;41 b) ester derivatives of triphenylene 

with two carboxylic groups.42-44 
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In this chapter, 3D Ru NP assemblies are synthesized by means of HF functionalized 

fullerene compound. In addition, the possibility to create 2D structures with a planar 

compound, tricarboxylic-hexyloxy triphenylene (TPhTC) compound, is also explored. 

For comparative purposes, mono carboxylic triphenylene (TPhC) ligand is discussed 

as well. Finally, 9,10-dicarboxylic acid anthracene (AnDC), which is commercial and 

presents a simple and planar structure is explored. 

3.2 Results and discussion 

3.2.1 3D Ru NP assemblies with hexa-substituted fullerene 

Ru NP assemblies were produced through hexa-adducts functionalized C60 (HF) ligand 

(Scheme 3.1c) leading to similar 3D assemblies to the ones described with adamantane 

based ligands described in Chapter 2. 

3.2.1.1 Synthesis of hexa-substituted fullerene C60 and their corresponding Ru 

NP assemblies 

This compound was synthesized in the laboratory of Prof. Nazario Martin in Madrid 

(Spain) during three months internship. The synthesis of hexa-substituted fullerene C60 

(HF) is depicted on Scheme 3.3. The cycloaddition of malonate to the [6, 6] double 

bonds of C60 through a Bingel-Hirsh reaction afforded Th-hexa-adducts 4-pentyn 

malonate fullerene, compound (2). Via ‘click’ reaction,45 hexanoic acid was attached to 

(2) through a triazole-link producing the desired multitopic carboxylic acid derivative. 

The detailed reaction procedure is described in the experimental section.  
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Scheme 3.3 Synthesis of the hexa-substituted fullerene C60 (HF) using a Bingel-Hirsch 

HF 



Chapter 3 3D and 2D self-assemblies of Ru nanoparticles via multitopic ligands 

152 

 

hexaadduct and click chemistry.45-47 

 

The 13C NMR spectrum of HF is depicted on Figure 3.3. A set of three peaks 

corresponding to the sp2 carbons of the C60 fullerene cage appear at 145.5 and 141.2 

ppm, and at 69.2 ppm due to the sp3 carbons. Besides, a signal for the cyclopropane 

unit appears at 46.0 ppm. The signal at 163.3 ppm is attributed to the ester group. The 

expected resonances of the carbon atoms of the 1,2,3-triazole unit are clearly observed 

in 122.3 and 66.9 ppm. The presence of carboxylic acid is confirmed by the peak at 207 

ppm. 

 

Figure 3.3 13C{1H} NMR in DMSO-d6 of HF. 

 

With the ligand in hand, Ru nanostructures were synthesized by following the same 

procedure described for previous Ru NP assemblies, i. e. decomposition of 

[Ru(COD)(COT)] in the presence of the ligand in a THF/MeOH mixture by using H2 

at room temperature (Scheme 3.4). In this case, due to the low amount of ligand 

available, only one Ru/L ratio was investigated (120/1). ICP analysis revealed that the 
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ruthenium content is 65.9% in the Ru based nanostructure, which is in agreement with 

the starting Ru to ligand ratio used. The detailed procedure is described in the 

experimental section. 

 

Scheme 3.4 Synthesis of Ru@HF.  

 

3.2.1.2 Characterization of the Ru@HF assembly 

The Ru@HF assembly was characterized using several techniques, including TEM 

(Transmission electron microscopy analyses), ICP (Inductively Coupled Plasma 

analyses), IR (Infrared), SS-NMR (Solid-State NMR analyses), WAXS (Wide-angle X-

ray scattering analyses) and SAXS (Small-angle X-ray scattering analyses).  

TEM images of the as-synthesized Ru NP are shown in Figure 3.4a. Ru@HF is 

revealed to be, as observed for Ru NP structure synthesized in the presence of 

functionalized polyadamantane species (Chapter 2), an assembly of Ru NP, showing 
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the Ru NP mean size distribution of 2.2 ± 1.8 nm. The WAXS diffractogram shown in 

Figure 3.4b is consistent with Ru NP crystallized in the hcp structure. The coherence 

distance is estimated to 2.3 nm, which is in agreement with TEM measurements.  

 

Figure 3.4 a) TEM image of Ru@HF - 120/1 (scale bar = 50 nm) together with the statistic 

distribution of NP size; and b) WAXS diffractogram (left) of Ru@HF - 120/1 together with Ru 

hcp as reference and related RDF (right). 

 

SAXS analysis confirmed the formation of the assembly of Ru NP. The SAXS pattern 

depicted in Figure 3.5, showed a peak centered at 0.19 Å-1, which corresponds to an 

inter-particle distance of 3.3 nm. Comparing to the Ru NP assemblies described in a 

previous work by using the hexa-substituted fullerene C60, Ru@C66(COOH)12,
1 the 

inter-particle size is larger with HF, since the inter-particle distance for 

Ru@C66(COOH)12 was 2.85 nm, which is mostly because that in our case Ru NPs are 

larger and with a broader size distribution (2.2 ± 1.8 nm) than for the Ru@C66(COOH)12 

assembly (1.5 ± 0.8 nm). 
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Figure 3.5 SAXS pattern of Ru@HF. 

 

The coordination chemistry of the ligand HF on the surface of Ru NP was investigated 

by ATR-IR and SS-NMR. 

Infrared analyses show that , upon coordination of the ligand HF on the Ru NP surface, 

two new bands appear at 1580 and 1395 cm-1, (Figure 3.6a) together with the 

disappearance of the signals at 1720 cm-1 (C=O stretch) and 1244 cm-1 (C-O stretch) in 

the infrared spectrum, attributed to the coordination of the carboxylic acid moieties 

(Figure 3.6b). These signals, similar to the ones already described for Ru@2 in Chapter 

2, correspond to carboxylate species coordinating to the Ru surface through a bridging 

bidentate mode. The shift of the band of the C=O of the carboxylic acid due to the 

coordination to the Ru NP surface let to the C=O peak of the malonate at 1731 cm-1 

observed. The triazole can be identified by a band at 1551cm-1 due to the N=N bond,48-

49 and 1440 cm-1 due to N-C stretching50. Adsorbed CO species were also detected with 

a band at 1922 cm-1.  
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Figure 3.6 a) ATR-IR spectra of Ru@HF - 120/1 together with hexa-substituted fullerene C60 

ligand (HF); and b) 13C CP MAS SS-NMR of Ru@HF - 120/1. 

 

The 13C SS-NMR spectra (Figure 3.6b) shows the presence of the ligand in the 

nanostructure through the characteristic peaks of carbon of the 1,2,3- triazole unit 

(120.1 and 63.4 ppm), the fullerene cage (141.4 and 66.2 ppm), quarternary carbon of 

the cyclopropane (50.0 ppm) and the carbon atoms of the alky chains (25.2 ppm). The 

signal of the coordinated carboxylate was not detected because of its low signal as 

mentioned in Chapter 2.  
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3.2.2 Synthesis and characterization of Ru NP assemblies through tricarboxylic-

hexyloxy triphenylene 

The use of tricarboxylic-hexyloxy triphenylene (TPhTC) compound as capping agent 

allows the self-assembly into a 2D nanostructure of Ru NP by following the 

straightforward organometallic synthesis method.  

3.2.2.1 Synthesis of carboxylic/tricarboxylic-hexyloxy triphenylene and 2D 

assemblies with of tricarboxylic-hexyloxy triphenylene 

The decomposition of [Ru(COD)(COT)] under 3 bar of hydrogen pressure was 

performed in the presence of two different triphenylene derivatives, 2(6-(4-

(carboxy)phenoxy)hexyloxy)-3,6,7,10,11-pentakis(hexyloxy)triphenylene (TPhC) and 

2,6,10-tris(6-(4-(carboxy)phenoxy)hexyloxy)-3,7,11-trihexyloxytriphenylene 

(TPhTC) (Scheme 3.5 a, b) These molecules were provided by Prof. Silverio Coco 

(Liquid Crystal and New Materials Group of the Valladolid University), and the 

synthesis process (Scheme 3.5) is described in experimental part. Ru NP 2D assemblies 

were afforded by a one-step procedure, which was carried out at room temperature 

using THF as solvent and several Ru to ligand ratios were investigated.  

The TPhC ligand that bears unique carboxylic group stabilized Ru NP, and as shown 

in the TEM images (Figure 3.7a), the sample consists of isolated NP. This differs from 

the material produced from the TPhTC ligand. Indeed, the presence of the multidentate 

ligand during the synthesis allows obtaining 2D assemblies of Ru NP (Figure 3.7b-f) 

no matter of the Ru to ligand ratio used.  
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Scheme 3.5 Synthesis of a) TPhC; b) TPhTC; and c) Ru NP assemblies with TPhTC. 

 

On the other hand, the increase of the Ru content during the synthetic procedure leads 

to an increase of the Ru NP size, ranging from 1.3 ± 0.5 nm for the Ru/TPhTC ratio of 

20 to 2.4 ± 1.2 nm for the ratio of 120. In contrast with the assemblies obtained with 

the adamantane ligands (Chapter 2), nanostructures stabilized by ligand TPhTC are 

thin tiled assemblies as revealed by TEM analyses, indicating the effect of the planar 
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character of the ligand. 

 

Figure 3.7 TEM images and corresponding size histograms of a) Ru@TPhC with a Ru/L ratio 

of 10/1; and Ru@TPhTC with Ru/L ratio of b) 4/1; c) 20/1; d) 40/1; e) 70/1; and f) 120/1. 

 

HRTEM and HAADF-STEM analyses were performed on several samples (Figure 3.8) 

displaying Ru/L ratios from 6/1, 20/1 to 40/1. In the structural HRTEM analysis 

performed on assembly 6/1 (analysis performed by A. Falqui in King Abdullah 

University of Science and Technology - KAUST), two different shapes of NP are 

presented, one is spherical NP presenting single crystalline domains (Figure 3.8a right 

side panels and b left side panels), the other consists in elongated NP composed by 

different crystalline domains (Figure 3.8b right side panels). Interplanar distances and 

angular relationships measured by 2-Dimensional Fast Fourier Transform (2D-FFT) 

analysis for both types of particles are always consistent with the presence of Ru hcp. 

 

 

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
0

10

20

30

40

50

N
u

m
b

e
r 

o
f 
N

a
n

o
p

a
rt

ic
le

s
Diameter (nm)

0.8 1.0 1.2 1.4 1.6 1.8 2.0
0

5

10

15

20

25

30

35

40

45

N
u

m
b

e
r 

o
f 
N

a
n

o
p

a
rt

ic
le

s

Diameter (nm)
0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

0

10

20

30

40

50

N
u

m
b

e
r 

o
f 
N

a
n

o
p

a
rt

ic
le

s

Diameter (nm)

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
0

10

20

30

40

50

N
u

m
b

e
r 

o
f 
N

a
n

o
p

a
rt

ic
le

s

Diameter (nm)
1.5 2.0 2.5 3.0 3.5 4.0

0

5

10

15

20

25

30

35

N
u

m
b

e
r 

o
f 
N

a
n

o
p

a
rt

ic
le

s

Diameter (nm)



Chapter 3 3D and 2D self-assemblies of Ru nanoparticles via multitopic ligands 

160 

 

 

 

Figure 3.8 HRTEM images of Ru@TPhTC with a Ru/L ratio of a) and b) 6/1 together with 2-

Dimensional Fast Fourier Transform (2D-FFT) analysis; HAADF-STEM images of: c) 20/1; d) 

40/1 (reaction carried out at 0℃ for 7h); and e) 40/1. 

 

At a Ru/L ratio of 20/1, small amounts of clusters and even Ru isolated atoms are shown 

around the NP in assemblies (Figure 3.8c). Similar result was obtained when the 

synthesis was carried at 0 °C for 7h with a 40/1 Ru/L ratio (Figure 3.8d). Following the 

typically synthesis procedure at room temperature for 16h, Ru NP assemblies of 40/1 

only display NP with Ru hcp crystalline structure excluding Ru atoms (Figure 3.8e). 

3.2.2.2 Wide-angle X-ray scattering analyses 

The Ru@TPhTC nanostructures produced at different Ru/L ratios were examined by 

WAXS (Figure 3.9). The patterns show peaks in the corresponding reflections of Ru 

metallic hcp, indicating well-crystallized structures; except for the sample with a 4/1 

Ru to ligand ratio. The strength of the signal is diluted because of the high amount of 

ligand, meanwhile, the small angle peak could indicate strong agglomeration. 
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Figure 3.9 Diffractograms of Ru@TPhTC species displaying several Ru/L ratio (4 to 120 from 

bottom to top) together with the reference of Ru hcp structure (top); and related RDF (bottom).   

 

After Fourier transformation, the RDF functions indicate that coherence distance is 

ranged from 1.8 nm to 2.2 nm for ratios from 20/1 to 70/1, for sample 120/1, the NP 

size is up to 2.7~2.8 nm; which is agreement with Ru NP sizes determined by means of 

TEM analyses. On the other hand, because of the weak signal of the Ru@TPhTC 4/1 

sample, the determination of the coherence length is difficult and is estimated to be 1.3-

1.4 nm. 

 

3.2.2.3 Small-angle X-ray scattering analyses 
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SAXS analysis was performed to reveal the arrangement of Ru NP inside the assembly 

and the appearance of the assembly particle. The peaks at high angle (> 0.1Å-1) 

represent the average distance between NP detected at 0.18, 0.20 and 0.22 Å for 

Ru@TPhTC samples 70/1, 40/1 and 20/1. The correlation distance is calculated by q 

= 4πsinθ/λ and Bragg’s law function 2dsinθ = nλ, displaying center to center distance 

as 3.68, 3.56 to 3.11 nm, for samples 70/1, 40/1 and 20/1, respectively. As the length of 

the ligand is the same for all Ru NP series this variation on the distance is caused by 

the different Ru NP mean size diameter (1.9 ± 0.7, 1.7 ± 0.8, and 1.3 ± 0.5 nm, for 

Ru@TPhTC - 70/1, 40/1 and 20/1, respectively), which fits well with a distance of 

about 1.8 nm for all cases due to the presence of the ligand. Table 3.1 summarizes the 

Ru NP sizes of Ru@TPhTC series determined by TEM and SAXS, together with the 

inter-particle distance determined by SAXS. 

 

 

Figure 3.10 SAXS spectra of Ru NP assemblies with TPhTC ligands (red curve, Ru@TPhTC 

- 20/1, yellow curve, Ru@TPhTC - 40/1, and green curve, Ru@TPhTC - 70/1). The 

experimental SAXS curves are plotted in Log I(q) fct Log q representation in black line and the 

fitting curves corresponding to the calculated SAXS curves from the model are plotted in 

dashed line.  

 

Table 3.1 Mean size distributions, inter-particle distances of the synthesized Ru NP and Ru NP 
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networks with TPhTC using different Ru/L ratio. 

Ru/L 

(molar) 

Ru NP size  

(nm)a) 

Ru NP size  

(nm)b) 

Inter-particle distance 

(nm)c) 

4/1 - 1.3-1.4 - 

20/1 1.3 ± 0.5 nm 1.8 3.11 

40/1 1.7 ± 0.8 nm 2.1 3.56 

70/1 1.9 ± 0.7 nm 2.2 3.68 

120/1 2.4 ± 1.2 nm 2.7-2.8 - 

a) By TEM; b) by WAXS; c) by SAXS. 

 

3.2.2.4 Electron tomography analyses 

To confirm the short-range order between the Ru NP, an ET (Electron tomography) 

analysis was performed by A. Falqui in King Abdullah University of Science and 

Technology on a typical aggregate obtained at a Ru/L molar ratio of 40/1 (Figure 3.11). 

After performing ET on a large NP assembly, it was possible to determine the 

distribution of the inter-particle distance. For this the volume of the assembly was 

segmented into three small boxes (Figure 3.12a) to reconstruct the 3D shape, indicating 

an inter-particle distances of 3.4 nm (box 1), 3.5 nm (box 2) and 3.8 nm (box 3) in 

Figure 3.12b.  
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Figure 3.11 a) Tomogram of the Ru NP assembly produced from TPhTC using a 40/1 Ru/L 

ratio; and b) manual reconstruction of some Ru NP from the corresponding tomogram. A slice 

of the latter was used just as a visual background for the NP. It should be noticed that not all 

the NP imaged by ET are reported, but just few of them, properly chosen in order to make it 

clearly distinguishable.  

 

The mean inter-particle distance determined by ET for this sample (3.57 nm) is in 

excellent agreement with the SAXS analysis (3.56 nm). 
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Figure 3.12 a) Volume segmentation of an assembly of Ru NP; and b) inter-particle distance 

distributions into the three boxes (measured on ~ 4000 distances for each boxes). 

 

3.2.2.5 Atomic force microscopy analyses 

AFM (Atomic Force Microscopy) analyses were performed to explore the surface 

morphology of the assembly, and to confirm their 2D structure. AFM image, height 

profile and 3D image of Ru@TPhTC with a Ru/L ratio of 40/1 are shown on Figure 

3.13. The thickness of the sheets was measured to be 3 to 8 nm with some variations. 

Considering that the size of the Ru NP is around 2 nm, the thickness of the assembly 

corresponds to one to four NP in the assembly layer. Notably, the lateral size of the 

nanosheets ranges from 200 nm to 500 nm, presenting a high aspect ratio, thereby 

confirming their 2D layered structure. 
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Figure 3.13 a) AFM image of Ru@TPhTC using 40/1 Ru/L ratio; b) height profile along the 

line depicted on a) line 1; and c) 3D image of the assembly. 

 

3.2.2.6 X-ray photoelectron spectroscopy analyses 

XPS (X-ray photoelectron spectroscopy) analyses of Ru@TPhTC were performed in 

an inert atmosphere. Two different Ru/L ratio, 4/1 and 40/1, were investigated, the 

spectra of which are depicted in Figure 3.14. The binding energies (BE), full width at 

half maximum (FWHM) and atomic composition are summarized in Tables 3.2 and 3.3. 

The elements identified in the nanostructures are Ru, C and O. For the Ru@TPhTC - 

40/1 sample, metallic Ru is evidenced by two doublet peaks of Ru 3d at 279.9 and 284.1 

eV, and Ru 3p at 461.5 and 483.7 eV. The C 1s peak is deconvoluted into several peaks, 

which indicates different chemical environments: C-C and C-H (285.0 eV), 286.4 (C-

O) and 288.1 eV (COO). Two peaks at 530.8 and 532.3 eV of O 1s are in agreement 

with a carbonyl group and a weak peak at 529.5 eV with a Ru-O bond.  
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Figure 3.14 XPS spectra of: a) on the left, Ru/TPhTC - 40/1; b) on the right, Ru/TPhTC - 4/1. 

 

In contrast, Ru@TPhTC - 4/1 shows a clear shift of the Ru 3d peaks (281.1 and 285.3 

eV) with respect to metallic Ru (279.9 and 284.0 eV), displaying values very close to 

the ones of RuO2 (280.7 and 284.9 eV).51 The same situation is evidenced for the Ru  
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Table 3.2 Binding energy, FWHM and atomic composition of Ru@TPhTC - 40/1. 

