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Abstract

Abstract

An accumulation of social, economic, and energetic crises occurring for decades drives the
society to a critical situation. The dependency on fossil fuels for energy and chemicals
production is noticeable and needs to be rapidly reduced by replacing those sources with
renewable ones. Lignocellulosic biomass appears as a good alternative to the production of
sustainable chemicals and fuels. This renewable feedstock is composed of cellulose,
hemicelluloses and lignin, and can be vastly found in waste streams, wood, energy crops
and agricultural residues. Liquid fuels may be produced from second generation feedstocks
of biomass, which are chemically identical to the ones from petroleum, and which can be
used in the same combustion engines as those present nowadays. The replacement of fossil
by biomass feedstocks for the production of chemicals is of great interest for
environmental purposes. This promising feedstock can produce several platform
molecules, such as furfural and 5-hydroxymethylfurfural, from which a vast range of value-

added compounds can be obtained.

For a better performance of these transformations, selective and effective bimetallic
nanocatalysts have been developed in this work, containing earth-abundant metals, thinking
about their potential incorporation in industrial processes for energy transition. For this
purpose, a series of Ru bimetallic materials containing either Ni or Cu as second metal were
synthesised. ~ Several stabilisers for the nanoparticles were used such as
polyvinylpyrrolidone, diphenyl-2-pyridylphosphine and hexadecylamine. The synthesis of
ultra-small (< 2 nm) RuCu and RuNi bimetallic nanomaterials, as well as their

monometallic counterparts, was successful, by controlling the metal ratio between metals.

RuNi/PVP nanoparticles showed synergetic effects between metals in both efficient and
selective catalytic hydrogenations of furfural and 5-hydroxymethylfurfural. DFT
calculations were performed to help us understand the experimental results, by modelling
Ru, Ni and RuNi nanoparticles and adsorbing the different species on their surface. The
results from theoretical calculations are in the line of the activity and selectivity observed in
experimental catalytic experiments. RuCu/PVP nanoparticles, used as catalysts in the same
hydrogenation reaction, were less performant than the corresponding monometallic

counterparts, as well as the RuNi/PVP nanoparticles.
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Abstract

RuNi/PVP and RuNi/PPh,Py nanoparticles were used as catalysts on the selective
hydrogenation of quinoline, observing a dependence of the activity on the temperature and
the Ru content. By using 1-propanol as solvent, N-alkylation of the substrate occurred,

noticeably from 125 °C.

Deuterium-labelled molecules, being a stable and safe hydrogen isotope, have received
great interest in different scientific domains, especially in pharmaceutical industry for the
design of new drugs. Ru/PVP nanoparticles were tested for deuteration reactions of 4-
methoxyaniline, 4-trifluoromethylbenzaldehyde, methyl-2,3-O-Isopropylidene-3-D-
ribofuranoside and adenosine. Deuterations were not successful in the two first substrates
nor in the third, where, nevertheless, deprotection and epimerisation reactions were

observed. In the case of adenosine, the deuteration took place in a selective manner.

This work offers the synthesis of new bimetallic nanomaterials with tunable properties.
Some of the developed catalysts were tested in the hydrogenation of platform molecules,
such as furfural and 5-hydroxymethylfurfural, and the monometallic Ru/PVP nanopatticles

were used as catalysts in deuteration reactions.
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Résumé

Résumé

L’accumulation de crises sociales, économiques et énergétiques depuis des décennies
conduit la société a une situation critique. La dépendance aux combustibles fossiles pour la
production d'énergie et de produits chimiques doit étre rapidement réduite en remplagant
les sources fossiles par des sources renouvelables. La biomasse lignocellulosique apparait
comme une bonne alternative pour la production de produits chimiques et de carburants
durables. Cette maticre premiere renouvelable, composée de cellulose, d'hémicelluloses et
de lignine, se trouve en grande partie dans les déchets, le bois, les cultures énergétiques et
les résidus agricoles. Les matieres premicres de deuxieme génération issues de la biomasse
permettent la production de carburants liquides chimiquement identiques a ceux issus du
pétrole et utilisables dans les moteurs a combustion d'aujourd'hui. Utiliser la biomasse pour
la production de produits chimiques est donc une voie prometteuse et d’un grand intérét
pour l'environnement. Plusieurs molécules plateformes, telles que le furfural et le 5-
hydroxyméthylfurfural, sont accessibles a partir de la biomasse, pouvant conduire a une

vaste gamme de composés a valeur ajoutée.

Pour réaliser ces transformations de facon performante, des nanocatalyseurs bimétalliques
a base de métaux abondants ont été développés, en pensant a leur incorporation potentielle
dans des processus industriels pour la transition énergétique. Une série de matériaux
bimétalliques associant le Ru au Ni ou au Cu comme second métal a été synthétisée avec
succes et enticrement caractérisée. Différents stabilisants ont été utilisés, tels que la
polyvinylpyr-rolidone, la diphényl-2-pyridylphosphine et I'hexadécylamine, conduisant a des
nanomatériaux bimétalliques RuNi et RuCu bien contrdlés et de tres petite taille (< 2 nm),
avec différents ratios en métaux. Des homologues monométalliques ont aussi été préparés

a des fins de comparaison.

Les nanoparticules RuNi/PVP ont montré des effets synergiques entre les métaux dans
I’hydrogénation catalytique efficace et sélective du furfural et du 5-hydroxyméthylfurfural.
Des calculs DFT par modélisation des nanoparticules de Ru, Ni et RuNi avec adsorption
de diverses especes a leur surface ont permis de mieux comprendre les résultats
expérimentaux. Les résultats obtenus confirment l'activité et la sélectivité observées en
catalyse. Lorsqu’utilisées comme catalyseurs dans la méme réaction d'hydrogénation, les
nanoparticules de RuCu/PVP sont moins performantes que les homologues

monométalliques correspondants et que les nanoparticules RuNi/PVP.
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Résumé

Les nanoparticules RuNi/PVP et RuNi/PPh,Py ont également catalysé I'hydrogénation
sélective de la quinoléine, en observant une dépendance de l'activité par rapport a la
température et la teneur en Ru. En utilisant le 1-propanol comme solvant, la N-alkylation

du substrat s'est produite de fagcon notable a partir de 125 °C.

Le deutérium étant un isotope stable et sur de I'hydrogene, les molécules marquées au
deutérium suscitent un grand intérét, notamment dans l'industrie médicinale et
pharmaceutique pour la conception de nouveaux médicaments. Les nanoparticules
Ru/PVP ont été testées pour la deutération d'une série de substrats modeles (4-
méthoxyaniline, 4-trifluorométhylbenzaldéhyde, méthyl-2,3-O-Isopropylidene-3-D-
ribofuranoside et adénosine). Malgré I'absence de deutération, des réactions intéressantes
de déprotection et d'épimérisation ont été observées pour les trois premiers substrats. Avec

I'adénosine, la deutération a eu lieu de maniére sélective.

Ce travail décrit la synthése de nouveaux nanomatériaux bimétalliques présentant des
propriétés modulables et prometteuses pour la catalyse. L'hydrogénation de molécules
dérivées de la biomasse, telles que le furfural et le 5-hydroxyméthylfurfural, a été menée
avec succes. Des nanoparticules monométalliques de Ru/PVP ont également permis de

catalyser des réactions de deutération.
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General Introduction

General Introduction

In 2021, the 77 % of the world energy consumption was coming from fossil fuels and this
dependency is even higher for chemicals production. For this reason, we need renewable
alternatives like lignocellulosic biomass which has risen as an interesting feedstock for both, energy
and chemicals production. In order to use the same production chain of petroleum-sourced fuels
and to avoid its corrosion, the reduction of the oxygenated platform molecules from lignocellulosic

biomass is needed.

Furfural, a lignocellulosic biomass platform molecule, can be converted through different type of
reactions such as oxidation, decarbonylation or hydrogenations. It contains different moieties that
can be reduced, producing a variety of products such as furfuryl alcohol, a chemical used in the
resin industry; 2-methylfuran, a potential biofuel; and 1,2-pentanediol, which can be used as a

solvent. In order to obtain pure products, we need selective catalysts for furfural reduction.

Nanocatalysts appear to be important as, by tuning their properties, their selectivity and catalytic
performances can be modified. The nanocatalysts’ parameters that can be tune are the size, the
shape, the nature of the stabiliser, the composition or the chemical order. In our team, we have
developed an organometallic approach for the synthesis of metal nanoparticles by modifying these
parameters for their applications in catalysis. This organometallic approach consists on the
decomposition of the metallic precursors in a solvent under H» pressure, with the presence of a
stabiliser such as ligands, polymers, ionic liquids or supports, followed by the nucleation of “naked”
metal atoms and the growth of metal nanoparticles. Apart from modifying the nature of the
stabiliser, we can also play on the metallic composition by using one or more metals, and their

chemical order, which can be, for example, an alloy or a core-shell.

The nanocatalysts’ properties depend on the chemical order, which can be different depending on
the decomposition of the metallic precursors and the metals miscibility. In our work, we have
synthesised bimetallic NPs and applied them in catalytic reductions. For the application of these
nanoparticles in the industry, they need to be performing and cheap catalysts. Earth abundant
metals, such as Ni or Cu, need drastic conditions for reductive reactions. In order to decrease these
harsh conditions, combining them with a noble-metal could be an option. Ru is one of the most
abundant noble-metals and very efficient in hydrogenation reactions. Ni and Cu are known to be
immiscible with Ru but this miscibility between metals can be modified when changing the reaction
conditions. For this reason, in our work we played with the reaction conditions of the
organometallic approach to design RuNi and RuCu bimetallic NPs for the selective hydrogenation

of furfural.
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General Introduction

In the case of bimetallic catalysts, the presence of two metals may improve the performance of the
two separated metals. This improvement it is caused by a synergy between the two metals.
Synergetic effects between Ru and the earth abundant metals used in this work, Ni and Cu, have

already been reported in literature for different catalytic reductions.

The first chapter of this work is dedicated to a global context of the research and it is mainly
focused on the use of RuNi catalysts for hydrogenation reactions. The different references reported
in literature for RulNi systems are summarised in a table with some of the most important details of

each.

The second chapter is mainly focused on the synthesis and characterisation of RuNi NPs using
polyvinylpyrrolidone (PVP), diphenylpyridylphosphine (PPH.Py) and adamantanecarboxylic acid
(AdCOOH). The synthesis and characterisation of RuCu NPs stabilised by PVP and of

monometallic Cu NPs stabilised by hexadecylamine (HDA) are also described in this chapter.

In Chapter 3, the use of RuNi/PVP NPs and RuCu/PVP NPs as catalysts for furfural
hydrogenation is discussed. Moreover, the use of RuNi/PVP NPs and RuNi/PPh,Py NPs as

catalysts for quinoline hydrogenation is also treated in this chapter.

In the fourth chapter, Density Functional Theory (DFT) calculations, performed in Prof. Dr.
Romuald Poteau’s research group at Laboratoire de Physique et Chimie des Nano-Objets
(LPCNO) in Toulouse, are reported to rationalise some of the catalytic results from Chapter 3.
Different models have been built for monometallic Ru, monometallic Ni and bimetallic RulNi NPs

in order to better understand the selectivity, the solvent and the metallic effect.

Chapter 5 describes the application of monometallic Ru/PVP NPs as catalysts for the deuteration
of several organic molecules, which has been performed during a three months internship in Prof.

Dr. Matthias Bellet’s research group at Leibniz-Institut fir Katalyse in Rostock (Germany).

Finally, the sixth chapter is dedicated to the experimental techniques that have been used during the
synthesis, characterisation and application in catalysis of the different NPs synthesised. It is
followed, to summarise the most important results, by the general conclusions and the perspectives

of this work.
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1.1 Global context

The pandemic COVID-19, discovered in Wuhan on December 2019, has rapidly spread all
over the world,? creating health and social crises and evidencing that the global society was
not ready to face this kind of situation. It has been described as one of the biggest world-
wide crises after World War II, with a big impact even in rich and industrialised nations.3
Apart from social and health domains, the environmental and economic ones were also
affected.* Even if the pollution from industries and transports decreased with the lock-
down,’> social and economical issues increased around the globe,® and as a post effect, the
issue of medical waste treatment and single-use plastics removal appeared as a new prob-

lem.>

The current world situation is a clear example of what is called cascading disasters.” Hazards
are not the real cause of disasters but only the trigger, the real cause being vulnerability.? In
2018, the year before the pandemic appears, consequences of financial crises of the past
decades were still a matter of actuality.” If it was not enough, in 2022, the war between Rus-
sia and Ukraine worsen the situation, with a new global humanitarian, economic and enet-

getic crisis appeared.!

Moreover, climate change, which is another cause for health issues, is present since decades,
for example, global warming which is increasing the global temperature without stop. In the
2020 Lancet Countdown report, 43 indicators concerning the climate change were pub-
lished.!! The World Meteorological Organisation, a specialised agency of the United Na-
tions, stated in 2018 six important indicators to evaluate the state of the climate: tempera-
ture, greenhouse gases and ozone, the oceans, the cryosphere, drivers of interannual vari-
ability and extreme events.!? The report from 2015 was already proposing a list of ten rec-
ommendations to face climate change around the world, regarding health wellness, which
consisted on investing more in climate change research, protecting respiratory and cardio-
vascular health and promoting healthy lifestyles, increase taxes to fossil fuels, support low-
carbon energy transitions and invest on renewable energy sources while facing global envi-

ronment changes.

In 2015, the participants on the 21st Conference of the Parties (COP21) agreed on limiting
the increase of the global average temperature at 1.5 °C in comparison to the preindustrial
levels.1314 In order to success on this agreement, the recommendations were: to suppress
the power generation from fossil fuels by a complete decarbonisation and reversing the
trend started with industrial revolution, to install a sustainable global food and agricultural

systems, to study the structure and function of spatial infrastructures and cities and the
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transports between them, to preserve the planetary boundaries, to reverse deforestation and

to change the use of the land and the methods to deliver health care.!>16

Concerning the first of these recommendations, research on the energy consumption and
the renewable sources of energy is continuously needed. As it may be observed in Figure 1,

fossil fuels represented in 2021 the 77 % of the world energy consumption.!”

1,5% 1,3%

0,6%
2,8% \

6,3%

6,3%

4%

25,2%

I T:aditional biomass
B Coal

Il oil

- Natural gas

I Nuclear

[ Hydropower

I wind

B solar

I Modern biofuels
29% I Other renewables

22,9%

Figure 1: World primary energy consumption by source in 2021.

Together with the evolution of new technologies, the energy demand has not stopped in-
creasing and the prevision until 2050 and 2100 goes on the same direction.!®!” The main
concern is that we are currently dependant on fossil fuels which are finite resources.?’ Fur-
thermore, another important problem is the CO» emissions associated to their use.!” The
prevision of carbon emissions rate in 2050 is to double the ones from 2001 and, as a direct
consequence, the CO2 accumulation at the atmosphere will continue to increase, as earth

and oceans will not be able to store it all.21.22

Several climate models have predicted the consequences of an atmosphere containing 550
ppm of COz or more, being some of the results, changes in the hydrological cycle or rises of
the sea level.?? In 2021, the global averaged CO: concentration at the atmosphere reached
414.71 ppm and the preliminary data obtained in 2022 already reached 417.2 ppm, showing
an increase of crca 3 ppm per year.?* If this tendency is maintained, the COz levels will be

reaching over 500 ppm in 2050.

After observing this context full of crises, now is the time to implement medium and long

term objectives to reactivate the economy in a more sustainable way, to take profit of the
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critical situation to start or transform current businesses to entrepreneurial sustainable busi-
nesses models.2> Chemical leasing is an innovative business model concerned by circular
economy which can rapidly integrate green and sustainable chemistry in international policy
regimes and industries to advance towards a greener and more sustainable world with pros-

perity for either people and planet.26
1.2 The 12 green chemistry principles

In today’s world, almost every type of industry use chemicals in their daily routines, as
chemical products are, together with food, beverage, machinery and equipment industries,
one of the most manufactured products around the world.?” Over the years, many theories
and concepts have been developed in the direction of removing hazardous chemicals.?6 One
of them, Sustainable Chemistry, consists on the chemistry which uses resources, including
also energy, that the rate of natural replacement is faster than its consumption and where
the waste treatment is also faster than its formation.28 In 1987, the World Commission on
Environment and Development stated about sustainable development that it should allow
to fulfil the needs and aspirations of the present without compromising the ones that may

come in the future.?’

Another concept, and the one which this section is about, is Green Chemistry which is
based on 12 principles (Figure 2) that protect and benefit the people, the planet and the
economy, when they are applied on chemical products and processes.’® The final goal of
Green Chemistry is the reduction of any chemical which has negative consequences on

humans and environment.3!
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Figure 2: The 12 principles of green chemistry.3?

The first of these twelve principles is prevention, as it is always better to prevent the forma-
tion of waste (any product without any value or the loss of energy) than to worry about how
to treat it.33 This waste may appeared with different forms and its impact depends on how it
is released, its toxicity, its nature or its quantity.’* E-Factor, also known as Environmental
Impact Factor and which was described in 1992, consists on a relation between the weight
of waste and the weight of product formed.?> This factor has been applied in several indus-
trial processes to evaluate their efficiency, being of these examples the production of ethyl-
ene oxide.’¢37 However, in some cases, wastes cannot be eliminated and so research is per-
formed to try to give value at these wastes in other processes.’ Moreover, especially in
synthetic and biopharma sectors, another concept called process mass intensity, which con-

sists on the relation of the weights of all the used materials and the active drug produced.*

The second principle is the atom economy, as synthetic methods are supposed to integrate
all the atoms used to the final product.?3 Atom economy, or atom efficiency, was stated in
1990 as taking the maximum profit of the raw materials by including as many atoms from
the reagents as possible to the final product.#! It is a theoretical concept that can be calcu-
lated by dividing the molecular weight of the product by the sum of all the molecular
weights of the reactants. Atom economy is applied to different kind of reactions such as

Diels-Alder,*! A3-couplings*? and Grignard reactions®.
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The third principle is the less hazardous chemical synthesis, as synthetic methods should be
producing little or no toxic substances for humans and the environment.?® Chemists need
efficient and cleaner synthetic tools and, for this reason, new reactions such as enzymatic,*
metathesis,* cascade or tandem*#7 and C-H activation reactions*$-5 have been developed,

being alkene metathesis a cleaner option for Wittig reactions, for instance.>!

The fourth principle is the designing of safer chemicals, which is in line with the third prin-
ciple, as effective, safer, non-toxic chemicals are needed for cleaner reactions.® Over the
years, a plethora of chemicals have been designed but, without thinking about their hazard,
which is not suitable for sustainability. More recently, studies on toxicology have improved
the design of safer chemicals, allowing the creation of correlations, models and equations to

relate different aspects of the chemicals.>2-55

The fifth principle concerns the use of safer solvents and auxiliaries, as when is possible is
better to not use them and when it is not feasible their suppression, they should be safe
chemicals.?? Solvents normally represent between 50 and 80% of mass waste,”>>” and are in
some cases toxic, flammable, corrosive, and pollutant, becoming thus an important field of
research for green chemistry.58-¢0 In order to eliminate or reduce the use of these conven-
tional solvents, research has been performed for greener methods such as using water,61-6>
as apart of being a safe solvent, can help on the separation of organic products by hydro-
phobic effect;0%7 supercritical fluids,0468-70 6468-70for instance supercritical CO2 can be
eliminated easily by degassing the system;’!.7? ionic liquids7>7® as solvents, or even solvent-
less systems.6+79-82 Reactions solvent free ate very appealing, as solvent represent the major-

ity of the waste to treat, as aforementioned.>%57

The sixth principle is the design for energy efficiency, as chemical reactions at room tem-
perature (RT) and ambient pressure should be preferred to reduce the environmental and
economical impact of energy.’? The increase of energy consumption and the concern about
fossil fuels have motivated the research on more efficient processes and renewable ener-
gles.8384 Alternative energy sources are identified as solar power,3-8 biofuels production,?-

% hydrogen fuel cells,’10" and wind,!*>-194 hydro,!0>-107 and geothermal energies.!08-111

The seventh principle is the use of renewable feedstocks, as, from an economical and tech-
nical point of view, it is much more practical than non-renewable ones.’> The majority of
materials and energy are actually coming from fossil fuels and that is why the use of bio-
mass (wood, agricultural residues, crops, food,...), as the most available renewable feedstock
on Earth, for their production has become crucial.!'>-!'> Some of the most known renew-

able feedstocks are cellulose, lignin, glycerol, starch, oil or chitin.!'6-120 Lignin, in the past,
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was considered as a waste of paper industry, and nowadays is a raw material to synthesise
vanillin or DMSO.121-123 Similarly, chitin is a by-product of the seafood industry, which via

deacetylation can be transformed to chitosan, a chemical with several applications.124-127

The eighth principle is to reduce derivatives, as the increase of derivatisation, such as the
addition of protecting groups, increases the reagents and thus the waste.’> Covalent!?8129
and non-covalent derivatisations are possible, being the latest less energy demanding, sim-
pler, often occurring under solventless or aqueous media, and with reduced toxicity and

environmental impact.130-133

The ninth principle is catalysis, as catalytic reagents are better than stoichiometric ones,
being as selective as possible.’® The use of catalytic amounts results to a decrease of
stoichiometric amounts of reagents and thus, a reduction of the generated wastes.!3*!37 The
application of catalysts in the chemical industry is vast, by reducing in all cases the amount
of stoichiometric reagents, the energy required and hence, the waste.13-141 Moreover, bio-
catalysis has appeared to be an interesting tool due to natural or modified enzymes, which

might obtain higher selectivities in catalytic reactions.!42143

The tenth principle is the design for biodegradation, as chemicals should be conceived to
degradate into innocuous products safe for the environment when their function is accom-
plished.?? The persistence and not degradation of several materials and chemicals have been
observed during the history of industrialisation,!#-14¢ being two of the examples acrylamides
or propylene oxides.!*” In order to face bioaccumulation of wastes, especially the toxic ones,

biodegradable molecules were designed to replace the chemicals, such as plastics, used in

the past.53145149

The eleventh principle is the real-time analysis for pollution prevention, as it is needed to
analyse and determine hazardous substances before their formation to be able to prevent.??
The main goal of green analytical chemistry is to be able to analyse chemicals without gen-
erating waste or any impact to the environment and, for this reason, several improvement in
analytical techniques have been performed.!'®-153 A new concept called process analytical
chemistry, consisting on the ability to control a reaction to prevent undesired results to

happen at the exact moment which is about to occur, has been defined.1>+1%

The twelfth principle is the inherently safer chemistry for accident prevention, as, in order
to reduce chemical accidents, the substances used and their form in a chemical process
should be chosen to minimise them.? The first and most important step to prevent chemi-
cal accidents is to identify and evaluate the different hazards present.!> A further step for

the chemical accidents prevention is the chemical substitution of the hazardous chemicals
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for a safer design of the process. For example, in the production of polycarbonates where
the toxic phosgene gas can be replaced by COz reacting with ethylene oxide, although new

hazards appeared associated to ethylene oxide.!5”

Having seen the general context, the application of these twelve green chemistry principles
is of high importance at any industry related to chemicals, as was performed in the crop

protection industry.!>8

1.3 Renewable feedstocks

Different kind of renewable sources of energy, such as solar or wind power, to substitute
fossil fuels has been developed.!® However, in the production of chemicals, this replace-

ment of fossil fuels is mainly restricted to biomass.!!3

Biomass Part of Plants Used Conversion Step Products
Chemical
ificati Biodiesel or
Oilseed crops Fats and oils renewable diesel
Hydrotreating

Conventional alcohol

fermentation
e 1 Ethanol, butanol
Sugar crops Sugars E ic hydrolysis .
& fermentation
Anaerobic digestion —%
| Agrticultural residues }— Wil g
Cellulose Thermochemical
Trees and grasses hemicellulose Pyrolysis Hydrocarbons and
and lignin G natural oils from
on where fuel can be
produced

Catalysis to liquid
fuels

Figure 3: Flow-chart for the obtention of several products from biomass of different ori-

gins.160

Different biomass renewable feedstocks are shown in Figure 3 with their pathways to ob-
tain chemical products produced mainly from fossil fuels. One of these feedstocks, lignocel-
lulosic biomass, constituted by cellulose, hemicelluloses and lignin, has risen as an interest-

ing alternative to fossil fuels for either energy and chemicals production.161,162

From the three components of lignocellulosic biomass, several platform molecules such as
turfural (FF) and 2,5-hydroxymethylfurfural (HMF), can be obtained and, at their turn, to
be transformed to other chemicals by, for example, hydrogenation, oxidation, acetalisation

or decarbonylation reactions.!63-168 All these transformations need to be efficient in order to
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integrate them in the industry for the energy transition; in particular, catalysis may be key to
reach this objective, that is the reason why performing and efficient catalysts are needed to

be designed.1¢?
1.4 RuNi catalysed hydrogenations

Molecules coming from biomass processed by cracking and hydrotreating steps resemble
the ones from fossil fuels, allowing thus the use of the same production machinery, as they
reduce the oxygen atoms in the molecules.’”™ A plethora of catalysts have been explored to
find the most performant ones for such transformations. In particular, nanoalloys used as
catalysts in oil refineries, petrochemical manufacturing, fine chemical synthesis, hydrogen
evolution or oxygen reduction reactions, are predicted to be efficient with biomass-sourced

molecules.171-175

Nanoalloys, containing two or more metals, have shown to be interesting materials with
vast applications!’%177 and with catalytic activity that can be higher than their respective
monometallic counterparts. Their catalytic activities depend on the different properties of
the nanoparticles (NPs), such as the difference of electronic properties between metals,

structure (Figure 4), size or shape.178-181

(a) &

Figure 4: Schematic representation of some possble mixing patterns: core—shell (a), sub-
cluster segregated (b), mixed (c), three shell (d). The pictures show cross sections of the

clusters.176
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Bimetallic catalysts have been used for upgrading lignocellulosic biomass into different
value-added chemicals, using reactions such as reforming, oxidation, hydrogenolysis, hydro-
deoxygenation or hydrogenations.!82183 For instance, in reforming reactions, the presence of
Re and Sn in Ni based catalysts, has had a positive effect for the formation of hydrogen
(H»).184185 In oxidation reactions of glucose to gluconic acid and of furan-derived com-
pounds, such as furfuryl alcohol (HF), to their corresponding carboxylic acids, synergetic
effects have been observed for PtPd and NiPd catalysts, respectively, displaying higher ac-
tivities than their monometallic counterparts.!86187 In hydrogenolysis reactions, glycerol was
converted to 1,2-propanediol on a RuCu bimetallic catalyst at 230 °C and 80 bar of Ha,
while it was converted to 1,3-propanediol on a PtCu bimetallic catalyst at 210 °C and 1 bar
of Hy.188189 In hydrodeoxygenation reactions, vanillin was converted to methylcyclohexanol
on a CoNi bimetallic catalyst at 200 °C and 10 bar of H», while several oxygenated biomass
molecules, such as HMF obtained also better activities and selectivities with the bimetallic
Cos5ZnOy catalysts than with their monometallic counterparts.!?%191 In hydrogenation reac-
tions, levulinic acid was converted to y-valerolactone on a RuSn bimetallic catalyst at 180°C
and 35 bar of Hy, while several oxygenated biomass aldehydes, such as FF, where converted
to their corresponding alcohols on a bimetallic PtNi catalyst at 100 °C and 10 bar of Ho,
showing better performances than with their monometallic counterparts.’92193 Furthermore,
synergetic effects have been also observed with bimetallic RuNi catalysts for the upgrading

of biomass using hydrogenolysis reactions.!94-200

RuNi based catalysts have been used as efficient catalysts for several hydrogenation reac-
tions, including substrates like, CO,201 CO2,202 N, 203 alkenes,2** nitro- compounds,20> alde-
hydes,?%; and also being efficient as catalysts for C-O cleavage reactions.?0 Specifically,
being highly performant for the hydrogenolysis of lignin.!®> In many occasions, a synergism
between both metals have been found,!96202207 at a specific Ru/Ni ratio or structure.28 The
combination of Ni with Ru provides to the later metal different electronic properties as it
has been shown by XPS29-211 even if the material is composed of independent monometal-
lic NPs of Ru and Ni in close vicinity.!?1%5 It has been also proposed that Ru is able to
reduce Ni*" through hydrogen spillover.!?6212 Thus, aside of the electronic effects, the hy-
dride mobility could imply enhanced catalytic reactivity for RuNi NPs based catalysts. Sev-
eral structures have been described for RuNi based catalysts, homogenous alloyed struc-

ture, 197213 core-shell, with both Ru!8 or Ni2%2 on the core, and others.198

Table 1 summarizes recent examples on the application of RuNi catalysts for hydrogenation

reactions.
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RuNi based catalysts for hydrogenation reactions.