Bond Ru 3p Ru 3d C1s O 1s 

BE (eV) 461.5 483.7 279.9 284.1 285.0 286.4 288.1 529.5 530.8 532.3 

FWHM (eV) 2.7 2.7 0.9 1.1 1.5 1.5 1.5 1.0 1.7 1.7 

Atomic 

composition 

(%) 

- 26.7 39.3 5.8 1.9 1.9 10.5 9.8 

26.7 47.0 22.2 

 

Table 3.3 Binding energy, FWHM and atomic composition of Ru@TPhTC - 4/1. 

Bond Ru 3p Ru 3d C1s O 1s 

BE (eV) 462.6 484.9 281.1 285.3 285,0 286.4 288.1 531.6 533.0 

FWHM (eV) 3.5 3.5 1.6 1.6 1.3 1.3 1.3 1.7 1.7 

Atomic composition (%) 

- 2.7 57.1 14.1 1.3 3.6 14.9 

2.7 72.5 16.5 
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3p peak (462.6 eV), the peak of which is closer to the value expected for RuO2 (462.6 

eV) than for metallic Ru (461.2 eV).51 These findings suggested that the Ru is 

coordinated to the ligand through oxygen atoms as observed before for Ru-carboxylate 

nanostructures.1 In addition and supporting this hypothesis, the O 1s binding energy 

peaks (533.0 eV) are deconvoluted into C-O and -COO or -OH species.1 The atomic 

Ru percentages of Ru@TPhTC samples are in good agreement with the Ru/L ratio.  

3.2.2.7 Infrared analyses 

The series of Ru NP assemblies synthesized using TPhTC were characterized by ATR-

IR and compared with the spectrum of the free ligand (Figure 3.15). The intense peaks 

at 1251 and 1164 cm-1 corresponding to the ether bonds, together with the peaks 

assigned to the triphenylene aromatic backbone, which appear in the range of 1500-

1600 cm-1, are observed in all spectra, pointing out that the ligand is stable under the 

synthesis conditions. On the other hand, the peak attributed to the C=O stretching of 

the carboxylic acid groups at 1680 cm-1, vanished in the spectra of Ru@TPhTC 

nanomaterials, and a new set of peaks appeared at 1578 and 1367 cm-1. 

 

Figure 3.15 ATR-IR spectra of TPhTC and Ru@TPhTC with Ru/L ratio from 4/1 to 70/1 

(from bottom to top). 
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These peaks are attributed to the formation of carboxylate species coordinated to the 

Ru surface. Giving the Δν = 210 cm-1, the carboxylate group is coordinated in a bridging 

bidentate mode. Chelating bidentate and monodentate carboxylate moieties cannot be 

safely ascribed. Also, adsorbed CO on the Ru NP surface is detected by IR with a band 

at 1932 cm-1. This band is at a lower wavenumber than the ones obtained in the case of 

the polymantanes carboxylic ligands (1940-1960 cm-1). 

3.2.2.8 Solid-state NMR analyses 
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Figure 3.16 a) 13C{1H} NMR spectrum of TPhTC in THF-d8 and; b) 13C CP MAS SS-NMR 

spectrum of Ru@TPhTC with a Ru/L ratio of 40/1. 

 

The 13C NMR spectrum of the TPhTC in ligand in THF-d8 is given in Figure 3.16a. 

The 13C CP MAS SS-NMR of Ru@TPhTC - 40/1 was conducted under an inert 

atmosphere, the spectrum of which is displayed in Figure 3.16b. The peaks at 12.8, 25.4, 

28.4 ppm are attributed to the carbons of the alkyl chain, which link the triphenylene 

core to the carboxylic acid moieties. The broad peak centered at 67.1 ppm corresponds 

to the saturated carbons of the ether bonds besides the aromatic ring. The aromatic 

carbons appear in the range of 103.4 to 148.1 ppm. The weak signal at 204.8 ppm is 

attributed to the carbon of the carboxylate species.  

3.2.2.9 Temperature-programmed desorption analyses 

TPD/MS analyses were performed to obtain information on the thermal stability and 

product decomposition of the Ru@TPhTC - 4/1 and 40/1 samples (Figure 3.17). 

TPD/MS was performed by heating the sample till 1000 ºC at a rate of 5 ºC·min-1 under 

He. Several fragment ions were monitored, including m/z = 2 (H2), 16 (CH4), 18 (H2O), 

28 (CO), and 44 (CO2), in order to monitor the decomposition of the ligand on the Ru 

NP surface. 
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Figure 3.17 TPD patterns of Ru@TPhTC - 40/1 (in orange), 4/1 (in blue) and ligand TPhTC 

(in green): a) CO; b) CO2; c) H2O; d) CH4 and e) H2. 

 

From these analyses, we can first notice that decarboxylation occurs more easily on the 

Ru@TPhTC - 40/1 assembly than on the Ru@TPhTC - 4/1 one, as shown by the 

detection of CO2 at the temperature of 190 °C which is absent on the curve of 4/1 

assembly (in blue Figure 3.17b). This difference could be due to a catalytic 

decomposition effect from the presence of more Ru in Ru@TPhTC - 40/1 compared 

to 4/1. As the temperature increases, a strong decarbonylation (CO desorption) and 

decarboxylation (CO2 desorption) is detected at around 300~400⁡°C for both of the 

assemblies. As shown by the green curves in Figure 3.17a and 3.17b, the TPhTC ligand 

decomposed in the temperature range of 420~440 ℃, which indicates a higher stability 

when compared with the Ru@TPhTC assemblies. A less significant CO and CO2 

evolution is also detected at higher temperatures (around 500 °C) of Ru@TPhTC - 4/1 

(Figure 3.17a-b, blue lines). 

H2, CH4 and H2O were also detected (Figure 3.17c-e), but in much less quantity, which 
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could be due to simultaneous Ru-catalyzed reverse water-gas-shift side reation52. The 

desorption of H2 is suspected to proceed from the proton on the surface of NP. Therefore, 

the presence of traces of CH4 and H2O could be due to the following reactions:  

TPh-CO2* → CO2 + TPh-* (eq. 1) 

TPh- * + H* → TPh-H + * (eq. 2) 

TPh-CO2* + 2H* → TPh-* + CO* + H2O (eq. 3) 

CO* + 6H* → CH4 + H2O (eq. 4) 

As confirmed by the mass analyses (Table 3.4), the amount of desorbed CO is much 

higher than CO2, indicating that the decomposition goes mainly by decarbonylation. 

Furthermore, with higher Ru loading, the CO/CO2 mol ratio decreases from 2.66 to 

2.12, and it is lower than the value found for the free ligand (CO/CO2 = 3.33). It is 

worth noting, that, normalizing the value to the amount of ligand on the Ru@TPhTC 

samples, Ru@TPhTC - 40/1 releases more gaseous products followed by 

Ru@TPhTC - 4/1, which points out to the hypothesis that Ru promotes the 

decomposition of the ligand contained in the sample. 

 

Table 3.4 Mass analyses of CO and CO2 detected in TPD. 

Sample 

CO (μmol/g) CO2 (μmol/g) 

CO/CO2 

assembly liganda) assembly liganda) 

Ru@TPhTC - 40/1 2118 6229 1001 2944 2.12 

Ru@TPhTC - 4/1 4065 4748 1530 1787 2.66 

Ligand 2695 809 3.33 

a) Ligand mass percentage is 34% and 85.6% for Ru@TPhTC - 40/1 and 4/1, respectively. 
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3.2.3 Synthesis and characterization of Ru NP assemblies through 9,10-

dicarboxylic acid anthracene 

Ru@AnDC nanostructures were synthesized by decomposing 10 and 20 equivalents 

of [Ru(COD](COT)] in the presence of 9,10-dicarboxylic acid anthracene (AnDC) 

reduced by hydrogen.  

 

Scheme 3.6 Synthesis of Ru@AnDC. 

The black powder obtained by this synthetic procedure consisted in an assembly of Ru 

NP, in which the nanoparticles displayed a bimodal size distribution centered at 2.0 and 

2.6 nm for 10/1 ratio. For Ru/AnDC ratio of 20/1, a similar result was obtained (Figure 

3.18). Further analytical techniques, such as ICP, IR, SS-NMR, WAXS and SAXS, were 

used to fully characterize this material. 

 

Figure 3.18 TEM images and size distribution histograms of Ru@AnDC with Ru/L ratio of a) 

10/1 and b) 20/1. 
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WAXS analysis revealed well-crystallized nanoparticles in the hcp structure, with a 

coherence length of 3 nm for Ru@AnDC - 20/1 (Figure 3.19). This NP size fits well 

with TEM observations, but only reflects the measured longer mean size distribution. 
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Figure 3.19 a) WAXS diffractogram together with the reference of Ru hcp structure; b) related 

RDF; and c) SAXS pattern of Ru@AnDC displaying a Ru/L ratio of 20. 

SAXS analysis (Figure 3.19c) shows an angle beyond 0.1Å representing the inter-

particle distance that is weak and broad, inferring that the correlation distance is not as 

homogeneous as the assemblies produced with triphenylene ligand. The wide peaks 

shown on the curve which after calculation (equation: q = 4πsinθ/λ and Bragg’s law 

function 2dsinθ = nλ) disclose to main distances of 3.2 nm.  

The coordination of the ligand to the Ru NP surface was studied by means of IR and 

SS-NMR (Figure 3.20). The IR spectra of the AnDC ligand is depicted together with 

the spectrum of the Ru@AndC nanostructure (Figure 3.20a). It is clearly seen, in line 

with previous results presented in this dissertation concerning the coordination mode 

of carboxylate moieties to the Ru NP surface, that the stretching C=O vibration peak at 

1680 cm-1 is no longer detected in the Ru@AnDC IR spectrum. In addition, two intense 

peaks at 1523 cm-1 and 1395 cm-1 for a Ru/AnDC ratio of 10/1, and 1543 cm-1 and 1395 

cm-1 for a Ru/AnDC ratio of 20/1 appear. These peaks are attributed to Ru carboxylate 

species, mainly coordinating in a bidentate bridging mode. Also, the vibration attributed 

to the CO coordinated to the Ru NP surface is detected at 2050 and 1946 cm-1 implying 

different adsorption sites. Some peaks present for the free ligand attributed to the arene 

moieties are no longer detected or the intensity is clearly lower on the Ru@AndC 

structure, indicating the possible hydrogenation of the ligand during the synthetic 

procedure. Furthermore, Ru@AnDC displays two peaks in the C-H stretching region 

at 2923 cm-1 and 2855 cm-1, which can be attributed to sp3 C-H (< 3000 cm-1). These 

observations support the hypothesis of a partial hydrogenation of the ligand. SS-NMR 

confirmed this assumption (Figure 3.20b). 13C SS-NMR spectrum shows two peaks at 

124.6 ppm and 26.5 ppm, which confirms the presence of sp2 and sp3 carbons in the 

sample. The intensity of the signal at 67.5 to 85.7 ppm is more intense when the SS-

NMR is recorded by using cross-polarization, indicating that more protons are in the 

vicinity of the aforementioned peak. This partial hydrogenation could explain the 

inhomogeneity of the Ru NP size in these samples; as a mixture of compounds are 
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available for NP stabilization. 

 

Figure 3.20 a) IR spectra of Ru@AnDC (10/1 and 20/1) and AnDC; and b) 13C CP MAS SS-

NMR spectrum of Ru@AnDC with Ru/L ratio of 10. 

 

3.3 Conclusion  

Ru NP assemblies have been produced successfully using carboxylic functionalized 
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fullerene, triphenylene, and anthracene ligands. These ligands should allow tuning the 

assembly structure (3D with the HF ligand and 2D with the TPhTC or AnDC ligands) 

and inter-particle distance. Coordination via the carboxylate group on the surface of Ru 

NP was confirmed by IR, SS-NMR and XPS analyses. As same as for polymantanes 

ligands, CO was generated during the synthesis by ligand decarbonylation and/or 

solvent decomposition, which remains adsorbed on NP surface. 

TPhTC leads to 2D assembly with 3-8 nm thickness and more than 200 nm extension 

as verified by AFM. The characterization by TEM, ET, WAXS and SAXS show well-

ordered assembly with homogeneous NP size and a relatively large inter-particle 

distances (3.1-3.7 nm according to different Ru/TPhTC ratio). The thermal 

decomposition of the structure was followed by TPD, showing a thermal stability up to 

around 190 °C. 

In comparison, ligand of AnDC is not stable during the synthesis as part of the arene 

backbone is hydrogenated. In consequence, the NP size is not homogeneous resulting 

in uneven correlation distance in between. While, the synthesized hexa-adduct fullerene 

hexanoic acid (HF) establish interweaved 3D assembly with average NP center to 

center distance of 3.3 nm and homogeneous NP. The Table 3.5 summarized the results 

of NP size and inter-particle distance obtained with the three ligands for a similar metal 

loading. 

Table 3.5 Mean size distributions, inter-particle distances of the synthesized Ru NP networks 

using HF, TPhTC and AnDC. 

Ligand Ru/L (molar) 
Ru loading 

(%) 

Ru NP size 

(nm)a) 

Ru NP size 

(nm)b) 

Inter-particle distance 

(nm)c) 

HF 120/1 65.9 1.5±0.8 2.3 3.3 

TPhTC 40/1 66.0 1.7 ± 0.8 2.1 3.56 

AnDC 20/1 66.5 
1.8 ± 0.7 

2.5 ± 1.0 
3.0 3.2 

a) By TEM; b) by WAXS; c) by SAXS. 
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3.4 Experimental section 

Materials  

Solvents were purified by standard methods or by an MBraun SPS-800 solvent 

purification system. 4-pentyn-1-ol, triethylamine, 4-dimethylaminopyridine, malonyl 

chloride, CBr4, C60 fullerene, 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), sodium azide 

(NaN3), 6-bromohexanoic acid, KI, CuBr•SMe2, sodium ascorbate, QuadraSil® MP, 

sephadex LH-20 were purchased from Sigma-Aldrich and used as received. 

Synthesis of hexa-substituted fullerene (HF) 

Di(pent-4-yn-1-yl) malonate (Scheme 3.3 (1)). 4-pentyn-1-ol (0.88ml, 9.46 mmol), 

NEt3 (1.34 mL) and 4-dimethylaminopyridine (DMAP) (11.56 mg, 0.0946 mmol) were 

successively dissolved in CH2Cl2 (25ml) under inert atmosphere. The mixture was 

cooled down to 0 °C, and a solution of malonyl chloride (0.47 mL, 4.73 mmol) in 1~2 

mL CH2Cl2 was added dropwise. After 30 min, the reaction mixture was allowed to 

warm up to room temperature and stirred overnight. The reaction solution was treated 

with 20 mL HCl (1M) twice, and then by the same volume NaHCO3 saturated solution 

for two times. After, the organic phase was washed once by 20 mL of brine, dried over 

MgSO4 and filtered. After evaporation of the solvent the crude product was purified by 

flash chromatography (CH2Cl2/ hexane 3/1) to obtain colorless oily product. (616.2 mg, 

55%). 1H NMR (CDCl3, 300MHz) δ(ppm) = 4.30 (t, J = 6.3 Hz, 4H), 3.4 (s, 2H), 2.31 

(td, J = 7.0, 2.7 Hz, 4H), 1.99 (t, J = 2.7 Hz, 2H), 1.89 (m, 4H). 

Compound (2) in Scheme 3.3. CBr4 (8.8 g, 26 mmol), compound di(pent-4-yn-1-yl) 

malonate (616 mg, 2.6 mmol) and fullerene (187.4 mg, 0.26 mmol) were dissolved in 

dry toluene (500 mL). 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU, 0.78 mL, 5.2 mmol) 

was introduced into the mixture dropwise. The color of the solution changed from violet 

to red. The mixture was kept stirring under inert atmosphere for 72 h at room 

temperature. After that, the organic solution was extracted with 100 mL saturated 

Na2S2O3 solution, 150 mL HCl (1M), deionized water twice and finally with 100 mL of 
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brine. The organic layer was dried with MgSO4 filtered and concentrated under reduced 

pressure. The crude product was purified by flash chromatography using CH2Cl2 as 

eluting solvent. The product was isolated as orange solid (289.9 mg, 53% yield). 13C 

NMR (CDCl3, 75MHz) δ (ppm) = 164.0 (C=O), 146.1 (sp2-C C60), 141.4 (sp2-C C60), 

82.8 (C≡), 70.2 (CH≡), 69.4 (sp3-C C60), 65.7 (CH2), 45.7 (tert-C), 27.5 (CH2), 15.5 

(CH2). 

6-azido-hexanoic acid (Scheme 3.3 (3)). Sodium azide (NaN3, 1 g, 26 mmol), 6-

Bromohexanoic acid (1 g, 5 mmol) and KI (170 mg, 1.02 mmol) were dissolved into 

deionized H2O (15 mL) in a 30 mL glass vial. The reaction was carried out in a 

microwave at 120 °C for 30 min, and cooled down to 55 °C for removing. The mixture 

was extracted with diethyl ether (20 mL) three times. The organic layer was washed 

with brine once and dried with MgSO4. A colorless liquid was afforded after 

concentration at reduced pressure (436 mg, 69% yield). IR (cm-1): 2090.19 (s, N3), 

1703.23 (s, C=O), 1250.95 (m, C-O). 13C NMR (CDCl3, 175MHz) δ (ppm) = 180.3 

(C=O), 51.5 (N-CH2), 34.1 (CH2), 28.8 (CH2), 26.4 (CH2), 24.4 (CH2).    

Compound HF. Compound (2) (120 mg, 0.056 mmol) and 6-azido-hexanoic acid 

(177.2 mg, 1.129 mmol) were dissolved in DMSO (3 mL). CuBr•SMe2 (81.2 mg, 0.395 

mmol) and sodium ascorbate (134.2 mg, 0.677 mmol) were added into the mixture 

successively. The solution was stirred with a stirrer twined with copper wire under inert 

atmosphere at room temperature for 48 h. Then, QuadraSil® MP was added to the 

solution and stirred for 15 min to remove Cu. After filtration the solution was passed 

through a sephadex LH-20 column with CH2Cl2/MeOH (1/1) as elution. The solution 

was washed by centrifugation with AcOEt (10 min, 6000 rpm) for three times. Red 

solid was isolated (79 mg, 36% yield). IR (cm-1): 3140 (w, C-H), 1720 (s, C=O), 1459 

(w, triazole), 1210 (s, C-O), 1006 (m, C-O). 1H NMR (DMSO, 700 MHz): δ = 12.00 (s, 

1H, COOH), 7.89 (s, 1H, N-CH=C), 4.33 (s, 2H, N-CH2), 4.27 (s, 2H, O-CH2-), 2.63 

(s, 2H, CH2), 2.23 (s, 2H, CH2), 1.95 (s, 2H, CH2), 1.77 (s, 2H, CH2), 1.49 (s, 2H, CH2), 

1.21 (s, 2H, CH2). 
13C NMR (DMSO, 175MHz): δ = 163.3 (COOH), 145.5 (sp2-C, C60), 
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141.2 (sp2-C, C60), 122.3 (N-CH=C), 69.2 (sp3-C, C60), 67.0 (N-CH2), 49.6 (O-CH2), 

46.0 ppm (tert-C), 29.9 (CH2), 28.2 (CH2), 26.0 (CH2), 24.6 (CH2), 21.8 (CH2). 