.

Table 1

10T

(g

SM[EIWOTOW UEY)
921 TP 9FOW
IN-IY dH[EIRwIq 103
PoIA suBIOWAXO
“powp | HOMWT.
293, oW <)

uoneuas0IpAY 0D

S0 =
TH/OD ¥q GL Do 0T1 ‘HOIN
Tw (09-0S Isd[ered Sw 00g

09 WHL

‘AIX ‘ddI-HN
“4d1 ‘vondios
-PE N PUe LHI

IN/TH % S 30

AO[F (U TW ()9 € YIA [ G J0F
Do 00 ¥ 2SN 93039q 22NPAY
“JIE Jopun

q 9 307 D, 009 ¥e 23eU[E)
Y3

-390 D), 007 3¢ u2a0 Ut 1

4 G 10} D, 9 1e 1BOH

IO PUE ¢OTIV ‘O°H 1A

Ul OZHY-Z(CONDIN 2A[0SSI(T

(g
G

(¢
(@

(a

Vad/IN

‘se3uAs
JO TONONPORNUT o) 930J9q [ |

05 3 €LG 3¢ M0[F TH Ur 2onpay (G
YCTHFACLSI®
pPUt Y ¢ ¥03 3 ¢LS O3 £6C WOH
1, powwessoxd o 1e (jurw.
(aorrEIeowonow ayy 0F ¥eq 1) mo[J ¢ uroonpay (4
103 9/ (0 }soUW[E O3 Y g 305 ¢gh ¥e (v
poaredwod orelowiq 0¥ Feq 1) mo[F O uT Aeue) (¢
O M SIBUISAXO ‘T IB 91EN0eAD 4+ utw ()¢ IS (g
03 A1A1I[AS 0/, 91) N
Do 9¥C ‘60 = TH/OD 30 ¥eq FOPUN ZQIS + 9UOIDE JO TTW
e woneudBoIPAY O | G (% e [ oy) IshEvd Jo B 1 | SINDO WILLA DO | 0¢ ut ssosmdard o aajossiq (1| [FH(OD) D INEYIENH]
EEN| SITIWWO)) SUONIPUOD UONDEI dNAEIE)) UONESIFAIIEILY)) A3ojopopaws onoyausg 1s4Te3E7)

32



Chapter 1: Introduction

(o1

-[E39WIq I SUBXIY
o245 pue suruad
031 £1A1n233s o/, OO 1)

FOHD P 0eRxy (G
sisdjouad TH (UL W GZ WM [ 30F D, 06T e IH (¥
-orpAy pue voneussd T ve IN Fopun £x(q (¢
-01pAY 2uoZUYq puL *qI0SOWOIYD Pastue[s 3y ppy (g
b0z UAIPOAD DAY (°N#0) H Do 0€T 0ST 08 Niielolela) "uOBN[Os BOQFEI0IPAY oy i 3o\ (1 (O HMIN(D)]
(sermyezodwoy
[[e 3¢ Ty dI[EIsWwou €Oy vo 1oddng (4
-Ow Ut} Of[[erdwiq ‘wnnoea ur 3 (¢
JOJ JOMOT ST EHN] ‘09"
jo f&irapnonpoixd) PUt O ‘OH Y ysem pue 2esnymud)) (g
[e32W 3O 057 Drmxiu ([:¢) CH-IN il Rl
e SISOURUAS pIUOWIWY | U JO L UIW W (0] D, 054-09¢ | XAH WHL VH “Ae3-X | 3¢ JHL U1 HOM 4q aesodwosop f[earway) (1 [((OD)HIN(D)]
(sarrerowovows uey)
JOUSIY TINEIY PIm ‘uonnjos [eprofjod yoe[q oy Aesodear] (g
SUOQILI0IPAY 1)) Y LT 50§ Do
03 £1A99[8 0/, 9/) Do 0ST 0TI ¥ TH Jeq g yias pmbip orwor TN TING
“(9:1 70 $11) THEQD 3O Feq 97 O SAVXH SOy 30 23uasaxd ur [(QOO)E (iYW
e uoReudBoIPAY 20D | Feq §'g “II TW §°() IsATered Swi (g ‘SAX ‘YXd WHLS -omyl pue [[(@OD)IN] 2ompay - (1 LN TNG/INDY
RN SITIWWO)) SUORIPUOD TONDEdT dNAJEIE)) UORESIINIdEIRY)) A3ojopoyiowr onoyausg 1540187y

33



Chapter 1: Introduction

Do 081

QOG@%@ GH JO Omﬁ nDNH Jje L 1 MOW ®>.®®~ —UG.@ GHE Oﬁ HO.«
PasIsayIuAs SN o1 ms “(o/, 68) dvespAy durzespky jo Tw ¢ ppy (¢
-[EIOWIR M paure) UIW ()] J0§ 40S pue HOEBN S ¢18°] JO vonny
|£O QCNNULA&U%U -0S mSOMBTN ue WO T m )&Qmﬁ mO Tw m TT< AN
01 Pk o4 001) U ()] 05 1Y 3¢
SIN-DD D9 | 18 pue HOM snospique Jo Tw ¢ (HOV
uon 18478392 30 3 6070 Do ‘STHT-SH ‘SdX ‘WHS 30) OTH 1A 3O TwW O¢ Ut OYH-IDOD
ye | -eudBorpAyaudzuag | (0T TH Feq ¢§ OU2ZUA] W (] ‘(YX ‘SIN-dOI ‘sad 869'0 pue OFHY-IOIN S 690 XN (1 Vag/mNoony
[ 9 J0J WNNdeA JOpUN 7, ()9 3& £Ip pue
P239939p SuOr [ OU [BUN () PISIUOIp
pue HOH snoipAyue yum gsea ‘aen] (9
ﬂ < MO.« rﬁm Je juowilean
SN uonn[os (N ¢(1%49°6) oMY snoanbe ur
sTeas£30 IN JO 3 1°( Jo wowodedor ouearen) (g
(IN 21[eIow g 9 JOF wnndeA Jopun ), ()9 e
-ouowr 303 o/, 1°0> £3p pue OCH PIsIUOp put F{OY 2IN[osqe
01 paredwod SN 1] PIMA Sem TONN[OS PIqrm yoe[q oy Aenr]
-[EIOWIq (PI paUe) Y 81 303 1Y 3 9483
-0 2UELXIYO[24d pue (o, G§) 21eIpAY surzespAy jo Twg ppy (¢
01 Pk o4 001) 09 ‘STAT “UIW ()] 303 IS PUL gV 1) JO
D0 001 | “SH ‘WHINMH Surddews | qAd PPe ‘HOBN Jo Tw ¢ i Hdasnlpy (¢
uon | TH Feq ()6 “TH pue IN g 98ind [eAuawRP SAH-WHS Ui () 03 IS PUE O SnoIp av.LO/INY
L2 -euagospdy suozuog “Ouazuaq T (] Is4[ered 3 g(°() ‘QUX WHS ‘SdX | -Aque Tw g¢ pm OFHY-AOINS zL0 XN (1 ‘AAd/INTY ON/INDY

Ead:!

SIUAWWO))

SUONIPUOD TONIELIT dNATEIL))

TonesaIdeIeyn)

£Soopotpour onatpukg

184187y

34



Chapter 1: Introduction

8¢C

(somrerswronows Jo o/,
g o3 03 paredwiod
SAN SH[EIwIq A
PaY2.aT JUBXIYO[ILD

03 pPi o/, €8)

uon
-eua303pAY dudzZUIy

D009
CH ¥eq ¢G TH pue TN pia 98ind
‘Quazuaq Tw ()] 9s£[eIed 3 G0

SINDD

09 ‘SIVXH ‘SHNVX
‘SVX ‘WHLIH

WAL ‘@IX ‘SIW-dDI

"q € 303 Do 08¢ ¥E IN UL TUR[E)

[ 9 JOJ WNNdEA JOpUN O, ()9

1e £Ip puUE P21d919p SUOI 7)) OU [AUN OTH
I Pue HOY sSnoIpAyue [ ysem 91en|
"4 9 303 1Y 3 ywownednt SN (N ¢ 01%49°6)
€Dy Jo uonn[os snoanbe Tw (O Ul
sTeas£30 INJ JO 3 ¢°() 30 1uowade[dor orueAen)
"9 JOJ WnndeA Fapun ),

09 ¥ £3p pur OH 1 PUe HOY] m[osqe
PIA Sem ‘UORN[OS PIqIn YIB[q 93 IEN[L,]
U8l

303 T\ 3B 9AL3[ PUE UOQIED y2P[] JO 3 GZ'[
‘(% §8) aveapAy surzespdy jo Tw 6z ppy
“Ur () 30§ NS pue

uonnjos snoanbe [{OEN] & JO Tw G771 192[ur
“UTw ()] F03 IS pue OYH

I 30 TW §'Z8 Put HO Snospiyue jo

W GTT JO SIMIXIW B A OTHY-CDIN XIN

@

©

(s

Z

(¢

(T

a

O/INTY

Ea:!

SITIWITIO))

SUORIPUOD TONDEdT dNAJEIE))

UONESIINIETEY))

ASofopopowr dnaypukg

1548187

35



Chapter 1: Introduction

1 € 30F D, 08E Y€ IN[ UI 2EU[E)
L O .HOW wnNnNdeA HQTQS Uo

09 3¢ %HT pue palda1ap suor . [7) OU [Run ONE

@

I Pue HOYE Snospique g gsea ‘aenpy (9
"4 9 303 1Y 3 yuowiedn SN (N ¢-01%+9°6)
¢[HMY o vonnjos snoanbe Tw () Ul
sTeas£30 1IN JO 3 ¢°() 3o wwowodedor oruearen) (g
[ 9 JOj WNNdEA JOpUN ),
09 ¥ £3p pue OZH 1 Pue HOY] <mjosqe
A (SeA “TORN[OS PIqIng dv[q o en]  (F
(sorresow EEARER R E
-ouow PN o) $9> 2A®9] put vonnjos snoanbe HOEN 8 €18'] ©
01 paredwod SN 97 0 Tw Gz1 (0, G8) 21espAy surZespAy jo Tw
[eewiq Yim paure) 6T ‘U (] FoYT ‘VOqIed }2¢[q JO S CTT PPV (¢
-qo JuexayO[24£d “urw ()] J03 NS PUE UONN[Os snoanbe
o1 ppi o 001) SIN-09 dAd 8 €0 e3o T gzl asmmdosp ol (g
"o 09-0C ¥& TH 30 Jrq DO WHLIH ‘WHL U ()] 303 LY ¥ RS pUe O°H
uon €'8-8'C “H puv IN i 28ind ‘SAA-NHS ‘WHS I 30 TW §'Z8 Put HO Snospiyue jo
74 -eudBoIpdy dudzuag sAperes Sw (16 duazudq W (] ‘@YX SAX ‘AdLH | TW §gT O 2Ixpw e s OTH9-IOIN XIN - (1 O/INY
SIUDWWOY) SUORIPUOD TONDEdT dNAJEIE)) UONESIIDBILYD) A3ojopoyiowr onoyausg 1540187y

Ea:!

36



Chapter 1: Introduction

"Yg JO§ I, JUSIIP 3L IN UT [aUUY (L
ﬂ 0 HO.« wnndeA H@UGS Uo OC
18 AIp PUE Pa12939p SUOT | ) OU [NUn OTH
1A Pue HOYH snospyue yim ysea ey (9
Y Tl 303 1Y 3 I8 pue Oy
Jo uonnjos snoanbe ue ur s[LISAI IN PPV (S
L O .HOW wnndeA HQTQS Uo
09 e &3p pur OH [ PUt HOYH 2n[osqe
(sonTereowouow P I gSem TONN[OS PIqrm yoe[q oy Nenr]
o, 01> 03 paredwod ‘J g1 ¥0J 1. I 1S
Do 08¢ 3¢ paseu pu® UOqIEd JI¥[q JO § GZ'[ ‘SINUTW ()] FoIJe
PR JAI-D/INY ‘(% 8) avespAy surzespdy jo Tw 6z ppy (¢
M SULXIYO[IAD ‘Unwr () J03 INS put Uonnjos
01 PRI o4, 001) SIN-DD DO ‘STAT-SH | snoanbe HOPN 8 ¢18°T © Jo Tw ¢z 193(uy (g
°H Jo req ‘SAT-WHLS ‘WHLS U O #0313 ¥e #8S pue OTH9-OIN
uon | €6 D, 09 TH Puv IN P 98ind -AAVVH WHLIH Jo vonnjos snoanbe Tw ¢zg pur
iz | -vudBorply ouozuag | 9sf[eed Sw (6 duazuaq Tw (] WL ‘SdX ‘SIN-dDI | HOY snospfyue jo u gz e vt JAI XN (1 dAd-D /N
RN SITIWWO)) SUORIPUOD TONDEdT dNAJEIE)) UORESIINIdEIRY)) A3ojopoyiowr onoyausg 1540187y

37



Chapter 1: Introduction

81¢

(N

I[[PIDWOTOW M
9, 1°0> 03 paredwoo
Do 0GT & pasisoyl
-ufs yAH-IN/0Y
M SULXIYO[I£D

031 PP % 001)

uon
-eu2303pAY dudZUIY

1s£Te12 3O 3 50" CH
Feq €€ Do 001 QUIZUI] W (]

SIN-DO
D9 ‘WHINMH ‘WHL
‘SIAI-SH ‘SdX ‘sad
-IWAS ‘@IX ‘SIW-dDI

‘4 9 J0J WNNJEA FIPUN D), ()9

18 £Ip puUE Pa1d919p SUOI [0 OU [AUN OTH
I Pue HOYH SnoIFpAyue [ gsem 01enL]
Y 7 303 1Y e SN Put (N ¢ 01%49°6) 10Ny
Jo uonnjos snoanbe Ue UT S[LISAID IN PPV
" 9 J0J WNNJEA FOPUN D),

09 e 43p pue OZH I pue HOY] 2In[osqe
PIA gSeM ‘TUORN[OS PIqIm YIB[q 9Y3 IEN[L]
Do 081

30 (OGT ‘0T Y8 Y | 9ABS[ PUE SAINUIW ()] JOJ
s ‘(¢ 68) aveapAy dupzespAy Jo Tui ¢ ppy
‘UIW ()] JO¥ INS pPut ‘HOEN

jo uonnjos snoanbe ue Jo Tw ¢ (gV.ID

30 dAd ‘VAH) Ueeyms Jo T ¢ ppy
“uTw

01 ¥03 J0s pue O snoIpAyue W G pue
OPH 1A TW (¢ U OTH9-IDIN 8 7L°0 XN

©

(s

¥

(¢

(T

a

AV.LDIN/MY ‘dAd
SIN/DY VAHIN/ ™Y

Ea:!

SITIWITIO))

STONIPUOD TONIEIT dNATEIR))

UONESIINIETEY))

ASofopopowr dnaypukg

1540187y

38



Chapter 1: Introduction

Y ¢ L IUTIHIP 3¢ IN UT 93eUnde) (L
g 9 JOJ wunndeA Jopun ), ()9
1e £3p puUE pa1da3dp SUOT ([0 OU [HUN OLE
I pue HOYH snoipAyue s ysem 0enm] (9
Yl 1Y e Bs pue oy
Jo uonnjos snoanbe ue ur s[LISAI IN PPV (S
" 9 J0J WNNdeA JOPUN ),
09 7€ £3p pur O7H I PUt HOY 2M[osqe
(sarnyerod PIM SeM TONN[OS PIqim oe[q oy e, (
-2 UONBUID[ED 39 Y 71 1Y e 2AB9[ pue
-USTY I8 SP[IIA JOMO] uonnjos snoanbe HOBEN S €8] © JO Tw
01 paredwod O, O¢ G'Z1 pue (0, G8) 21eIpAY duTZeIpAY JO Tw
¢ PATUR[ED 1) /IN 6T ‘U (] JoYe ‘voqIed yo¢[q Jo S ¢ PPV (¢
-y YA QUBXIYO] SIN-DO ‘DD ‘urw ()] IS pue vopnos snoanbe
-545 03 ppH o TpL) ‘STH'T-SH ‘SAH-IWH.LS dAd 8 ¢'0 eJo T gzl osimdorp afur (¢
Do 09 °H WHLS-AAVVH "I ¥e U O] 303 1ps pue OfH
uon | 3o Jeq ¢¢ “TH pue IN g 98ind WHLIH WAL I 30 TW §'Z8 Put HO Snospiyue jo
we | -vudBospAyoudzuag | Ishered Sw (g Gudzuq W (] ‘SAX ‘QUX ‘SI-dDT | TW §ZT JO 23mxtw e i OTHY-ADIN XN (T O/INDY
REN| SIUDWWO)) SUONIPUOD UOHIET dNALIE)) UONESIIIIETEY)) £3ojopopow onoypuig 1s4eaen)

39



Chapter 1: Introduction

€
Y € 30F D, 08¢ 8 IN U EUDE) (L
ﬂ 0 HO.« WnNnoeA HOUGS Uo OC
18 £Ip pue pa3d939p SUOT D) OU [AUN O
I pue HOYH snoipAyue i ysem 0enm] (9
Y g1 403 1Y Ie IBs pue fHny
jo uvonnjos snoanbe ue ur s[eIsAI IN PPV (S
g 9 JOF WnNNdeA J9pun D),
(sones 09 7€ £3p pue OH [ Put HOYH 2IN[OsqE
SI[EIWIq FYIO I (P YSEA ‘TONN[OS PIqIn e oy e[l (f
sppoif omof 01 pared ' Q] ¥03 1Y e IBs
-wod ) /99 0INFE Oy pue UOQIEd IB[Q JO I G’ ‘SoInUIW ()] FOIJE
pue /M OINIs oy ‘(9% 68) 2eapdy dupzespAy jo Tw Gz ppy (¢
Lug oﬁﬁxwﬁoﬁufwu .Gﬁa Oﬁ MOW uﬁm @Gw GOﬁﬂ&Om
01 Ik 04 001) SIN-DO | snoanbe HOEN S ¢18'] € Jo Tw gzp12lup (g
H 30 Ieq D9 ‘WHISAAVVH “urw ()] 403 1Y IE J0S pue JAJ
uon | €6 D, (09 TH pur N Y 23md ‘IWHINMH WHL | Jo uonnjos snoanbe Jo Jw ¢'z8 put HOM
60 “eudBoIpAy suozuag | Is[ered Sw (g Guazudq Tw (] ‘SAX ‘IX ‘SIN-dDT | snoapiyue Jo Twr §'Z] ur OFH9-FOIN XN (1 dAd-D/INY
RN SITIWWO)) SUORIPUOD TONDEdT dNAJEIE)) UORESIINIdEIRY)) A3ojopoyiowr onoyausg 1540187y

40



Chapter 1: Introduction

0ve

O/ny yrm

%, ¥'6 01 paredwod
D/OWN/IN-TY
M SULXIYO[IAD
01 PRI 9% 001)

uon
-eu2303pAY dudZUIY

o 09 “H
JO Jeq ¢G CF{ pue IN s 98nd
9sATe1ed W ()G QUIZUIq W ()]

SIN-D9
D9 WHLS-IAVVH
WHINH WAL
‘SdX ‘IX ‘VOIL

'Y gl 03 Y 3 I8 pue Oy

mO uonnjos wSOMSTN ure ur wﬁmuwbu IN @@4
‘g 9 JOJ wnndeA Jopun 0

09 e &3p pur OTH [ Puv HOY 2¥[osqe
I USeM TOPRN[OS PIqing oe[q Y3 3L 1]
Q A MOW I e D>ND~ TCN uon

-njos snoanbe HOEN 3 ¢18°] ® JO TW 7]
pue (o, 68) MwIpAy durzespiy jo Tw Gg
‘unw ()] FE ‘OqIed RIq JO 8 GT°] PPV
‘Ut ()] 30§ IS PUE TONNJos snoanbe

dAd 303 ¢’ v 3o Tu ¢g] dsimdorp 399fug
uIw ()] 303 1Y 3¢ F8S put OH 1A

3O "Tw g8 pur HOW snospiyque jo w
ST JO 2IMXIW & P OTHI-IDIN XTI

(©

(2

(¢

4

(I

D/OIN/IN
-y pue O /IN-0Y

Eak!

SIUIWIIO)

STONTPUOD TOTIEIT INATEIR))

UONESIIANILILYD)

A3oopoowr dnoYIUAg

1548187




Chapter 1: Introduction

(my

qHa 04 1€ PUB IN
SN[LIDWOVOW M
o/, 0 01 paredwod

s1sd[eaed oreIswiq "D/OIN/IN/Y 2y
Qﬁ% ﬁ@ﬁﬂwun_o Gﬁdu WE|UO AUO amz MGHEHO.M Lo HOm .._\LMH je uG@Eou.ﬁ&@u Uﬁum\wﬂmo AM
-op 01 pPK 9, 00T) 184382 J0 8 €70 03 3 60°0 PUe | -dDI ‘SAVXH ‘SHANVX Do 08€
Do 001 03 D, ST CH ¥eq G ‘GUI | ‘STAT-SH UL ‘WHLS |*€ ¢N Ut voneum[ed 4q paonpord 5 /OIN/IN - (T
uvoneuad | -epydeu 1ySom o 7(0'¢) uonn[os -IaQVVH ‘WHLYH "UOQIEd JIB[q VO UOTNINPIF 2NeIpAY
pee -orpAy suspeypydeN | susreypydeu suexoyopLd Tw 0¢ | WHL ‘SAX ‘QUX O, | 2urzeapiy eia 1y 1€ pasisaqiuds ) /Z(HO)IN (1 D/0 IN/IN/TY
9
.HOM U2AO0 WWUNNDOEBA B Cﬂ Uo OO Je \QT TQN ONE
I pue HOYH snoipAyue i ysem 0enm] (9
"4 9 303 LY ¥ IS pUt (N ¢01X49°6) TONY
jo uvonnjos snoanbe ue ur s[eIsAI IN PPV (S
J 9 JOJ UDAO WNNJBA B UT ),
09 ¢ £3p pue OTH 1 Put HOIH 2M[0sqE
(e I gSEM TONN[OS PIgrm de[q oy e[ (
-wouowr ULu Lﬁk/ ﬂ
o/, 0 03 paredwod Q1 F0J Iy & I0s Put UOqIed 3IB[q JO 3 G7']
s3sATered dnerowiq SIN-OD DD | ‘(2% 8) avesphy surzespdy jo Tw gz ppy (¢
U paurelqo uffed ‘SAVXH ‘SANVX ‘SVX ‘U ()] J03 IS PUE UORN[OS
-9p 03 PRI 94, 001) ‘AQYX-HH ‘SIAT-SH | snoonbe HOEN S ¢I§ 180 TW ST PPY (T
D0 001 —SI TH ¥eq | ‘SAH ‘WHLS-AAVVH Ui () 403 1Y Y€ #Bs pue OTH I 3O
uonEUds 8% TH PuE AN Y 28ind uay WHLIH ‘WHL | TW §'Z8 Pue HOY snospiyue Jo Tw ¢z
ez -oapdy svareyiydeN | -eqydev qui o¢ Isdperes 3 g0 ‘SAX ‘AIX ‘SIW-dDI JO 3mxIw e s OFHY-AOINS 60 XIN - (1 O/AHOIIN/IN/DY
.wum quMEEOU mﬁOﬁﬂuQOU GOﬁumwu uﬁﬁﬁmumu GOﬁwwﬁuuUdHﬁQU \AMO?V—UOLMOE uﬁoﬂuﬁkm uw\ﬁ.ﬁdU

42



Chapter 1: Introduction

(somrerewronowr
01 paredwoo
UOISIOATOD 0/ ()0

PayoBa1 SOy IN

pue s1s4e1ed [ 4 ¥0J D, 0SH 38 MOTJ TH Fopun 1eax], (G
e I paydeas Y TL30F Do OL
auazuRqAYId H ¥eq 0T ‘Do 09 OIS JO 09 ‘AdLH | ¥ 4&p pue L = Hd [pun OTH 1q Ps ysep
01 K1AN29738 0/, 00 1) 3 ¢'¢ s parpip (ysow (4-(7) “AdI-H ‘SdX ‘WHL U 2 305 Do 0¢1 238y (¢
J0osmoa3d 1s4[e1e0 S '] (duradoy XAT-WALS ‘INALS "y 1 303 31 9ABS] pue ¢Oy-Ljo S g ppy (g
uon -U /1M GG PUE DUDN[O) 0/ -1AVVH WHLIH "OH I 30 Tw G ur (]:g = JN7E23n) Baim
¢z | -ruaborpiy suyjoses G¢ Puarlig oM 0]) SeOAd | VA ‘dDI HS ‘AYUX | Pue OTH-OMY ‘OTHI-CEON)IN 24[0ssiq (1 OV /MIIN
TH JO MO[J |UTw. W
0S A D, 006 e siskered a1039q 2ompay (L
"4 9 303 D, OtS 1 AeupE) (9
JYSTUIIA0 ),
(safrerewonows 001 e £3p pue OZH [ P ysem enyn (S
P o, (o 03 pared Y 84 30] D, 001 e Um0 vE UT &3 (3
“wod LNy s q
paureiqo suazuaq $7 303 D, Of Y& ms pue oprxodordosmumnrur
01 £31A193[38 9/, ()9) -N[e pue NEIISOYIIOAYPoENal Jo 3 ¢ ppy (¢
YT 0O WHIMH | '4g0jmspue (N 8Z'0) [DH IO S 0L PPV (¢
UONEUISAXO | MO[J d[ostue ‘9rnssaxd orroydsows ‘SdX ‘dd.L-HN ' § 303 ms pue OH I
92z -opospy dostuy | -1E D, 05H-00¢ VsAeIes 3o 3 ¢ MdIH LHd ‘QUX |30 Tw (¢ l (¢Z1d) drwoamd Jo 3 4 aaossiq (1 VdSTV/OIN/2Ony
.wum quMEEOU wﬁOﬁﬂuGOU GOﬁumwu uﬁpﬁmumu GOﬁWw@BUdeﬂU %MO~O—UO£MOE uﬁoﬂuﬁ%m uw\ﬁ.ﬁdU

43



Chapter 1: Introduction

(emns

s £7ARd9[as
Jom0[ 01 paredwod
Gz d pue osereue

U 303 Do 00¥ PUE Y T ¥0F D, 00C

uo paureqo 1onpoid 18 (G /) ¥V /TH wi 2onpas pue A1p-0zo01,] (¢
pareud3orpiy Ay qzl
01 L1A1IPS 0/, ()6) s pue (OTH TW O] U ¢OLL 8 1) &1m[s sno
MIAN ‘S | -onbe cOr7, orur wonnjos a3 asimdorp ppy (g
uoneuagorpAy TH ¥eq (L Do 0S1 ISh[ered | -9 ‘WHL YdILH ‘SN pue OYH 1 Ut
e s[ozeqred[fya-N | Sw ¢z O[ozeqredlpa-N § 67 | ‘SAX WHLYH ‘QUX | IOIN Sw 7°66 pue Oy Sw 16 aafossiq (] ZOLL/INY
TN Fopun
Do 08 7€ £1p pue OTH [ Y ysea aren] (L
THEEN
340y (z1 = Hd) HOPN 3o Tw 0z PPV~ (9
mmuﬂ Q ¢ MO.« mD HO@GS GOﬁ‘DﬁOw ﬁU‘DM
|~NHMEOGOE TQN wuﬂ wﬁu (02} ._u Quuw Je TMGQBQO mONH<\~Z uﬂu
-[e3swiq FIYIO I ppe put OTH I 3O TW ¢ Ul DY 2A[0sSIT (S
wwﬁﬁ\wﬁuw .H®>/0~ (02} .NZ MQTQB Uo Ow je %H_u
paredwod STNSTY PUe OTH I P gsem ‘wonons Aq aenr]
(A PIULEIqO dneA YHEPN S +°0 yi (21 = HI) HO®N 30
JOL 1-UIW ¢80°1) 1s4] 14d | Tw OZ ppe Amofs pue OTH I s ysepy (¢
-€1ed JO § ¢*() pue auExayopPAd Jo | WHIMH ‘WHL ‘SdX | Ut 303 Do OF 3¢ S PU OV JO 8 6°'1 PPY (T
uoneuadorpdy | qu (op ‘opozeqresfdord-N jo 3 | ‘QUX ‘AdLH ‘SHO Y 1 30§ D, 5T 3T S P OTH
96 spozeqreaffdord-N | ¢ CH 3O ¥eq (0p Do 081 03 Do 0ST | ~dDI LA  ‘SIN-DO I 30 TwW Z ur OTH9-CEONDIN 24[0ssiq (T €OV /INY
RN SIUIWWO)) SUORIPUOD TONOET dNAJEIE)) UORESIINdEIRY)) A3ojopoyiowr onoyausg 1540187y

44



Chapter 1: Introduction

ye

F03 IV /TH % S FPUN D, (009 3 2I0pAY (9
30}
-eyodeas £3e103 £q pamoroy y 1 303 g (S
(ny “JYSIUIIA0 INS Put O (T JO TW
ST[EIDWOUOUW 0} 0G U1 ‘¢ doas 18 paureIqo Hgosow jo
paredwood vorsioa 8w ()¢ 7940 suonn[os OCHY-CEON)IN
-U0D JAMO[ ‘OIS pue oy yim eusardwy (4
-19AU0d duroumb 4 § 305 Do 06
% Ch Y ouT] 8 YOSTH NS 0 49 pasorio 1y e skep
-oumboipAyena ¢ 705 vONN[OS JOEN N ¢ P g (¢
HCTT 0 q ¢ F03 EN Fopun
KITATI9[PS 9/, OOT) 004G = (densqns)u/(Myu D | D, 008 e stshjoifd pue so1e30dEAd £30)
Do 001 “H | ‘SAX WdIL<H ‘SAH | -03 49 &3p pue 4 ¢ ms TOIS Jo S ppy (¢
voneuad | req (] TH Y a8imnd ‘HOH ‘WHILS-AAVVH | AH.L 3O TW (0¢T UF OHY-<(FONDOD 3O
e -0IpAY duROUM() Tw [ “duroumb jo [oww | ‘X ‘SHO-dOI | 3 1 pue suaydoryiq-gg Jo 3 g aaossiq (1 DS~ osouw /INDY
(Do 00 3¢ duaxay
-C 03 PP v
9T © (A 3sATesed OH/®H % 01
dl[[eIRwIq ey BN UL {7 303 Do 00F ¥¥ #93J° PUT 4 § 10F D,
Wa paure} 0SS 3 71w T pa3edy D, 017 18 4 ¢ &3 (¢
-qo auroumb jo (1:9) onex yejows "JYSIUIOAO JIS PUE
UOISISAUOD 0/, GG) surjoumb :proe orwzoy <(7:1) ¢Oy-A vo asimdorp suonnjos o) ppy (g
onex ye[owr auroumb:sA] vzl
uoneuds -v3ed TH Jeq (ST 0 Feq | WHIL-HA ‘SIX ‘(UX | 303 31 pur OH 1A W OHYI-YCONIN
e -o3pAy auroumy) | 00T o 00 ¥0 Do 0SE Do 00E ‘A14-09 ‘SIN-09 pu OH-[ONY 2a[0ssiq (T COV/MIIN
‘Joy SITOWWOY) SUOTIIPUOD UONIEIF dNL[eIe)) UONESIINILIEY)) A3oropopows onoyiuig 184e8))

45



Chapter 1: Introduction

(s384Te30 MY OT[TEY

“MOTJ TH JOpUN [ [ SISATEILD 93030

-owouow pue pqny 20npas pue Y g1-0 ¥0F D, 00¢ e aeunde) (9
P sSulr 9udzZURq ‘wnnoeA Jopun 0, gz 3 4 91-¢1 ¥03 £3p
0M1 93U} JO UONONPIJ PUE SU0I20E I YSem FIOIN Jm 1ea1], (G
op 01 poaredwod €OV 2y Uo uonnos oy Joysues], (b
shpees Ny g "(D0 002~) M\
Sumr  oudozudq JUO 00€ ‘UTW $7 303 A\JN Pu® suonnos ypoq X1y (¢
A[uo Jo uORONpPII) “uTw g 303 D), 09 3¢ [DH panyip o sdoip ¢
- P OFHY-ADIN JO SA[OW SZe600°0 oH (T
uon Do 01 TH Jns puv
-eudB0IpAY W 9 | O Feq (6 ‘(eNsqns) 9981 JO SIN-DD [ 10943 duafdya "Tw ¢ Ul JAd [OW ,-0TX¢L'T
91 -uM03)-g1-02uaqI(] | 3 ¢ ourng T (¢ Isk[ered 3 ¢ WHLIH ‘QIX ‘AN | Put OTHU-EDNY JO [0W ¢([Xpp | 2a[0ssiq (1 COV/INY
Y9 +0} Do
(09 ¢ U2AO WMNJEA UT AIp pue ysem ‘enm] (9
(IN pue "4 9 J0J JOS puUe
ny  oEPwouow O%H I 'TW 0SZ W OTHX-ONY 3 1 ppy (S
oq PN UOISIOA 9
-uod pue A1ARII[AS 303 D, (09 3¢ UIAO WNNILA UF A3p pue HOW
1m0 01 poredwod an[osqe pur OTH T P ysea enL]  (p
INDY UHA PaureIqo U S8 F0F LY 3° 2489] puv
surjoumborpAyena UIW ()] 303 IBs “BOqed R[qJO B ¢TI PPV (¢
T “urw ()] J0J IS pUE UONN|
01 £1AR99[3s 0/, S) SIN-DO |78 snoanbe HOEN 3 ¢18°7 ¥ JO Tw (g PPV (T
D0 001 “H 09 ‘WHS ‘SIHT-SH urw O] 403 1Y Ve
uoneuasd xeq (G 5410382 3 60°0 (% 69°0) YXAT-WHALSNHILS |9 Pue HOYH snospdyue Tw ¢Z] pue OH
2z -ospAy  ougoum) | wonnjos suroumb O TwW (] -AAVVH ‘aQuXx I JO TW §°Z8 Ul OTHY-ADIN A[0ssiT (T D/INY
‘Joy SIUDWWOY) SUONIPUOD TONIEIT dNATEIL)) UONESTIAIDEILY ) ASofopopowr dnaypukg 1s4TE1RD)

46



Chapter 1: Introduction

U ¥ 03 Do 00F ¥8 2EURIED
IYSTUIIA0 ), ()L I8 LIp
pue 1Y 1€ Y ¢ 93 ‘vonelide SNONUNUOD PIM

€

130ddns oy vo asimdosp vonnjos ayp ppy (1
‘O'H
(s1u0a]0s Fursn 3O TW Gy UT OCHE DY JO oW 6Z°(
UM SUOTSIOATOD PUe OTH9-2(EON)IN JO [oWW G/ () dA[osSI(] (9
Jom0[ 03 paredwod U $ 303 D, 00t 1€ aeune) (g
JuaAjos Aue Jursn “JYSTUIIAO
IO PUL TN Do 0L 3¢ £3p pue OTH 1 P ysea en] (4
s duriue 03 A1 SIN-D9D 09 Wd.L "4 g1 Supmp D, (9 ¢ 93¢ pue
~ARDIPRS 04 18 B A ‘SAX ‘SHV-dOI WHL | U T 303 D, 09 3¢ 70 ] 243 03  vonn[os ppy (¢
UOISIOAUOD 0/, €6) a1espAy suizespAy jo oww | WHS ‘Lag ‘vondiosap *OCH JO TW 9°68 UI BN JO [oww
¢ “asdydsoune IN D, (8 IsA[eIed -uondrospe N SIA | (68'SZ1 PUY EODPN [OWW (L°GZ 9A[0SSIT (¢
uoneuas0Ip 30 3 g0’ ‘Toyoare [fdoxdosr jo -AN ‘vonisodwodap | "OTH JO TW 9¢ UI Z(EQN)IV JO [oWW g4/ |
S0z -AY 9UdZUIQONIN | W | DUIZUIGOIIV JO [OWW ¢ | [PWIYL, ‘(TUX WY1 pue Z(EON)SIN JO [oWW gL ¢ aa[ossiq (1 IV3IN/ DN
(N 1Y8iu
ST[EISWOVOW [P -390 £3p pue OTH T(I P4 ysea aenn] (¢
2udZUIqLAX0ZE 03 "y g1 Summp
o/, 08 03 paredwod 98e pue [ g Summp O, G9 1€ IS VU0 18I
INIY Of[elowiq o3 uo vonN[os puodds o asmdorp ppy (g
A paurelqo supiue ‘OfH 1 Jo Tw
03 £31A099[3s 0/, 001) 0 U HOPHN 30 [oww (¢ pue FOD(HN)
Do 08 40 D, S¢ ‘[ouedodiost [ 09 ‘WHS Jo [owur 9 3o GORN[Os ¥ put FHE - [OMY
uoneudsoIp 0T ‘duizeapAy [oww (g 23ens ‘1Hd ¥d.L ‘SAV-dOT 3o [oww | pur OTH9-LEON)IN
91z -Aq dudzUaqORIN -qns [oww ()] Is4erws 3o 3 1°() ‘SAX WA ‘QIX [oww ¢ yim vonnjos € oredard ([ LH TN
‘Joy SIUDWWOY) SUONIPUOD TONIEIT dNATEIL)) UONESTIAIDEILY ) ASofopopowr dnaypukg 1s4TE1RD)

47



Chapter 1: Introduction

(sarrerewonows

A SONJEA JIMO] 0}

paredwood 1s4[ered o1
eIWIq YA paute}

-qo forpauedord-¢¢|

(0] Rﬁﬁwﬁuwﬁww _UEN .wvﬁmﬂu Swgw OHQM wwqu .mﬂwxﬁduwu uuo.wwm A._u
UOISIDATOD %, ()0 ]) 09 SdX UdL*H Y § 303 D, 0SS ¥ e up eupE) (¢
Do 08 ‘(1ag) vondiosrsdyd ydruzano O, 0z1 e &3q (¢
Go_umcomg?f ‘uonnjos snoonbe 1eIISANS 0/, IM -IN ‘AdL°H ‘aavs " § J0F 1Y e IS pue OIS
90¢ euedordixorpiy-¢ | 01 TH IO I QL - 01 LT T | WHILMH WHL ‘AQIX | Pt OFHY-LEON)IN ‘OFHX-DY 2a[ossiq - (T COIS/INTY
TN Fopun ( | J0F IS pue Uon
-njos {DY & A[mo[s ppr ‘OTH I JO TW (¢
UL OV /IN Bun[nsas oy jo 8 7 assadsiq - (S
Y ¥ 303 (06/01) °N/?H 30
(Surpro] nyg J-UTWLTW GE JO MOP © YA DS 18 2onpay  (
Y3y 1€ paureqo st T 8% 303 Do 06
QUIZUDAIo0UTIIE 1€ 93¢ pue (N 1) OCH-SHN Ps 59 03 1d
4 oy Isnlpe ‘OfH [ 30 TW 00Z W EON'HN
03 9, 86 I[TYM SISA] 30396 pur O?H9-LEON)IN J0 3 §'G
-B1ed INIY SUIpEO| yum €Oy Sunmsaz oyl o 8 ' aafossi(q (¢
M AO[ [PIA POUTE) q ¥ 303 D,
-qo JuazfIsourure-{ 006 e 22euId[ed pue AIp ‘OTH I YPm gsex\ (g
031 £1AR233s o/, O01) 09 S Y ¢ 30} D,
Do 0S TH JO 7q O] CH ym -09 ‘A1 H ‘SAVX | 0LT 02389y pue ‘OH I JO TW (] UI 2en
uonEUds admd spereo Jo 3 zo'0 ‘HOYA ‘SAd WH.L ‘LAd | ¥ wnipos jo 3 z¢'o pue OFHSL-<(FOS)IV
L1z -07pAy Juarf1SOMIN Tw g Orensqns jo joww | | WHS ‘SHV-dOT ‘@IX 30 8 ¢ep vom o 3 ggrg anjossiq (1 €OV /INDY
RN SITIWWO)) SUORIPUOD TONDEdT dNAJEIE)) UORESIINIdEIRY)) A3ojopoyiowr onoyausg 1540187y

48



Chapter 1: Introduction

(Burpeoy ny
HQBOH ﬁﬁkx wuﬂzwuwa

¢ 10337 /(0% §)TH

-1q ¥130 01 pared JO MO[J SNONUNUOD PIM D), 00 38 20onpay (b
-wod S(OIN)SY Y g1 J0F D, (09 3e U2A0 Ut Ut dooy
1M J0IROE[ 0) A7 pue (o, 1 G) §[HnY Jo vonnjos snoanbe ue
-ATIOI[IS 0/, ' (6 YPIM U J[EIeWwoTOW Sunmsas oY) Aeudardwr-oy (¢
UOISIIATO 0/, /() e Uy Q1 403 Do 009
°H Jo Jeq 69 O'IdH ‘VO.L Yd.I, | Y& 2eup[ed pue wnndea sapun 0, 09 3¢ &3q (¢
uon Do 0C1 “H W 28md 9sfieres | 1HG ‘SAX ‘SHO-dOI RS puE OIN
1z -eudS0IpAy 98010% T | 8 [ ‘OH TWw O8] 9S019%[ JO 3 ()7 INAS WAL ‘aTIX jo wonnjos snoanbe ue ur I, osFoww] (] ZOLL/OIN-TY
(ny o1EIPWOTOWw
qam o/, 7 03 pared
-wod SNy A 303
pauTEIqo UOISIOA -2919p 1Y PUe SIA-AQ “HE OREIS UL Y 7 30F Do 05T
-U0D [eInging o, G 1) P D IAH DO “‘QUX | 38 23EUR[Ed U pue Y g1 30§ O, 001 3 &1 (¢
L4 Yd.L ‘vondios OV
uon [erngang o4 8 gy O | wayd 0D asnd ‘vop | -4 uo OFHY-ZEONIIN Put (CON)(ONIMY
vz -eudSorpAy eIy | Teq 1S D, 00T ISATEIEd JO S ¢°¢ -dyostwoyd ¢y oneig | jo vonnjos snoanbe s vopeudordwr oy (] OV /INNY
‘Joy SIUDWWOY) SUONIPUOD TONIEIT dNATEIL)) UONESTIAIDEILY ) ASofopopowr dnaypukg 1s4eaen)

49



Chapter 1: Introduction

g 30j

(g omEIew IMOF TN JopUN 184e1ed 9oNPax pue OTH-DHNY
-OuOwW 0) SAN[LA Fe| pue  OH9-LCON)IN woq  Sururejuod
-TuIrs SuTyOraT “YIN wonnos snoonbe Tw )4 P Aeusordwy (4
ST[eIDWI] I WYBIUTIAO0 1), () Y& £Ip U240 puE OCH
4 ¢ 7913% ([031GI0S 0/, [ P4 9SUL PUE UONER[J WNnoeA £q ¢ PUE 7
G'/E PUE [03IGO[D daas e suonnjos poe oyl wory N J24009Y (¢
%% L¥) siofjod o3 A uoneny YT D, 0¢T Y& X075 Jv
-ATIOD[AS 0/, G'HQ TP wnnoea Aq sisA[eed 1913e paro (o 1M G9) EONH UT 9STPIXO Pue [ 4 S Jopun
UOISIIATO 0/, () -2093 3841838 "D, 002D 081 D9 | Do 09738 (% LE) TOH U [eHvw o 2A0ssiT (T
CH JO ¥eq O TH Pue IN WM | O IdH ‘HI ‘SAH ‘SdX (I'7 = 4:4) ZODPHD
uoneuas0IpAY dnA| 93ind ‘vonnjos snoanbe asoiq ‘SHO-dDI ‘WHLIH QIMIXTW B TPIM [ 4 JOF D), )G9 18 Is4[8Ied
e -OIPAY 25010 -O[[92JO 04, MM GZ'(0 JO TW 0GT | WHL ‘QUX WdLH | fOUV/0DIN vo (gD) sedorq asodwosnq (1 AND/DYIN
(Sunu
-[Teq Sursn so[EIow "o 05T 38 U € 0] MO[J T[] Fopun
-OUOW JOJ SaN[eA 20NPaF pu ¢ JOJ TN] JOPUN JUSWIEIN 18] (9
Jom0[ 01 paredwod JUSTuIar0 D, 011 e L3 (S
IND/INDY yaim ‘uonnjos [y snoanbe
% 1L PU® DV /INDY ue g IND/IN 30 DV /IN 2y euordwy - (
P [01qF0s Do 00§ 38 Y ¢ JO3 MOJJ T Jopun
0} £31A1ID9[38 0/, 98) DOL | 2onpas pue Y ¢ J0J TN Fopun 1uswnean 1w (¢
H ‘O'1dH ‘Hd ‘Saax YBIuI80 O, 011 3 & (¢
uoneudBoIpAY | 3eq 0S D, SOT ‘OTH TW 00¢ IS4] WHLS-AAVVH "IN JO uonn[os INO/INMY
0zz on4jorpAy asompn) -B18d JwW ()¢ ‘9SO[M[2d Jwr ()G /. WAL ‘LA9 9dL snoanbe s ND 70 ) 2anoe eudordwy (] pue O /INNY
‘Joy SIUDWWOY) SUONIPUOD TONIEIT dNATEIL)) UONESIIIETEY ) ASofopopowr onoypukg 1s4eaen)

50



Chapter 1: Introduction

" 9 30§ TN UT MOy

(3oddns €Oy TH Fopun ), ()G e SIsA[ered o3030q 2onpay (G
gk vo (o, 0L) vors Y § ¥03 IE UL D,
-J9AU0) 18931y 9 0S¥ Ye 21'U[Ed PUE Y 7] 303 D, 001 ¥ &30 (b
PIA SUOIIB[OFI[EA-A "OCH9-CEON)IN Y IS4
01 £31A1O9[38 9/, ()0 T) -€1€D Iy JI[[EIdWOoTOW PIFp o Neudordwy (¢
Do 0ST ¥ saEMORI | DO WHL ‘SAX ‘TIX YTl F05 D, 001 eI VI A3 (T
uoneuadoIp | A\ 00€ IsA[eed 8 () ‘proe orwIog ‘SHO-dDI ‘(1a9) 130ddns oy wo asmdorp OV /0y
ez -A pPE JMUINAYT | W ¢°() ‘PRE JUINAI] JO Tw ¢ | vondIosIN ‘AdLHN | PP¥ Put OH I U OTHX-{[D0Y 2a[08si] (] -IN PU® SO+7 /0N
Y 1 30J D, (0S¢ Y€ TH Fopun 2onpay (8
YSuIaA0 0, GO 1 Lip
pue JuoA[os o3 arezodeAd O, GOT 18 189y
PUE XIW ‘UONN[OS [e39W puodas ayp 3soda (1L
IYSTUIIA0 0, GOT e £Ip pue JuoA
-[0s ayp avezodeas ), GO e ey pue Iy (9
87" INDIN U0 (OTH9-2CONDIN
30 §ONY) Surpeo[ [eIoW 1saYy3IY
(0N SU3 I [eI9W 9y Jo uonnos € isoda(y (S
SM[eIdWouOW 103 A1 JYSTUIIA0 ), GG e euPe) (4
-ATIIIIS 9, G6-C (6 O} JYSIUIA0
paredwoo sisA[ered Do 09 Y& L3P pue OTH I( YPIM ysem ‘aenyr] (¢
INTY Df[[edotuiq qam Do 0€ 38 PTq OYH © UL Y §] JO3 J1S pue 918
PauTEIqO [031qFOS -Isoyro [Ayaoenal jo Tw 4 asimdorp ppy (g
03 &1AR3[S 9/, (0 1) OIdH ‘VV ‘WIS U Gl
TPl = M) ones 9sodn(s ‘SAH WHLMAL | ¥03 31s pue OH 1 30 TW g ut vdwoy
uoneusd -(1 30 TW G CE JO ¥eq 6T Dy CH ‘AdLHN SPIWOI] WNIUOOWWE[AIRWIN[AIIPEXaY
12z -03pAy dsoonS-(1 | (OF — 071 CH PUE IN P 98img 194 ‘QYX ‘SXVS -ujodzaapossiq (1 8- INDIN/INTY
‘Joy SIUDWWOY) SUONIPUOD TONIEIT dNATEIL)) UONESIIIETEY ) ASofopopowr dnaypukg 1s4TE1RD)