Synthesis of carboxylic functionalized triphenylene (TPhC) and tricarboxylic 

functionalized triphenylene (TPhTC) 

2-(4-(methoxycarbonyl)phenoxy)hexyloxy)-3,6,7,10,11-

pentakis(hexyloxy)triphenylene ((1) in Scheme 3.5 ) 

A mixture of 3,6,7,10,11-pentakis(hexyloxy)triphenylen-2-ol53 (1.22 g, 1.64 mmol), 

methyl-4-(6-bromohexyloxy)benzoate53 (1.80 g, 5.73 mmol), and anhydrous K2CO3 

(0.80 g, 1.44 mmol) in 100 mL of dry butanone was refluxed under nitrogen atmosphere 

for 24 h. After cooling to room temperature, the solvent was removed under vacuum, 

and then water (200 mL) was added. The mixture was extracted with dichloromethane 

(5 x 30 mL). The organic fractions were combined and dried over MgSO4. Filtration 

followed by solvent removal afforded the crude product, which was purified by column 

chromatography (silica gel, dichloromethane/hexane 1:3 v/v). The compound was 

isolated as light yellow solid (1.33 g, 83 % yield). 1H NMR (CDCl3, 500 MHz) δ(ppm) 

= 7.97 (d, 2H, ArH, AA’ part of AA’XX’ spin system, N = JAX + JAX’ = 8.98 Hz, JAA’ ≈ 

JXX’), 7.83 (s, 6H, TripH), 6.90 (d, 2H, ArH, XX’ part of AA’XX’ spin system, N = JAX 

+ JAX’ = 8.98 Hz, JAA’ ≈ JXX’), 4.23 (m, 12H, TriPh-O-CH2), 4.04 (t, 2H, ArH-O-CH2, 

J = 6.40 Hz), 3.88 (s, 3H, O-CH3), 2.02-1.84 (m, 14H, CH2), 1.71-1.56 (m, 14H, CH2), 

1.44-1.33 (m, 20H, CH2), 0.93 (m, 15H, CH3). IR (cm-1): ν (C=O): 1722. 

2(6-(4-(carboxy)phenoxy)hexyloxy)-3,6,7,10,11-pentakis(hexyloxy)triphenylene 

(TPhC) (TPhC in Scheme 3.5 ) 

To a suspension of 2-(4-(methoxycarbonyl)phenoxy)hexyloxy)-3,6,7,10,11- 

pentakis(hexyloxy)triphenylene (1.33 g, 1.36 mmol) in 140 mL of absolute ethanol, 

NaOH (1.69 g, 42.25 mmol) was added. After refluxing for 5 h, the solvent was 

removed on a rotary evaporator. Water (120 mL) and dichloromethane (50 mL) were 

added to the solid residue obtained, and the stirred mixture was treated with 36% 

hydrochloric acid until pH = 2. The organic phase was collected and the water solution 
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extracted again with dichloromethane (4 x 50 mL). The dichloromethane extracts were 

dried over anhydrous magnesium sulfate and filtrated. The solvent was removed on a 

rotary evaporator to obtain the product as a light yellow solid, which was dried under 

vacuum. (1.21 g, 93 % yield). 1H NMR (CDCl3, 500 MHz) δ (ppm) = 10.86 (s, 1H, 

OH), 8.04 (d, 2H, ArH, AA’ part of AA’XX’ spin system, N = JAX + JAX’ = 9.01 Hz, JAA’ 

≈ JXX’), 7.84 (s, 6H, TriPh), 6.93 (d, 2H, ArH, XX’ part of AA’XX’ spin system, N = 

JAX + JAX’ = 9.01 Hz, JAA’ ≈ JXX’), 4.23 (m, 12H, TriPh-O-CH2), 4.06 (t, 2H, ArH-O-

CH2, J = 6.48 Hz), 2.02-1.86 (m, 14H, CH2), 1.72-1.54 (m, 14H, CH2), 1.45-1.34 (m, 

20H, CH2), 0.93 (m, 15H, CH3). IR (cm-1): ν (C=O): 1690. Anal. calcd (%) for 

C75H96O15: C, 72.79; H, 7.82; O, 19.39. Found: C, 72.81; H, 7.70.  

2,6,10-tris(6-(4-(methoxycarbonyl)phenoxy)hexyloxy)-3,7,11-

trihexyloxytriphenylene ((3) in Scheme 3.5 ) 

A mixture of 2,6,10-trihydroxy-3,7,11-trihexyloxytriphenylene54 (1.83 g, 3.17 mmol), 

methyl-4-(6-bromohexyloxy)benzoate55 (9.00 g, 28.6 mmol), and anhydrous K2CO3 

(15.79 g, 114.2 mmol) in 100 mL of dry butanone was refluxed under nitrogen 

atmosphere for 24 h. After cooling to room temperature, the solvent was removed under 

vacuum, and then water (100 mL) was added. The mixture was extracted with 

dichloromethane (3 x 30 mL). The organic fractions were combined and dried over 

MgSO4. Filtration followed by solvent removal afforded the crude product, which was 

purified by column chromatography (silica gel, ethyl acetate/hexane 3:1 v/v). The 

compound was isolated as a light yellow solid (2.25 g, 55.4 % yield). 1H NMR (CDCl3, 

500 MHz) δ (ppm) = 7.98 (s, 3H, TriPh), 7.96 (s, 3H, TriPh), 7.83 (d, 6H, ArH, AA’ 

part of AA’XX’ spin system, N = JAX + JAX’ = 8.92 Hz, JAA’ ≈ JXX’), 6.90 (d, 6H, ArH, 

XX’ part of AA’XX’ spin system, N = JAX + JAX’ = 8.92 Hz, JAA’ ≈ JXX’), 4.23 (m, 12H, 

TriPh-O-CH2), 4.04 (t, 6H, ArH-O-CH2, J = 6.40 Hz), 3.88 (s, 9H, O-CH3), 2.02-1.84 

(m, 18H, CH2), 1.72-1.53 (m, 18H, CH2), 1.38 (m, 12H, CH2), 0.92 (t, 9H, CH2, J = 

6.92 Hz). IR (cm-1): ν (C=O): 1716. 

2,6,10-tris(6-(4-(carboxy)phenoxy)hexyloxy)-3,7,11-trihexyloxytriphenylene 

(TPhTC in Scheme 3.5 ) 
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To a solution of 2,6,10-Tris(6-(4-(methoxycarbonyl)phenoxy)hexyloxy)-3,7,11-

trihexyloxytriphenylene (1.90 g, 1.48 mmol) in 100 mL of absolute ethanol, NaOH 

(3.56 g, 89.1 mmol) was added. After refluxing for 6 h, the solvent was removed on a 

rotary evaporator. Glacial acetic acid (125 mL) was added and the mixture refluxed for 

2 h giving rise to a white solid. The solid was collected by filtration, washed first with 

cold water (3 x 50 mL), then with cold acetone (3 x 50mL) and finally dried under 

vacuum. (1.60 g, 87.1 % yield). 1H NMR (DMSO-d6, 500 MHz) δ(ppm)= 12.56 (s, 3H, 

OH), 7.92 (s, 3H, TriPh), 7.91 (s, 3H, TriPh), 7.85 (d, 6H, ArH, AA’ part of AA’XX’ 

spin system, N = JAX + JAX’ = 8.92 Hz, JAA’ ≈ JXX’), 6.94 (d, 6H, ArH, XX’ part of 

AA’XX’ spin system, N = JAX + JAX’ = 8.92 Hz, JAA’ ≈ JXX’), 4.19 (m, 12H, TriPh-O-

CH2), 3.98 (t, 6H, ArH-O-CH2, J = 6.42 Hz), 1.75 (m, 18H, CH2), 1.50 (m, 18H, CH2),  

1.27 (m, 12H, CH2), 0.82 (t, 9H, CH3, J = 6.87 Hz). IR (cm-1): ν (C=O): 1678. Anal. 

calcd (%) for C75H96O15: C, 72.79; H, 7.82; O, 19.39. Found: C, 72.81; H, 7.70.  

Synthesis of Ru NP assemblies 

In a typical experiment, ruthenium precursor [Ru(COD)(COT)] and the corresponding 

ligand were dissolved in THF in a Fisher-Porter bottle and the solution was stirred 1h 

(30 min for HF) at room temperature. After this period of time, 3 bar of hydrogen were 

introduced into the bottle. The reaction was allowed to react 16 h at room temperature. 

The excess of H2 was eliminated and the volume of the solvent was reduced under 

vacuum. The black solid was precipitated after the addition of 200 mL of pentane. After 

filtration under argon with a cannula, the black solid powder was washed twice with 

pentane (200 mL) and filtered again before drying under vacuum. For typical ratio and 

ligand studied, the quantities of the reactants are detailed hereafter: 

Ru@TPhC - 10/1: 50 mg (0.159 mmol) of [Ru(COD)(COT)], 13.8 mg (0.0143 mmol) 

of TPhC, and 20 mL of THF. Yield: 21.7 mg.  

Ru@TPhTC - 4/1: 200 mg (0.634 mmol) of [Ru(COD)(COT)], 200 mg (0.162 mmol) 

of TPhTC, and 80 mL of THF. Yield: 156.1 mg. Ru loading: 14.4% (mass). 

Ru@TPhTC - 20/1: 200 mg (0.634 mmol) of [Ru(COD)(COT)], 40.6 mg (0.033 mmol) 
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of TPhTC, and 80 mL of THF. Yield: 65.7 mg. Ru loading: 50.6% (mass). 

Ru@TPhTC - 40/1: 200 mg (0.634 mmol) of [Ru(COD)(COT)], 20.3 mg (0.016 mmol) 

of TPhTC, and 80 mL of THF. Yield: 81.7 mg. Ru loading: 66.0% (mass). 

Ru@TPhTC - 70/1: 200 mg (0.634 mmol) of [Ru(COD)(COT)], 10.7 mg (0.009 mmol) 

of TPhTC, and 80 mL of THF. Yield: 63.5 mg. Ru loading: 66.1% (mass). 

Ru@TPhTC - 120/1: 75 mg (0.238 mmol) of [Ru(COD)(COT)], 2.5 mg (0.002 mmol) 

of TPhTC, and 30 mL of THF. Yield: 13.5 mg.  

Ru@AnDC - 20/1: 100mg (0.317 mmol) of [Ru(COD)(COT)], 4.22 mg (0.016 mmol) 

of AnDC, and 40 mL of THF. Yield: 29.3 mg. Ru loading: 66.5% (mass). 

Ru@HF - 120/1: 130 mg (0.412 mmol) of [Ru(COD)(COT)], 13.3 mg (0.0034 mmol) 

of HF, and 2.6 mL MeOH and 26 mL of THF. Yield: 50.4 mg. Ru loading: 65.9% (mass). 

Characterization 

Microwaved reactions were performed in a Anton Paar Microwave reactor Monowave 

300, with a power of 850W, 2455MHz frequency. 

The ruthenium content was measured by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) performed in LCC with a Thermo Scientific ICAP 6300 

instrument.  

TEM and HRTEM analyses were performed at the “Centre de microcaracterisation 

Raimond Castaing, UMS 3623, Toulouse” by using a JEOL JEM 1011 CX-T electron 

microscope operating at 100 kV with a point resolution of 4.5 a and a JEOL JEM 1400 

electron microscope operating at 120 kV. The high-resolution analyses were conduct 

by using a JEOL JEM 2100F equipped with a field emission gun (FEG) operating at 

200 kV with a point resolution of 2.3 a and a JEOL JEM-ARM200F Cold FEG 

operating at 200 kV with a point resolution of > 1.9 a. The basic morpho-structural 

characterization and High-Resolution Transmission Electron Microscopy analysis of 

Ru@TPhTC - 6/1 were performed on a Titan Themis transmission electron microscope 
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(TEM) equipped with an ultra-bright Schottky (FEI X-FEG) electron source, a double 

CS corrector, a FEI Ceta CMOS camera and operating at an acceleration voltage of 

300kV. The particle size distribution was determined through a manual measurement 

of enlarged micrographs from different areas of the TEM grid (at least 200 particles). 

Electron tomography experiments were realized by a FEI Titan transmission electron 

microscope operating at 300 kV, equipped with a CT objective lens, a FEG electron 

source and a Gatan 2kX2k CCD camera. The tomogram was reconstructed by using the 

software Inspect3D (FEI) using the SIRT method (Simultaneous Iterative 

Reconstruction Technique) with 30 iterations, applied on several TEM images acquired 

with the sample tilted between +70 and -70 degrees, with an angular step of 2 degrees. 

The 3D-nanoparticles reconstruction was finally realized using the software AVIZO 

(FEI), while the calculation of the distance among their center was performed by a 

dedicated code developed at KAUST visualization lab. 

For AFM analyses a SmartsSPM-1000 AIST-NT microscope was used to explore the 

surface morphology of the samples. Topography was measured in tapping mode with a 

silicon tip of 12 to 18 µm length and 8 nm radius of curvature 

Temperature-programmed desorption (TPD) spectra were obtained with a fully 

automated AMI-300 characterization instrument (Altamira Instruments), equipped with 

a quadrupole mass spectrometer (Dycor Dymaxion). Given that the samples were air-

sensitive, about 70 mg of material was transferred to a U-shaped quartz tube and placed 

inside an electrical furnace inert atmosphere. Then, the sample was heated at 1000 ºC 

at 5 ºC min-1 using a constant helium flow of 25 cm3 min-1 (STP). During the analysis, 

different fragment ions were monitored, including m / z = 2 (H2), 16 (CH4), 18 (H2O), 

28 (CO), and 44 (CO2). For quantification of the CO2 and CO2 released during the 

thermal analysis, the calibration of these gases was carried out after each analysis.  

SS-NMR spectroscopy (magic angle spinning, MAS NMR) with and without 1H-13C 

cross polarization (CP) was performed at the LCC with a Bruker Avance 400WB 

instrument equipped with a 4 mm probe with the sample rotation frequency being set 
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at 12/16 kHz, unless otherwise indicated. Measurements were carried out in a 4 mm 

ZrO2 rotor. Liquid NMR spectra were obtained with Bruker Fourier 300 and 700 

systems using TMS as internal standard, with proton and carbon resonances at 300/700 

and 75/175 MHz, respectively.  

ATR-IR spectra were recorded with a Perkin Elmer GX2000 spectrometer installed in 

a glovebox, in the range 4000-400 cm-1.  

Wide-angle X-ray scattering measurements were performed at CEMES on a 

diffractometer dedicated to pair distribution function (PDF) analysis: graphite 

monochromatized molybdenum radiation (0.07169 nm), solid-state detection, and low 

background setup. Samples were sealed in Lindemann glass capillaries (diameter 1.0 

mm) to avoid any oxidation after filling in a glovebox. For all samples, data were 

collected in an extended angular range (2q = 1298) with counting times of typically 150 

s for each of the 457 data points, thus allowing for PDF analysis. Classic corrections 

(polarization and absorption in cylindrical geometry) were applied before reduction and 

Fourier transform. 

XPS measurements were performed on a Thermo Kα spectrometer working at a base 

pressure of 5x10-9 mbar and equipped with a monochromatic Al Kα X-ray source 

(1486.7 eV). The spectra presented here were recorded with a Pass Energy of 20 eV. 

The data were processed with CasaXPS using Gaussian-lorentzian combinations and a 

Shirley background. Scofield photoionization cross-sections55 corrected for the 

transmission function of the analyzer and the analysis depth were used for 

quantifications. 

SAXS measurements were performed on the XEUSS 2.0 laboratory source equipped 

with a pixel detector PILATUS 1M (DECTRIS) and an X-rays source provided by a 

GeniX3D with a fixed wavelength based on Cu Kα radiation (λ = 1.54 Å). The sample 

to detector distance was fixed at 1216.5mm giving a q range starting from 0.005 Å-1 to 

0.5 Å-1 assuming that q is the scattering vector equal to 4π/λ sin θ with 2θ the scattering 

angle. The distance was calibrated in the small angles region using silver behenate (d001 
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= 58.34 Å). The powders of nanoparticles were stored on sealed capillaries to prevent 

oxidation and placed on motorized sample holder. To remove scattering and absorption 

from air, a primary vacuum has been applied to the entire instrument. Acquisition time 

per sample was 1 hour and all scattering curves were corrected for the empty capillary 

contribution, divided by transmission factor, acquisition time and optical path in order 

to obtain SAXS curves in absolute units (cm-1). The X-ray scattering curves at low q 

can be described as the scattering from multiscale organization of nanoparticle 

assembly. The elementary particles can be assimilated as dense spherical objects 

showing interaction at small distances. In this case, we can describe the SAXS curves 

at medium and high angles (0.1 to 1Å-1) with a form factor of sphere multiplied by a 

structure factor to take an account of interactions at low distances. At small and 

intermediate angles (0.01-0.1Å-1), the increase of the intensity indicates the presence of 

a large assemblies containing the nanoparticles, and the state of the surface of these 

large size objects can be described with a power law function. The total scattering is the 

sum of the different scattering contributions and the SASView program (SasView, 

http://www.sasview.org/) has been used to build the sum model and fit the data. The 

global equation applied to fit the data can be written as follow:  

𝐼(𝑞)𝑔𝑙𝑜𝑏𝑎𝑙 = 𝐼(𝑞)𝑎𝑔𝑔𝑙𝑜𝑚𝑒𝑟𝑎𝑡𝑒𝑠 + 𝐼(𝑞)𝑠𝑝ℎ𝑒𝑟𝑒 ∗ 𝑆(𝑞) 

𝐼(𝑞)𝑔𝑙𝑜𝑏𝑎𝑙 = 𝐴𝑞−𝑃 +
𝐵

𝑉
[
3𝑉(∆𝜌)(sin(𝑞𝑟) − 𝑞𝑟𝑐𝑜𝑠(𝑞𝑟)

(𝑞𝑟)3
]

2

∗ [1 +
1

𝑣1
4𝜋∫ (𝑔(𝑟) − 1)𝑟2

sin⁡(𝑞𝑟)

𝑞𝑟
𝑑𝑟

∞

0

] 

where the A and B are factor scaling, P the slope providing information of the surface 

and the sphere is described by the volume V, the radius r and the contrast . The form 

factor S(q) used here correspond to the “hard sphere interaction model” described by 

Percus-Yevick.56 Finally, three parameters such as radius of the sphere r, the state of the 

surface P and the inter-particle distance d are employed to fit the data.   

At very small angles (<0.01Å-1), we are unable to determine the size of large assemblies 
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but in some conditions, we can observe oscillations coming from interaction at short 

distances between large size particles. By adding a term I(q)sphere*S(q) to give a 

contribution of large spheres with a spatial distribution at short distances, we can fit the 

beginning of the curve giving an approximation of the spatial distribution of these large 

particles. 
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4.1 Introduction 

Transition metal nanoparticles (NP) are among the most important catalysts in chemical 

manufacture, which have been studied widely for decades.1-2 In contrast with 

heterogeneous catalysts where NP are supported,3-5 solvent-dispersed NP are 

considered featuring both classical homogenous and heterogeneous catalytic properties, 

making their in situ characterization accessible.6-7 The presence of a stabilizer for metal 

NP is perquisite for application. Poorly stabilized NP tend to be more active but are 

more prone to turn into larger metallic aggregates hampering the catalyst activity. 