51



Chapter 1: Introduction

(pa1eUId[Ed JOJ S ISA]
-v1ed JO 3 /Towm g/ |
01 paredwod 1s4ered

" Z 303 (pareurd[edun
F0F D, 0SE) SISATEILD PIILTI[LI 05 ), (0S

pareurd[EIUN JO3 18 MO[J ¢ Fopun sisk[eded o1030q 2onpay (¢
9183 UONDIBIT S ISA] VO “JTE OTIEIS UL ),
-v3ed 3o 3 /[ow G 1) OTdH ‘Ad.LSHN | 00 & 23eUR[ed pue 4 g 303 O, (¢l e &3 (¢
‘SAX WdI ‘WHILIH “CON(ONIMY puE OFH9-<CONIIN
uoneuad Do 02 ‘30 ‘vondiostwoyd Jo vonn[os snoanbe Ut PIA ‘poyow [93
gz | -Axosporpfyjouayd | TH jo req (g Isdered Jo 3 61 TH ‘QUX |08 4q pasisayruds TOLY, oyp ayeuSordw-o) - (1 COLL/™MIN
Y O1-830F Do 011 e 3 UL &3 (g
"OPH 1A Wi ysea pue Qenp (4
(LININ/SINE Oy " Og
Jo 3 670 M JOJ NS PUE OPIPAT0FOq WNIPOS PIM 20npay (g
UOISIOATOD 9/, [ '8-L = Hd mun (1:1) €ODT
pue ouo1dE[OFITEA-A put HHO®EN JO 23Xt y (0] & yim ae3doasg (g
01 £1A199[3S 9/, )0 T) SIN ‘oxoydsoune I\ 3opun 1Y 3¢ 4
D0 0CC QLI H | 09 DD WdLAH NI | ¢ ¥03 ms pue 1oddns O [SLININ JO UopIppe
uoneua3orp | pue N s a3ind 9sAered 3 6770 -L ‘AdL-HN ‘SdX MO[S ) YA SUTHINS Jopun OTH JO TW Of
e ~&y ppe omunasT ‘OFH T §6 ‘PrE omMAd 8 ¢ | WHS WHLIH ‘QUX U OTHY-“CONIN Puv OTHX-[Omyg 2a[0ssi@ (1 LININ/IN™Y
o SITDOWWO)) SUONIPUOD TWONIEIT dNATEIE) UONESTIAIDEILY ) £3oopopow onapusg 1s4eaen)

52



Chapter 1: Introduction

(nyg pue 1N ome
-QWwouowr .HOM o\o OH

pue o/, 1 01 pared

-wod 2017, /INDY
S PIM pauTe) "AO[J T (-UTW "W ()9 Jopun
-qO [OUEXaYO[24d 200paF pue Jre JOpun O, ()G It Aeupe) (¢
01 K1ARIIAS 0/, 76) YZII03 Do 0213 L3 (2
N Ad.I-HN “CoN(ONNY
uoneuds s 93imd ‘ouesopop + [ousyd ‘INHAINH ‘SdX ‘von pue OH9-2CON)IN JO uon 037
061 -Ax09porpdy [ouayg TW 00T CH JO ¥eq $S ‘D, 02¢ | -drostwoyd ‘DI AL | -nfos snoanbe i 130ddns oy sjeudordwy (7 PUe ZOLT, €OV /YN
(sorrerow
-oyowr 0} pared
~wod YOINF Oy oY
A POUTEIqO [OUE "MO[J TE JOpUN D), (O 3T 0npay  (
-X3UO[24d 01 UOTSIOA “q $ 30F Do 0SS
-uoo jouayd o (L) 1 JTE UT 91BUID[Ed pue 3241p wnnoea ul L3 (¢
(¥eq 0ST~) MDS 9H Jo Feq ¢ 1AA WAL ‘sad Y g1 03 38 PUE SOV PPV (¢
uop | ‘ouayd o3 130dax urIsh[eres Jo o, ‘WHS YdIL~<H ‘@IX q 9 ns pue O'H
61z -euaB0IpAy [ouayq | 1 (] Toudyd Jo N 7€) Do 0SH LA ‘SIN-09 D9 | IA v OFHY-LEONDIN pue oy 2a[ossiq (1 SOV /TN
‘Joy SIUDWWOY) SUONIPUOD TONIEIT dNATEIL)) UONESIIIETEY ) ASofopopowr dnaypukg 1s4eaen)

53



Chapter 1: Introduction

(nyg

J0J S9N[EA FIMO[ 03
paredwod sorelow
-1q s s3onpord
uodo-3upr ‘srow
-wTp OUEXaYO[2£D)

SUOqIEd0IPAY TP ¥eq (g Fopun
03 I 0/, GO Y U T 40J Do 0ST ¥ s1sA[ered 230329 2onpy (0]
UOISIDATOD 0, 1) U 30 D, 0SS e ANeuR[E) (6
"o 0Z1 ¥ £Ip pUt O JO s$90%x2 aerodeary (g
uonEUa8AX0 Do 0ST CH Feq (f Toderens Sw AdL-<HN ‘vondiosis "4 $Z 303 .1 ¢ NS pUE suon
0cz -opoapdy joserensy | 1 Isderes Sw 001 ‘OH Tw 0¢ | -Lqd INCWHLS ‘AQUX | -N[os dneow oy g XH 2q Aeusaxdwy (L AH/INDY
"OPHE - 1OMY PUe OPHY-CCONDN
(y o1nrEIvWwoTOWw jo suonnjos | voneusardwr o (9
303 91e3 s1sA[ouad 4 9 JOJ D, (SS e IIE
-03pAY |.4.8.Joww JopUN PIUId[Ed PUE IYSIUFIA0 D, 0T e &3 (S
0¢ 01 paredwod uereurodns oaowar 03
INVY OY[eIDWIq YA 21e3nJIMUsd pue Oennou 03 1Y 3t payseny (b
2ex stskjoud3orp Do 0L] ¥ 4 7/ ¥0J uonesyeIsisny (¢
Ay q.8.oww (g1 rAa g
pue Q1AR23[3S 0/, ()6) I ‘Ad.L<H WUdL | 303 38s pue SOHL S 29,971 asmdoip ppy (g
“H ‘SdX ‘SAVX ‘STdH LY e Y T 103
uoneuadixo TH ¥eq T Do 0FT “OH TW 001 | -WHL ‘AAVVH-IWHLS | 98 pue OZH 1A 3 88+°0L PU® HOVdL 30
y61 -oporpAy [oderensy | ysh[ered Jo 5 ¢(r() qodvrens 3 (' WHIH ‘Q¥X | 89107Ce] Jo 2smxiw e ul 8 g/ /g aaossiq (1 S-INSZH/IN™Y
REN| SIUDWWO)) SUONIPUOD UOHIET dNALIE)) UONESIIIETEY ) £3ojopopow onoypuig 1s4eaen)

54



Chapter 1: Introduction

“MOTf TH Fopun Yg
303 D), 007 3¢ 990Pas put WIIUI2A0 D, O] ]

e £3p 301830dRAd A10107 Aq OTH 2r0wy (S
I
e yg 103 1ms pue 13oddns ) padop-N] oy
30 8.6.°0 PP ‘OTH JO "W G Ul OFHE- DNy
(urewrogsnd 30 3.20°0 Pue OTHY-IDIN 8 61°0 2a[0ssiq (¥
3sowr oy OTINGS Ty TN Fopun Y 9 10§
Suraq ‘INTY Do 006 Y& 21TUID[Ed puE JudA[0s ajerodear] (¢
dnreIowIq G Surs qel oy
[£uoyd pareuadorpiy I 3¢ HOY JO "TW ()6 pue OTH Id JO Tw
-uou M spunod (8 UT UOQIEd PIIBANDE JO 8 G PIM I Gz XTI (T
-wod spremol 370 "‘woneymsIp £q
-99[95 9 L8 03 %/, 89) SIN-DD |OFH PU® HOY] 2A0Wa3 “FULins Jo 4 4 Jayye
H | OO ‘AdIH ‘SIW-dOI | Pu® (%86 8 S) "OSTH 30 uonn[os snoanbe
SISI[ | 3q 01 Do 0€T “OFH "TW G¢ IsA] MdIH ‘SdX ‘sad 3O T T YA XIW H O JO TW GT Ut
<61 -oua303pAY UTUSIT -e1¥2 8 [°() “91EMSNS JO [OWW 9 WHLYH ‘(YUX ‘1d4g | svespAgouvows surorppueuayd-(1¢] aafossi(] (1 D /INY
(somreaows
-OUOW PIM $an
-[eA Jomo0[ 03 pared “q 9 30J D, (0GS I T Fopun 20np
-wod INIY [P -91 pue 4 9 30§ D), 00S I Aeuned pue A3 (S
(Fowrp dudZUAq 1y "OHY-2CONDIN
G'GZ PUE 2UIZUIq 0/, pue oy s voneuSordwr o (G
G'p/) SUOQIEI0TIPAY " G F0J D, 00S B 21eUId[Ed pue AIp ‘Den[y
01 £31A199[38 9, 001) ‘BurIIms snNoJoJIA Jopun 4 9 10y D, 09 e 98y (¢
d1d-09 ‘oL '01-6 = Hd pun HOYHN osindoip ppy (¢
uoneudsixo Do 092 CH eq (1 U300 Tw -09 ‘SIN-09 ‘Ad.L "OH I T 00T U O°H6-*OISPeN
oz -opoapfy [oderensy | (g ‘ooerend 3 1) Wskwed 36070 | -CH ‘SAX WHL ‘AIX S pp1 pue OTHS-AD03Z 3 (¢ aapossiq (1 TO¥Z-2OIS/INDY
o SITDOWWO)) SUONIPUOD TWONIEIT dNATEIE) UONESTIAIDEILY ) £3oopopow onapusg 1s4eaen)

55



Chapter 1: Introduction

(sones [erow paisay
30110 01 paredwod
VOIN? Oy T s[ou

MINN DOSH-AZ

-oyd sppwovow 0 DO ‘SW-09 ‘dId Y ¢ 30§ D, 00 ¥& NYUPED  (§
uonezpawijodop uu g DO ‘SH-dDT ‘Ad.L WBuIan0 D, 06 1 L1q (€
811 30 PP o §°LL) “HN ‘dd.I-“H “Yd.IL "vopvugarduy
IWHLYH ‘SAH ‘WHS | 03 S1-VES 243 U0 Uopn[os oy 2onponul (g
uon Do 0S¢ TH ¥eq (¢ Isfed 8 | ‘quX “(Lag) vondsos TOH JO N 1°0 Y
0z | -ezmownodop viuSry | 6z0'0 ‘HOY Tw 0z ‘BuSy 3¢ | -op pue uondiospe-IN | 2u039de Ul {DIN PUE OTHX-[ONY 2A[0ssIT ([ ST-VAS/INTY
(spunodwod
ﬁwﬁuog Gawﬂ u@ﬂuO r_‘Lm je NZ\NO Qut,b @udxﬁwwdhﬁ A@
HO.« mo.Dﬂm\w u®\50~ (02} L O MO.M Uc Ommuom,v je NI u@@ﬁz uu.ﬂuom Am
paredwod SN 4 9 303 D, (9% e AeuRE)  (§
PIM [OUBXIYO[IAD IYSIUIIA0 ), 08 I8 LIp
03 9, §7'GY put pue £ = Hd [pun O 1 P ysea ] (¢
2uoN[03 01 LITANII[AS 01
% TLFS WP 10 -6’6 = Hd Suidaay Y (g 103 188 pue D, (9
Kuoyd [£zuaq jo 1 €ODZEN JO "TW () OIuT zonnjos snoanbe
UOISIDATOD %, ()0 1) HO®N 3 96°C1 ® 30 Tw 001 £aofs ppy - (g
Do 0S1-00T TN ypis 28ind "O%H 1A 30 TW 001
SIS ‘fouedoidost Tw (] “O3ensqns SAX ‘AYX | W OHX-EONY 3 §9°0 Put OHG-CCONIIV
6zc -fjouaorpAy upudry Jo Joww ¢ IsA[e3ed 3 670’0 | WHLMH ‘vondioseN | 8620z ‘OTH9-CEONDIN JO 3 7'6 2afossiq (] €OV /N
RN SITIWWO)) SUORIPUOD TONDEdT dNAJEIE)) UORESIINIdEIRY)) A3ojopoyiowr onoyausg 1540187y

56



Chapter 1: Introduction

TN Jopun orearssed A[eury pue

(sonex Jopun 4 ¢ 303 (D, 00t WY 2N[EIoWoTOW FOJ)
STEIdWIq YO pUE Do 0SS & 20pat pue 4 (] 30§ D, 01 3¢ & (S
SoI[[E3WOoUOW O} ‘U ¢ F0J D1EIS 3 9ALI[ pUB UTW ()
paredwod 0Ny 303 SN ¥Bs ‘AH-TV 30 8 ¢ Ppe pu OFH Ul
I paureIqo OPHY-“CONDIN PUe OZHX-[Dny 2a[0ssid - (
szowouow drouayd 4 G 30 D,
03 PPH 70T P 0SS 3 23euD[Ed Pue Y ()] 50§ D, G011 & (¢
UOISIOAUOD 0/ /'] () Do 08 TH Y $ 303 dnEIs
30 3eq 01 IN y 28md ‘HOI AdL-HN ‘WHL | 2A83] pue urw (g J03 S “INS ‘VORN[OS SnO
uon Tw G¢ IsApered 8 617 (s ‘SAX ‘WHS ‘AQYX | -onbe OTHE-CCONDTY ue yua areuardwy (g
b1z -eudBorpiy uudry | -d[eans) uruBiy Ajosouedio 8 ¢ “LAd ‘SW-09 D9 YOI 303 D, S0T e var0 vR UL XH L3 (1 AHTV/INDY
(538430 3910 01
paredwiod ygolN
g [ouayd o3 Do 00¢ 38 Y ¢ 303 (Uruw /Tw (L)
0, €°06 PUe 2uaN|O} Ty Fopun :eumded pue O, 011 38 $Z 303 &3 (S
03 PP 9% 8'96 M Oy
UOTSIATOD 0/, ()0T) jo uonnjos snoanbe e UO 1) JINP PPV
SIN Do 05t I8 Y ¢ 03 3y I9pun ajeune) (¢
(HO) sshjouadorply | D, 082 — 0TI “H*q 0¥ - ¢ “H | -D9D ‘SIN-dDI-V'T ‘SdX Y 4T 303 Do 011 38 L3P YT 22UV (¢
sn4Tereds spunodwod s 98md 9sATeres 3 770 - 5070 ‘UX XAT ‘Sada "U0qILd 9ANIE JO
wz | PPOW sI pue uuSry | HOW W g ‘vus 30 -8 10 ‘WAL ‘vondsosisfyq | ¢ 03 vonnjos snoanbe OZHY-ZCONDIN PPV (I O/MIN
EEMN| Slgowton) SUONIPUOD TONdLIF uﬁﬁﬁmumu Tonesaldereyr) %MO?V—UOLMOE uﬁoﬂuﬁkm uw\ﬁ.ﬁwU

57



Chapter 1: Introduction

(sones onreIowr
OO P SInfEA
Jomo[ 03 poredwod

"“UONN[OS "W ()] € SUTYDEI [NUN

SINEIY o s OYH Suppe UIw (g 303 yreq 231 ue Ul Ing - (¢
[ouayd pue ouonjol ‘Bumans
St Yons syowouow SNOJOSIA YIM FE{EN] JO Sw ()¢ yaIm Ton
pareud3orpiy-uou -njos snoanbe ue jo Tw g1 asmdorp ppy (g
03 PRI % 06< P URW (¢ 103 Yyrq 291
UOISISAUOD 04, ()0]) SdX | ue urns pue urw G| 23LdTUOS ‘OCE JO W
¢H Jo wne [ Jopun j, ‘AIX ‘SAH-WHLS | € U gV.LD Sw 001 Pue OFH9-IDIN JO Sw
002 sisA[ounBorpAy wrudr]| 66 ‘OTH IsA[ered INDY % [0W § ‘AAVVH WHL ¥'0F Pue OTHE-S[OMY JO Sw gL 2aj0ss1q (1 SON gV.LD/INTY
EEN| SIUOWWO) SUONIPUOD TWONIEIT dNATEIE) UONESTIAIDEILY ) A3ojopoyiowr onoyausg 18[eren)

58



Chapter 1: Introduction

Small molecules, such as, N2, CO and CO» have been successfully reduced in the presence
of RuNi based catalysts, in some cases displaying better performances than the correspond-
ing  monometallic  counterparts.20-203  CO  hydrogenation  on  bimetallic
[EtsN]2[RusNizC(CO)13] at 246 °C using 5 bar of a mixture CO/H, = 0.5, increases the
selectivity towards oxygenates such as methanol, methanal, ethanol and propanol, compared
to the monometallic Ru catalyst, as the generation of hydrocarbons decreases, obtaining in
both cases a low CO conversion.?’> More recently, dimethoxymethane has been produced
on RuNi/B-zeolite (BEA) bimetallic catalysts by CO hydrogenation, obtaining its better
yield after 48 h at 120 °C using 75 bar of the mixture CO/H; = 0.5 in methanol, yield

higher than the observed with the corresponding monometallic counterparts.?!

CO> hydrogenation using RuNi/BMLNTf, NPs at 150 °C with 8.5 bar of a mixture
CO»/H; = 0.25, displays synergetic effects between metals. Several Ru/Ni ratios were used,

and concerning the activity, RusNi» NPs was the most selective towards low weight hydro-

carbons (Cz-Cy).22

Ammonia synthesis was performed on NiRus catalysts (2 wt. % metal) at temperatures from
375 °C to 450 °C using a mixture No/H, = 3. In this case, the productivity was lower than
the monometallic Ru catalyst, which was attributed to a strong absorption of the hydrides to

the metallic surface because of the presence of Ni.2

Aliphatic and aromatic alkene hydrogenations have been achieved as well with this class of
bimetallic catalysts. RuNi based materials have been used for the hydrogenation of pentadi-
enes,?™ cyclohexene,?* benzene?!® naphthalene,?”” mixtures of hydrocarbons modelling

gasoline,?'8 phenol,?!” and carbazol derivatives.2!4

Hydrogenation of linear dienes, such as 1,3-pentandiene and 1,4-pentandiene to pentane,
occurs on the bimetallic cluster [(Cp)NiRusH3(CO)o] at 80 °C under Hy pressure with a 100

% selectivity, observing an increase of hydrogenolysis when increasing the temperature.204

Using the same catalysts and reaction conditions, cyclohexene, 1,3-cylochexadiene and 1,4-
cyclohexadiene were converted to cyclohexane with a 100 % selectivity, as similarly ob-
served with the monometallic Ru catalyst. Toluene was also hydrogenated, in this case, syn-
ergetic effects between metals were observed in terms of selectivity, as the highest amount
of methylcyclohexane was obtained with the bimetallic catalyst, having as a minor product

cyclohexane.204
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Benzene hydrogenation was also possible using Ru/Ni catalysts with different stabilisers,
PVP and CTAB, at 100 °C under 50 bar of Ha. In all cases, the presence of Ru increased the
yield to cyclohexane compared to the monometallic Ni catalyst.? Benzene hydrogenation
on bimetallic Ru-Ni/C at 60 °C under 53 bar of Hy, shows synergetic effects between met-
als and a higher activity of bimetallic Ru-Ni-NiO interfaces than the RuO»-NiO ones.??!
Benzene hydrogenation studied at lower temperatures(20-60 °C) and pressures (3-48 bar)
with the same catalyst, allowed observing synergetic effects between metals on the activity,
as TOFs and yields towards cyclohexane were higher.??? Benzene hydrogenation on bi-
metallic Ru-Ni/NiO/C at 60 °C and 53 bar of H; is the most active and selective to cyclo-
hexane of the tested bimetallic and monometallic NPs, which the authors explained by the
high dispersion of Ru atoms on the structure of Ni/NiO NPs.22 RuNi/C were also tested
for benzene hydrogenation at 60 °C under 53 bar of Ha, observing that lower calcination
temperatures for the preparation of the catalysts, enhance the activity of the catalyst to-
wards cyclohexane and also observing synergetic effects between Ru (activating Hb),
Ni(OH): (activating benzene) and Ni acting as a bridge for hydrogen transfer.??* Synergetic
effects between Ru, NiO and Ni are also observed on the activities with the benzene hy-
drogenation on bimetallic RuNi/C-PVP catalysts at 60 °C under 53 bar of H», observing a
high selectivity towards cyclohexane.?!¢ Synergetic effects were further observed between
the Ru, Ni and NiO species, and being the most active composition the Rug.56Nio44.2 Ben-
zene hydrogenation is also evaluated on bimetallic Ru/Ni catalysts, obtained through gal-
vanic replacement using EDA, PVP or CTAB as stabilisers, at 100 °C using 53 bar of Ho,
synergetic effects were observed as bimetallic catalysts yielded to cyclohexane, in higher
yields than monometallic Ni, and being Ru/Ni-EDA more active than its PVP and CTAB
homologues, attributed to a better dispersion of Ru atoms.??> Benzene hydrogenation was
also tested on trimetallic Ru/CoNi catalysts at 100 °C under 53 bar of Hs, showing a high

selectivity of the catalysts synthesised in ethanol and a synergy between the three metals.?26

Ru/Ni/Ni(OH),/C was able to reduce naphthalene, using as reaction conditions 48 bar of
Ho at different temperatures, being 100 °C the one with highest activity. At this tempera-
ture, the bimetallic system displayed higher activity than the monometallic catalyst, observ-
ing a synergetic effect between the Ru, Ni and Ni(OH)» species. The selectivity towards
decalin, the fully hydrogenated product, was high, reaching a value of >99 %.27 The same
reaction was tested on Ru/Ni/NiO/C bimetallic catalyst also at different temperatures and
using several amounts of catalyst, observing a synergy effect between metals and a 100 % of
selectivity towards decalin in this case at a low temperature, 25 °C.2!7 Anisole hydrogenation
on bimetallic RuO2/NiO/Al-SBA catalyst at temperatures ranging from 300 to 450 °C and

a 50 mL-min! flow of Hz shows a good selectivity towards benzene for the catalyst with a
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weight Ru of 0.4 % although, it was observed that the increase of weight Ru percentage to 1

% increased the activity, being the most active catalyst.??3

A mixture of 10 wt. % styrene, 35 wt. % toluene and 55 wt. % n-heptane, as a model for
gasoline, was successfully hydrogenated on bimetallic NiRu/ALOj catalysts at 60 °C with 20
bar of Ha. Several compositions were tested being NisRuoos the most active and selective
towards ethylbenzene; the observed synergetic effects between metals were attributed to an
increase of exposure of the Ni atoms compared to monometallic Ni.2'8 Hydrogenation of
phenolic compounds, like phenol, by supercritical water gasification on NiRu/ALOj; bi-
metallic catalysts at 450 °C occurs. The incorporation of Ru on the catalyst leads to an in-

crease of the activity and the selectivity towards cyclohexanol 219229

The aromatic rings of N-ethylcarbazole and N-propylcarbazole were successfully hydrogen-
ated using RuNi/TiO,*Yand RuNi/Al,O3,21 respectively. For the former, temperatures as
high as 150 °C and pressures of 70 bar of H, were needed, yet, RuNi/TiO, performed bet-
ter than the corresponding Ru catalyst. Support effects were observed, and the crystal struc-
ture of TiO, modified the outcome of the reaction.??’ N-propylcarbazole hydrogenation
using RuNi/AlLOs as catalyst was also petformed at high temperature, 150 °C, under lower
pressure, 40 bar of Ha. Several Ru/Ni ratios were tested, and the RuzsNizs catalyst dis-
played the best activity and selectivity towards the perhydro-N-propylcarbazole of the se-
ries. The synergetic effects observed were attributed to a favoured hydrogen spillover, in

comparison to the monometallic counterparts.?!4

Alumina was also used as support for a bimetallic NiRu/ALOj active for the quinoline
hydrogenation.?3! Elevated temperatures and pressures, 300 to 400 °C, Ha pressures from
200 bar to 250 bar, were applied, which lead to the hydrodenitrogenation of the quinoline
to produce 2-hexene. At lower temperatures and pressures, 100 °C and 50 bar of Ha, quino-
line hydrogenation was achieved using RuNi/C. The activity observed with the bimetallic
system was enhanced compared to the monometallic counterparts; selectivity towards the
partially hydrogenated product, 1,2,3,4-tetrahydroquinoline (1-THQ), was high.?3> On the
other hand, RuNi/meso_SC catalyst was less performant than others Ru-M (M = Ga, In,
Ge, Sn, Ni) bimetallic catalysts tested for the hydrogenation of quinoline at 80 °C under 10
bar of H». In this work, Ru-Sn displayed the best performances of all tested catalysts.?3
Interestingly, RuNi/ALOj selectively hydrogenated only one of the two benzene rings pre-
sent on the dibenzo-18-crown-6 ether compound, using relatively drastic conditions, 120 °C
under 90 bar of Hz and microwaves. This behaviour was in contrast with a RuPd catalyst

also tested which hydrogenates both rings.?3
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Oxygen containing functional groups such as aldehydes,?*%and nitro- compounds,?’> are also
hydrogenated by using RuNi based catalysts. Nitrobenzene hydrogenation was performed
on bimetallic NiRu-HT at 80 °C and hydrazine as reducing agent (1 mL). Aniline was ob-
tained in higher yields and selectivity compared to the monometallic Ni catalyst.?®> Nitro-
benzene was also hydrogenated on NiRu/MgAl bimetallic catalysts at 80 °C using hydrazine
hydrate as reducing agent, observing a full conversion of nitrobenzene with an 81 % of
selectivity towards aniline without the use of solvent, in this case a synergy between metals
was also observed in terms of activity.2’5 Furthermore, a bimetallic RuNi/ALO3 was able to
reduce selectively the nitro group of nitrostyrene, giving 4-aminostyrene as the major prod-
uct. This achievement was performed at 50 °C under 10 bar of H» pressure; 4-aminostyrene
was the main product obtained with Ni rich bimetallic catalysts and 4-aminoethylbenzene
produced for Ru-rich catalysts.?3¢ Concerning aldehydes, hydroxypropanal reduction to
produce 1,3-propanediol was described over RuNi/SiO, bimetallic catalyst at 80 °C under
20 bar of H».206 RuNi bimetallic catalyst performed better than others, which was attributed
to the effect of the introduction of Ru on the structure of the catalysts, decreasing the size
of Ni particles and increasing the porosity.?’® Furfural hydrogenation was studied on Ru-
Ni/ALOj bimetallic catalysts, using a temperature of 100 °C and a pressure of 54 bar of Ho,
in water. Synergetic effects between metals were observed on activity, with almost complete

selectivity to HF.237

Highly oxygenated compounds, such as cellulose and sugars,?%$2% have also been success-
fully transformed over RuNi catalysts. Hydrodeoxygenations, reaction which allows the
elimination of oxygen from a given compound with hydrogen, of several substrates!?6.240
have been achieved. These are promising results in order to apply this kind of bimetallic

catalysts for the upgrading of highly oxygenated molecules from biomass.