Therefore, metal NP covalent assemblies were put forward as robust and arranged 

against aggregation. However, limited studies are devoted to the use of covalent 

assemblies of metal NP as catalysts. Among the reported works, a large proportion is 

devoted to Au, and few about Pt or Pd as reviewed in Chapter 1. Our group has studied 

Ru NP assembled as Ru-fulleride spheres8 demonstrating high selectivity for the 

reduction of nitrobenzene,9 as well for hydrogenation of cinnamaldehyde.10 Another 3D 

Ru NP assembly displaying a short-range order was obtained with a multitopic ligand 

bearing -COOH anchoring groups of hexakis-fullerene adduct, and named as 

Ru@C66(COOH)12.
11 The Ru@C66(COOH)12 assembly was active in the hydrogenation 

of nitrobenzene, and TEM analyses performed after catalysis have shown that the 3D 

assembly is maintained. From an environmental point of view (i.e., toxicity, endangered 

elements, life cycle assessment, etc.), it has been shown that ruthenium is a greener 

heterogeneous catalyst compared to widely used nickel, cobalt, or gold, among others.12  

This chapter describes the catalytic properties of Ru NP assemblies in three different 

reactions, C-H activation (bromination), hydrogenation of quinoline and 

phenylacetylene. It is shown that the Ru NP carboxylate covalent assemblies are 

fragmented into isolated NP both in bromination and quinoline hydrogenation reactions 

even though showing good activity. For application in phenylacetylene hydrogenation, 

the short-range ordered assemblies keep their integrity and present a correlation 

between activity, selectivity and inter-particle distance and electronic properties of the 

Ru NP. 
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4.2 Results and discussion 

4.2.1 C-H activation - bromination 

C-H bond functionalization reactions have been extensively exploited due to their 

capability to create a variety of C-X and C-C bonds playing an important role in organic 

synthesis.13   

Ruthenium is one of the most widely used metals to catalyze C-H activation 

reactions,14-15 for instance for arylation,16 alkylation,17-18 alkyne annulations,19 coupling 

reactions,20 to cite a few. Specially, Ru-catalyzed σ-activation strategy to access meta-

selective functional group reactions has rapidly developed,21 and has become one of the 

most effective methods for remote meta C-H bond selective activation, for example, 

cross-coupling,22 acylation,23 carboxylation,24 bromination,25-26 and so on. The group 

of Lutz Ackermann27 disclosed the first heterogeneous ruthenium catalyst for meta-

selective C-H functionalization-meta-C-H bromination. The catalyst is tolerant to a 

broad scope of substrates and show excellent positional selectivity and efficient catalyst 

reuse. The substitution of traditional homogeneous catalysts by heterogeneous catalysts 

can make C-H activation greener and more sustainable.28  

Herein, this part of work describes the bromination of 2-phenylpyridine (Table 4.1) with 

dispersed nanoparticles Ru@1 and Ru@5, and Ru NP assemblies Ru@2 and Ru@6. 

The study of the reaction was initiated by exploring the conditions, including the source 

of bromide, solvent, Ru content and the presence or not of additives. 

Dimethylacetamide (DMA) prove to be the optional solvent for reaction both with N-

bromosuccinimide (NBS) and tetrabutylammonium tribromide (TBATB) (Table 4.1, 

Entry 1-10). The activity of Ru chloride hydrate is confirmed (Entry 1-2) and the results 

are in good agreedment with the literature.27 
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Table 4.1 Bromination of 2-phenylpyridine using Ru based catalyst.a) 

 
Entry Catalyst T(°C) Ru (mol%) Bromide source Atmosphere Additives Solvent Conversion (%)b 

1 RuCl3.nH2O 80 8 NBS Ar - DMA 75 

2 RuCl3.nH2O 80 8 NBS air - DMA 85 

3 Ru@1 80 8 NBS Ar - DMA 18 

4 Ru@1 80 8 NBS air - DMA 67 

5 Ru@2 80 8 NBS Ar - DMA 54 

6 Ru@2 80 8 NBS air - DMA 72 

7 Ru@2 80 10 TBATB Ar - DMA 84 

8 Ru@2 80 10 TBATB Ar - CH3CN traces 

9 Ru@2 80 10 TBATB Ar - dioxane 28 

10 Ru@2 80 10 TBATB Ar - MEOH traces 

11 Ru@2 80 5 TBATB Ar - DMA 51 

12 Ru@2 60 5 TBATB Ar - DMA 39 

13 Ru@2 80 10 TBATB Ar K2CO3
c DMA traces 

14 Ru@1 80 10 TBATB Ar - DMA 46 

15 Ru@6 80 10 TBATB Ar - DMA 22 

16 Ru@5 80 10 TBATB Ar - DMA 55 

a) Conditions: Ru catalysts with Ru/L ratio 10/1 (the amount is according to substrate in column 4), 46.6 mg (0.30 mmol) of 2-phenylpyridine, 231.4 mg (0.48 mmol) of TBATB, 

or 85.4 mg (0.48mmol) of NBS, 0.9 mL solvent, 42.7 mg (0.3 mmol) of decane as standard; b) Conversions were determined by GC analyses. c) 82.9 mg (0.6 mmol) of additives.  
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Particularly, conducting the reaction under controlled atmosphere (Ar) or open air had 

a large impact on the achieved conversion. This effect was observed when using NBS 

as bromination agent in both isolated Ru NP and Ru NP assemblies (Entry 3-6). The 

open air increases the conversion of substrate but at the cost of oxidizing the metallic 

Ru NP. The use of 10 mol% of Ru with respect to 2-phenylpyridine at 80 °C performed 

better than lower catalysts loading (Entry 7, 11-12). The addition of K2CO3 to the 

reaction media, which is often used in homogeneous bromination catalysis,26 stopped 

the reaction (Entry 13).  

Interestingly, under the optimized conditions, i.e. 10 mol% of Ru, 80 °C in DMA using 

TBATB as brominating agent, carboxylate coordinated NP assemblies Ru@2 (Entry 7) 

outperformed the isolated Ru NP (carboxylate and amine, Entries 14 and16) or the Ru 

NP assemblies stabilized with amine groups (Entry 15), reaching the conversion of 

84 %. In addition, TEM analyses of the catalyst after reacted for 2 h and 20 h (Figure 

4.1) reveal dispersed NP on the grid, indicating a partial disassembly of the 

nanostructure during the bromination reaction. Several reasons could be responsible for 

the damage of the assembly, such as the possibility of strong coordination of bromide 

to Ru, the reactivity of pyridine as a Lewis-base, or of the product. 

 

Figure 4.1 TEM images of Ru@2 catalyst (Ru/L ratio 10/1) after a) 2h of reaction; and b) 20h. 

 

4.2.2 Hydrogenation of quinoline 

Hydrogenation of quinoline is an important reaction producing 1,2,3,4-

tetrahydroquinoline (1-THQ, Table 4.2) by reduction of the heteroarene ring, which is 
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widely used in pharmaceuticals.29-30 Heterogeneous catalysts based on different metals 

have been investigated for this reaction, for instance, Ni,31 Au,32 Rh,33 Pt and Pd.34 Our 

group investigated the use of Rh/C60 catalysts, which catalyze the hydrogenation of 

quinoline efficiently, displaying high TOFs and reaching high selectivity, up to 99 % to 

1-THQ.35 Supported Ru NP have also been applied in this reaction as catalysts.36-41 

Therefore, the catalytic performances of Ru NP covalent assemblies were investigated 

for this reaction, and compared to the isolated Ru NP. The results obtained with Ru@1, 

Ru@2, and Ru@6 are summarized in Table 4.2. 

Table 4.2 Hydrogenation of quinoline using Ru based catalysts.a) 

 
Entry Catalysts Conv. (%)b) Select. (%)c) TOF (h-1)d) TOF(h-1)f） 

1 Ru@1 - 10/1 96.1 83.2 99.5 178.6 

2 Ru@2 - 10/1 95.4 81.6 106.3 190.8 

3g) Ru@6 - 10/1 100.0 83.5 134.3 241.0 

a) Reaction conditions: 0.02 mmol of Ru, 404 mg (3.1 mmol) of quinoline, 75 mg (0.41 mmol) of 

dodecane (internal standard), 20 bar H2, temperature 100 °C, 25 mL THF, 1h of reaction. b) Conversion 

(Conv.) was determined by GC analysis using internal standard technique. c) Selectivity to 1-THQ 

determined by GC analysis using internal standard technique. d) TOF calculated at 1 h (2 h for entry 

3) of reaction per Ru atom. f) TOF calculated according to Ru surface content at 1 h (2 h for entry 3). 

g) 2 h of reaction.  

The reaction was followed over the time and the time-concentration curves obtained for 

Ru@1 and Ru@2 are presented in Figure 4.2. Besides the target product 1-THQ the 

other two hydrogenated products, 5,6,7,8-tetrahydroquinoline (5-THQ) and 

decahydroquinoline (DHQ), were also produced. The reactivity displayed by the 

dispersed and the assembled Ru NP, Ru@1 and Ru@2, respectively, is similar in terms 

of activity and selectivity, indicating no effect of the assembled structure. The TEM 

analyses of the Ru@2 and Ru@6 spent catalyst (Figure 4.3) reveal that the ordered 

structure of the assembled NP is lost at the end of the catalytic reaction, producing 
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isolated NP and explaining the similar catalytic results between Ru@1 and Ru@2.The 

size of the Ru NP after catalysts are 2.0 ± 1.0 nm, 1.5 ± 0.7 nm and 1.5 ± 0.9 nm for 

Ru@1, Ru@2 and Ru@6 catalysts, respectively, indicating that the size of the NP 

remains similar to those before catalysis. 

 

Figure 4.2 Time-concentration curves for quinolone hydrogenation using a) Ru@1, and b) 

Ru@2 (Ru/ligand = 10) as catalysts (blue diamonds = quinoline; red squares = 1-THQ; green 

circles = DHQ; and grey triangle= 5-THQ). 

 

The strong coordination of the N-containing compounds to the Ru NP surface could 

explain the disassembly of the nanostructure during catalysis by competition with the 

stabilizing agent. Nevertheless, further analyses are needed to verify this hypothesis. 

Considering the previous results in C-H activation and hydrogenation of quinoline, in 

which the 3D ordering was damaged after catalysis, the Ru NP assemblies were tested 

in the selective hydrogenation of phenylacetylene. This reaction can be performed 

under milder reaction conditions, circumventing the loss of the nanostructure and thus 

allowing the study of the effect of the Ru NP ordering in an adequate manner. 
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Figure 4.3 TEM images of catalysts: a) and b) Ru@1; c) and d) Ru@2; and e) and f) Ru@6 

(Ru/ligand = 10/1) before and after hydrogenation of quinoline (scale bar = 100 nm). 

 

4.2.3 Hydrogenation of phenylacetylene 

The selective hydrogenation of alkynes to alkenes is a particularly valuable 

reaction in synthetic organic chemistry. The hydrogenation of phenylacetylene 

in liquid phase is a benchmark method for assessing catalytic activity and 

selectivity of palladium NP.42 Although there is a need for selective 

hydrogenation catalysts that are less expensive than conventional Pd-based 

catalysts, Ru NP have been little studied.43-50 Ru NP supported on polymer were 

reported to reach 90 to 100 % selectivity to styrene at almost full conversion.48-

49 The hydrogenation catalyzed by isolated Ru NP stabilized by NHC ligands 

concerned mainly the selectivity towards the aromatics, providing no information 

about styrene.46 Herein, we study the catalytic behavior of the Ru NP and 

covalent NP assemblies prepared with the different ligands in the semi-
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hydrogenation of phenylacetylene to styrene at room temperature and a constant 

H2 pressure of 5 bar.  

4.2.3.1 Solvent selection for phenylacetylene hydrogenation 

Several different common solvents were used for the catalysis using Ru@2 as 

catalyst, as shown in Table 4.3. The reaction proceeds faster using THF, MeOH, 

isopropanol or the mixture of MeOH and CH2Cl2 than with toluene or CH2Cl2 

alone, although CH2Cl2 could help to reach highest selectivity to styrene.  

Table 4.3 Hydrogenation of phenylacetylene in different solvents.a) 

 

Entry Solvent 
Time 

(h) 

Conv. 

(%) 
S20% (%) 

TOF 

(h-1)b) 

TOF 

(h-1)d) 

1 THF 3 56.9 74.7 41.4 71.2 

2 CH2Cl2 4 10.0 79.3c) 5.5 9.5 

3 MeOH 4 66.7 68.9 37.8 65.0 

4 MeOH:CH2Cl2 = 1:1 6 63.6 76.2 23.9 41.1 

5 Isopropanol 5 58.6 68.0 26.1 44.9 

6 Acetone  4 2.1 60.6d) 1.0 1.7 

7 Toluene 6 19.5 71.6 7.5 12.9 

a) Reaction conditions: 0.02 mmol of Ru (Ru@2 -5/1), 412 mg (4.00 mmol) of phenylacetylene, 71 mg 

(0.50 mmol) of decane (internal standard), room temperature, 5 bar H2, 25 mL solvent; b) TOF in 

molPAconverted.molRu
-1.h-1 calculated at the time given in column 3; c) selectivity at 20% conversion; d) 

selectivity was corresponding to the conversion of 2.1%. d) TOF calculated according to Ru surface 

content at given time in column 3. 

 

As shown on the TEM images of the catalysts after the reaction in different 

solvent (Figure 4.4), the integrity of the assemblies’ structure is maintained only 
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in alcoholic solvent, and methanol behaved better than isopropanol as none 

isolated NP were detected on the grid. 

Ru NP assemblies presents the highest hydrogenation activity in the aprotic polar 

solvent THF, followed by the alcoholic protic solvents. In aprotic and apolar 

solvents (toluene and CH2Cl2), a lower hydrogenation activity was observed. 

This was also the case with acetone, an aprotic polar solvent. However, only in 

methanol, the assemblies do not fall apart, which could be the result from the 

NP’s stabilization ability of methanol as reported before.51  

 

Figure 4.4 TEM images of Ru@2 (Ru/ligand = 5/1) after hydrogenation of phenylacetylene in 

different solvents: a) THF; b) MeOH; c) isopropanol and d) CH2Cl2: MeOH =1:1. 

 

4.2.3.2 Catalytic performances of Ru NP assemblies produced from functionalized 

polymantanes  
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A series of catalysts, Ru NP and Ru NP assemblies produced from polymantane 

based ligands, were used for the hydrogenation reaction using methanol as 

solvent. The performances of them are listed in Table 4.4. 

The evolution of activity and selectivity over time (Figure 4.5) shows that for 

most of the polymantane stabilized catalysts, at the exception of the less active 

Ru@4, the selectivity to styrene decreases abruptly at high conversions (> 85%) 

due to the formation of ethylbenzene and the fully hydrogenated product, ethyl 

cyclohexane. 

Table 4.4 Hydrogenation of phenylacetylene catalyzed by Ru catalysts.a) 

Entry Catalysts 
Time 

(h) 

Conv. 

(%) 

S20% 

(%) 

S60% 

(%) 

TOF 

(h-1)b) 

TOF 

(h-1)c) 

TOF 

(h-1)d) 

1 Ru@1 - 5/1 2 84.4 62.3 58.3 57.9 83.5 61.6 

2 Ru@1 - 10/1 3 73.1 64.5 61.5 57.3 113.5 112.9 

3 Ru@1 - 20/1 4 73.2 63.5 61.7 38.3 80.6 45.6 

4 Ru@2 - 5/1 4 66.7 68.9 66.7 37.8 70.6 30.3 

5 Ru@2 - 10/1 3 71.6 66.7 63.6 52.0 102.5 64.9 

6 Ru@2 - 20/1 3 79.1 66.7 63.6 64.5 100.2 74.2 

7 Ru@4 - 10/1 5 62.1 71.3 65.4 28.0 59.8 18.9 

8 Ru@5 - 10/1 2 72.7 64.3 59.6 79.0 129.5 99.2 

9 Ru@6 - 10/1 2 65.9 62.5 58.9 68.4 126.8 101.4 

10 Ru@7 - 10/1 3 66.8 60.5 56.3 48.5 82.3 66.6 

11 Ru@8 - 10/1 3 72.6 65.2 64.9 60.3 89.8 74.9 

12 1.6%Ru/CNT_O 8 10.6 67.8e) - 3.8 - - 

13 0.8%Ru/CNT_N 4 9.0 67.4e) - 11.3 - - 
a) Reaction conditions: 0.02 mmol of Ru, 412 mg (4.00 mmol) of phenylacetylene, 71 mg (0.50 mmol) 

of decane (internal standard), room temperature, 5 bar H2, 25 mL MeOH. b) TOF in molPAconverted.molRu
-

1.h-1 calculated at the time given in column 3; c) TOF calculated according to surface Ru content at the 

time given in column 3; d) TOF calculated according to the surface Ru content at 1h.  

 

Comparing the slope of the selectivity curves, the decreasing rate of Ru NP 

assembly with amine groups is higher than the ones with carboxylate, which is 

due to higher activity of the former. The poorly active Ru@4 presents a smooth 

decline of selectivity (Figure 4.5g).  
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Figure 4.5 Evolution of activity (blue lines) and selectivity toward styrene (red lines) over time 

for the investigated catalysts: a) Ru@1 - 5/1; b) Ru@1 - 10/1; c) Ru@1 - 20/1; d) Ru@2 - 5/1; 

e) Ru@2 - 10/1; f) Ru@2 - 20/1; g) Ru@4 - 10/1; h) Ru@5 - 10/1; i) Ru@6 - 10/1; j) Ru@7 

- 10/1; and k) Ru@8 - 10/1. 
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A representative product distribution over time is shown on Figure 4.6 for Ru@2 

catalyst (Ru/ligand = 10). The alkyne group is firstly hydrogenated giving 

ethylbenzene with up to 95% selectivity. Afterwards ring hydrogenation occurs. 

The hydrogenation of arenes under mild reaction conditions using (supported or 

colloidal) Ru NP as catalysts has already been reported,52-55 and is not surprising, 

even at room temperature. The fully hydrogenation into ethylcyclohexane could 

be accomplished at prolonged reaction time. 

 

Figure 4.6 Product distribution (black squares = phenylacetylene; red circles = styrene; green 

triangles = ethylbenzene; and blue diamond’s = ethylcyclohexane) for Ru@2 (Ru/ligand = 10). 

 

The catalytic activity shows some distinctive features related to the nature of the 

ligand. Table 4.4 column 8 shows the calculated TOF according to predicted 

active sites, i.e. surface Ru content affected by the nature of the ligand. For each 

series of ligands (acids and amines family), the use of Ru discrete NP (from 1 

and 5, adamantane monoacid and monoamine, respectively) provides higher TOF 

than the use of Ru NP networks (from 2 and 6, adamantanes, and 4 and 8, 

diamantanes, diacids and diamines, respectively).  

To explain the difference of activity between discrete Ru NP and Ru NP networks, 

we rely on an important difference between these materials, which is the presence 

of significant amount of adsorbed CO on the Ru NP networks (see Chapter 2). 