Lactose hydrogenation occurs on RuNiO/TiO; bimetallic catalyst at 120 °C under 55 bar of
H,. Of all the catalysts compositions used, Rus(NiO)s/TiO; catalyst was the most active and
selective to lactitol (99.4 %), displaying also better performance than its monometallic coun-

terparts in terms of activity and selectivity.?#!

Cellulose?? and cellobiose?*2 were hydrogenated on RuNi bimetallic systems, RuNi/AC and
RuNi/CNT, and NiRu/CNF, respectively, using hatsh conditions. High selectivities to-
wards sorbitol (>70 %), were reached in the former catalytic system; while for the later
polyols cellobitol and sorbitol were obtained with high selectivity, up to 84.5 %. In both
cases, bimetallic systems were compared to the corresponding monometallic catalysts, per-

forming better than them.
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Glucose hydrogenation occurs on Ru:Ni/MCM-48 bimetallic catalysts at 120 °C using 25
bar of Ho, evidencing synergetic effects between metals as the catalysts with Ru/Ni ratios
higher than 0.45 improve the activity of the monometallic homologues, apatt of observing

complete selectivity towards sorbitol.?3

RuNi/montmorillonate (MMT) bimetallic catalysts hydrogenated levulinic acid y-
valerolactone, reaching 100 % selectivity in the case of the catalyst being composed by 0.5
wt. % Ru and 5 wt. % Ni. The authors attributed to an electron transfer between metals.?#3
NiRu/ZtO; and NiRu/ALOj3 were also used as catalysts for this reaction, in this case using
formic acid as hydrogen donor, and not Ha. The support played a role in the outcome of
the reaction, and NiRu/ALO3 was the most active and obtaining also a 100 % selectivity

towards y-valerolactone.2#

Support effects were observed in the hydrodeoxygenation of phenol — at harsh reaction
conditions, 320 °C under 54 bar of Ho- using bimetallic RuNi. ALOs, ZrO; and TiO, were
used to support the metallic nanoparticles; Al2O3 based catalyst was the most active and
selective to cyclohexane, while in TiO; the catalysis was less active and was selective to-
wards cyclohexanol, which was attributed to decrease of active sites in Ru/TiO,.1% Hydro-
deoxygenation of phenolic compounds, like guaiacol, and other lignin-oil compounds is
observed on RuNi/SiO»-ZrO, bimetallic catalysts at 260 °C under 10 bar of H», showing a
high selectivity towards the hydrocarbons and a good performance of the bimetallic cata-
lysts, compared to the monometallic counterparts, ascribed to a better adsorption of
guaiacol on the bimetallic surface.2> RuNi/HY2% and RuNi/HZSM-5!% were also active
for this reaction using harsh conditions as well. RuNi supported on HY was more selective
for the production of hydrocarbons, providing cyclohexane as major product. Using
RuNi/HZSM-5 leads to a high selectivity towards phenol, while the aromatic ring remained

intact.

RuNi based catalysts are performant catalysts for the hydrogenolysis/depolymetisation of
lignin and related model compounds. RuNi-AC/N,1% NiRu/ALOj3,24 RuNi/SBA-15,247
NiRu/AC,27 and RuNi/Al-HY 248 displayed good activities for the C-O cleavage, as well as
high selectivities towards the not fully hydrogenated products, as aromatic rings were not
transformed. In addition to that, several Ru/Ni ratios were tested in some of these works,
pointing to a synergy between metals at a given composition. Lignin hydrogenolysis on
RuNi-AC/N bimetallic catalyst was performed at 230 °C under 10 bar of Hy; 1.5 %Ru-10 %
Ni catalyst was the most active and selective towards aromatics and showing synergetic
effects between metals.'”> Hydrogenolysis of several lignin model compounds was also

studied on NisRus/ALO;3 bimetallic catalysts at 120 °C in isopropanol, reaching 100 %
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conversion in the case of benzyl phenyl ether hydrogenolysis, obtaining toluene and cyclo-
hexanol as only products.2% Lignin depolymerisation on RuNi/SBA-15 bimetallic catalyst
was achieved at harsh reaction conditions, 350 °C under 30 bar of Hj. Rug¢Nips was the
most active and selective catalyst to phenols, attributed to a strong bonding of the substrate
on bimetallic surfaces was high.2¥7 Depolymerisation of lignin on NiRu/AC catalysts was
carried out at different temperatures and Hz pressures, observing in all cases the synergy
between metals on the bimetallic as activities were higher than the observed while using
monometallic catalysts.2” Lignin depolymerisation is also observed on RuNi/Al-HY bi-
metallic catalyst at 280 °C under 10 bar of H». Phenolic monomers such as hydrocarbyl
guaiacol or hydrocarbyl phenols were selectively obtained while using a catalysts having a
Ruz5Niip composition.2#8 Lignin hydrogenolysis on RuNi/CTAB nanocatalysts at 95 °C
under 1 atm of H»> showed synergetic effects between Ru and Ni being Rui5Niss the most

active and selective catalyst towards non-hydrogenated monomers.2%

RuNi based catalysts for hydrogenation reactions are an interesting alternative to Ru based
catalysts as they offer comparable or higher performances than the later, due to the pres-
ence of the second, earth-abundant, metal. In addition to that, they are usually more stable
and active than Ni based catalysts. If these are not per se reasons to explore further this kind
of bimetallic systems, the use of an earth-abundant metal on the composition of the cata-
lysts, gives excellent perspectives in socio-economical terms, as its implementation fulfils
some of the requirements to base a sustainable future. Particularly, the synergy observed
between Ru and Ni in a plethora of works, in most cases attributed to charge transfer be-
tween metals, but also to Ha spillover events, which is sometimes correlated to the compo-
sition of the catalysts, opens the door to explore more this type of catalysts, as the composi-
tion is usually easily tuned. A less explored issue is the modulation of the catalytic properties
by changing the structure of the bimetallic systems. In this sense, many works do not pro-
vide full characterisation to better understand the nanostructure of these RuNi based cata-
lysts. Even if all types of structures have been reported for RuNi nanoparticles, core-shell
organization with Ni on the shell examples are very abundant on the literature. Finally, sup-
port and ligand effects have also been described to have an impact in the catalytic properties
of these catalysts, thus, giving more opportunities to tune them. It is worth mentioning, that
RuNi based catalysts are very efficient to cleave C-O bonds. This interesting property is of
interest to transform biomass based molecules, as its high oxygen content must be lowered
to be used as an alternative to the fossil fuel based technologies. Taking into consideration
all these premises, the furfural hydrogenation/hydrogenolysis using Ru based catalysts al-
loyed with earth-abundant metals has been explored in this thesis. FF, a biomass derived
compound, may be transformed under hydrogen and the presence of a catalyst, to a pleth-

ora of interesting compounds; thus highly selective processes are needed to avoid separa-
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tion issues. In order to tune the catalysts prepared here, the ratio between metals have been
analysed, as well as ligand effects in the synthesis, thus structure and other properties de-
fined during the synthesis, and its catalytic performances impact. Chapter 2 is devoted to
the synthesis and characterisation of bimetallic catalysts; followed by the Chapter 3 in which
the catalytic applications of those systems are explored. In order to better understand the
catalytic systems developed, theoretical calculations have been performed, which are de-
tailed in Chapter 4. These four chapters are thus dedicated to the main objectives of this
work, the upgrade of biomass derived compounds with earth-abundant metal based cata-
lysts, from an experimental and theoretical point of view. Additionally, other directions
have been explored, such as the application of RuNi compounds as catalysts for the hydro-
genation of quinoline, Chapter 3, or the deuteration reactions of several molecules using Ru
based catalysts, work which was developed during a 3-month internship at Matthias Beller
group in Germany, Chapter 5. To close the manuscript the main conclusions and the per-

spectives of this work are reviewed.

1.5 References

(1) Zhou, P.; Yang, X.-L.; Wang, X.-G.; Hu, B.; Zhang, L..; Zhang, W.; Si, H.-R.; Zhu, Y.;
Li, B.; Huang, C.-L.; Chen, H.-D.; Chen, J.; Luo, Y.; Guo, H,; Jiang, R.-D.; Liu, M.-Q.;
Chen, Y.; Shen, X.-R.; Wang, X.; Zheng, X.-S.; Zhao, K.; Chen, Q.-].; Deng, F.; Liu, L.-
L. Yan, B.; Zhan, F.-X,; Wang, Y.-Y,; Xiao, G.-F.; Shi, Z.-L.. A Pneumonia Outbreak
Associated with a New Coronavirus of Probable Bat Origin. Nature 2020, 579 (7798),
270. https://doi.org/10.1038/s41586-020-2012-7

(2) Kabir, Md. T.; Uddin, Md. S.; Hossain, Md. F.; Abdulhakim, J. A.; Alam, Md. A.; Ash-
raf, G. M.; Bungau, S. G.; Bin-Jumah, M. N.; Abdel-Daim, M. M.; Aleya, L. NCOVID-
19 Pandemic: From Molecular Pathogenesis to Potential Investigational Therapeutics.
Front. Cell Dev. Biol. 2020, 8, 616. https://doi.org/10.3389/fcell.2020.00616

(3) Bittmann, F. How Trust Makes a Difference: The Impact of the First Wave of the
COVID-19 Pandemic on Life Satisfaction in Germany. Appl. Res. Qual. Life 2022, 17
(3), 1389. https://doi.org/10.1007 /s11482-021-09956-0

(4) Mofijur, M.; Fattah, I. M. R.; Alam, M. A.; Islam, A. B. M. S.; Ong, H. C.; Rahman, S.
M. A.; Najafi, G.; Ahmed, S. F.; Uddin, Md. A.; Mahlia, T. M. I. Impact of COVID-19
on the Social, Economic, Environmental and Energy Domains: Lessons Learnt from a
Global Pandemic. Sustain. Prod. Consum. 2021, 26, 343,
https://doi.org/10.1016/j.spc.2020.10.016

(5) Jiang, P.; Fu, X.; Fan, Y. V,; Klemes, J. J.; Chen, P.; Ma, S.; Zhang, W. Spatial-Temporal
Potential Exposure Risk Analytics and Urban Sustainability Impacts Related to
COVID-19 Mitigation: A Perspective from Car Mobility Behaviour. J. Clean. Prod. 2021,
279,123673. https:/ /doi.org/10.1016/j.jclepro.2020.123673

(6) Leal Filho, W.; Brandli, L. L.; Lange Salvia, A.; Rayman-Bacchus, L.; Platje, J. COVID-
19 and the UN Sustainable Development Goals: Threat to Solidarity or an Opportu-
nity? Sustainability 2020, 12 (13), 5343. https://doi.org/10.3390/su12135343

(7) Alexander, D.; Pescaroli, G. What Are Cascading Disasters? UCL Open Environ. 2019, 1.
https://doi.org/10.14324/111.444 /ucloe.000003

(8) Hewitt, K. Editor. Interpretations of Calamity from the Viewpoint of Human Ecology.
London Unwin-Hyman; 1983, 3. https://doi.org/10.4324 /9780429329579

(9) Saraceno, F. The End of the Consensus? The Economic Crisis and the Crisis of Mac-
roeconomics. Rev. OFCE 2018, 7157 (3), 319. https://doi.otg/10.3917 /reof.157.0319

65



Chapter 1: Introduction

(10) OECD. OECD Economic Outlook, Interimt Report March 2022: Economic and Social Impacts
and Policy Implications of the War in Ukraine, OECD Economic Outlook; OECD, 2022.
https://doi.org/10.1787/4181d61b-en

(11) Watts, N.; Amann, M.; Arnell, N.; Ayeb-Karlsson, S.; Beagley, J.; Belesova, K,
Boykoff, M.; Byass, P.; Cai, W.; Campbell-Lendrum, D.; Capstick, S.; Chambers, J.;
Coleman, S.; Dalin, C.; Daly, M.; Dasandi, N.; Dasgupta, S.; Davies, M.; Di Napoli, C,;
Dominguez-Salas, P.; Drummond, P.; Dubrow, R.; Ebi, K. L.; Eckelman, M.; Ekins, P.;
Escobar, L. E.; Georgeson, L.; Golder, S.; Grace, D.; Graham, H.; Haggar, P.; Hamil-
ton, 1.; Hartinger, S.; Hess, J.; Hsu, S.-C.; Hughes, N.; Jankin Mikhaylov, S.; Jimenez,
M. P.; Kelman, I.; Kennard, H.; Kiesewetter, G.; Kinney, P. L.; Kjellstrom, T.; Knive-
ton, D.; Lampard, P.; Lemke, B.; Liu, Y.; Liu, Z.; Lott, M.; Lowe, R.; Martinez-Urtaza,
J.; Maslin, M.; McAllister, L.; McGushin, A.; McMichael, C.; Milner, J.; Moradi-Lakeh,
M.; Mortrissey, K.; Munzert, S.; Murray, K. A.; Neville, T.; Nilsson, M.; Sewe, M. O;
Oreszczyn, T.; Otto, M.; Owfi, F.; Pearman, O.; Pencheon, D.; Quinn, R.; Rabbaniha,
M.; Robinson, E.; Rocklév, J.; Romanello, M.; Semenza, J. C.; Sherman, J.; Shi, L.;
Springmann, M.; Tabatabaei, M.; Taylor, J.; Triflanes, J.; Shumake-Guillemot, J.; Vu, B.;
Wilkinson, P.; Winning, M.; Gong, P.; Montgomery, H.; Costello, A. The 2020 Report
of The Lancet Countdown on Health and Climate Change: Responding to Converging
Crises. The Lancer 2021, 397 (10269), 129. https://doi.org/10.1016/S0140-
6736(20)32290-X

(12) Taalas, P.; Guterres, A. WMO Statement on the State of the Global Climate in 2018; World
Meteorological Organization (WMO): Genf, 2019.
https:/ /library.wmo.int/doc_num.phprexplnum_id=10211

(13) Alfieri, L.; Bisselink, B.; Dottori, F.; Naumann, G.; de Roo, A.; Salamon, P.; Wyser, K;
Feyen, L. Global Projections of River Flood Risk in a Warmer World: RIVER FLOOD
RISK IN A WARMER WORLD. Earths Future 2017, 5 (2), 171.
https://doi.org/10.1002/2016EF000485

(14) Watts, N.; Amann, M.; Arnell, N.; Ayeb-Katlsson, S.; Belesova, K.; Berry, H.; Bouley,
T.; Boykoff, M.; Byass, P.; Cai, W.; Campbell-Lendrum, D.; Chambers, J.; Daly, M.;
Dasandi, N.; Davies, M.; Depoux, A.; Dominguez-Salas, P.; Drummond, P.; Ebi, K. L.;
Ekins, P.; Montoya, L. F.; Fischer, H.; Georgeson, L.; Grace, D.; Graham, H.; Hamil-
ton, 1.; Hartinger, S.; Hess, J.; Kelman, I.; Kiesewetter, G.; Kjellstrom, T.; Kniveton, D.;
Lemke, B.; Liang, L.; Lott, M.; Lowe, R.; Sewe, M. O.; Martinez-Urtaza, J.; Maslin, M.;
McAllister, L.; Mikhaylov, S. J.; Milner, J.; Moradi-Lakeh, M.; Morrissey, K.; Murray,
K.; Nilsson, M.; Neville, T.; Oreszczyn, T.; Owfi, F.; Pearman, O.; Pencheon, D.; Pye,
S.; Rabbaniha, M.; Robinson, E.; Rocklév, J.; Saxer, O.; Schiitte, S.; Semenza, J. C,;
Shumake-Guillemot, J.; Steinbach, R.; Tabatabaei, M.; Tomeli, J.; Trinanes, J.; Wheeler,
N.; Wilkinson, P.; Gong, P.; Montgomery, H.; Costello, A. The 2018 Report of the
Lancet Countdown on Health and Climate Change: Shaping the Health of Nations for
Centuries to Come. The Lancet 2018, 392 (10163), 2479,
https://doi.org/10.1016/S0140-6736(18)32594-7

(15) Rydin, Y.; Bleahu, A.; Davies, M.; Davila, J. D.; Friel, S.; De Grandis, G.; Groce, N;
Hallal, P. C.; Hamilton, I.; Howden-Chapman, P.; Lai, K.-M.; Lim, C.; Martins, J.; Os-
rin, D.; Ridley, 1.; Scott, 1.; Taylor, M.; Wilkinson, P.; Wilson, J. Shaping Cities for
Health: Complexity and the Planning of Urban Environments in the 21st Century. The
Lancet 2012, 379 (9831), 2079. https://doi.otg/10.1016/S0140-6736(12)60435-8

(16) Whitmee, S.; Haines, A.; Beyrer, C.; Boltz, F.; Capon, A. G.; de Souza Dias, B. F;
Ezeh, A.; Frumkin, H.; Gong, P.; Head, P.; Horton, R.; Mace, G. M.; Marten, R.;
Myers, S. S.; Nishtar, S.; Osofsky, S. A.; Pattanayak, S. K.; Pongsiri, M. J.; Romanelli,
C.; Soucat, A.; Vega, J.; Yach, D. Safeguarding Human Health in the Anthropocene
Epoch: Report of The Rockefeller Foundation—Lancet Commission on Planetary
Health. The Lancet 2015, 386 (10007), 1973. https://doi.org/10.1016/S0140-
6736(15)60901-1

(17) Energy ~ Production  and  Consumption - Our World in  Data.
https://ourworldindata.org/energy-production-consumption

66



Chapter 1: Introduction

(18) Hoffert, M. I.; Caldeira, K.; Jain, A. K.; Haites, E. F.; Harvey, L. D. D.; Potter, S. D,
Schlesinger, M. E.; Schneider, S. H.; Watts, R. G.; Wigley, T. M. L.; Wuebbles, D. J.
Energy Implications of Future Stabilization of Atmospheric CO2 Content. Nazure 1998,
395 (6705), 881. https://doi.org/10.1038/27638

(19) Lewis, N. S.; Nocera, D. G. Powering the Planet: Chemical Challenges in Solar Energy
Utilization. Proc. Natl. Acad. Sci. 2006, 103 (43), 15729.
https://doi.org/10.1073/pnas.0603395103

(20) World Energy Assessment: Energy and the Challenge of Sustainability; Goldemberg, J., United
Nations Development Programme, United Nations, World Energy Council, Eds.;
United  Nations  Development  Programme: New  York, NY, 2000.
https://sustainabledevelopment.un.org/index.phprpage=view&type=400&nr=2423&
menu=>35

(21) Maier-Reimer, E.; Hasselmann, K. Transport and Storage of C02 in the Ocean - an
Inorganic Ocean-Circulation Carbon Cycle Model. Clim. Dyn. 1987, 2, 63.
https://doi.org/10.1007 /BF01054491

(22) Naki¢enovi¢, N., Special Report on Emissions Scenarios: A Special Report of Working Group 111
of the Intergovernmental Panel on Climate Change, Intergovernmental Panel on Climate
Change, Eds.; Cambridge University Press: Cambridge; New York, 2000.
https://www.ipce.ch/site/assets /uploads/2018/03/sres-en.pdf

(23) Watson, R. T.; Albritton, D. L., Climate Change 2001: Synthesis Report; Intergovernmental
Panel on Climate Change, Eds.; Cambridge University Press: Cambridge ; New York,
2001. https://www.ipcc.ch/site/assets/uploads/2018/05/SYR_TAR_full_report.pdf

(24) Friedlingstein, P.; O’Sullivan, M.; Jones, M. W.; Andrew, R. M.; Gregor, L.; Hauck, J.;
Le Quéré, C.; Luijkx, I. T.; Olsen, A.; Peters, G. P.; Peters, W.; Pongratz, J.; Schwing-
shackl, C,; Sitch, S.; Canadell, . G.; Ciais, P.; Jackson, R. B.; Alin, S. R.; Alkama, R.; Ar-
neth, A.; Arora, V. K,; Bates, N. R.; Becker, M.; Bellouin, N.; Bittig, H. C.; Bopp, L.;
Chevallier, F.; Chini, L. P.; Cronin, M.; Evans, W.; Falk, S.; Feely, R. A.; Gasser, T;
Gehlen, M.; Gkritzalis, T.; Gloege, I..; Grassi, G.; Gruber, N.; Giirses, O.; Harris, L;
Hefner, M.; Houghton, R. A.; Hurtt, G. C; lida, Y.; Ilyina, T.; Jain, A. K; Jersild, A,;
Kadono, K.; Kato, E.; Kennedy, D.; Klein Goldewijk, K.; Knauer, J.; Korsbakken, J. L;
Landschiitzer, P.; Lefevre, N.; Lindsay, K.; Liu, J.; Liu, Z.; Marland, G.; Mayot, N;
McGrath, M. J.; Metzl, N.; Monacci, N. M.; Munro, D. R.; Nakaoka, S.-I.; Niwa, Y.;
O’Brien, K.; Ono, T.; Palmer, P. 1.; Pan, N.; Pierrot, D.; Pocock, K.; Poulter, B.;
Resplandy, L.; Robertson, E.; Rédenbeck, C.; Rodriguez, C.; Rosan, T. M.; Schwinger,
J.; Sétérian, R.; Shutler, J. D.; Skjelvan, I.; Steinhoff, T.; Sun, Q.; Sutton, A. J.; Sweeney,
C.; Takao, S.; Tanhua, T.; Tans, P. P; Tian, X,; Tian, H.; Tilbrook, B.; Tsujino, H.;
Tubiello, F.; van der Werf, G. R.; Walker, A. P.; Wanninkhof, R.; Whitehead, C.; Will-
strand Wranne, A.; Wright, R.; Yuan, W.; Yue, C,; Yue, X.; Zaehle, S.; Zeng, J.; Zheng,
B. Global Carbon Budget 2022. Earth Syst. Sci. Data 2022, 714 (11), 4811.
https://doi.org/10.5194/essd-14-4811-2022

(25) Nicola, M.; Alsafi, Z.; Sohrabi, C.; Kerwan, A.; Al-Jabir, A.; losifidis, C.; Agha, M.;
Agha, R. The Socio-Economic Implications of the Coronavirus Pandemic (COVID-
19): A Review. Int. |. Surg. 2020, 78, 185. https://doi.org/10.1016/j.ijsu.2020.04.018

(26) Schwager, P.; Decker, N.; Kaltenegger, 1. Exploring Green Chemistry, Sustainable
Chemistry and Innovative Business Models Such as Chemical Leasing in the Context of
International Policy Discussions. Curr. Opin. Green Sustain. Chem. 2016, 1, 18.
https://doi.org/10.1016/j.cogsc.2016.07.005

(27) United Nations Industrial Development Organization. Industrial Development Report 2016:
The Role of Technology and Innovation in Inclusive and Sustainable Industrial Development; Indus-
trial Development Report; UN, 2015. https://doi.org/10.18356/alcf26ea-en

(28) Horvath, 1. T. Introduction: Sustainable Chemistry. Chem. Rev. 2018, 778 (2), 369.
https://doi.org/10.1021/acs.chemtev.7b00721

(29) Report of the World Commission on Environment and Development: Our Common
Future, Oxford University Press, 1987.
https:/ /sustainabledevelopment.un.org/content/documents/5987our-common-
tuture.pdf

67



Chapter 1: Introduction

(30) Wang, Z. Green Chemistry: Recent Advances in Developing Catalytic Processes in
Environmentally-Benign Solvent Systems. 2008.
http://ccc.chem.pitt.edu/wipf/Frontiers/ Zhiyong.pdf

(31) Cannon, A. S.; Warner, J. C. The Science of Green Chemistry and Its Role in Chemi-
cals Policy and Educational Reform. NEW Solut. |. Environ. Oceup. Health Policy 2011, 21
(3), 499. https://doi.org/10.2190/NS.21.3.m

(32) 12 Principles of Green Chemistry -  American  Chemical  Society.
https:/ /www.acs.org/ greenchemistry/principles/12-principles-of-green-chemistry.html

(33) Anastas, P.; Eghbali, N. Green Chemistry: Principles and Practice. Chem. Soc. Rev. 2010,
39 (1), 301. https://doi.org/10.1039/B918763B

(34) Sheldon, R. A. E Factors, Green Chemistry and Catalysis: An Odyssey. Chem. Commun.
2008, 29, 3352. https:/ /doi.org/10.1039/b803584a

(35) Sheldon, R. A. The E Factor: Fifteen Years On. Green Chem. 2007, 9 (12), 1273.
https://doi.org/10.1039/b713736m

(36) McClellan, P. P. Manufacture and Uses of Ethylene Oxide and Ethylene Glycol. Ind.
Eng. Chem. 1950, 42 (12), 2402. https://doi.org/10.1021/ie504922013

(37) Kilty, P. A.; Sachtler, W. M. H. The Mechanism of the Selective Oxidation of Ethylene
to Ethylene Oxide. Catal. Rew. 1974, 10 ), 1.
https://doi.org/10.1080/01614947408079624

(38) Khanal, S. K.; Rasmussen, M.; Shrestha, P.; Van Leeuwen, H. J.; Visvanathan, C.; Liu,
H. Bioenergy and Biofuel Production from Wastes/Residues of Emerging Biofuel In-
dustries. W ater Environ. Res. 2008, 80 (10), 1625.
https://doi.org/10.2175/106143008X328752

(39) Catalysis for Renewables: From Feedstock to Energy Production; Centi, G.; Santen, R. A. van,
Eds.; Wiley-VCH: Weinheim, 2007. https://www.wiley.com/en-
us/Catalysis+for+Renewables%3A+From+Feedstock+to+Energy+Production-p-
9783527621125

(40) Jimenez-Gonzalez, C.; Ponder, C. S.; Broxterman, Q. B.; Manley, J. B. Using the Right
Green Yardstick: Why Process Mass Intensity Is Used in the Pharmaceutical Industry
To Drive More Sustainable Processes. Org. Process Res. Dev. 2011, 15 (4), 912.
https://doi.org/10.1021/0p200097d

(41) Trost, B. The Atom Economy—A Search for Synthetic Efficiency. Science 1991, 254
(5037), 1471. https://doi.org/10.1126/science.1962206

(42) Wei, C.; Li, Z.; Li, C.-]. The Development of A3-Coupling (Aldehyde-Alkyne-Amine)
and AA3-Coupling (Asymmetric Aldehyde-Alkyne-Amine). Synlerr 2004, 9, 1472.
https://doi.org/10.1055/s-2004-829531

(43) Heijnen, D.; van Zuijlen, M.; Tosi, F.; Feringa, B. L. An Atom Efficient Synthesis of
Tamoxifen. Oryg. Biomol. Chen. 2019, 17 ), 2315.
https://doi.org/10.1039/C8OB02977F

(44) Cavell, K.; Golunski, S.; Miller, D. “Handbook of Green Chemistry - Green Catalysis”.
Platin. Met. Rev. 2010, 54 (4), 233. https://doi.org/10.1595/147106710X527928

(45) Grubbs, R. H. Olefin Metathesis. Tetrabedron 2004, 60 (34), 7117.
https://doi.org/10.1016/j.tet.2004.05.124

(46) Padwa, A. Tandem Methodology for Heterocyclic Synthesis. Pure Appl. Chem. 2004, 76
(11), 1933. http://dx.doi.org/10.1351/pac200476111933

(47) Nicolaou, K. C.; Edmonds, D. J.; Bulger, P. G. Cascade Reactions in Total Synthesis.
Angew. Chem. Int. Ed. 2006, 45 (43), 7134. https://doi.org/10.1002/anie.200601872

(48) Herrerfas, C. 1.; Yao, X.; Li, Z.; Li, C.-J. Reactions of C—H Bonds in Water. Chen. Rev.
2007, 707 (6), 2546. https://doi.org/10.1021/cr050980b

(49) Murai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.; Kamatani, A.; Sonoda, M.; Chatani, N.
Efficient Catalytic Addition of Aromatic Carbon-Hydrogen Bonds to Olefins. Nature
1993, 366 (6455), 529. https://doi.org/10.1038/36652920

(50) Stuart, D. R.; Fagnou, K. The Catalytic Cross-Coupling of Unactivated Arenes. Science
2007, 376 (5828), 1172. https://doi.org/10.1126/science. 1141956

(51) Smith, M. B.; March, J. March’s Advanced Organic Chemistry; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2006. https://doi.org/10.1002/0470084960

68



Chapter 1: Introduction

(52) Ariéns, E. ]J. Domestication of Chemistry by Design of Safer Chemicals: Structure-
Activity  Relationships. Drug  Metab. Re. 1984, 15 (3), 425.
https://doi.org/10.3109/03602538409029970

(53) Designing Safer Chemicals: Green Chemistry for Pollution Prevention; DeVito, S. C., Garrett, R.
L., Eds.; ACS Symposium Series; American Chemical Society: Washington, DC, 1996,
640. https://doi.org/10.1021/bk-1996-0640

(54) Dearden, J. C. In Silico Prediction of Drug Toxicity. 2003, 77, 119.
https://doi.org/10.1023/2:1025361621494

(55) Voutchkova, A. M.; Ferris, L. A.; Zimmerman, J. B.; Anastas, P. T. Toward Molecular
Design for Hazard Reduction—Fundamental Relationships between Chemical Proper-
ties and Toxicity. Tetrabedron 2010, 66 5), 1031.
https://doi.org/10.1016/j.tet.2009.11.002

(56) Curzons, A. D.; Mortimer, D. N.; Constable, D. J. C.; Cunningham, V. L. So You
Think Your Process Is Green, How Do You Know? - Using Principles of Sustainability
to Determine What Is Green - a Corporate Perspective. Green Chem. 2001, 3 (1), 1.
https://doi.org/10.1039/b007871i

(57) Constable, D. J. C.; Curzons, A. D.; Cunningham, V. L. Metrics to ‘Green’ Chemistry-
Which Are the Best? Green Chem. 2002, 4 (6), 521. https://doi.org/10.1039/B206169B

(58) DeSimone, J. M. Practical Approaches to Green Solvents. Science 2002, 297 (5582), 799.
https://doi.org/10.1126/science.1069622

(59) Sheldon, R. A. Green Solvents for Sustainable Organic Synthesis: State of the Art.
Green Chem. 2005, 7 (5), 267. https:/ /doi.org/10.1039/b418069k

(60) Li, C.-J.; Trost, B. M. Green Chemistry for Chemical Synthesis. Proc. Natl. Acad. Sci.
2008, 705 (36), 13197. https://doi.org/10.1073 /pnas.0804348105

(61) Li, C.-J. Organic Reactions in Aqueous Media with a Focus on Carbon—Carbon Bond
Formations: A Decade Update. Chemz. Rev. 2005, 705 (8), 3095.
https://doi.org/10.1021/cr030009u

(62) Li, C.-J.; Chen, L. Organic Chemistry in Water. Chem. Soc. Rev. 2006, 35 (1), 68.
https://doi.org/10.1039/B507207G

(63) Li, C.-].; Chan, T.-H. Comprebensive Organic Reactions in Aqueous Media; John Wiley &
Sons, Inc.: Hoboken, NJ, USA, 2007. https://doi.org/10.1002/9780470131442

(64) Kerton, F. Chapter 3: Water, Alternative Solvents for Green Chemistry. In Green Chem-
istry Series;  Royal  Society of  Chemistry:  Cambridge, 2009, 3, 44.
https://doi.org/10.1039/9781847559524-00044

(65) Castro-Puyana, M.; Marina, M. L.; Plaza, M. Water as Green Extraction Solvent: Prin-
ciples and Reasons for Its Use. Cwrr. Opin. Green Sustain. Chem. 2017, 5, 31.
https://doi.org/10.1016/j.cogsc.2017.03.009

(66) Breslow, R. Hydrophobic Effects on Simple Organic Reactions in Water. Ac. Cherm.
Res. 1991, 24 (6), 159. https://doi.org/10.1021/ar00006a001

(67) Nagata, K.; Nakagawa, C.; Yokoyama, W.; Usui, H.; Mochizuki, R.; Kanemitsu, T;
Miyazaki, M.; Itoh, T. Synthesis and Catalytic Activities of 3-Decyl--Proline for Mi-
chael Reactions in Water without an Organic Solvent. AACS Omega 2021, 6 (30), 19642.
https://doi.org/10.1021 /acsomega.1c02289

(68) Supercritical Fluids; Arai, Y., Sako, T., Takebayashi, Y., Eds.; Springer Berlin Heidelberg:
Berlin, Heidelberg, 2002. https://doi.org/10.1007/978-3-642-56238-9

(69) Carbon Dioxide Recovery and Ulilization; Aresta, M., Ed.; Springer Netherlands: Dordrecht,
2003. https://doi.org/10.1007/978-94-017-0245-4

(70) Poliakoff, M.; Licence, P. Supercritical Fluids: Green Solvents for Green Chemistry?
Phitos.  Trans. R. Soe. Math. Phys. Eng. Sea. 2015, 373 (2057), 20150018.
https://doi.org/10.1098/rsta.2015.0018

(71) Green Chemistry Using Liquid and Supercritical Carbon Dioxide; DeSimone, J. M., Tumas, W.,
Eds.; Oxford University Press, 2004.
https://doi.org/10.1093/0s0/9780195154832.001.0001

(72) Jessop, P. G.; Subramaniam, B. Gas-Expanded Liquids. Che. Rev. 2007, 107 (6), 2666.
https://doi.org/10.1021/ct0401990

69



Chapter 1: Introduction

(73) Welton, T. Room-Temperature Ionic Liquids. Solvents for Synthesis and Catalysis.
Chem. Rev. 1999, 99 (8), 2071. https://doi.org/10.1021/cr980032t

(74) Earle, M. J.; Seddon, K. R. Ionic Liquids. Green Solvents for the Future. Pure Appl.
Chem. 2000, 72 (7), 1391. https://doi.org/10.1351/pac200072071391

(75) Rogers, R. D.; Seddon, K. R. lonic Liquids--Solvents of the Future? Science 2003, 302
(5646), 792. https://doi.org/10.1126/science.1090313

(76) Plechkova, N. V.; Seddon, K. R. Ionic Liquids:“Designer” Solvents for Green Chemis-
try. In Methods and Reagents for Green Chemistry; Tundo, P., Perosa, A., Zecchini, F., Eds.;
John  Wiley &  Sons, Inc. Hoboken, NJ, USA, 2007, 103.
https://doi.org/10.1002/9780470124086.ch5

(77) Shiflett, M. B.; Scurto, A. M. Ionic Liquids: Current State and Future Directions. ACS
Symp. Ser. 2017, 1250, 1. https:/ /doi.org/10.1021/bk-2017-1250.ch001

(78) Villa, R.; Alvarez, E.; Porcar, R.; Garcia-Verdugo, E.; Luis, S. V.; Lozano, P. lonic Liq-
uids as an Enabling Tool to Integrate Reaction and Separation Processes. Green Chem.
2019, 27 (24), 6527. https://doi.org/10.1039/CIGC02553G

(79) Cave, G. W. V,; Raston, C. L.; Scott, J. L. Recent Advances in Solventless Organic
Reactions: Towards Benign Synthesis with Remarkable Versatility. Chew. Commun. 2001,
21, 2159. https:/ /doi.org/10.1039/b106677n

(80) Tanaka, K. Solvent-Free Organic Synthesis. WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. 2003. https://www.wiley.com/en-
ie/Solvent+free+Organic+Synthesis-p-9783527605361

(81) Avila-Ortiz, C. G.; Juaristi, E. Novel Methodologies for Chemical Activation in Or-
ganic Synthesis under Solvent-Free Reaction Conditions. Molecules 2020, 25 (16), 3579.
https://doi.org/10.3390/molecules25163579

(82) Sahoo, B. M.; Banik, B. K. Chapter 14: Solvent-Less Reactions: Green and Sustainable
Approaches in Medicinal Chemistry. In Green Approaches in Medicinal Chemistry for Sus-
tainable Drug Design; Elsevier, 2020, 523. https://doi.org/10.1016/B978-0-12-817592-
7.00014-9

(83) Handbook of Energy Efficiency and Renewable Energy. Goswami, Y.; Kreith, F., Eds.,
CRC Press, 2007. https://doi.org/10.1201/9781420003482

(84) Laughton, M. A. Renewable Energy Sources; Published on behalf of the Watt Committee
on Energy by Elsevier Applied Science ; Sole distributor in the USA and Canada, El-
sevier Science Pub. Co.: London, New York, 2003.
https:/ /www.academia.edu/33687951/_M_A_Laughton_Watt_Committee_on_Energ
y_Working G_BookZZ_org_

(85) Crabtree, G. W.; Lewis, N. S. Solar Energy Conversion. Phys. Today 2007, 60 (3), 37.
https://doi.org/10.1063/1.2718755

(86) Foster, R.; Ghassemi, M.; Cota, A. Solar Energy: Renewable Energy and the Environment,
CRC Press: Boca Raton, 2009. https://doi.org/10.1201/9781420075670

(87) Alnaimat, I.; Rashid, Y. Thermal Energy Storage in Solar Power Plants: A Review of
the Materials, Associated Limitations, and Proposed Solutions. Ewnergies 2019, 12 (21),
4164. https://doi.org/10.3390/en12214164

(88) Gunes, S.; Neugebauer, H.; Sariciftci, N. S. Conjugated Polymer-Based Organic Solar
Cells. Chem. Rev. 2007, 107 (4), 1324. https://doi.org/10.1021/cr050149z

(89) Brédas, J.-L.; Norton, J. E.; Cornil, J.; Coropceanu, V. Molecular Understanding of
Organic Solar Cells: The Challenges. Aec. Chem. Res. 2009, 42 (11), 1691.
https://doi.org/10.1021/ar90009%h

(90) Huber, G. W.; Iborra, S.; Corma, A. Synthesis of Transportation Fuels from Biomass:
Chemistry, Catalysts, and Engineering. Chem. Rev. 2006, 706 (9), 4044.
https://doi.org/10.1021/cr068360d

(91) Mousdale, D. M. Biofuels: Biotechnology, Chemistry, and Sustainable Development, CRC Press:
Boca Raton, 2008. https://doi.org/10.1201/9781420051254

(92) Handbook of Plant-Based Biofuels; Pandey, A., Ed.; CRC Press: Boca Raton, 2009.
https://doi.org/10.1201/9780789038746

70



Chapter 1: Introduction

(93) Soetaert, W.; Vandamme, E. J. Biofuels in Perspective. In Bigfuels; Soetaert, W., Van-
damme, E. J., Eds; John Wiley & Sons, Ltd: Chichester, UK, 2009, 1.
https://doi.org/10.1002/9780470754108.ch1

(94) Najafi, G.; Ghobadian, B.; Yusaf, T. F. Algae as a Sustainable Energy Source for Bio-
fuel Production in Iran: A Case Study. Renew. Sustain. Energy Rev. 2011, 15 (8), 3870.
https://doi.org/10.1016/j.rser.2011.07.010

(95) Ahmad, A. L.; Yasin, N. H. M.; Derek, C. J. C,; Lim, ]J. K. Microalgae as a Sustainable
Energy Source for Biodiesel Production: A Review. Renew. Sustain. Energy Rev. 2011, 75
(1), 584. https://doi.org/10.1016/j.rser.2010.09.018

(96) Hamnett, A. The Components of an Electrochemical Cell. In Handbook of Fuel Cells,
Vielstich, W., Lamm, A., Gasteiger, H. A., Yokokawa, H., Eds.; John Wiley & Sons,
Ltd: Chichester, UK, 2010. https://doi.org/10.1002/9780470974001.£101001

(97) Sorensen, B. Hydrogen and Fuel Cells: Emerging Technologies and Applications, 2nd ed.; Sus-
tainable ~ world;  Academic  Press:  Oxford;  Burlington, MA,  2012.
https:/ /www.semanticscholar.org/ paper/Hydrogen-and-Fuel-Cells%3A-Emerging-
Technologies-and-S%C3%B8rensen/53a5£1087692ce9ab01cacd1734d3a8e5bc7e1d3

(98) Staffell, 1.; Scamman, D.; Velazquez Abad, A.; Balcombe, P.; Dodds, P. E.; Ekins, P;
Shah, N.; Ward, K. R. The Role of Hydrogen and Fuel Cells in the Global Energy Sys-
tem. Energy Environ. Sci. 2019, 12 (2), 463. https://doi.otg/10.1039/C8EE01157E

(99) Felseghi, R.-A.; Carcadea, E.; Raboaca, M. S.; Trufin, C. N.; Filote, C. Hydrogen Fuel
Cell Technology for the Sustainable Future of Stationary Applications. Energies 2019, 12
(23), 4593. https://doi.org/10.3390/en12234593

(100) Tye, J. W.; Hall, M. B.; Darensbourg, M. Y. Better than Platinum? Fuel Cells Ener-
gized by Enzymes. Proc. Natl Acad. S 2005, 702 (47), 16911.
https://doi.org/10.1073/pnas.0508740102

(101) Gasteiger, H. A.; Markovi¢, N. M. Just a Dream—or Future Reality? Sczence 2009, 324
(5923), 48. https://doi.org/10.1126/science.1172083

(102) Ackermann, T. Wind Power in Power Systems. Ackermann, T., Ed., Academic Press
Elsevier Ltd., Oxford, UK, 2005. https:/ /www.wiley.com/en-
us/ Wind+Power+in+Power+Systems%2C+2nd+Edition-p-9780470974162

(103) Apostolou, D.; Enevoldsen, P. The Past, Present and Potential of Hydrogen as a Mul-
tifunctional Storage Application for Wind Power. Renew. Sustain. Energy Rev. 2019, 112,
917. https:/ /doi.org/10.1016/j.rser.2019.06.049

(104) Yousif, M.; Ai, Q.; Wattoo, W. A.; Jiang, Z.; Hao, R.; Gao, Y. Least Cost Combina-
tions of Solar Power, Wind Power, and Energy Storage System for Powering Large-
Scale Grid. I Power Sources 2019, 412, 710.
https://doi.org/10.1016/j.jpowsour.2018.11.084

(105) Yiiksek, O.; Kaygusuz, K. Small Hydropower Plants as a New and Renewable Energy
Source. Ewnergy  Sources Part B Econ. Plan. Poliy 2006, 1 (3), 279.
https://doi.org/10.1080/15567240500397976

(106) Kémiircii, M. 1.; Akpinar, A. Hydropower Energy Versus Other Energy Sources in
Turkey.  Energy  Sources Part B Econ. Plan. Policy 2010, 5 (2), 185.
https://doi.org/10.1080/15567240802532627

(107) Badescu, V.; Lazaroiu, G. C.; Barelli, L. Advances and Challenges, Part A: Thermal,
Hydro and Nuclear Power. Power Engineering, Badescu, V.; Lazaroiu, G. C.; Barelli, L.,
Eds., 2018. https://doi.org/10.1201/9781315202105

(108) Fridleifsson, I. B. Geothermal Energy for the Benefit of the People. Renew. Sustain.
Energy Rev. 2001, 5 (3), 299. https://doi.otg/10.1016/S1364-0321(01)00002-8

(109) Orrx, T. Geothermal Energy; Power upl; Orr, T. Ed., Cherry Lake Publishing, 2008.
https:/ /www.getepic.com/book/11691055/power-up-geothermal-energy

(110) Tomaszewska, B.; Pajak, L.; Bundschuh, J.; Bujakowski, W. Low-Enthalpy Geother-
mal Energy as a Source of Energy and Integrated Freshwater Production in Inland Ar-
eas: Technological and Economic Feasibility. Desalination 2018, 435, 35.
https://doi.org/10.1016/j.desal.2017.12.032

(111) Okati, V.; Ebrahimi-Moghadam, A.; Behzadmehr, A.; Farzaneh-Gord, M. Proposal
and Assessment of a Novel Hybrid System for Water Desalination Using Solar and

71



Chapter 1: Introduction

Geothermal Energy Sources. Desalination 2019, 467, 229.
https://doi.org/10.1016/j.desal.2019.06.011

(112) Bozell, J. J., Patel, M. K. Feedstocks for the Future: Renewables for the Production of Chemicals
and Materials; Bozell, J. J., Patel, M. K., Eds.; ACS Symposium Series; American Chemi-
cal Society: Washington, DC, 2006, 921. https://doi.org/10.1021/bk-2006-0921

(113) Gallezot, P. Process Options for Converting Renewable Feedstocks to Bioproducts.
Green Chem. 2007, 9 (4), 295. https://doi.org/10.1039/b615413a

(114) Kamm, E. B.; Gruber, P. R.;; Kamm, M. Biorefineries - Industrial Processes and
Products. Status Quo and Future Directions. Kamm, E. B.; Gruber, P. R.; Kamm, M.
Eds., Wiley-VCH, Weinheim, 2010. https://dokumen.tips/documents/birgit-kamm-
patrick-r-gruber-michael-kamm-biobookfiorg. html?page=558

(115) Graziani, M.; Fornasiero, P. Renewable Resources and Renewable Energy. Graziani,
M.; Fornasiero, P. Eds., CRC Press, Boca Raton, 2012.
https://doi.org/10.1201/b16003

(116) Meier, M. A. R.; Metzger, J. O.; Schubert, U. S. Plant Oil Renewable Resources as
Green Alternatives in Polymer Science. Chem. Soc. Rev. 2007, 36 (11), 1788.
https://doi.org/10.1039/b703294¢

(117) Naceur Belgacem, M.; Gandini, A. Monomers, Polymers and Composites from Renewable
Resources;  Naceur  Belgacem, M.; Gandini, A. Eds., Elsevier, 2008.
https://doi.org/10.1016/B978-0-08-045316-3.X0001-4

(118) Gandini, A. Polymers from Renewable Resources: A Challenge for the Future of
Macromolecular Materials. Macromolecules 2008, 41 (24), 9491.
https://doi.org/10.1021/ma801735u

(119) Tokiwa, Y.; Calabia, B. P. Biological Production of Functional Chemicals from Re-
newable Resources. Can. . Chem. 2008, 86 (6), 548. https://doi.org/10.1139/v08-046

(120) Kihlborn, J.; Grof3, J.; Opatz, T. Making Natural Products from Renewable Feed-
stocks: Back to the Roots? Nat Prod. Rep. 2020, 37 (3), 380.
https://doi.org/10.1039/CINP00040B

(121) Hu, T. Q. Chemical Modification, Properties, and Usage of Lignin; Hu, T. Q., Ed.; Springer
US: Boston, MA, 2002. https://doi.org/10.1007/978-1-4615-0643-0

(122) Gellerstedt, G. Softwood Kraft Lignin: Raw Material for the Future. Ind. Crops Prod.
2015, 77, 845. https://doi.org/10.1016/j.indcrop.2015.09.040

(123) Gadhave, R. V,; Srivastava, S.; Mahanwar, P. A.; Gadekar, P. T. Lignin: Renewable
Raw Material for Adhesive. Open | Pohm. Chem. 2019, 9 (2), 27.
https://doi.org/10.4236/0jpchem.2019.92003

(124) Pillai, C. K. S.; Paul, W.; Sharma, C. P. Chitin and Chitosan Polymers: Chemistry,
Solubility and Fiber Formation. Prog.  Polym. Sci. 2009, 34 (7), 0641.
https://doi.org/10.1016/j.progpolymsci.2009.04.001

(125) Andrade, S. M. B. de; Ladchumananandasivam, R.; Rocha, B. G. da; Belarmino, D.
D.; Galvio, A. O. The Use of Exoskeletons of Shrimp (Litopenaeus vanammei) and
Crab (Ucides cordatus) for the Extraction of Chitosan and Production of Nanomem-
brane. Mater. Sci. Appl. 2012, 3 (7), 495. https://doi.org/10.4236/msa.2012.37070

(126) Thomas, S., Pius, A., Gopi, S. Handbook of Chitin and Chitosan; Thomas, S., Pius, A.,
Gopi, S., Eds; Elsevier: Amsterdam, Netherlands; Cambridge, MA, 2020.
https:/ /www.elsevier.com/books/handbook-of-chitin-and-chitosan/thomas /978-0-
12-817968-0

(127) Amiri, H.; Aghbashlo, M.; Sharma, M.; Gaftey, J.; Manning, L..; Moosavi Basti, S. M.;
Kennedy, J. F.; Gupta, V. K,; Tabatabaei, M. Chitin and Chitosan Derived from Crus-
tacean Waste Valorization Streams Can Support Food Systems and the UN Sustainable
Development Goals. Nat. Food 2022, 3 (10), 822. https://doi.org/10.1038/s43016-022-
00591-y

(128) Frey, B. L.; Corn, R. M. Covalent Attachment and Derivatization of Poly(L-Lysine)
Monolayers on Gold Surfaces As Characterized by Polarization—Modulation FT-IR
Spectroscopy. Anal. Chen. 1996, 68 (18), 3187. https://doi.org/10.1021/ac9605861

72



Chapter 1: Introduction

(129) Lin, S.; Ashrafi, B.; Laqua, K.; Su Kim, K.; Simard, B. Covalent Derivatization of
Boron Nitride Nanotubes with Peroxides and Their Application in Polycarbonate
Composites. New J. Chem. 2017, 41 (15), 7571. https:/ /doi.org/10.1039/C7NJ00193B

(130) Warner, J. C.; Stoler, E. Chapter 6: Innovation with Non-Covalent Derivatization. In
Green Techniques for Organic Synthesis and Medicinal Chemistry; Zhang, W., Cue, B. W., Eds.;
John Wiley & Sons, Ltd: Chichester, UK, 2018, 117.
https://doi.org/10.1002/9781119288152.ch6

(131) Cannon, A. S.; Warner, J. C. Noncovalent Derivatization: Green Chemistry Applica-
tions of Crystal Engineering. Cryst.  Growth Des. 2002, 2 (4), 255.
https://doi.org/10.1021/cg0255218

(132) Trakhtenberg, S.; Warner, J. C. Green Chemistry Considerations in Entropic Control
of  Materials and  Processes.  Chem.  Rev. 2007, 707 (6), 2174
https://doi.org/10.1021/cr0509455

(133) Warner, J. C. Entropic Control in Green Chemistry and Materials Design. Pure Appl.
Chem. 2006, 78 (11), 2035. https://doi.org/10.1351/pac200678112035

(134) Sheldon, R. A. Atom Ultilisation, E Factors and the Catalytic Solution. Comptes Rendus
Académie Sci. - Ser. 1IC - Chem. 2000, 3 (7), 541. https://doi.org/10.1016/S1387-
1609(00)01174-9

(135) Sheldon, R. A. Atom Efficiency and Catalysis in Organic Synthesis. Pure Appl. Chem.
2000, 72 (7), 1233. https://doi.otg/10.1351/pac200072071233