This adsorbed CO poisons the Ru NP in the network, which are finally less active 
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that the discrete NP. Additional experiments were performed to validate this 

hypothesis. Thus, we tested catalyst as a Ru NP network (Ru*@2 - 10/1) that 

have been vacuum treated to remove the adsorbed CO, as confirmed by IR, and 

compared the TOF (based on total Ru) at 98% conversion of Ru@1 – 10/1, 

Ru@2 - 10/1 and Ru*@2 - 10/1. The TOF (total Ru content) obtained were 

respectively 63.6, 56.8, and 65.4 h-1, these data point out that the adsorbed CO 

decreases the activity of the networks and when removed, a similar TOF to that 

of the isolated Ru NPs can be observed for a Ru NP network.  

4.2.3.3 Electronic and confinement effects of Ru NP assemblies produced from 

functionalized polymantanes  

It has been shown that soft confinement effects, such as reactant enrichment or 

rapid diffusion, will directly affect the kinetics of the reaction. Hard effects, like 

the charge transfer between the metal and the support, will also affect 

activity/selectivity and stability. 

Figure 4.7 displays a comparison of the activity and selectivity of the Ru based 

catalysts studied here. It is visible that the use of donating amino ligands (5-8, in 

blue) allows reaching higher TOF than with the carboxylic ligands (in red). The 

fact that amine ligands, which insure a higher electronic density on Ru, allow 

reaching higher TOF for phenylacetylene hydrogenation is in accordance with 

results reported in the literature. Thus, it was reported that for the hydrogenation 

of various unsaturated compounds on stabilized Ru NP, the use of σ-donor 

ligands increases the activity of the Ru NP.56-57 Similarly, Ru/N-doped carbon 

catalysts were reported to be very efficient catalysts for arene hydrogenation.58  
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Figure 4.7 a) Activity for catalysts Ru@1, Ru@2, Ru@4, Ru@5, Ru@6 Ru@7 and Ru@8 

(Ru/ligand = 10/1),TOF calculated with respect to surface Ru content at the time given in 

column 3 Table 4.4; and b) styrene selectivity at 20% conversion for catalysts Ru@1, Ru@2, 

Ru@4, Ru@5, Ru@6, Ru@7 and Ru@8 (Ru/ligand = 10/1). Red = carboxylic ligands; and 

blue = amine ligands. 

 

We assume that the amine, a σ-donor ligand, increases the electron density at the 

NP surface, favoring thus the π-back donation from the d Ru orbitals to the 

antibonding π* orbital of the alkyne/alkene, which facilitates rapid 

hydrogenation. Accordingly, a slightly higher selectivity towards styrene was 

observed when using carboxylic acid ligands (Figure 4.7b). Indeed, in that case, 

the charge transfer from the metal to the ligand results in electro-deficient Ru NP 
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that provide less π-back donation to the alkene, which weakens Ru-alkene 

bonding and favors its quick desorption, thus avoiding over hydrogenation to 

produce ethylbenzene. 

Meanwhile, for the acid ligand series, a correlation exists between the surface 

electronic density and the selectivity of the catalyst, which was probed via the IR 

frequency of CO adsorbed on the catalysts after their synthesis (Figure 4.8, red 

squares). As expected, an increase of the selectivity is obtained when the 

electronic density on the Ru NP decreased (higher CO frequency). For the σ-

donor amine ligands (blue spheres in Figure 4.8), which provide a higher 

electronic density on the Ru NP, the selectivity is lower. However, differences 

of νCO shifts between the amine ligands are too close to show a clear tendency. 

 

Figure 4.8 Styrene selectivity at 20% conversion as a function of the electronic density 

on Ru (probed via the IR νCO frequency of CO adsorbed on the catalysts after their 

synthesis in Table 4.6, blue spheres amine ligands, and red squares acid ligands). The 

Ru/ligand ratio in these catalysts is 10/1.  

 

A correlation between the activity and the electronic properties is also obtained 

for the polymantane ligand series (Figure 4.9). Comparing the series with the 
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same polymantane cage (adamantane, 1, 5, 2, 6 and diamantane, 4, 8), the activity 

decreases with the electronic density on Ru decreasing. On the other hand, Ru@7 

does not follow the trend, which could be attributed to its flexible backbone 

 

Figure 4.9 Correlation between the electronic density on Ru (probed via the IR νCO frequency 

of CO adsorbed on the catalysts after their synthesis in Table 4.6, blue sphere for amine, and 

red squares acid ligands, and the TOF (TOF calculated according to the Ru surface content at 

1h of reaction) for the Ru catalysts. 

 

In the series of Ru NP networks produced from acid or amines ligands, some 

differences attributed to the molecule background structure can also be noted. 

The use of bulkier ligands such as bis-adamantane (BAd), and diamantane (DAd) 

is detrimental to the activity. We also observed a confinement effect in relation 

with shorter inter-particle distances. Notably, the inter-particle distance is not 

affected by changes in Ru NP size since all the catalysts present very similar size 

(1.7-1.9 nm). Whatever the functional group of the ligand (carboxylic or amine), 

a correlation between the inter-particle distance and the catalyst activity is 

obtained (Figure 4.10), especially for the same polymantane family of ligands: 

the closer the particles are in the network, the higher the activity. The effects of 

confinement in carbon materials have been identified as possible levers to modify 

catalytic performances.59 It has been shown that soft confinement effects, such 
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as reactant enrichment or rapid diffusion, will directly affect the kinetics of the 

reaction. Hard effects, like the charge transfer between the metal and the support, 

will also affect activity/selectivity and stability. In our case, it is clear that for the 

same family of functionalized ligand the more confined Ru NP are more active. 

The confinement effect occurs for Ru NP networks produced from different 

ligands (amines and acids) presenting very different electronic effects. 

Considering that reactant concentration enrichment (as well as high diffusion 

rates) have been regularly reported as explanation of “soft” confinement effects, 

we preferred to rely on this explanation. It should nevertheless be noted that the 

search for a detailed explanation of the observed confinement effects would 

require a study in itself, which falls outside the scope of our study. 

 

Figure 4.10 Activity as a function of the inter-particle distance in Table 4.6 (blue sphere 

for amine, and red squares acid ligands), the Ru/ligand ratio in these catalysts is 10/1 

(TOF calculated according to the Ru surface content at 1h of reaction).  

 

Both confinement and electronic effects concerning different type of carbon 

skeleton of molecules thus influence the activity. The TOF obtained with Ru NP 

networks nicely illustrate the promises concerning the use of NP networks in 

relation with inedited confinement effects, in which short-range interactions 
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between NP may greatly improve their catalytic activity when the electronic 

properties are similar. 

A correlation can also be drawn between the inter-particle distance and 

selectivity (Figure 4.11) considering both amine and acid as ligands, which is 

reverse to the correlation observed between inter-particle distance and activity 

(Figure 4.10). That means, when increasing the confinement inside the 

assemblies, the catalysts are more active but less selective. Larger distance 

induces a decrease of the activity; in that case styrene could be desorbed before 

further hydrogenation, leading to higher selectivity.  

 

Figure 4.11 Styrene selectivity at 20% conversion as a function of the inter-particle 

distance in Table 4.6 (blue spheres amine ligands, and red squares acid ligands), 

Ru/ligand = 10/1. 

 

Finally, to better delineate the performances of the Ru NP and NP networks prepared 

from the functionalized polymantane ligands we compared their reactivity with the ones 

of individual unprotected Ru NP deposited on functionalized carbon nanotubes (CNT). 

Two types of CNT were used, CNT functionalized with nitric acid (CNT_O) that 

contains significant amounts of carboxylic groups able to stabilize Ru NP,60 and CNT 
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prepared from acetonitrile, which contains different types of nitrogen groups (CNT_N), 

such as pyridinic or amines.61 Both catalysts present similar Ru NP size (1-2 nm) and 

show much lower TOF (Table 4.4, entries 12 and 13) than the NP networks. However, 

the same tendency as the one observed for the Ru NP networks was observed, i.e. a 

higher TOF is obtained with the catalyst containing nitrogen functionalities. As for the 

Ru NP networks at low conversion (Figure 4.5), these two Ru/CNT catalysts show 

similar selectivity. 

4.2.3.4 Catalytic performances of Ru NP assemblies produced from functionalized 

triphenylene, fullerene and anthracene ligands 

The Ru NP assemblies presented in Chapter 3 were also used as catalysts for the 

hydrogenation of phenylacetylene. The catalytic results of these catalysts are listed in 

Table 4.5 together with those of one Ru@C60 catalyst. 

 

Table 4.5 Hydrogenation of phenylacetylene using Ru@TPhTC, Ru@HF, Ru@AnDC and 

Ru@C60 catalyst.a) 

Entry Catalysts Time (h) 
Conv. 

(%) 
S20% (%) S60% (%) 

TOF 

(h-1)b) 

TOFs     

(h-1)f) 

1 
Ru@TPhTC 

- 40/1 
5 64.0 57.5 53.5 27.0 15.6 

2 
Ru@TPhTC- 

40/1c) 
4 53.8 67.6 65.2 25.4 2.6 

3 
Ru@TPhTC 

- 4/1 
8 9.1 73.4e) - 4.4 16.0g) 

4 
Ru@TPhTC 

- 4/1d) 
3 60.6 72.9 69.3 46.1 44.8g) 

5 
Ru@HF - 

120/1 
3 86.1 59.5 51.2 64.1 70.2 

6 
Ru@AnDC - 

10/1 
3 66.2 58.8 55.1 48.8 91.8h) 

7 
Ru@AnDC - 

20/1 
3 75.2 62.4 59.5 58.5 66.9i) 

8 
Ru@C60 - 

10/1 
3 53.8 58.6 52.4 46.3 18.1 

a) Reaction conditions: 0.02 mmol of Ru, 412 mg (4.00 mmol) of phenylacetylene, 71 mg (0.50 mmol) 
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of decane (internal standard), room temperature, 5 bar H2, 25 mL MeOH; b) TOF in molPAconverted.molRu
-

1.h-1 calculated at the time given in column 3; c) under 2 bar H2; d) reaction temperature at 80 °C; e) 

Selectivity given at 10% of conversion; f) TOF calculated according to surface Ru content at 1h; g) The 

diameter calculating Ru surface content is 1.3 nm by WAXS; h) The Ru NP diameter calculating Ru 

surface content is 2.0 nm by TEM; i) The Ru NP diameter used for calculating Ru surface is 1.8 nm by 

TEM. 

 

The same distribution of products with different levels of hydrogenation (styrene, 

ethylbenzene and cyclohexane) was obtained as in the case of the polymantane 

stabilized catalysts. The highest selectivity for styrene (73 %) was obtaineded using the 

Ru@TPhTC catalyst with a Ru/L ratio of 4/1 at a reaction temperature of 80 °C with 

moderate activity. Ru@TPhTC- 4/1 is less metallic and possesses much smaller 

clusters compared to higher Ru/L ratio, meaning that Ru complex/single atoms may 

play a role in catalysis, which require higher temperature (80 °C) to reach high 

selectivity. The Ru@TPhTC - 40/1 catalyst leads to higher selectivity under 2 bar H2 

(Table 4.5 Entry 2) compared to 5 bar H2. The TOF at 60 % conversion is almost the 

same for both catalysts, but the initial activity (column 8) decreases significantly. The 

trends along time for phenylacetylene conversion and styrene selectivity for the 

catalysts are presented in Figure 4.12. The decrease of selectivity over time for 

Ru@TPhTC with ratio of 4/1 and 40/1 are less pronounced than with the other 

catalysts. For two different Ru/L ratio of Ru@AnDC, the one with 20/1 behaves a little 

better than the one of 10/1 both in selectivity and activity.  

The Ru@C60 catalyst, consisting in Ru NP decorating fulleride nanosphere, that was 

already used in our group for nitrobenzene hydrogenation9 shows lower selectivity and 

activity than Ru NP and Ru NP assemblies with carboxylic functionalized ligands due 

to different electronic properties and morphology. 
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Figure 4.12 Evolution of activity (conversion blue lines) and selectivity toward styrene (red 

lines) over time for the investigated catalysts: a) Ru@TPhTC – 40/1; b) Ru@TPhTC - 

4/1 at 80 °C; c) Ru@AnDC – 20/1; d) Ru@AnDC - 10/1; e) Ru@HF - 120/1; f) 

Ru@C
60

- 10/1. 

 

Considering that five different carboxylic functionalized ligands have been used in the 

hydrogenation of phenylacetylene, we examined the data to find possible correlations 

between selectivity and activity and the electronic properties or inter-particle distance.   

The correlation between styrene selectivity and the electronic density on Ru NP is 

shown in Figure 4.13. A lower electronic density on Ru (higher CO wavenumber), 

results in higher styrene selectivity, which is consistent with the discussion for 

polymantane catalysts due to electro-deficient Ru NP weakening Ru-alkene bonding 

and favoring its quick desorption.  
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Figure 4.13 Styrene selectivity at 20% conversion as a function of the electronic density on Ru 

(probed via the IR νCO frequency of CO adsorbed on the catalysts in Table 4.6). The Ru/L ratios 

are 120, 40, 20, 10, 10, 10 for HF, TPhTC, AnDC, 4, 2.and 1, respectively. 

 

The activity of the NP assemblies can be affected by the charge transfer as well as the 

Ru NP inter-distance. As Ru@HF and Ru@AnDC possess larger and heterogeneous 

NP size, the correlation of inter-particle distance with TOF in Figure 4.14a only 

incorporates three ligands: 2, 4 and TPhTC. With the elongation of the distance, the 

activity is decreased as shown before, which allows concluding that the use of bulky 

ligands is detrimental to the activity. 

However, in an attempt to establish a correlation between charge transfer and TOF 

(Figure 4.14b), we found that the Ru@TPhTC catalyst is clearly out of the trend, in 

which the decrease of Ru electron density leads to the decrease of activity. For 

Ru@TPhTC the TOF is much lower than it should be, indicating that the influence of 

confinement is a determining factor obliterating the positive effect of the charge transfer. 

The Ru@HF could reach higher activity than all other acids, because the νCO bond 

representing the electron density is in that case as high as for Ru NP stabilized with 

amine ligands (~ 1920 cm-1).  
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Figure 4.14 Correlation between the electronic density on Ru (probed via the IR νCO frequency 

of CO adsorbed on the catalysts after their synthesis in Table 4.6) and the TOF (calculated at 

1h according to surface Ru content for the Ru catalysts. The Ru/L ratios are 120, 30, 20, 10, 10 

for HF, TPhTC, AnDC, 4 and 2. 

 

The Table 4.6 shows the main characterization of the catalysts before and after catalysis.  
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Table 4.6 Mean size distributions, interparticle distances, ruthenium content, CO infrared frequency band of the synthesised Ru NP and Ru NP networks and 

the NP size distribution after catalysis. 

Entry Catalyst Ratio 
Ru content 

(%)a) 

Ru surface 

content (%) 
NP size (nm)b) 

Inter-particle 

distance (nm)c) 
νCO (cm-1)d) 

NP size after catalysis 

(nm)f) 

1 Ru@1 10/1 65.5 36.5 1.8 ± 0.5 - 1949 1.5±0.8 

2 Ru@2 10/1 61.8 34.4 1.8 ± 0.8 2.7 1960 1.1±0.5 

3 Ru@4 10/1 67.7 37.7 1.8 ± 0.6 2.9 1980 1.4 ± 0.6 

4 Ru@5 10/1 82.5 50.1 1.6 ± 0.7 - 1914 1.4 ± 0.7 

5 Ru@6 10/1 80.1 44.6 1.8 ± 0.7 2.4 1915 1.1 ± 0.5 

6 Ru@7 10/1 65.7 38.2 1.7 ± 0.6 2.5 1917 1.3 ± 0.6 

7 Ru@8 10/1 70.2 40.8 1.7 ± 0.7 2.7 1923 1.2 ± 0.6 

8 Ru@TPhTC 40/1 66.0 38.4 1.7 ± 0.8 3.6 1935 1.5 ± 0.6 

9 Ru@AnDC 20/1 66.5 37.1e) 
1.8 ± 0.7 

2.5 ± 1.0 
- 1946 1.3 ± 0.5 

10 Ru@HF 120/1 65.9 31.5 2.2 ± 1.8 3.3 1922 1.8 ± 1.0 
a) By ICP; b), f) by TEM; c) by SAXS; d) by IR; e) diameter is taken as 1.8 nm which is highest statistic frequency. 
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4.2.3.5 Stability of the Ru NP assemblies 

The stability of Ru NP assemblies was evaluated by means of a recycling test for 

an adamantane-based catalyst, and the effect of a thermal treatment on a 

Ru@TPhTC- 40/1 catalyst was studied.  

Figure 4.15 shows TEM micrographs of the spent catalysts of Ru NP assemblies 

with ligand 2, 4, 6, 7, 8, TPhTC, HF and AnDC. After catalysis, the assemblies 

that are stabilized by carboxylic acid display no change in the network while for 

the ones with amine ligand isolated nanoparticles could be observed on the grid. 

Mean sizes of Ru NP (Table 4.6 column 9) after test indicates that the NP are not 

aggregated into larger NP after catalysis. It is clear from the micrographs (Figure 

4.15) that the networks prepared from acid ligands provide more robust catalysts, 

as expected from the DFT calculations discussed in Chapter 2. 

 

 

Figure 4.15 TEM images of spent catalysts: a) Ru@2 - 10/1; b) Ru@4 - 10/1; c) Ru@6 - 10/1;  

d) Ru@7 - 10/1; e) Ru@8 -10/1; f) Ru@TPhTC - 40/1; g) Ru@HF - 120/1; h) Ru@AnDC - 

20/1. 

 

The recyclability of the catalyst system was studied at partial conversion (3 hour of 

reaction) under the optimized conditions, i.e. room temperature, 5 bar H2, and MeOH 
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as solvent, using Ru@2 – 10/1 as catalyst. After each run, the supernatant was separated 

from the Ru catalyst, and after removal of the volatiles by reduced pressure, the Ru 

content on the remaining product was analyzed by ICP. The results are summarized in 

Table 4.7. 

 

Table 4.7 Catalytic recycling tests for phenylacetylene hydrogenation with Ru@2. a) 

Entry Conv. (%) Selec. (%) Ru (mmol) b) TOF(h-1) c) 

Fresh 78.6 65.9 0.022 57.2 

1
st

 recycling 67.6 64.5 0.018 62.0 

2
nd

 recycling 63.3 64.4 0.015 67.7 

3
rd

 recycling 47.8 64.3 0.014 52.8 

4
th

 recycling 32.1 66.6 0.013 35.8 

a) Reaction conditions: 0.02 mmol of Ru, 412 mg (4.00 mmol) of phenylacetylene, 71 

mg (0.50 mmol) of decane (internal standard), room temperature, 5 bar H2, 25 mL 

MeOH, 3h. b) Ru content related to the loss of Ru due to Ru leaching as ascertained by 

ICP. c) TOF calculated according to the actual Ru content (column 4) at the time of 3h. 

 

The selectivity towards styrene remains constant in all four recycling experiments being 

about 65% towards styrene. On the other hand, the activity decreased after recycling 

for two times, which is consistent with the Ru detected by ICP in the supernatant (Table 

4.7). The leaching was attributed to the recycling procedure itself, as the precipitation 

of the Ru catalyst was difficult to achieve. On the other hand, TEM analyses reveal that 

the network is stable after three recycling tests, but significantly lost its structure after 

the fourth test (Figure 4.16). The mean size diameter of the recycled NP after 4 times 

is 1.1 ± 0.5 nm, which is similar to the size of the spent fresh Ru@6. 