(136) Sheldon, R. A.; Arends, 1.; Hanefeld, U. Green Chemistry and Catalysis, Wiley-VCH,
Weinheim, 2007. https://www.wiley.com/en-us/Green+Chemistry+and+Catalysis-p-
9783527307159

(137) Rothenberg, G. Catalysis: Concepts and Green Applications; Rothenberg, G., Ed., Wiley-
VCH: Weinheim, 2008. https://www.wiley.com/en-
sg/Catalysis:+Concepts+and+Green+Applications,+2nd+Edition-p-9783527343058

(138) Noyori, R.; Ohkuma, T.; Kitamura, M.; Takaya, H.; Sayo, N.; Kumobayashi, H.;
Akutagawa, S. Asymmetric Hydrogenation of .Beta.-Keto Carboxylic Esters. A Practi-
cal, Purely Chemical Access to .Beta.-Hydroxy Esters in High Enantiomeric Purity. J.
Am. Chem. So0c. 19817, 109 (19), 5856. https://doi.org/10.1021/ja00253a051

(139) Anastas, P. T.; Kirchhoff, M. M.; Williamson, T. C. Catalysis as a Foundational Pillar
of  Green  Chemistry.  Appl  Catal.  Gen. 2001, 227 (1-2), 3.
https://doi.org/10.1016/50926-860X(01)00793-1

(140) Sheldon, R. A. Engineering a More Sustainable World through Catalysis and Green
Chemistry. . R Soc. Interface 2016, 13 (110), 20160087.
https://doi.org/10.1098/1sif.2016.0087

(141) Mallesham, B. Chapter 1: The Role of Catalysis in Green Synthesis of Chemicals for
Sustainable Future. Advanced Functional Solid Catalysts for Biomass Valorization.
Mallesham, B.; Raikwar, D, Shee, D. Eds., Elsevier, 2020.
http://doi.org/10.1016/B978-0-12-820236-4.00001-5

(142) Hobbs, H. R.; Thomas, N. R. Biocatalysis in Supercritical Fluids, in Fluorous Sol-
vents, and under Solvent-Free Conditions. Chem. Rev. 2007, 707 (6), 2786.
https://doi.org/10.1021/cr0683820

(143) Bell, E. L.; Finnigan, W.; France, S. P.; Green, A. P.; Hayes, M. A.; Hepworth, L. J;
Lovelock, S. L.; Niikura, H.; Osuna, S.; Romero, E.; Ryan, K. S.; Turner, N. J.; Flitsch,
S. L. Biocatalysis. Nat.  Rev.  Methods — Primer 2021, 1 (1), 46.
https://doi.org/10.1038/s43586-021-00044-~

(144) DeVito, S. C. Present and Future Regulatory Trends of the United States Environ-
mental  Protection  Agency. Prog.  Omg. Coat. 1999, 35 (1-4), 55.
https://doi.org/10.1016/S0300-9440(98)00055-1

(145) Rattner, B. A. History of Wildlife Toxicology. Ecofoxicology 2009, 18 (7), 773.
https://doi.org/10.1007 /s10646-009-0354-x

(146) Wijbenga, A.; Hutzinger, O. Chemicals, Man and the Environment: A Historic Per-
spective of Pollution and Related Topics. Naturwissenschaften 1984, 71 (5), 239.
https://doi.org/10.1007/BF00441332

73



Chapter 1: Introduction

(147) Agteren, M. H.; Keuning, S.; Janssen, D. B. Handbook on Biodegradation and Biological
Treatment of Hazardous Organic Componnds; Environment & Chemistry; Agteren, M. H.;
Keuning, S.; Janssen, D. B., Eds., Springer Netherlands: Dordrecht, 1998, 2.
https://doi.org/10.1007/978-94-015-9062-4

(148) Boethling, R. S.; Sommer, E.; DiFiore, D. Designing Small Molecules for Biodegrad-
ability. Chem. Rev. 2007, 107 (6), 2207. https://doi.org/10.1021/cr050952¢

(149) Feghali, E.; Tauk, L.; Ortiz, P.; Vanbroekhoven, K.; Eevers, W. Catalytic Chemical
Recycling of Biodegradable Polyesters. Polym. Degrad. Stab. 2020, 779, 109241.
https://doi.org/10.1016/j.polymdegradstab.2020.109241

(150) Anastas, P. T. Green Chemistry and the Role of Analytical Methodology Develop-
ment. Crit. Re. Anal. Chen. 1999, 29 3, 167.
https://doi.org/10.1080/10408349891199356

(151) Rocha, F. R. P.; Nobrega, J. A.; Filho, O. F. Flow Analysis Strategies to Greener Ana-
Iytical ~ Chemistry. An  Overview.  Green  Chemr. 2001, 3 (5), 216.
https://doi.org/10.1039/b103187m

(152) Keith, L. H.; Gron, L. U,; Young, J. L. Green Analytical Methodologies. Cherz. Rew.
2007, 707 (6), 2695. https://doi.org/10.1021/cr068359%¢

(153) de la Guardia, M.; Garrigues, S. Chapter 1: Past, Present and Future of Green Analyti-
cal Chemistry. In Green Chemistry Series; Garrigues, S., de la Guardia, M., Eds.; Royal So-
ciety of Chemistry: Cambridge, 2020, 1. https://doi.otg/10.1039/9781788016148-
00001

(154) Callis, J. B.; Illman, D. L.; Kowalski, B. R. Process Analytical Chemistry. 1987, 59 (9),
14. https://doi.otg/10.1021/ac00136a001

(155) McLennan, F., Kowalski, B. R. Process Analytical Chemistry; McLennan, F.
Kowalski, B. R.,  Eds; Springer  Netherlands: Dordrecht, 1995.
https://doi.org/10.1007/978-94-011-0591-0

(156) OECD Guiding Principles for Chemical Accident Prevention, Preparedness and Response: Guid-
ance for Industry (Including Management and Labonr), Public Authorities, Communities and Other
Stakeholders, 2nd ed.; Organisation for Economic Co-operation and Development, In-
ter-Organization Programme for the Sound Management of Chemicals, Eds.; OECD
environment, health and safety publications. Series on chemical accidents; OECD:
Paris, 2003. https://www.oecd.org/env/ehs/chemical-accidents/Guiding-principles-
chemical-accident.pdf

(157) Khan, E. A,; Syeda, S. R. Chemical Substitution in Processes for Inherently Safer
Design:  Pros and  Cons. Pure  Appl.  Chem. 2022, 94 (7), 889.
https://doi.org/10.1515/pac-2021-1201

(158) Whiteker, G. T. Applications of the 12 Principles of Green Chemistry in the Crop
Protection  Industry.  Org. Process  Res.  Dev. 2019, 23 (10), 2109.
https://doi.org/10.1021/acs.oprd.9b00305

(159) Owusu, P. A.; Asumadu-Sarkodie, S. A Review of Renewable Energy Sources, Sus-
tainability Issues and Climate Change Mitigation. Cogent Eng. 2016, 3 (1), 1167990.
https://doi.org/10.1080/23311916.2016.1167990

(160) CDM Investment Newsletter Biofuels Transportation, Nr. 3/2007, 2007.
https:/ /www.c2es.org/wp-content/uploads/2007/11/cdm-investment-newsletter-
biofuels-transportation.pdf

(161) Nanda, S.; Azargohar, R.; Dalai, A. K.; Kozinski, J. A. An Assessment on the Sustain-
ability of Lignocellulosic Biomass for Biorefining. Renew. Sustain. Energy Rev. 2015, 50,
925. https://doi.org/10.1016/j.rser.2015.05.058

(162) Putro, J. N.; Soetaredjo, F. E.; Lin, S.-Y.; Ju, Y.-H.; Ismadji, S. Pretreatment and Con-
version of Lignocellulose Biomass into Valuable Chemicals. RSC Ady. 2016, 6 (52),
46834. https://doi.org/10.1039/C6RA09851G

(163) Lange, ].-P.; van der Heide, E.; van Buijtenen, J.; Price, R. Furfural-A Promising Plat-
form  for  Lignocellulosic  Biofuels.  ChemSusCherz 2012, 5 (1),  150.
https://doi.org/10.1002/cssc.201100648

(164) Cai, C. M.; Zhang, T.; Kumar, R.; Wyman, C. E. Integrated Furfural Production as a
Renewable Fuel and Chemical Platform from Lignocellulosic Biomass: Furfural Pro-

74



Chapter 1: Introduction

duction from Lignocellulosic Biomass. . Chem. Technol. Biotechnol. 2014, 89 (1), 2.
https://doi.org/10.1002/jctb.4168

(165) Peleteiro, S.; Rivas, S.; Alonso, J. L.; Santos, V.; Parajo, J. C. Furfural Production Us-
ing Ionic Liquids: A  Review.  Bioresonr.  Technol 2016, 202,  181.
https://doi.org/10.1016/j.biortech.2015.12.017

(166) D. Mthembu, L.; Gupta, R.; Deenadayalu, N. Conversion of Cellulose into Value-
Added Products. In Cellulose Science and Derivatives; Sand, A., Banga, S., Eds.; Inte-
chOpen, 2021. https://doi.org/10.5772/intechopen.100022

(167) Agirrezabal-Telleria, 1.; Gandarias, 1.; Arias, P. L. Heterogeneous Acid-Catalysts for
the Production of Furan-Derived Compounds (Furfural and Hydroxymethylfurfural)
from Renewable Carbohydrates: A Review. Catal. Today 2014, 234, 42.
https://doi.org/10.1016/j.cattod.2013.11.027

(168) Yue, X.; Quenecau, Y. 5-Hydroxymethylfurfural and Furfural Chemistry Toward Bio-
based Surfactants. ChemSusChem 2022, 15 (13), €202102660.
https://doi.org/10.1002/cssc.202102660

(169) Palkovits, R.; Delidovich, 1. Efficient Utilization of Renewable Feedstocks: The Role
of Catalysis and Process Design. Philos. Trans. R. Soc. Math. Phys. Eng. Sei. 2018, 376
(2110), 20170064. https://doi.org/10.1098/rsta.2017.0064

(170) Huber, G. W.; Corma, A. Synergies between Bio- and Oil Refineries for the Produc-
tion of Fuels from Biomass. Angew. Chem. Int. Ed. 2007, 46 (38), 7184.
https://doi.org/10.1002/anie.200604504

(171) Bing, Y.; Liu, H.; Zhang, L..; Ghosh, D.; Zhang, ]J. Nanostructured Pt-Alloy Electro-
catalysts for PEM Fuel Cell Oxygen Reduction Reaction. Chem. Soc. Rev. 2010, 39 (6),
2184. https://doi.org/10.1039/b912552¢

(172) Gilroy, K. D.; Ruditskiy, A.; Peng, H.-C.; Qin, D.; Xia, Y. Bimetallic Nanocrystals:
Syntheses, Properties, and Applications. Chem. Rer. 2016, 776 (18), 10414.
https://doi.org/10.1021/acs.chemrev.6b00211

(173) Fang, H.; Yang, J.; Wen, M.; Wu, Q. Nanoalloy Materials for Chemical Catalysis. .4dp.
Mater. 2018, 30 (17), 1705698. https://doi.org/10.1002/adma.201705698

(174) Sun, J.; Xu, H.; Ma, H.; Zhan, X.; Zhu, J.; Cheng, D. Isoprene Selective Hydrogena-
tion Using AgCu-Promoted Pd Nanoalloys. Faraday Discuss. 2023, 242, 418.
https://doi.org/10.1039/D2FD00074A

(175) Wei, Q.; Wang, L.; Chen, X.; Wu, C,; Liang, J.; Wei, X.; Deng, K. MoNi Nano-Alloy
Loaded on Carbon Nanotubes with High Activity and Stability for the Catalytic Hy-
drogenation of Petro Resin. React. Kinet. Mech. Catal. 2022, 135 (5), 2503-2517.
https://doi.org/10.1007 /s11144-022-02250-6

(176) Ferrando, R.; Jellinek, J.; Johnston, R. L. Nanoalloys: From Theory to Applications of
Alloy  Clusters and  Nanoparticles.  Chen.  Rev. 2008, 708 (3), 845.
https://doi.org/10.1021/ct040090g

(177) Jiang, H.; Liu, X.; Zhu, M.-N.; Xu, J.; An, L.; Sui, P.-F; Luo, J.-L.; Cheng, G. J. Na-
noalloy Libraries from Laser-Induced Thermionic Emission Reduction. Sz Adp. 2022,
8 (16), eabm6541. https://doi.org/10.1126/sciadv.abm6541

(178) Sankar, M.; Dimitratos, N.; Miedziak, P. J.; Wells, P. P.; Kiely, C. J.; Hutchings, G. J.
Designing Bimetallic Catalysts for a Green and Sustainable Future. Chenz. Soc. Rev. 2012,
41 (24), 8099. https://doi.org/10.1039/c2cs35296f

(179) Luneau, M.; Lim, J. S.; Patel, D. A,; Sykes, E. C. H.; Friend, C. M.; Sautet, P. Guide-
lines to Achieving High Selectivity for the Hydrogenation of «,f-Unsaturated Alde-
hydes with Bimetallic and Dilute Alloy Catalysts: A Review. Chem. Rev. 2020, 7120 (23),
12834. https://doi.org/10.1021/acs.chemrev.0c00582

(180) Kang, X.; Li, Y.; Zhu, M.; Jin, R. Atomically Precise Alloy Nanoclusters: Syntheses,
Structures, and  Properties.  Chem.  Soe.  Rev. 2020, 49 (17), 06443.
https://doi.org/10.1039/CICS00633H

(181) Wang, B.; Ai, Y.; Yao, Y.; Jiang, M.; Yan, L.; Xu, S.; Sun, W. Electrochemical Synergy
between FeNi Nanoalloy@tungsten Carbide on N-Doped Graphitized Carbon Layers
as an Excellent Electrocatalyst for Oxygen Evolution Reaction. Electrochimica Acta 2022,
415, 140254. https://doi.org/10.1016/j.clectacta.2022.140254

75



Chapter 1: Introduction

(182) Alonso, D. M.; Wettstein, S. G.; Dumesic, J. A. Bimetallic Catalysts for Upgrading of
Biomass to Fuels and Chemicals. Chew. Soc. Rev. 2012, 471 (24), 8075.
https://doi.org/10.1039/c2cs35188a

(183) Piumetti, M., Bensaid, S. Chapter 5: Nanostructured Bimetallic Pd-based Catalysts for
the Valorization of Lignocellulosic Biomasses. Nanostructured Catalysts for Environmental
Applications; Piumetti, M., Bensaid, S., Eds., Springer International Publishing: Cham,
2021,. 127. https://doi.otg/10.1007 /978-3-030-58934-9

(184) Huber, G. W.; Shabaker, J. W.; Dumesic, J. A. Raney Ni-Sn Catalyst for H » Produc-
tion from Biomass-Derived Hydrocarbons. Scence 2003, 300 (5628), 2075.
https://doi.org/10.1126/science. 1085597

(185) Daorattanachai, P.; Laosiripojana, W.; Laobuthee, A.; Laosiripojana, N. Type of Con-
tribution: Research Article Catalytic Activity of Sewage Sludge Char Supported Re-Ni
Bimetallic Catalyst toward Cracking/Reforming of Biomass Tar. Renew. Energy 2018,
121, 644. https://doi.org/10.1016/j.renene.2018.01.096

(186) Jin, X.; Zhao, M.; Vora, M.; Shen, J.; Zeng, C.; Yan, W.; Thapa, P. S.; Subramaniam,
B.; Chaudhari, R. V. Synergistic Effects of Bimetallic PtPd/TiO » Nanocatalysts in
Oxidation of Glucose to Glucaric Acid: Structure Dependent Activity and Selectivity.
Ind. Eng. Chem. Res. 2016, 55 (11), 2932. https://doi.otg/10.1021/acs.iect.5b04841

(187) Gupta, K.; Rai, R. K.; Dwivedi, A. D.; Singh, S. K. Catalytic Aerial Oxidation of Bio-
mass-Derived Furans to Furan Carboxylic Acids in Water over Bimetallic Nickel-
Palladium  Alloy = Nanoparticles.  ChemCatCherz 2017, 9 (14),  2760.
https://doi.org/10.1002/ cctc.201600942

(188) Jiang, T.; Zhou, Y.; Liang, S.; Liu, H.; Han, B. Hydrogenolysis of Glycerol Catalyzed
by Ru-Cu Bimetallic Catalysts Supported on Clay with the Aid of lonic Liquids. Green
Chem. 2009, 11 (7), 1000. https://doi.org/10.1039/b901425j

(189) Priya, S. S.; Bhanuchander, P.; Kumar, V. P.; Bhargava, S. K.; Chary, K. V. R. Activity
and Selectivity of Platinum—Copper Bimetallic Catalysts Supported on Mordenite for
Glycerol Hydrogenolysis to 1,3-Propanediol. Ind. Eng. Chem. Res. 2016, 55 (16), 4461.
https://doi.org/10.1021/acs.iecr.6b00161

(190) Liu, M.; Zhang, J.; Zheng, L.; Fan, G.; Yang, L.; Li, F. Significant Promotion of Sur-
face Oxygen Vacancies on Bimetallic CoNi Nanocatalysts for Hydrodeoxygenation of
Biomass-Derived Vanillin to Produce Methylcyclohexanol. ACS Sustain. Chem. Eng.
2020, 8 (15), 6075. https://doi.org/10.1021/acssuschemeng.0c01015

(191) He, Z.-H,; Jiang, C.-S.; Wang, Z.-Y.; Wang, K_; Sun, Y.-C,; Yao, M.-Q.; Li, Z.-H.; Liu,
Z.-T. Catalytic Hydrodeoxygenation of Biomass-Derived Oxygenates to Bio-Fuels over
Co-Based Bimetallic Catalysts. Sustain. Energy Fuels 2020, 4 (9), 4558.
https://doi.org/10.1039/d0se00332h

(192) Wettstein, S. G.; Bond, J. Q.; Alonso, D. M.; Pham, H. N.; Datye, A. K.; Dumesic, .
A. RuSn Bimetallic Catalysts for Selective Hydrogenation of Levulinic Acid to y-
Valerolactone. Appl. Catal. B Environ. 2012, 117-118, 321.
https://doi.org/10.1016/j.apcatb.2012.01.033

(193) Wu, J.; Liu, C.; Zhu, Y.; Song, X.; Wen, C.; Zhang, X.; Wang, C.; Ma, L. Understand-
ing the Geometric and Electronic Factors of PtNi Bimetallic Surfaces for Efficient and
Selective Catalytic Hydrogenation of Biomass-Derived Oxygenates. . Ewnergy Chenn.
2021, 60, 16. https://doi.org/10.1016/j.jechem.2020.12.011

(194) Luo, Z.; Zheng, Z.; Li, L.; Cui, Y.-T.; Zhao, C. Bimetallic Ru—Ni Catalyzed Aqueous-
Phase Guaiacol Hydrogenolysis at Low H 2 Pressures. ACS Catal. 2017, 7 (12), 8304.
https://doi.org/10.1021 /acscatal. 7602317

(195) Hu, Y; Jiang, G.; Xu, G.; Mu, X. Hydrogenolysis of Lignin Model Compounds into
Aromatics with Bimetallic Ru-Ni Supported onto Nitrogen-Doped Activated Carbon
Catalyst. Mol. Catal. 2018, 445, 316. https://doi.org/10.1016/j.mcat.2017.12.009

(196) Valdés-Martinez, O. U.; Suarez-Toriello, V. A.; Reyes, J. A. de los; Pawelec, B.; Fierro,
J. L. G. Support Effect and Metals Interactions for NiRu/ALOs, TiO, and ZrO, Cata-
lysts in the Hydrodeoxygenation of Phenol. Catal. Today 2017, 296, 219.
https://doi.org/10.1016/j.cattod.2017.04.007

76



Chapter 1: Introduction

(197) Yang, Y.; Gao, G.; Zhang, X,; Li, F. Facile Fabrication of Composition-Tuned Ru—Ni
Bimetallics in Ordered Mesoporous Carbon for Levulinic Acid Hydrogenation. ACS
Catal. 2014, 4 (5), 1419. https:/ /doi.org/10.1021/cs401030u

(198) Zhang, J.; Teo, J.; Chen, X.; Asakura, H.; Tanaka, T.; Teramura, K.; Yan, N. A Series
of NiM (M = Ru, Rh, and Pd) Bimetallic Catalysts for Effective Lignin Hydrogenolysis
in Water. ACS Catal. 2014, 4 (5), 1574. https://doi.org/10.1021/cs401199f

(199) Mishra, D. K; Lee, J.-M.; Chang, J.-S.; Hwang, J.-S. Liquid Phase Hydrogenation of
D-Glucose to d-Sorbitol over the Catalyst (Ru/NiO-TiO») of Ruthenium on a NiO-
Moditied TiO» Support. Catal. Today 2012, 185 1, 104.
https://doi.org/10.1016/j.cattod.2011.11.020

(200) Bulut, S.; Siankevich, S.; van Muyden, A. P.; Alexander, D. T. L.; Savoglidis, G;
Zhang, ].; Hatzimanikatis, V.; Yan, N.; Dyson, P. J. Efficient Cleavage of Aryl Ether
C-O Linkages by Rh—Ni and Ru—Ni Nanoscale Catalysts Operating in Water. Chez.
Sei. 2018, 9 (25), 5530. https://doi.org/10.1039/C8SC0O0742]

(201) Ahmad, W.; Chan, F. L.; Chaffee, A. L.; Wang, H.; Hoadley, A.; Tanksale, A. Dimeth-
oxymethane Production via Catalytic Hydrogenation of Carbon Monoxide in Methanol
Media. ACS Sustain. Chen. Eng. 2020, 8 “), 2081.
https://doi.org/10.1021 /acssuschemeng.9b06913

(202) Qadir, M. I.; Bernardi, F.; Scholten, J. D.; Baptista, D. L.; Dupont, J. Synergistic CO2
Hydrogenation over Bimetallic Ru/Ni Nanoparticles in Ionic Liquids. Appl Catal. B
Environ. 2019, 252, 10. https:/ /doi.org/10.1016/j.apcatb.2019.04.005

(203) Predieri, G.; Moggi, P. Characterization of an Ultrafine Ni-Ru Alloy Powder and of
Alumina-Dispersed Bimetallic Particles Derived from the Molecular Cluster
(CsHs)NiRusH3(CO)o. ] Chem.  Soc. Chem. Commun. 1990,  1730.
https://doi.org/10.1039/C39900001736

(204) Castiglioni, M.; Giordano, R.; Sappa, E. (n>-CsHs)NiRus(u-H)3(CO)y, Ruz(CO)12 and
(n>-CsH5)2Niz(CO)2 as heterogeneous catalyst precursors: hydrogenation, dehydrogena-
tion and isomerization of linear and cyclic monoenes and dienes, and of aromatic hy-
drocatbons. J. Mol Catal. 1987, 42 (3), 307. https://doi.org/10.1016/0304-
5102(87)85005-8

(205) Sreenavya, A.; Ahammed, S.; Ramachandran, A.; Ganesh, V.; Sakthivel, A. Nickel-
Ruthenium Bimetallic Species on Hydrotalcite Support: A Potential Hydrogenation
Catalyst. Catal. Lett. 2022, 152 (3), 848. https://doi.org/10.1007/5s10562-021-03673-x

(206) Li, L.-J; Yi, W.-J; Liu, T.-W.; Huang, C; Chao, Z.-S. Hydrogenation of 3-
Hydroxypropanal into 1,3-Propanediol over Bimetallic Ru—Ni Catalyst. RSC .Ady. 2017,
7 (51), 32027. https://doi.org/10.1039/C7RA01184A

(207) Zhu, C.; Cao, J.-P.; Zhao, X.-Y.; Xie, T.; Zhao, M.; Wei, X.-Y. Bimetallic Effects in
the Catalytic Hydrogenolysis of Lignin and Its Model Compounds on Nickel-
Ruthenium Catalysts. Fuel Process. Technol. 2019, 194, 1061206.
https://doi.org/10.1016/j.fuproc.2019.106126

(208) Polanski, J.; Lach, D.; Kapkowski, M.; Bartczak, P.; Siudyga, T'.; Smolinski, A. Ru and
Ni-Privileged Metal Combination for Environmental Nanocatalysis. Catalysts 2020, 70
9), 992. https://doi.org/10.3390/catal10090992

(209) Zhu, L.; Sun, H.; Fu, H.; Zheng, J.; Zhang, N.; Li, Y.; Chen, B. H. Effect of Ruthe-
nium Nickel Bimetallic Composition on the Catalytic Performance for Benzene Hy-
drogenation  to  Cyclohexane.  Appl  Catal.  Gen. 2015, 499, 124.
https://doi.org/10.1016/j.apcata.2015.04.016

(210) Zhang, P.-F.; Zhang, J.-Y.; Sheng, T.; Lu, Y.-Q.; Yin, Z.-W.; Li, Y.-Y.; Peng, X.-X,;
Zhou, Y,; Li, J.-T.; Wu, Y.-J.; Lin, J.-X; Xu, B.-B.; Qu, X.-M.; Huang, L.; Sun, S.-G.
Synergetic Effect of Ru and NiO in the Electrocatalytic Decomposition of Li » CO 3 to
Enhance the Performance of a Li-CO » /O ; Battery. ACS Catal. 2020, 10 (2), 1640.
https://doi.org/10.1021/acscatal. 9b04138

(211) Li, M.; Wang, H.; Zhu, W.; Li, W.; Wang, C.; Lu, X. RuNi Nanoparticles Embedded
in N-Doped Carbon Nanofibers as a Robust Bifunctional Catalyst for Efficient Overall
Water Splitting,. Adp. Sci. 2020, 7 2), 1901833.
https://doi.org/10.1002/advs.201901833