 



Chapter 4 Catalytic applications of Ru NP covalent assemblies 

223 

 

 

Figure 4.16 TEM images of catalyst Ru@2 after a) 3
rd

 recycling and b) 4
th

 recycling tests. 

In order to try to improve the stability of NP assemblies, thermal treatment was 

performed on the catalysts, with the aim to remove the carboxylate group and to anchor 

the ligand to NP by the remaining carbene-like carbon atom. Figure 4.17a shows the 

TGA (Thermogravimetric analysis) curve of Ru@TPhTC with a Ru/L ratio of 40/1. 

At a temperature of around 190 °C, the first stage of mass loss happened, in good 

agreement with TPD experiments (Figure 4.17b), which confirmed that the first 

decarboxylation occurs at around 180 °C to finish at around 200 °C. These two 

temperatures (181 and 201 °C) were chosen to thermal-treat the catalyst. 
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Figure 4.17 a) TGA (red curve) and derivation curve (blue curve) of Ru@TPhTC predicting 

the Ru loading after thermal treatment at 181 °C is 70% and 72% at 201 °C; and b) TPD/MS 

of CO2 of Ru@TPhTC. 

 

The thermal treatment of Ru@TPhTC - 40/1 was conducted by heating the sample in 

a furnace under Ar flow reaching a final temperature of 181 or 201 °C at a rate of 

10 °C.min-1 (Ru@TPhTC181 and Ru@TPhTC201, respectively). The final 

temperatures are chosen according to the results of the thermal analyses of 

Ru@TPhTC; 181 °C leading to a partially decarboxylated material, and 201°C to a 

fully decarboxylated one in first stage (Figure 4.17). TEM analyses (Figure 4.18) show 

that Ru NPs networks remain qualitatively similar for sample Ru@TPhTC181 than their 

parent material (Figure 4.18a vs. 4.18c), while the sample treated at a higher 

temperature qualitatively displayed a more compact structure (Figure 4.18a vs. 4.18e) 

indicating a probable change of the linking ligand. Mean size distributions of the 

untreated and thermal treated Ru NP networks are summarized in Table 4.8 column 3, 

presenting similar NP size. Both thermal treated and original Ru@TPhTC catalysts 

were used for the phenylacetylene hydrogenation using THF as solvent and the obtained 

results are summarized in Table 4.8. As the hydrogenation in THF shows good 

selectivity but disassembled structure into isolated NP, it can be an indication of 

whether the stability of the NP assemblies is improved or not. 

Table 4.8 Catalytic hydrogenation of phenylacetylene with Ru@TPhTC (ratio of 40/1) before 

and after thermal treatment at 181 and 201 °C. 

Entry Catalyst 
NP size 

(nm) 

Time 

(h) 

Conv. 

(%) 

S20% 

(%) 

S60% 

(%) 

TOF 

(h-1)b) 

TOF 

(h-1)c) 

1 Ru@TPhTC 1.7 ± 0.8 5.4 66.8 68.4 66.1 24.2 41.6 

2 Ru@TPhTC181 1.6 ± 0.7 4.0 52.8 68.7 66.9 26.1 43.0 

3 Ru@TPhTC201 1.5 ± 0.8 5.0 75.9 61.6 60.8 23.9 37.6 

a) Reaction conditions: 0.02 mmol of Ru, 412 mg (4.00 mmol) of phenylacetylene, 71 mg (0.50 

mmol) of decane (internal standard), room temperature, 5 bar H2, 25 mL of THF; b) TOF calculated 

according to the Ru content at the time given in column 3, the Ru content of Ru@TPhTC181 is 70% 

according to TGA, and 72% for Ru@TPhTC201; c) TOF calculated according to the Ru surface 

content at the time in column 3. 
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TEM analyses of the catalysts after the hydrogenation reaction (Figure 4. 18b, d and f) 

show the beneficial effect of the thermal treatment over the stability. Indeed, 

Ru@TPhTC network is not stable after one catalytic run and produced isolated Ru NP 

(Figure 4.18a vs. 4.18b). This loss of the nanostructure is also observed for 

Ru@TPhTC181, nevertheless some assemblies are still observed on the TEM grid 

(Figure 4.18c vs. 4.18d), thus indicating that the ligands in the network are basically 

acting in the same manner. The beneficial effect of the heat treatment in terms of 

stability of the networks is clearly observed for Ru@TPhTC201. In this case, the 

network is almost unchanged before and after catalysis (Figure 4.18e vs. 4.18f) with 

slightly disassembled NP and a Ru NP size distribution of 1.5 ± 0.6 nm after catalysis.  

 

Figure 4.18 TEM images of catalyst Ru@TPhTC a) before and b) after the catalytic 

hydrogenation of phenylacetylene; Ru@TPhTC catalyst after thermal treatment at 181 °C c) 

before and d) after catalysis; and Ru@TPhTC catalyst after thermal treatment at 201 °C e) 

before and f) after catalysis. 

 

In terms of catalytic performances, the thermal treatment seems to be less attractive. 
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While Ru@TPhT, Ru@TPhTC181 and Ru@TPhTC201 display similar catalytic 

activity (Table 4.8); even if more robust the Ru@TPhTC201 catalyst is slightly less 

selective when compared to the other catalysts. These results are in line with the thermal 

analyses, while 181 °C treatment produces a similar catalyst than Ru@TPhT due to 

the limited decarboxylation, a slightly higher temperature is able to decarboxylate the 

sample and produce a more robust catalyst. Nevertheless, the loss of the carbonyl 

groups together with the change on the network lead to different catalytic results, which 

are probably due to changes of the inter-particle distance and of the electronic density 

on the metal. These parameters need a deeper study to be fully understood. 

4.3 Conclusion 

Isolated Ru NP and Ru NP covalent assemblies stabilized by functional 

polymantane ligands bearing carboxylic and amine groups have been tested as 

catalyst for C-H activation - bromination and hydrogenation of quinoline and 

phenylacetylene reactions. In the case of the C-H activation and hydrogenation 

of quinoline reactions, the Ru NP networks dissembled into isolated NP after 

catalysis. This was tentatively attributed to the harsh conditions used or, in the 

case of the carboxylate ligands to the presence of Lewis-bases in the medium.    

In the hydrogenation of phenylacetylene catalyzed by Ru NP assemblies, milder 

reaction conditions were used. Several Ru NP assemblies bearing different 

ligands (bi-functional polymantane, TPhTC and HF) were recovered intact after 

catalysis, and reached good selectivity to styrene. These nanoparticle networks 

constitute a unique set to investigate structural and electronic effects in 

heterogeneous catalysis. Confinement effects were evidenced that affect both 

catalyst activity and selectivity.  

For the NP assemblies produced from the acid ligand series including 

polymantane, triphenylene, fullerene and anthracene, the selectivity varies with 

the inter-particle distance and the electronic properties. A higher selectivity 

towards styrene was obtained with Ru NP networks presenting electro-deficient 

Ru NP. The activity is also related to both the inter-particle distance and electron 

density. A higher activity is obtained with electron-rich Ru NP and short inter-

particle distances. 
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We also demonstrated that the stability of the assemblies is still a problem for 

phenylacetylene hydrogenation since the structure cannot stand after recycling 

tests. It appears from this study that the choice of carboxylate (or amine) linkers 

to build the network of Ru NP is not an optimal choice. Other ligands such as 

phosphine or carbene, which can bind stronger to Ru could be investigated in the 

future. 

Finally, a thermal treatment was investigated to improve the anchoring strength 

in the network by ligand decarboxylation. Although an improvement in stability 

was obtained, the changes in electronic effect and/or inter-particle distance 

associated to this heat-treatment induce a decrease in styrene selectivity. 

 

4.4 Experimental section 

Material and methods 

All manipulations were carried on under Ar atmosphere via standard Shlenck 

techniques and in an MBraun glovebox. The solvent we used in this work are purified 

by standard methods or by an MBraun SPS-800 solvent purification system and 

degassed by a freeze-pump-thaw protocol. [Ru(COD)(COT)] [(1,5-

cyclooctadiene)(1,3,5-cyclooctatriene)ruthenium] was purchased from Nanomeps 

Toulouse. Fullerene, TBATB, K2CO3, NaHCO3, phenylacetylene and decane were 

purchased from Sigma-Aldrich, NBS was purchased from TCI and 2-phenylpyridine 

from Alfa Aesar. These products were used as received. 

Synthesis of Ru NP on functionalized carbon nanotubes 

9.6 mg [Ru(COD)(COT)] were dissolved in 20 mL THF and this solution was added to 

150 mg of dried functionalized carbon nanotubes (CNT_O or CNT_N). After stirred 

under inert atmosphere overnight, the mixture was filtered and washed with pentane to 

obtain a black solid, which was reduced under H2/Ar gas flow (flow ratio of Ar:H2= 4:1) 

at 200 °C for 1h using a rate of 7 °C.min-1. The final products were kept under inert 

atmosphere for further uses. % Ru content: Ru/CNT_O 1.6% w/w; Ru/CNT_N, 0.8% 

w/w. 

Synthesis of Ru@C60 with Ru/L ratio of 10/1 

Fullerene C60 (24.4 mg, 0.034 mmol) was dissolved in 135 mL of dichloromethane in 
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a 500 mL volume Fisher-Porter bottle, afterwards [Ru(COD)(COT)] (140.2 mg, 0.444 

mmol) was added to the purple solution. After 1h of stirring under Ar at room 

temperature, hydrogen (3 bar) was introduced into the Fisher-Porter bottle After 16 h 

of reaction at room temperature, the solvent volume was reduced and the black solid 

was washed by pentane (3 x 200 mL) and finally dried under vacuum overnight. Ru 

content: 48.7%. 

Calculation of Ru surface content 

The fraction of Ru atoms on the surface is given by f = 
𝐴𝑡𝑜𝑚𝑠⁡𝑠𝑢𝑟𝑓𝑎𝑐𝑒

𝐴𝑡𝑜𝑚𝑠⁡𝑡𝑜𝑡𝑎𝑙
  (in percentage 

x100). Atoms in total, in the core and in the shell are calculated following: Unitcellstotal 

= 
𝑉𝑡𝑜𝑡𝑎𝑙

𝑉𝑢𝑛𝑖𝑡
   Atomstotal = (Unitcellstotal).(atoms per unit cell)  Unitcellscore = 

𝑉𝑐𝑜𝑟𝑒

𝑉𝑢𝑛𝑖𝑡
   

Atomscore = (Unitcellscore).(atoms per unit cell)  Unitcellsshell = 
𝑉𝑠ℎ𝑒𝑙𝑙

𝑉𝑢𝑛𝑖𝑡
  Atomssurface = 

(Unitcellsshell).(atoms per unit cell)  where the volume of the nanoparticles is: Vtotal =  

4

3
𝜋( r)3; Vcore =  

4

3
𝜋( r-shell thickness)3   Vshell = Vtotal - Vcore; and the volume of a 

single unit cell (a and c lattice parameters) using: Vunit=(𝑎𝑡𝑜𝑚𝑠⁡𝑝𝑒𝑟⁡𝑢𝑛𝑖𝑡⁡𝑐𝑒𝑙𝑙)
𝑎2√3

4
𝑐. 

Crystallographic data of Ru:62 shell thickness = half the lattice constant; Vunit = 0.0817 

nm3 (a = 0.271; c = 0.428); atoms per unit cell = 6; r determined using TEM images. 

General procedure for the bromination of 2-phenylpyridine 

4.8 mg of catalyst (Ru, 0.03 mmol) were added to a 2-phenylpyridine (46.9 mg, 0.3 

mmol) solution in DMA (0.9 mL). Bromination agents (TBATB or NBS, 231.4 mg and 

84.2 mg, respectively, 0.48 mmol) were subsequently added. The reaction mixture was 

heated to the desired temperature and allowed to react. After 20 h of reaction, the 

solution was cooled down and decane (45 mg, 0.258 mmol) was introduced as an 

internal standard. The final reaction solution was diluted in 10 mL CH2Cl2, then washed 

with 10 mL NaHCO3 (1M) and 10 mL of brine successively. The organic layer was 

concentrated using a rotary evaporator and analyzed by GC and GC-MS. 

General procedure for the hydrogenation of quinoline 

The hydrogenation of quinoline was performed in a 75 mL stainless steel high-pressure 

batch reactor. Typically, the Ru NP catalyst (0.02 mmol of Ru) was introduced into a 

solution of dodecane (75 mg, 0.44 mmol) and quinoline (404 mg, 3.12 mmol) in 25 mL 
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of THF as solvent under an Ar atmosphere. The autoclave was purged three times with 

H2; heated at 100 °C and charged with 20 bar of H2. The stirring rate was fixed to 1500 

rpm. Samples of the reaction mixture were taken out at different time intervals and 

analysed by gas chromatography.  

General procedure for the hydrogenation of phenylacetylene  

In a typical catalytic reaction, a mixture of phenylacetylene (4 mmol, 412 mg), decane 

(0.5 mmol, 71 mg) and Ru NP catalyst (0.02 mmol of Ru) were dispersed in MeOH (25 

mL) in a magnetically stirred autoclave with Teflon inner cylinder. The autoclave was 

purged three times with H2. The autoclave was pressurized with 5 bar of H2 at room 

temperature. The stirring rate was fixed to 1500 rpm. Samples of the reaction mixture 

were taken out at different time intervals and analysed by gas chromatography.  

Recycling test 

Phenylacetylene (4 mmol, 412 mg), decane (0.5 mmol, 71 mg) and Ru NP catalyst (Ru 

atom amount 0.02 mmol) were dispersed in MeOH (25 mL) in a magnetically stirred 

autoclave with Teflon inner cylinder. The autoclave was purged three time with H2 and 

pressurized with 5 bar of H2 keeping the stirring rate at 1500 rpm. After 3h of reaction, 

the catalyst was recovered in the glovebox by precipitation and washed with diethyl 

ether, then dried under vacuum. The catalyst was then reused in a subsequent catalytic 

test carried out following the same procedure.  

Thermal treatment of Ru@TPhTC - 40/1 

30 mg of Ru@TPhTC - 40/1 was introduced in a furnace under an Ar flow. The 

temperature was raised using a rate of 10 °C.min-1 until 181 or 201°C, to produce 

Ru@TPhTC181 and Ru@TPhTC201, respectively. When the corresponding 

temperature was reached, the furnace was cooled down to room temperature under 140 

mL.min-1 of Ar flow.  

Characterization 

The ruthenium content was measured by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) performed at the LCC with a Thermo Scientific ICAP 6300 

instrument.  

TEM analyses were performed at the “Centre de microcaracterisation Raimond 
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Castaing, UMS 3623, Toulouse” by using a JEOL JEM 1011 CX-T electron microscope 

operating at 100 kV with a point resolution of 4.5 a and a JEOL JEM 1400 electron 

microscope operating at 120 kV. The particle size distribution was determined through 

a manual measurement of enlarged micrographs from different areas of the TEM grid 

(at least 200 particles).  

GC analyses were performed on a PerkinElmer Autosystem GC equipped with an Elite-

5MS Capillary Column (30 m × 0.25 mm × 0.25 µm). Quantitative analyses of reaction 

mixtures were performed via GC using calibration solutions of commercially available 

products. 

GC-MS analyses were performed in a PerkinElmer Autosystem GC equipped with an 

Elite-5MS Capillary Column (30 m*0.25 mm*0.25 m) coupled to a Turbo Mass mass 

spectrometer. 

Liquid NMR spectra were obtained on a Bruker Fourier 300 systems using CD2Cl2, 

CDCl3, or THF-d8 solvent, TMS as internal standard, with proton and carbon 

resonances at 300 and 75 MHz, respectively. 

Thermogravimetric analyses (TGA) were obtained with TGA 2 METTLER TOLEDO 

instrument. The sample was heated up to 1000 ºC at 10 ºC.min-1 using a constant 

nitrogen flow of 20 cm3.min-1.
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General conclusions and perspectives 

In this thesis we have investigated a series of innovative Ru NP covalent assemblies 

with di- or multi-functionalized polymantane, triphenylene, anthracene and fullerene 

molecules. These well-defined structures that present a narrow mean particle size 

distribution and a short-range order have been applied to catalyze the semi-

hydrogenation of phenylacetylene. In such NP networks, we expected to have: 

i. a good control of NP size and electronic interactions as a result of the chemical 

nature of the ligand;  

ii. a good control of inter-particle distance due to the bulkiness of the ligand; 

iii. a control of the dimensionality of the network (2D or 3D) directed by the 

geometry of the ligand; 

iv. a facile catalyst separation as a consequence of the macroscopic shape of the 

final material. 

Firstly, various carboxylic acid and amine polymantanes were synthesized and used as 

ligands and linkers for building up 3D Ru NP assemblies by decomposition of an 

organometallic Ru precursor under 3 bar H2 in THF. Among all the ligands tested, mono 

carboxylic adamantane and mono amine adamantane direct to isolated Ru NP, while 

dicarboxylic and diamine adamantane, bisadamantane, and diamantane result in 

covalent NP assemblies. The Ru NP present a metallic hcp structure, as confirmed by 

WAXS analyses. Meanwhile, the mean Ru NP size can be controlled by adjusting the 

Ru/L ratio, showing in all cases a narrow size distribution. With increasing the Ru/L 

ratio from 5/1, 10/1 to 20/1, the NP size increased slightly. SAXS and electronic 

tomography analyses revealed a short-range order in the assembly, with a homogeneous 

inter-particle distance. Furthermore, this inter-particle distance can be tuned by 

changing the polymantane block in between the functional groups, in good agreement 

with ligand size established by theoretical calculations. For the carboxylic acid series, 

the connected nodes on the surface of NP consist in bidentate carboxylate species, as 

shown by IR, isotopic labeling, SS-NMR and isolation of intermediate Ru carboxylate 

complexes formed during the NP synthesis. The differences of electronic density on the 

surface of Ru NP due to the charge transfer between amine and acid groups and Ru 

have been quantified by IR from CO adsorption experiment, as well as by XPS analyses 

and DFT calculations. The charge transfer is from Ru to ligand for carboxylate networks, 
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resulting in electro-deficient Ru NP. The opposite situation is obtained in the case of 

the amine ligands. DFT calculations support the electronic properties and show a 

stronger binding energy of carboxylate groups than amine groups, leading to more 

stable assemblies as shown by TPD/MS results. Remarkably, a decarbonylation 

reaction of the carboxylic ligands has been evidenced during the material synthesis at 

room temperature under 3 bar of hydrogen, which should be catalyzed by intermediate 

Ru cluster or colloidal species. A preferential low energy pathway for this reaction has 

been proposed based on DFT calculations. To the best of our knowledge, it is the first 

time that carboxylic acid decarbonylation is reported under such mild conditions. 

Secondly, another series of ligands composed of sp2 or sp3 backbone has been 

synthesized containing carboxylic acid functional groups: tri-carboxylic triphenylene 

(TPhTC), twelve-carboxylic hexa-adducted fullerene (HF). In addition, commercially 

available dicarboxylic anthracene (AnDC) has been used. The three compounds were 

utilized to synthesis Ru NP assemblies following the same organometallic method, 

expecting that the geometry of the ligand (2D or 3D) will control the formation of 2D 

or 3D assemblies. In a previous published work from our group, a twelve-carboxylic 

hexa-adducted fullerene, C66(COOH)12 was used to produce self-assemblies with a 

short-range order. Herein, a hexa-fullerene bearing long alkyl chains terminated with 

carboxylic acid (HF) was applied leading to 3D assemblies with Ru NP mean diameter 

of 2.2 ± 1.8 nm and long inter-particle distance of 3.3 nm (2.85 nm for 

Ru@C66(COOH)12). The bidentate carboxylate coordination mode on the NP surface as 

well as the presence of functionalized fullerene were evidenced by IR and SS-NMR. 

As a consequence of the planar geometry of the liquid crystal molecule, TPhTC, a 2D 

Ru NP assembly was produced with well-crystalized hcp structure, homogeneous NP 

diameters and controlled inter-particle distance. AFM analyses have shown that the 

assemblies are layered two-dimensional, and present a high aspect ratio. A wide range 

of Ru/L ratio have been used, from 4/1 to 120/1, allowing varying the NP size from 

around 1.3 nm to 2.8 nm. Specially, single Ru atoms can be detected at low Ru/L ratio 

(20/1) in the assemblies. The distance between NP is larger than the ones obtained in 

assemblies produced from polymantanes as shown by SAXS and electronic tomography. 

The coordination chemistry on the surface was studied by IR and SS-NMR that show 

the existence of bidentate carboxylate groups on the Ru NP surface as well as the 

maintain of the integrity of the ligand in the material, i.e. aromatic ring and ether group 
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nodes. As for polymantane ligands, adsorbed CO is present on the Ru surface. The 

thermal stability of Ru@TPhTC (40/1 and 4/1) and TPhTC ligand was evaluated by 

TPD/MS. The Ru@TPhTC 40/1 material is less stable than Ru@TPhTC 4/1 and 

TPhTC, presumably because Ru catalyzed the decomposition of the network. Another 

planar ligand, anthracene dicarboxylic acid was also used. In that case, the Ru NP size 

is not homogeneous, which is suspected to result from the partial hydrogenation of the 

aromatic ring of the ligand during the synthesis, as evidenced by SS-NMR analyses.  

In the last chapter of the thesis, the Ru NP assemblies were applied to three different 

catalytic reactions: bromination, hydrogenation of quinoline, and the selective 

hydrogenation of phenylacetylene. It is shown that the Ru NP carboxylate covalent 

assemblies are fragmentated into isolated NP both in bromination and quinoline 

hydrogenation reactions even though showing good activity. During the hydrogenation 

of phenylacetylene requiring milder conditions, the Ru NP assemblies kept its integrity 

and displayed good selectivity to styrene. From the set of assemblies produced we 

investigated structure/performance relationships. We particularly investigated the effect 

of the electronic density on Ru and the inter-particle distance. This could be done 

without an additional impact of particle size, since most of the sample produced show 

similar Ru mean NP size. Considering the catalytic behavior of polymantane NP 

assemblies, the electron rich Ru NP are more active and less selective than electron 

deficient one. Longer inter-particle distance between NP hampers activity but benefits 

the selectivity. When comparing all the carboxylate Ru NP assemblies, electron 

deficient of Ru NP present higher selectivity. The activity of the catalysts is influenced 

synergistically by the inter-particle distance as well as by the electron density of Ru NP 

surface. The assembly displayed good stability, activity and selectivity during catalysis; 

although a partial collapse of the nanostructure was displayed after four successive 

catalytic runs performed to test the recyclability of the system. Thermal treatment was 

attempted to enhance the stability of the nanostructure but additional efforts are needed 

to explore this approach.  

The work described in this doctoral thesis provides inspired perspectives for 

future research:  

i) The possibility of producing 2D or 3D covalent assemblies of metallic 

nanoparticles by a simple method that can be applied on a large scale has been 
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validated. We have demonstrated that the choice of ligand strongly influences: 

the dimensionality of the structure, the inter-particle distance and the electronic 

density on the metal. In some cases, an effect of the ligand on the particle size 

has been noted. Considering the huge number of ligands available as well as the 

choice of metal, the assembly possibilities are only limited by the imagination 

and of course by their application. Particularly, it would be interesting to: use 

ligands bearing more functional groups of different types, in order to achieve a 

larger modulation of the key characteristics of the assemblies; and to extend the 

study to more applications such as electrocatalysis or sensors, for which high 

metal loadings are pursued.  

ii) The correlations found between the catalytic activity/selectivity and the NP 

arrangement and electronic effects provide clues for further catalyst design at the 

molecular level. The detailed characterization of the assemblies helps to better 

understand heterogeneous catalysts, which are hardly fully characterized 

nowadays, as for metal supported carbon catalysts. The work opens interesting 

perspectives for the rational design of heterogeneous catalysts, and offer 

interesting model catalysts to better understand carbon-supported catalysts. 

iii) The main issue our work has raised is the stability of the assemblies under 

catalytic conditions. The main reason for choosing carboxylic or amine acid 

ligands to stabilize the assemblies came from the fact that it is well known for 

catalysts supported on carbon materials that the presence of surface functional 

groups of acid or amine type allows better dispersion of the active phase, and 

insures a good stability. Our work demonstrates that the presence of this group, 

indeed allows a sharp control over NP size, but is not sufficient to strongly 

stabilize the NP, at least in the case of ruthenium. A Ru-C contribution to the 

final bonding is in fact needed to stabilize NP on carbon materials.1 Based on our 

results, an interesting perspective will be to use other types of ligand showing 

higher affinity for a metal like ruthenium as diphosphines or di-carbenes, or 

ligands bearing different functionalities as phosphine plus carboxylates. 

iv) The exciting discovery of carboxylic acid decarbonylation occurring under 

mild conditions in the synthesis procedure is worthy to be exploited for catalysis 

application. Our work also suggests that the adsorption of CO on the metal should 
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be problematic to make this reaction catalytic under the condition of the reaction. 

However, considering that Ru is active for the preferential CO oxidation in 

hydrogen-rich environments,2 it could be interesting to perform this reaction in 

the presence of small amounts of oxygen.  
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5.1 Introduction 

La conception des premiers catalyseurs industriels date de près de deux cents ans1 et les 

premiers procédés catalytiques importants, comme le procédé Haber-Bosch sont apparus il y a 

un siècle. Depuis lors, les progrès en catalyse et en développement de catalyseurs ont 

considérablement changé le mode de vie humain2 et la catalyse est aujourd’hui essentielle pour 

le développement d'un monde durable. Le but principal de la recherche scientifique en catalyse 

est de trouver comment orienter les réactions chimiques, en obtenant une activité et une 

sélectivité élevées dans des conditions douces, tout en atteignant une stabilité maximale du 

catalyseur et de faibles coûts de production.3 Les recherches les plus récentes s’attachent à 

établir une description fine des étapes cruciales des réactions chimiques, afin de proposer des 

théories pouvant guider la conception du catalyseur, qui comprend une grande variété de 

méthodes et de matériaux.4-10  

En raison de la demande de développer une chimie durable et verte, les catalyseurs hétérogènes 

tels que les catalyseurs supportés sont considérés comme supérieurs aux homogènes, en 

particulier au niveau industriel, du fait de leur recyclabilité et de leur séparation facile.11 

Cependant, les catalyseurs supportés souffrent de certains inconvénients, tels que: a) des centres 

actifs et des interactions métal/support mal définis, b) une large distribution de la taille des 

particules métalliques, et c) aucun contrôle de la distance inter-particules (Figure 5.1a). D'un 

autre côté, les catalyseurs homogènes sont attrayants en raison de la nature bien définie de leurs 

sites actifs, qu'il est possible d'ajuster finement pour atteindre des activités et/ou sélectivité 

importantes. Les nanoparticules (NP) colloïdales sont des nanomatériaux combinant les 

caractéristiques des catalyseurs homogènes et hétérogènes, pour lesquels la chimie de 

coordination de surface joue un rôle prépondérant.12 Les techniques de préparation de NP 

colloïdales peuvent fournir un contrôle précis de la taille, la forme et la composition chimique, 

de sorte que l'hétérogénéité des matériaux catalytiques peut être considérablement réduite 

(Figure 5.1b).13 Cependant, leur séparation du mélange réactionnel est difficile, voire 

impossible à grande échelle. 
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Figure 5.1 a) Micrographie STEM-HAADF d'un catalyseur Ru/C commercial; et b) micrographie TEM 

de NP de Ru préparées dans ce travail et stabilisées par de l'acide adamantane carboxylique. 

 

Pour contourner ce problème, les NP colloïdales peuvent être déposées sur un support, comme 

par exemple sur un polymère, un matériau carboné ou des supports inorganiques,14-16 ou encore 

stabilisées dans une phase spécifique tel qu’un liquide ionique.17,18  Cependant, dans ce cas 

également, il est difficile de contrôler la distance inter-particules, qui est un paramètre important 

en catalyse19-21 et le fait de déposer les NP sur un support modifie considérablement les 

propriétés électroniques des NP stabilisées par le ligand d'origine. 

Par conséquent, il pourrait être intéressant d'utiliser l'assemblage covalent de NP métalliques 

en catalyse compte tenu de l’obtention d’un espace confiné et d’un réseau potentiellement, qui 

sont souhaitables pour des applications en catalyse. Néanmoins, l'assemblage covalent de NP 

métalliques a reçu relativement peu d'attention pour les applications en catalyse. L'objectif de 

cette thèse est de concevoir des nanomatériaux innovants contenant des NP de ruthénium 

métallique et des ligands di- ou multifonctionnels assurant une liaison covalente entre les NPs. 

Dans de tels réseaux de NP, nous nous attendons à avoir: i) un bon contrôle de la taille des NP 

et des interactions électroniques avec le ligand, ii) un bon contrôle de la distance inter-particules 

grâce au choix du ligand, et iii) une séparation facile du catalyseur grâce à la forme 

macroscopique du matériau final. Étant donné que la structure du catalyseur peut être conçue 

et bien définie, il sera possible de comprendre la relation structure-performance et de 

développer une catalyse hétérogène prévisible, ce qui est la plupart du temps très difficile. 
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Ainsi, une série de nanostructures hybrides originales et auto-assemblées contenant des NP de 

Ru et divers ligands portant des groupes carboxyliques ou amines ont été produites et 

caractérisées. Le choix de ces fonctions a été dicté par le fait qu’il s’agit là de groupes de 

surfaces reconnus pour assurer une bonne dispersion et un bon ancrage des NP métalliques sur 

les supports carbonés. Le squelette organique, qui peut également être considéré comme le 

support, est constitué de molécules de différentes tailles contenant du carbone sp2 (anthracène, 

fullerène, triphénylène) ou sp3 (polymantanes). Différents assemblages de NP de Ru 

tridimensionnels ou bidimensionnels ont été synthétisés et entièrement caractérisés. Des calculs 

théoriques ont été effectués pour étayer les résultats expérimentaux concernant la stabilité des 

assemblages et la nature de la chimie de coordination à la surface des NP. Enfin, nous avons 

évalué les performances catalytiques de ces nanostructures pour différentes réactions. Une 

attention particulière a été consacrée à l'hydrogénation sélective du phénylacétylène en styrène. 

Il est démontré que les propriétés intrinsèques des assemblages tels que la distance inter-

particules et les effets électroniques ont des influences associées sur l'activité catalytique et la 

sélectivité. 

Ce manuscrit est composé d’un chapitre bibliographique et de trois chapitres détaillants les 

résultats expérimentaux. 

5.2 Assemblage covalent de nanoparticules métalliques - stratégies de 

synthèse et applications catalytiques 

Le premier chapitre est consacré à une étude bibliographique exhaustive sur les assemblages 

covalents de nanoparticules métalliques, se concentrant notamment sur les différentes stratégies 

de synthèse et sur les rares exemples d'applications catalytiques. En ce qui concerne la synthèse 

des assemblages covalents de NP métalliques, alors que les premiers assemblages ont été 

produits avec des méthodes simples, des systèmes efficaces et plus complexes ont été conçus 

et appliqués récemment, comme la formation de réseaux covalents réversibles de NP 

métalliques. Si l'interaction métal-ligand est suffisamment forte, les principaux avantages des 

assemblages covalents de NP métallique en catalyse sont leur stabilité et leur robustesse, ce qui 

a conduit dans certains cas à un meilleur recyclage, par rapport aux NP de métal non assemblés. 

De plus, dans certains cas, les NP métalliques assemblées présentaient de meilleures 

performances catalytiques que les NP métalliques isolées.  

Le Tableau 5.1 présente les avantages et les inconvénients des catalyseurs hétérogènes 

traditionnels, des NP colloïdales et des réseaux covalents de NP. D'après ce Tableau, il semble 
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que l'utilisation d'assemblages covalents de NP métalliques en catalyse pourrait constituer un 

bon compromis entre NP colloïdales et catalyseurs hétérogènes conventionnels. 

 

Tableau 5.1 Comparaison du NP colloïdal, des réseaux covalents de NP et des catalyseurs hétérogènes 

conventionnels supportés en termes de paramètres pertinents pour les performances catalytiques. 

Catalyseur 
Taille 

NP 

Distance 

inter-

particulaire 

Présence 

de ligand 

Interaction 

avec le 

support 

Robustesse Séparation 

NP 

colloïdales  

- 
 

- 
  

Réseau 

covalent de 

NP 
  

    

Catalyseur 

hétérogène   
 

 
  

 

Les deux chapitres suivants présentent une série d'assemblages covalents de NP de Ru avec des 

molécules de polymantane, triphénylène et fullerène fonctionnalisées. Ces structures bien 

définies dont la synthèse est contrôlée ont été appliquées pour catalyser la semi-hydrogénation 

du phénylacétylène qui est décrite dans le quatrième et dernier chapitre. 

5.3 Synthèse contrôlée d'assemblages covalents de nanoparticules de 

ruthénium 3D à partir de ligands polymantanes 

Dans le chapitre deux, plusieurs ligands polymantanes portant des fonctions acide carboxylique 

et amine ont  été synthétisés (Schéma 5.1) et utilisés comme ligands et lieurs dans la 

construction d'assemblages de NP par décomposition d’un précurseur de Ru sous 3 bar de H2 

dans le THF. Parmi ces ligands, le mono carboxylique adamantane et le mono amine 

adamantane (1 et 5) conduisent à la formation de NP de Ru isolées, tandis que les composés 

dicarboxyliques et diamines de l’adamantane/bis-adamantane/diamantane conduisent à la 

formation d’assemblages de NP, les images MET correspondantes sont présentées sur la Figure 

5.2. 
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Schéma 5.1 Série de ligands polymantanes, y compris l'adamantane, le bis-adamantane et le squelette 

diamantane, utilisés pour la synthèse de NP de Ru et de réseaux de NP de Ru. 

 

 

Figure 5.2 Micrographies MET de réseaux de NP de Ru et de NP isolées obtenus à un rapport molaire 

Ru/L de 10 pour les ligands: a) 1 (barre d'échelle = 50 nm); b) 2 (barre d'échelle = 50 nm); c) 4 (barre 

d'échelle = 50 nm); d) 5 (barre d'échelle = 100 nm); e) 6 (barre d'échelle = 50 nm); f) 7 (barre d'échelle 

= 50 nm); g) 8 (barre d'échelle = 50 nm); et h) HRTEM de Ru@2 (barre d'échelle = 20 nm) 
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Les nanostructures présentent une structure métallique hcp confirmée par l'analyse WAXS. La 

taille des NP est modifiée avec succès en modulant le rapport Ru/L, montrant un diamètre 

homogène modéré d'environ 2 nm. Avec l'augmentation du rapport Ru/L de 5/1, 10/1 à 20/1, la 

taille NP est légèrement augmentée, comme résumé dans le Tableau 5.2. 

 

Tableau 5.2 Distribution de taille moyenne, distances inter-particules et de la teneur en ruthénium des 

réseaux de NP de Ru et des NP de Ru isolées synthétisés à partir des ligands polymantanes. 

Ligand 
Ru/L 

(molaire) 

Ru charge 

(%) 

Taille NP 

(nm)a) 

Taille NP 

taille (nm)b) 

Réseau 

NP 

Distance inter-

particules 

(nm)c) 

1 

5/1 77,9 1,5 ± 0,6 1,5 no - 
10/1 65,5 1,8 ± 0,5 2,2 no - 
20/1 78,7 1,9 ± 0,6 2,5 no - 

2 

5/1 50,2 1,7 ± 0,7 1,7 yes 2,2 
10/1 61,8 1,8 ± 0,8 2,0 yes 2,7 
20/1 70,1 1,9 ± 0,7 2,2 yes 2,7 

4 10/1 67,7 1,8 ± 0,6 2,1 yes 2,9 
5 10/1 82,5 1,6 ± 0,7 1,5 no - 
6 10/1 80,1 1,8 ± 0,7 1,9 yes 2,4 
7 10/1 65,7 1,7 ± 0,6 1,2 yes 2,5 
8 10/1 70,2 1,7 ± 0,7 2,1 yes 2,7 

a) Par TEM. b) Par WAXS. c) Par SAXS. 

 

En particulier, les auto-assemblages de NP de Ru démontrent un ordre à courte distance avec 

une distance inter-particules homogène. Le pic à un angle élevé dans les spectres SAXS (Figure 

5.3a) est interprété comme une distance de corrélation, et la tomographie électronique (Figure 

5.3b) montre un arrangement tridimensionnel des NP à l'intérieur de l'assemblage. De plus, la 

distance peut être ajustable en modifiant la taille de la molécule de polymantane entre les 

groupes fonctionnalisés, en bon accord avec la valeur théorique obtenue en sommant la taille 

des NP et celle de la molécule. Les principales informations issues des analyses MET, WAXS 

et SAXS sont répertoriées dans le Tableau 5.2. 
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Figure 5.3 a) Analyses SAXS des assemblages de NP de Ru produits à partir du ligand 2 à différents 

rapports molaires Ru/L 5: 1, 10: 1 et 20: 1; b) Structure optimisée des espèces (Ru55)2@Ad-(COO)2; et 

c) reconstruction manuelle 3D de certaines NP de Ru à partir du tomogramme correspondant. Leur taille 

est calculée à 1,9 ± 0,3 nm. 

 

Des analyses IR, et par RMN du solide nous ont permis de mettre en évidence que les ligands 

carboxyliques sont coordonnés à la surface des nanoparticules via un mode carboxylate 

bidentate (Figure 5.4). Des complexe carboxylates du Ru formés lors dans les premières étapes 

de la réaction ont également pu être isolés et caractérisés. Nous avons identifié que les bandes 

IR à 1560/1390 cm-1 (Δν = 170 cm-1) sont cohérentes avec les ponts ligands carboxylates 

bidentés. Le pic à 220,1 ppm en RMN a été attribué à du CO adsorbé sur les NP de Ru. Le pic 

à 193,6 ppm a été attribué aux ponts ligands carboxylates bidentés, tandis que le pic à 178,3 

ppm pourrait être provisoirement attribué à des espèces chélates bidentées.  

Les différences de densité électronique en surface des NP de Ru dues au transfert de charge 

entre les groupes amine et acide et le Ru ont été sondées par IR après adsorption de CO et par 

analyses XPS. Les électrons sont transférés du Ru vers le ligand pour les réseaux carboxylates 

provoquant la formation de NP de Ru pauvres en électrons. La situation est inversée avec les 

ligands de type amine.  



Chapitre 5 Résumé 

252 

 

 

Figure 5.4 a) Spectres IR de 2 et Ru@2 (rapport Ru/ligand = 10), et b) Spectre RMN 13C à l’état solide 

de Ru@2 (rapport Ru/ligand = 10) obtenu avec du ligand marqué au 13C (Ad-(13COOH)2). 

 

Les calculs DFT (Figure 5.5) prennent en charge les propriétés électroniques et montrent une 

énergie de liaison plus forte des groupes carboxylates que des groupes amines conduisant à des 

assemblages plus stables comme le montrent des résultats obtenus par TPD/MS. 

 

Figure 5.5 Géométrie optimisée (à partir de calculs DFT), énergie d'adsorption des ligands et transfert 
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de charge pour les modèles a) Ru13@1 et b) Ru13@5. 

 

Remarquablement, nous avons mis en évidence une réaction de décarbonylation des ligands 

carboxyliques, produisant du CO adsorbé en surface des NP de Ru (CO entre 1920 et 1980 cm-

1) se produit pendant la synthèse du matériau à température ambiante sous 3 bar d'hydrogène. 

Cette réaction doit être catalysée par des clusters de Ru et une voie préférentielle de faible 

énergie a été proposée à partir de calculs DFT (Figure 5.6). C'est à notre connaissance la toute 

première fois que la réaction de décarbonylation d’acides carboxyliques est observée dans des 

conditions aussi douces. 

 

Figure 5.6 Investigation DFT du mécanisme de la réaction de décarbonylation d’acides carboxyliques 

par un cluster de ruthénium. Les valeurs bleues correspondent aux différences énergétiques totales par 

rapport à l'état initial, alors que les rouges indiquent la hauteur de la barrière énergétique. 
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5.4 Auto-assemblages 3D et 2D de nanoparticules de Ru produits à partir des 

ligands multitopiques 

Dans le troisième chapitre, plusieurs molécules terminées par des groupes carboxyliques, 

comme le triphénylène tri-carboxylique (TPhTC) fourni par le professeur Silverio Coco 

(Liquid Crystal and New Materials Group de l'Université de Valladolid), et un adduit de 

fullerène C60 contenant douze groupements carboxyliques (HF) synthétisé dans le laboratoire 

du Prof. Nazario Martin à Madrid (Espagne). Avec l'anthracène dicarboxylique (AnDC), les 

trois types de composés (Schéma 5.2) ont été utilisés pour produire des assemblages de NP de 

Ru en suivant la même méthode organométallique que celle décrite dans la partie précédente : 

le précurseur [Ru(COD)(COT)] étant décomposé sous H2 en présence de ligands.  

 

 

Scheme 5.2 Structures moléculaires des ligands HF, TPhTC et AnDC. 

 

Dans des travaux précédents de l’équipe, un fullerène contenant douze groupes carboxyliques 

nommé C66(COOH)12 avait été utilisé afin de produire des auto-assemblages de NP de Ru. Ici, 

l'hexa-fullerène comportant de longues chaînes alkyles terminées par des groupes acides 

carboxylique (HF) est utilisé, conduisant à des assemblages en trois dimensions avec un 

diamètre de NP de Ru moyen de 2,2 ± 1,8 nm et une distance inter-particules plus longue de 

3,3 nm (spectres SAXS sur la Figure 5.7) que la valeur de 2,85 nm obtenu pour 

Ru@C66(COOH)12. La présence de groupes carboxylates bidentés en surface des NP de Ru et 

celle du fullerène fonctionnalisé (cage C60, triazole, carbone quaternaire et alkyle) ont été mis 

HF 

TPhTC 

AnDC 
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en évidence par IR et RMN du solide.  

Grâce à la forme plane de la molécule de cristal liquide, TPhTC, un assemblage de NP de Ru 

bidimensionnel a été produit avec une structure hcp bien cristallisée des NP de Ru, des 

diamètres de NP homogènes et une distance interparticulaire contrôlée. 

 

Figure 5.7 Analyse SAXS de Ru@HF. 

La structure est obtenue avec une large gamme de rapport Ru/L (4/1, 6/1, 20/1, 40/1, 70/1 à 

120/1), la taille des NP augmentant d'environ 1,3 nm à 2,8 nm avec le rapport Ru/L. En 

particulier, des atomes de Ru isolés ont pu être détectés dans les assemblages aux faibles 

rapports Ru/L (20/1) (Figure 5.8g). Les distances interplanaires et les relations angulaires 

mesurées par analyse de transformée de Fourier rapide bidimensionnelle (2D-FFT) pour les NP 

produites sont cohérentes avec la présence de Ru hcp. 

 

Figure 5.8 Images MET de Ru@TPhTC avec un rapport Ru/L de a) 4/1 (barre d'échelle = 50 nm); b) 

20/1 (barre d'échelle = 50 nm); c) 40/1 (barre d'échelle = 50 nm); d) 70/1 (barre d'échelle = 50 nm); et 
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e) 120/1 (barre d'échelle = 50 nm); Images HR-MET de Ru@TPhTC avec un rapport Ru/L de f) 6/1 

(barre d'échelle = 5 nm) avec analyse par transformée de Fourier rapide bidimensionnelle (2D-FFT) et 

g) images STEM-HAADF de Ru/L 20/1 (barre d'échelle = 10 nm). 

La distance interparticulaire confirmée par SAXS et tomographie électronique (Figure 5.9) est 

plus longue que celles obtenues dans les assemblages produits à partir des ligands polymantanes 

en raison du cœur aromatique plus volumineux du ligand TPhTC et de la longue chaîne ramifiée 

attachée. La distance de centre de NP à centre de NP est de 3,5 nm, 3,1 nm et 2,9 nm, pour les 

échantillons 70/1, 40/1 et 20/1, respectivement. TPhTC conduit à un assemblage 2D des NP 

avec une épaisseur de l’assemblage de 3 à 8 nm et une extension de plus de 200 nm, tel que 

vérifié par l'analyse AFM. 
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Figure 5.9 a) Tomogramme de l'ensemble de NP de Ru produit à partir de TPhTC en utilisant un rapport 

40/1 Ru/L; b) reconstruction manuelle de certaines NP de Ru à partir du tomogramme correspondant; et 

c) analyse SAXS de Ru @ TPhTC avec le rapport Ru/L de 20/1, 40/1 et 70/1. 

 

L'analyse par IR et RMN du solide (Figure 5.10) de la chimie de coordination de surface montre 

l'existence de groupes carboxylates bidentés de surface et l'intégrité de la molécule de ligand 

dans le matériau, c'est-à-dire les nœuds du groupe aromatique et la fonction éther (Schéma 5.2). 

De plus, du CO adsorbé est également mis en évidence par les spectres IR, à 1930 cm-1, valeur 

inférieure à celles obtenues dans le cas des ligands polymantanes carboxyliques (1940-1960 

cm-1). La stabilité thermique entre Ru@TPhTC (40/1 et 4/1) et le ligand TPhTC a été 

comparée par TPD/MS. Les résultats montrent que Ru@TPhTC 40/1 est moins stable que 

Ru@TPhTC 4/1 et le ligand, ceci pouvant s’expliquer par une décomposition de l’assemblage 

catalysée par la présence du ruthénium lui-même. 
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Figure 5.10 a) Spectres ATR-IR de TPhTC et Ru@TPhTC avec un rapport Ru/L de 4/1 à 70/1 (de bas 

en haut); et b) spectre 13C CP-MAS-RMN à l’état solide de Ru@TPhTC avec un rapport Ru/L de 40/1. 

 

Un autre ligand planaire pouvant conduire à des auto-assemblages 2D, l'acide anthracène 

dicarboxylique, a également été utilisé. Dans ce cas, néanmoins, la taille des NP de Ru obtenues 

n'est pas homogène, ceci pouvant résulter de l'hydrogénation partielle du cycle aromatique du 

ligand pendant la synthèse comme montré dans les spectres carbone en RMN du solide. Les 

informations principales sur la structure des assemblages de NP de Ru obtenues avec les trois 

ligands étudiés dans ce chapitre sont résumées dans le Tableau 5.3. 

 

Tableau 5.3 Distribution de taille moyenne, distances interparticulaires et teneur en ruthénium des 

réseaux de NP de Ru synthétisés à partir des ligands HF, TPhTC et AnDC. 

Assemblages 
Ru/L 

(molaire) 

Taille NP 

(nm)
a)
 

Taille 

NP 

(nm)
b)

 

Distance inter-particules 

(nm)
c)
 

Ru@HF 120/1 2,2 ± 1,8 2,3 3,3 

Ru@TPhTC 

3/1 - 1,3-1,4 - 

15/1 1,3 ± 0,5 1,8 3,11 

30/1 1,7 ± 0,8 2,1 3,56 

60/1 1,9 ± 0,7 2,2 3,68 

90/1 2,4 ± 1,2 2,7-2,8 - 

Ru@AnDC 20/1 
2,0 ± 0,6, 2,6 ± 

0,7 
3,0 - 

a)
 Par TEM; 

b)
 Par WAXS; 

c) 
Par SAXS. 

 

5.5 Applications catalytiques des assemblages covalents de NP de Ru  

Dans le dernier chapitre de la thèse, les assemblages de NP de Ru nouvellement créés sont 

appliqués à trois réactions de catalyse différentes : une bromation impliquant une activation C-

H, l'hydrogénation de la quinoléine et l'hydrogénation du phénylacétylène. Il est démontré que 

les assemblages covalents de type carboxylate, même s'ils présentent une bonne activité 

catalytique, sont détruits pour former des NP de Ru isolées à la fois dans les réactions de 
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bromation et d'hydrogénation de la quinoléine (Schéma 5.3). Ceci peut être attribué aux 

conditions de réaction assez dures, mais aussi à la présence de base de type amine, provenant 

soit du substrat (quinoléine) soit ajoutée dans le milieu réactionnel. 

 

Schéma 5.3 a) Réaction de bromation ; et b) d’hydrogénation de la quinoléine 

 

Dans l'hydrogénation du phénylacétylène qui nécessite des conditions plus douces sans 

présence de base, les assemblages gardent leur intégrité et présentent une bonne sélectivité pour 

le styrène, autour de 60~70%. Une distribution représentative des produits d’hydrogénation 

dans le temps est présentée sur la Figure 5.11 pour le catalyseur Ru@2 (Ru/ligand = 10). Le 

groupe alcyne est tout d'abord hydrogéné pour donner de l'éthylbenzène avec une sélectivité 

allant jusqu'à 95% à de faibles taux de conversion, puis l'hydrogénation complète en 

éthylcyclohexane peut être accomplie à des temps de réaction prolongés. 

 

Figure 5.11 Hydrogénation du phénylacétylène et distribution des produits de réaction (carrés noirs = 
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phénylacétylène; cercles rouges = styrène; triangles verts = éthylbenzène; et losanges bleus = 

éthylcyclohexane) pour Ru@2 (Ru/ligand = 10). 

 

Le Tableau 5.4 répertorie les performances catalytiques représentatives de ces séries 

d'assemblages de NP de Ru et de NP de Ru isolées. Les NP isolées présentent une activité plus 

élevée que les assemblages de NP. Les assemblages coordonnés aux amines surpassent les 

assemblages carboxylates en activité, mais entraînent une plus faible sélectivité. De plus, les 

ligands les plus volumineux, qui conduisent aux plus grandes distances interparticulaires 

nuisent à l’activité catalytique. 

 

Tableau 5.4 Hydrogénation du phénylacétylène catalysée par des catalyseurs au Ru.a) 

Entrée Catalyseurs 
Heure  

(h) 

Conv. 

(%) 

S20% 

(%) 

S60% 

(%) 

TOF  

(h-1)b) 

TOF  

(h-1)d) 

1 Ru@1 - 10/1 3 73,1 64,5 61,5 57,3 112,9 

2 Ru@2 - 10/1 3 71,6 66,7 63,6 52,0 64,9 

3 Ru@4 - 10/1 5 62,1 71,3 65,4 28,0 18,9 

4 Ru@5 - 10/1 2 72,7 64,3 59,6 79,0 99,2 

5 Ru@6 - 10/1 2 65,9 62,5 58,9 68,4 101,4 

6 Ru@7 - 10/1 3 66,8 60,5 56,3 48,5 66,6 

7 Ru@8 - 10/1 3 72,6 65,2 64,9 60,3 74,9 

8 Ru@TPhTC - 30/1 5 64,0 57,5 53,5 27,0 15,6 

9 Ru@TPhTC- 30/1c) 4 53,8 67,6 65,2 25,4 2,6 

10 Ru@HF - 120/1 3 86,1 59,5 51,2 64,1 70,2 

11 Ru@AnDC - 20/1 3 75,2 62,4 59,5 58,5 66,9e) 

a) Conditions de réaction: 0,02 mmol Ru, 412 mg (4,00 mmol) de phénylacétylène, 71 mg (0,50 mmol) de décane 

(étalon interne), température ambiante, 5 bar H2, 25 mL MeOH; b) TOF en molPAconverted.molRu
-1.h-1 calculé à 

l'instant indiqué dans la colonne 3; c) sous 3 bar de H2; d) TOF calculé en fonction de la teneur en Ru de surface 

à 1 h; e) Le diamètre est de 1,8 nm. 

 

Une étude des relations structures/performances catalytiques a montré que pour ces 

assemblages qui présentent des tailles de particules similaires, les paramètres qui gouvernent 

l’activité et la sélectivité sont la distance interparticulaire et la densité électronique sur les NP 

de Ru. Nous avons ainsi démontré que pour les assemblages produits à partir des ligands 

polymantanes, les NP de Ru riches en électrons sont plus actives et moins sélectives que celles 
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qui sont déficientes en électrons. Nous avons également mis en évidence qu'une distance 

interparticulaire plus longue entrave l'activité mais profite à la sélectivité de la réaction (Figure 

5.12).  

 

Figure 5.12 a) Activité en fonction de la distance interparticulaire (sphères bleues pour les ligands 

amines et carrés rouges pour les ligands acides), le rapport Ru/ligand dans ces catalyseurs est de 10/1; 

b) sélectivité du styrène à une conversion de 20% en fonction de la distance interparticulaire (ligands 

amines sphères bleues et ligands acides carrés rouges). Le rapport Ru/ligand dans ces catalyseurs est de 

10/1. 

 

Considérant que cinq ligands carboxyliques fonctionnalisés différents ont été utilisés dans 

l'hydrogénation du phénylacétylène, nous avons cherché des corrélations possibles entre la 

sélectivité et l'activité et les propriétés électroniques ou la distance interparticulaire: les NP de 

Ru déficientes en électrons présentent une sélectivité plus élevée (Figure 5.13). L'activité des 
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catalyseurs est influencée de manière synergique par la distance interparticulaire ainsi que la 

densité électronique à la surface des NP de Ru.  

 

Figure 5.13 Sélectivité du styrène à une conversion de 20% en fonction de la fréquence νCO du CO 

adsorbé sur les catalyseurs avec un ligand carboxylique. Les rapports Ru/L sont respectivement de 120, 

40, 20, 10, 10, 10 pour HF, TPhTC, AnDC, 4, 2 et 1. 

 

Cependant, en dépit de la stabilité observée lors de la réaction, nous avons démontré que la 

structure des assemblages carboxylates se détériorait en partie lors de recyclages successifs des 

catalyseurs, montrant des NP isolées hors des assemblages (Figure 5.14). Nous avons exploré 

la possibilité d’appliquer un traitement thermique aux assemblages dans le but de créer une 

interface Ru-ligand de type carbène qui serait plus robuste. Bien que les premiers essais soient 

encourageants, des travaux supplémentaires seraient nécessaires pour valider cette approche. 

 

Figure 5.14 Images MET du catalyseur Ru@2 après a) le 3ème recyclage et b) le 4ème recyclage. 
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5.6 Perspectives à ces travaux de thèse 

Des perspectives pour la poursuite de ce travail et des perspectives inspirées pour de futures 

recherches sont suggérées ci-dessous : 

La possibilité de produire des assemblages covalents 2D ou 3D de nanoparticules métalliques 

par une méthode simple pouvant être appliquée à grande échelle a été validée. Nous avons 

démontré que le choix du ligand influence fortement : la dimensionnalité de la structure, la 

distance interparticulaire et la densité électronique sur le métal. Dans certains cas, un effet du 

ligand sur la taille des particules a été noté. Compte tenu du grand nombre de ligands 

disponibles ainsi que du choix du métal, les possibilités d'assemblage ne sont limitées que par 

l'imagination et bien sûr l'application. En particulier, il serait intéressant : a) d'utiliser des 

ligands portant des groupes fonctionnels de différents types, afin d'obtenir une modulation plus 

importante des caractéristiques clés des assemblages; et b) d'étendre l'étude à d'autres 

applications telles que l'électrocatalyse ou les capteurs de gaz, pour lesquels des charges élevées 

de métaux sont souvent recherchées. 

Les corrélations trouvées entre l'activité/sélectivité catalytique et l'arrangement des NP et les 

effets électroniques fournissent des indices pour une conception plus fine du catalyseur au 

niveau moléculaire. La caractérisation détaillée des assemblages permet de mieux comprendre 

les catalyseurs hétérogènes, qui sont toujours difficiles à caractériser finement de nos jours, 

comme pour les catalyseurs supportés sur carbone. Nos travaux ouvrent des perspectives 

intéressantes pour la conception rationnelle de catalyseurs hétérogènes et offrent des catalyseurs 

modèles intéressants pour mieux comprendre les catalyseurs supportés sur carbone. 

Le principal problème que notre travail a soulevé est la stabilité des assemblages dans des 

conditions catalytiques. La principale raison du choix des ligands acides carboxyliques ou 

aminés pour stabiliser les assemblages vient du fait qu'il est bien connu pour les catalyseurs 

supportés sur des matériaux carbonés que la présence de fonctions de surface de type acide ou 

amine permet une meilleure dispersion de la phase active, et assure une bonne stabilité. Nos 

travaux démontrent que la présence de ces groupes, permet en effet un bon contrôle sur la taille 

des NP, mais n'est pas suffisante pour stabiliser fortement les NP, du moins dans le cas du 

ruthénium. Une contribution Ru-C à la liaison métal/support finale est en fait nécessaire pour 

stabiliser les NP sur les matériaux carbonés.22 Sur la base de nos résultats, une perspective 

intéressante sera d'utiliser d'autres types de ligand montrant une affinité plus élevée pour un 

métal comme le ruthénium comme des diphosphines ou des di-carbènes, ou des ligands portant 
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des fonctionnalités différentes comme phosphine + carboxylates. 

La découverte de la décarbonylation d'acide carboxylique se produisant dans des conditions 

douces dans la procédure de synthèse mérite d'être exploitée pour une application en catalyse. 

Nos travaux suggèrent également que la désorption du CO du métal devrait être problématique 

pour rendre cette réaction catalytique dans des conditions douces. Cependant, étant donné que 

le Ru est actif pour l'oxydation préférentielle du CO dans des environnements riches en 

hydrogène,23 il pourrait être intéressant d'effectuer cette réaction toujours dans des conditions 

douces mais en présence de petites quantités d'oxygène
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