77



Chapter 1: Introduction

(212) Tada, S.; Kikuchi, R.; Wada, K.; Osada, K.; Akiyama, K.; Satokawa, S.; Kawashima, Y.
Long-Term Durability of Ni/TiO2 and Ru-Ni/TiO2 Catalysts for Selective CO
Methanation. I Power Sources 2014, 264, 59.
https://doi.org/10.1016/j.jpowsour.2014.04.075

(213) Chen, G.; Desinan, S.; Rosei, R.; Rosei, F.; Ma, D. Synthesis of Ni-Ru Alloy Nanopar-
ticles and Their High Catalytic Activity in Dehydrogenation of Ammonia Borane. Chens.
- Eur. ]. 2012, 18 (25), 7925. https:/ /doi.org/10.1002/chem.201200292

(214) Li, C; Yang, M.; Liu, Z.; Zhang, Z.; Zhu, T.; Chen, X.; Dong, Y.; Cheng, H. Ru—
Ni/ALO; Bimetallic Catalysts with High Catalytic Activity for N -Propylcarbazole Hy-
drogenation. Catal. Sci. Technol. 2020, 10 @, 2268.
https://doi.org/10.1039/CICY02528F

(215) Xiao, F.-S.; Fukuoka, A.; Ichikawa, M.; Henderson, W.; Shriver, D. F. Si02-Supported
Bimetallic Ruthenium Cluster-Derived Catalysts for Selectivity and Activity Control in
CO Hydrogenation toward C1-C5 Alcohols. . Mol Catal. 1992, 74 (1-3), 379.
https://doi.org/10.1016/0304-5102(92)80255-f

(216) Zhu, L.; Zheng, J.; Yu, C.; Zhang, N.; Shu, Q.; Zhou, H.; Li, Y.; Chen, B. H. Effect of
the Thermal Treatment Temperature of RulNi Bimetallic Nanocatalysts on Their Cata-
Iytic Performance for Benzene Hydrogenation. RSC Adv. 2016, ¢ (16), 13110.
https://doi.org/10.1039/C5RA24424B

(217) Deng, X.; Zhu, L.; Zhang, H.; Kroner, A.; Zheng, J.; Zhang, N.; He, J.; Chen, B. H.
Ruthenium Stabilized on Transition Metal-on-Transition Metal Oxide Nanoparticles
for Naphthalene Hydrogenation. Int. J. Hydrog. Energy 2018, 43 (32), 15055.
https://doi.org/10.1016/j.ijhydene.2018.05.170

(218) Yang, Z.; Han, J.; Fan, Q.; Jia, H.; Zhang, F. Catalytic Hydrogenation of a Pyrolysis
Gasoline Model Feed over Supported NiRu Bimetallic Catalysts with Ru Content from
001 wt% to 01 wt%. Appl  Catal.  Gen. 2018, 568,  183.
https://doi.org/10.1016/j.apcata.2018.09.021

(219) Zhang, |.; Dasgupta, A.; Chen, Z.; Xu, D.; Savage, P. E.; Guo, Y. Supercritical Water
Gasification of Phenol over Ni-Ru Bimetallic Catalysts. Water Res. 2019, 7152, 12.
https://doi.org/10.1016/j.watres.2018.12.030

(220) Zhu, L.; Cui, J.; Zhang, H.; Ruan, L.; Ma, N.; Zou, L.; Deng, T.; Chen, B. H.; Xiao, Q.
Room-Temperature Morphology-Controlled Synthesis of Nickel and Catalytic Proper-
ties of Corresponding Ru/Ni Catalysts. ChemCatCherz 2019, 11 (13), 3109.
https://doi.org/10.1002/ccte.201900565

(221) Zhu, L.; Zhang, H.; Ma, N.; Yu, C,; Ding, N.; Chen, J.-L.; Pao, C.-W; Lee, J.-F.; Xiao,
Q.; Hui Chen, B. Tuning the Interfaces in the Ruthenium-Nickel/Carbon Nanocata-
lysts for Enhancing Catalytic Hydrogenation Performance. J. Catal. 2019, 377, 299.
https://doi.org/10.1016/j.jcat.2019.07.041

(222 Zhu, L.; Zheng, L.; Du, K,; Fu, H; Li, Y.; You, G.; Chen, B. H. An Efficient and Sta-
ble Ru-Ni/C Nano-Bimetallic Catalyst with a Comparatively Low Ru Loading for
Benzenehydrogenation under Mild Reaction Conditions. RSC Ady 2013, 3 (3), 713.
https://doi.org/10.1039/C2RA22181K

(223) Zhu, L,; Jiang, Y.; Zheng, J.; Zhang, N.; Yu, C; Li, Y.; Pao, C.-W.; Chen, J.-L,; Jin, C,;
Lee, J.-F.; Zhong, C.-J.; Chen, B. H. Ultrafine Nanoparticle-Supported Ru Nano-
clusters with Ultrahigch Catalytic Activity. Swal/ 2015, 717 (34), 4385.
https://doi.org/10.1002/smll.201500654

(224) Zhu, L.; Sun, H.; Zheng, J.; Yu, C.; Zhang, N.; Shu, Q.; Chen, B. H. Combining Ru,
Ni and Ni(OH), Active Sites for Improving Catalytic Performance in Benzene Hydro-
genation. Mater. Chem. Phys. 2017, 192, 8.
https://doi.org/10.1016/j.matchemphys.2017.01.047

(225) Zhu, L.; Zheng, T.; Zheng, J.; Yu, C.; Zhang, N.; Zhou, Q.; Chen, B. H. Shape Con-
trol of Nickel Crystals and Catalytic Hydrogenation Performance of Ruthenium-on-Ni
Crystals. CrystEngComm 2018, 20 (1), 113. https://doi.org/10.1039/c7ce01847a

(226) Zhu, L.; Zheng, T.; Zheng, J.; Yu, C.; Zhang, N.; Liao, Q.; Chen, B. H. Synthesis of
Ru/CoNi Crystals with Different Morphologies for Catalytic Hydrogenation. Crys-
tEngComm 2017, 19 (25), 3430. https://doi.org/10.1039/c7ce00702g

78



Chapter 1: Introduction

(227) Zhu, L.; Shan, S.; Petkov, V.; Hu, W.; Kroner, A.; Zheng, J.; Yu, C.; Zhang, N; Li, Y;
Luque, R.; Zhong, C.-].; Ye, H.; Yang, Z.; Chen, B. H. Ruthenium—Nickel-Nickel Hy-
droxide Nanoparticles for Room Temperature Catalytic Hydrogenation. |. Mater. Chen.
A2017, 5 (17), 7869. https://doi.org/10.1039/C7TA01437F

(228) Pichaikaran, S.; Arumugam, P. Vapour Phase Hydrodeoxygenation of Anisole over
Ruthenium and Nickel Supported Mesoporous Aluminosilicate. Green Chem. 2016, 18
(9), 2888. https://doi.org/10.1039/C5GC01854D

(229) Yang, M.; Zhang, J.; Guo, Y. Supercritical Water Gasification of Phenol over Ni-Ru
Bimetallic Catalyst: Intermediates and Kinetics. J. Swpercrit. Fluids 2020, 160, 104810.
https://doi.org/10.1016/j.supflu.2020.104810

(230) Yu, H.; Yang, X.; Wu, Y.; Guo, Y.; Li, S.; Lin, W.; Li, X.; Zheng, J. Bimetallic Ru-
Ni/TiOz Catalysts for Hydrogenation of N-Ethylcarbazole: Role of TiO, Crystal Struc-
ture. J. Energy Chem. 2020, 40, 188. https://doi.org/10.1016/j.jechem.2019.04.009

(231) Xie, D.; Liu, X.; Lv, H.; Guo, Y. Products, Pathways, and Kinetics for Catalytic Hy-
drodenitrogenation of Quinoline in Hydrothermal Condition. J. Supercrit. Fluids 2022,
182,105509. https://doi.otg/10.1016/j.supflu.2021.105509

(232) Zhang, H.; Pei, A.; Liao, J.; Ruan, L.; Yang, K.; Wang, J.; Zhu, L.; Chen, B. H.
PtRuNi/C Novel Nanostructures of Platinum-Ruthenium Island-on-Ni/Ni(OH),
Nanoparticles for the Selective Hydrogenation of Quinoline. |. A/oys Compd. 2020, 8§34,
155203. https://doi.org/10.1016/j.jallcom.2020.155203

(233) Li, L.; Xu, S.; Shen, S.; Wang, L.; Zuo, M.; Chen, P.; Liang, H. A Sulfur-Fixing Strat-
egy toward Carbon-Supported Ru-Based Bimetallic Nanocluster Catalysts. ChezzNano-
Mat 2020, 6 (6), 969. https://doi.org/10.1002/cnma.202000054

(234) Suryawanshi, Y. R.; Chakraborty, M.; Jauhari, S.; Mukhopadhyay, S.; Shenoy, Kal-
sanka. T. Hydrogenation of Dibenzo-18-Crown-6 Ether Using y-Al203 Supported Ru-
Pd and Ru-Ni Bimetallic Nanoalloy Catalysts. Int. J. Chem. React. Eng. 2019, 17 (4),
20180049. https://doi.org/10.1515/ijcre-2018-0049

(235) Sreenavya, A.; Baskaran, T.; Ganesh, V.; Sharma, D.; Nagendra, K.; Sakthivel, A.
Framework of Ruthenium-Containing Nickel Hydrotalcite-Type Material: Preparation,
Characterisation, and Its Catalytic Application. RSC Adp. 2018, § (44), 25248.
https://doi.org/10.1039/C8RA03506G

(236) Liu, W.; Feng, H.; Yang, Y.; Niu, Y.; Wang, L.; Yin, P.; Hong, S.; Zhang, B.; Zhang,
X.; Wei, M. Highly-Efficient RuNi Single-Atom Alloy Catalysts toward Chemoselective
Hydrogenation of  Nitroarenes. Nat.  Commun. 2022, 13 (1), 3188.
https://doi.org/10.1038/s41467-022-30536-9

(237) Lee, J.; Kim, Y. T.; Huber, G. W. Aqueous-Phase Hydrogenation and Hydrodeoxy-
genation of Biomass-Derived Oxygenates with Bimetallic Catalysts. Greenn Chem. 2014,
16 (2), 708. https://doi.org/10.1039/c3gc41071d

(238) Romero, A.; Nieto-Marquez, A.; Alonso, E. Bimetallic Ru:Ni/MCM-48 Catalysts for
the Effective Hydrogenation of d -Glucose into Sorbitol. Appl Catal. Gen. 2017, 529,
49. https://doi.org/10.1016/j.apcata.2016.10.018

(239) Ribeiro, L. S.; Delgado, J. J.; Otfio, J. J. M.; Pereira, M. F. R. Carbon Supported Ru-
Ni Bimetallic Catalysts for the Enhanced One-Pot Conversion of Cellulose to Sorbitol.
Appl. Catal. B Environ. 2017, 217, 265. https://doi.org/10.1016/j.apcath.2017.04.078

(240) Wang, H.; Ruan, H.; Feng, M.; Qin, Y.; Job, H.; Luo, L.; Wang, C.; Engelhard, M. H.;
Kuhn, E.; Chen, X.; Tucker, M. P.; Yang, B. One-Pot Process for Hydrodeoxygenation
of Lignin to Alkanes Using Ru-Based Bimetallic and Bifunctional Catalysts Supported
on Zeolite Y. ChemSusChem 2017, 10 (®), 1846.
https://doi.org/10.1002/cssc.201700160

(241) Mishra, D. K.; Dabbawala, A. A.; Truong, C. C.; Alhassan, S. M.; Jegal, J.; Hwang, J. S.
Ru—-NiOy Nanohybrids on TiO, Support Prepared by Impregnation-Reduction Method
for Efficient Hydrogenation of Lactose to Lactitol. |. Ind. Eng. Chem. 2018, 68, 325.
https://doi.org/10.1016/j.jiec.2018.08.003

(242) Frecha, E.; Torres, D.; Pueyo, A.; Suelves, L.; Pinilla, J. L. Scanning Different Ni-
Noble Metal (Pt, Pd, Ru) Bimetallic Nanoparticles Supported on Carbon Nanofibers

79



Chapter 1: Introduction

for One-Pot Cellobiose Conversion. Appl.  Catal. Gen. 2019, 585, 117182.
https://doi.org/10.1016/j.apcata.2019.117182

(243) Kasar, G. B.; Medhekar, R. S.; Bhosale, P. N.; Rode, C. V. Kinetics of Hydrogenation
of Aqueous Levulinic Acid over Bimetallic Ru—Ni/MMT Catalyst. [nd. Eng. Chem. Res.
2019, 58 (43), 19803. https://doi.org/10.1021/acs.iect.9503748

(244) Al-Naji, M.; Yepez, A.; Balu, A. M.; Romero, A. A.; Chen, Z.; Wilde, N.; Li, H.; Shih,
K.; Gliser, R.; Luqueb, R. Insights into the Selective Hydrogenation of Levulinic Acid
to y-Valerolactone Using Supported Mono- and Bimetallic Catalysts. J. Mol Catal.
Chem. 2016, 417, 145. https://doi.org/10.1016/j.molcata.2016.03.015

(245) Li, R.; Qiu, J.; Chen, H.; Shu, R.; Chen, Y.; Liu, Y.; Liu, P.-F. Hydrodeoxygenation of
Phenolic Compounds and Raw Lignin-Oil over Bimetallic RuNi Catalyst: An Experi-
mental and Modeling Study Focusing on Adsorption Properties. Fue/ 2020, 287,
118758. https://doi.org/10.1016/j.fuel.2020.118758

(246) Wang, H.-T'; Li, Z.-K,; Yan, H.-L.; Lei, Z.-P.; Yan, J.-C.; Ren, S.-B.; Wang, Z.-C,;
Kang, S.-G.; Shui, H.-F. Catalytic Hydrogenolysis of Lignin and Model Compounds
over Highly Dispersed Ni-Ru/ALO; without Additional Ha. Fuel/ 2022, 326, 125027.
https://doi.org/10.1016/j.fuel.2022.125027

(247) Kim, J.-Y.; Patk, S. Y.; Choi, 1.-G.; Choi, J. W. Evaluation of Ru:Nii/SBA-15 Cata-
lysts for Depolymerization Features of Lignin Macromolecule into Monomeric Phe-
nols. Chem. Eng. ]. 2018, 336, 640. https://doi.org/10.1016/j.cej.2017.11.118

(248) W, J.; Zhu, X,; Fu, Y.; Chang, J. Study on Selective Preparation of Phenolic Products
from Lignin over Ru-Ni Bimetallic Catalysts Supported on Modified HY Zeolite. Ind.
Eng. Chem. Res. 2022, 61 (8), 3206. https://doi.org/10.1021/acs.iecr.1c04594

80



CHAPTER 2: Synthesis

and characterisation of
metallic nanoparticles



Chapter 2: Synthesis and characterisation of metallic nanoparticles

Summary

2.1 INTEOAUCHON ettt ettt st e sesenenen 83
2.2 Synthesis of RuNi/PVP Na00PALCIES ..cueeuierivreimieiireieieeisiieieiieeiseisesesseeeseise e ssesessisessenes 84
2.3 Synthesis of RuNi/PPhyPy Nanoparticles ... seesecnenens 103
2.4 Synthesis of RuNi/AdCOOH Nanoparticles.......cemirnimerererneirererenisenensesesesens 118
2.5 Synthesis of RuCu/PVP NanopartiCles.....c..ouriinereueeieeiseieseseeeineiesessesisessessessesencenes 120
2.6 Synthesis of Cu/Amine NANOPALHCLES ......vvuevrivcrerrereieieriiireireierieeese e 129
2.7 CONCIUSIONS ..vreerririeirerersestieieriee et eae et es e eee e ee et s st sesseseseseness 134
2.8 RELEIEIICES ..vuvuvririieiririieieisiseeiet ettt ettt ettt ettt ettt bbbttt bbbttt bt neaes 135

82



Chapter 2: Synthesis and characterisation of metallic nanoparticles

2.1 Introduction

In 2021, the 77 % of the world energy was supplied from fossil fuels,! and there is an urgent
need to find renewable alternatives to them. Lignocellulosic biomass has appeared to be a
promising alternative®3 but, for its application in the industry to go towards the energy tran-

sition, high performing and cheap catalysts need to be discovered.

In order to obtain competitive catalysts, earth abundant metals are targeted to be part of
their composition, even if their usual drawback is that they need harsh reaction conditions,
such as 200-400 bars of hydrogen (Hz), in the catalytic reduction of amides to primary
amines.# On the other hand, noble metals such as Pt5 Ru,6 Rh,” Re8 and It? are active at
more mild conditions. An interesting alternative is to produce bimetallic systems in which
earth-abundant and noble metals are combined, to integrate the low-cost and the efficiency
of both kind of metals. Bimetallic and trimetallic, or even more, catalysts are promising, as
their performance may be improved, in comparison to their monometallic counterparts, by

the so-called synergetic effects.10-12

With the aim to reduce platform molecules coming from lignocellulosic biomass we pro-
duced a series of bimetallic catalysts. Ru was chosen due to its effectiveness as catalysts for
hydrogenation reactions,'>1¢ and also because it is one of the less expensive noble metals.

Ru was combined to the earth abundant metals Ni and Cu.!7-20

The presence of both Ni and Ru in a material, conferees different electronic properties to
the metals, as supported by X-ray photoelectron spectroscopy (XPS) analyses,?'-23 even
when a catalyst is a mixture of monometallic Ru and Ni nanoparticles (NPs).242> Ru has also
been observed to be able to reduce, through hydrogen spillover, Ni?+.2627 RuNi based cata-
lysts have been described in different types of structures such as homogeneous alloys,?82?
core-shells with Ru* or Ni*! in the core, or NPs’ surfaces rich on Ru or Ni;* and synergetic
effects have been reported. The presence of both Cu and Ru in the same catalyst has shown
as well synergetic effects for applications in catalysis.’> RuCu based NPs have been de-
scribed in different types of structures such as face-centred cubic (fe) alloy NPs3334 By
modifying the structure? or the metal ratio?-3032343637 of the bimetallic catalysts, their cata-

lytic activity may be tuned.

The decomposition of organometallic complexes under H; pressure in the presence of stabi-
lisers is a versatile tool for the synthesis of NPs.3¥ Some NPs’ properties can be modulated
such as the size, the shape and the composition. The same synthetic methodology has been

used for the formation of bimetallic NPs with interesting properties in catalysis.># In this
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methodology, the nature of the metal precursors can influence the different characteristics
of the NPs. Moreover, the ligands, apart from acting as stabilisers to prevent the growth and
the coalescence of the NPS, may also play a role in the formation of the NPs by interacting

with the metal precursors,*#2 and later on in catalysis.*3

In the case of bimetallic NPs, the stabiliser may affect the metal surface compositions. This
is the case of RuPt NPs which, stabilised by polyvinylpyrrolidone (PVP), possess a core-shell
structure* but, when stabilised by a stronger coordinating ligand such diphenylphosphino-
butane (dppb), results to Ru cores with disordered metal layers around, of both Ru and Pt,

as diphoshpines have an affinity for both metals.4>

In the next sections, the synthesis and characterization of bimetallic RuNi and RuCu NPs is
addressed. In the case of RuNi NPs several ligands have been used for their synthesis, PVP,
a phosphine, and an organic acid, with the aim to study their effect on the NPs properties.
The procedure has been extended to the synthesis of RuCu NPs. Finally, in view of the
promising results of Cu/PVP NPs in catalysis (see Chapter 3), monometallic Cu NPs stabi-

lized with amines have been also synthesised.
2.2 Synthesis of RuNi/PVP nanoparticles

The synthesis of the RuNi/PVP NPs series was petformed by decomposing the [Ru(n*
CsHi2)(n%-CsHio)] and [Ni(n*-CsHi2)2] complexes under 3 bar of H» pressure, in the presence
of PVP and using tetrahydrofuran (THF) as solvent (Scheme 1). All the experimental details
are given in Chapter 6. The reaction was carried out at room temperature (RT) and at 85 °C.
Several Ru/Ni ratios were applied in order to produce RuNi NPs of different compositions,
as detailed in Table 1. Monometallic Ru/PVP and Ni/PVP NPs were also synthesised, using

the same procedure, for comparison purposes.

3 bar H,
PVP

Ru(r*-CyH)(1-CHyg] + [NiGr*CgHy)sl ——— RuNi/PVP + GgHyg
THF, T

Scheme 1: Synthesis of RuNi/PVP NPs.

The decomposition of [Ni(n*-CgHi2)2] did not occur at RT, as the typical colour change
from pale yellow to black was not observed after 16 h of reaction. From this result, it was
concluded that this Ni precursor needs higher temperature to be decomposed. In contrast,
the synthesis of all the bimetallic NPs synthesised from [Ru(n*-CsHi2)(n%-CsH10)] and [Ni(n*-

CsHi2)2] complexes, conducted at RT, displayed the expected characteristic colour change
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(Figure 1), from yellow to black in some minutes. The colour change observed for the bi-
metallic reactions performed at RT pointed out that the presence of the Ru precursor, with a
faster decomposition rate, triggered the decomposition of the Ni precursor, acting like a
mediator for the formation of the bimetallic NPs. However, the high resolution transmis-
sion electron microscopy (HRTEM) images of these RuNi NPs synthesised at RT showed
that the sample was not homogeneous both in terms of size and composition. Two popula-
tions of NPs of different sizes were observed, of ¢z. 1.3 nm and 5.0 nm. Then, Energy Dis-
persive X-ray (EDX) analyses performed on isolated NPs (Figure 2) evidenced that the lar-
ger NPs were composed of Ni while the smaller ones, of Ru. These results indicate that
using RT did not allow the formation of bimetallic RuNi NPs but, instead, a mixture of
monometallic Ru NPs and Ni NPs. Taking into consideration that the desired materials
should be homogeneous and bimetallic, no further characterisation was performed in this

series, and the procedure, discarded.

Figure 1: Colour change in a typical synthesis of RuNi/PVP NPs at RT; left, before the

hydrogenation reaction, and right, after the reaction.
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Figure 2: (a) High angle annular dark field (HAADF)-scanning transmission electron mi-
croscopy (STEM) image of RuiNi;/PVP NPs synthesised at RT together with the (b) EDX

analysis of the squares 1 (top) and 2 (bottom).

In a previous work from the group, [Ni(n*-CsHi2)2] decomposition was achieved at 70 °C.4¢
To ensure a good decomposition of the Ni precursor, thus, the synthesis reactions of the
bimetallic and monometallic NPs were carried out at a higher temperature, being 85 °C the
chosen. When decomposing the [Ni(n*-CsHiz)2] in the presence of PVP at 85 °C, the typical
change of colour was observed within minutes, indicating the formation of Ni/PVP NPs.
Transmission electron microscopy (TEM) analyses of the sample displayed the presence of
NPs with a 5.6 £ 1.2 nm size and a tripodal shape (Figure 3). A series of RuNi/PVP bi-
metallic NPs of different compositions and the monometallic Ru/NPs were synthesised, as
well, at this temperature. Table 1 summarizes the metal content of each sample, along with

the size of the NPs established from the TEM images (Figures 3 to 8).
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Table 1: Metal content and mean size of RuNi/PVP NPs synthesised at 85 °C.

Ru Ni
NP composition NP Mean
NP content content

(from ICP-OES) size (nm)b

(Vo) (Vo)
Ru/PVP 24.2 - Ru/PVP 1.0+ 0.2
Ni/PVP - 15.5 Ni/PVP 5.6 £ 1.2¢
RusNi; /PVP 17.0 3.7 Ruz7Nij o/PVP 1.5+03
RuNi; /PVP 10.2 5.7 Ruy oNij o/PVP 1.5+03
RuNi;/PVP 7.9 14.6 Ruy oNiz2/PVP 1.2+£0.2
RuNiy/PVP 1.5 17.6 Ruy ¢Nigoo/PVP 14103

AICP-OES analysis. PMean values of NP size determined from TEM images by considering at least 200

particles. “Tripodal shaped NPs.

70 - 56+£12 nm

Sy &

o
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Figure 3: TEM image of the Ni/PVP NPs synthesised at 85 °C (scale bar 100 nm) together

with the respective size histogram.
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Figure 4: TEM image of the RuiNix/PVP NPs synthesised at 85 °C (scale bar 100 nm)

together with the respective size histogram.
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Figure 5: TEM image of the RuiNi;/PVP NPs synthesised at 85 °C (scale bar 100 nm)

together with the respective size histogram.
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Figure 6: TEM image of the RuiNi;/PVP NPs synthesised at 85 °C (scale bar 100 nm)

together with the respective size histogram.
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Figure 7: TEM image of the RusNi;/PVP NPs synthesised at 85 °C (scale bar 100 nm)

together with the respective size histogram.
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Figure 9: TEM images of RuiNiz/PVP NPs (top left, scale bar = 100 nm) and Ni/PVP
NPs (top right, scale bar = 100 nm); HAADF-STEM images of RuiNi;/PVP NPs (bottom

left, scale bar = 50 nm; bottom right scale bar = 10 nm).

In all the samples, the metallic mass percentages in weight were ¢z 20 % and the molar ra-
tios Ru/Ni were in agreement with the ratio of the precursors introduced for the synthesis.
Concerning the sizes, small bimetallic NPs of less than 2 nm were obtained. It is worth men-

tioning that such a small size is observed for all Ru/Ni compositions, including the ones
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displaying high Ni content, RuiNiz/PVP. These results are in contrast with the size of the

monometallic Ni NPs (5.6 * 1.2 nm) synthesised following the same procedure.

The differences in shape and size between the monometallic Ru NPs and the bimetallic
RuNi NPs, related to the monometallic Ni ones, suggest that Ru may play the role of seed
mediator and facilitate the decomposition of the Ni precursor, which could justify that at RT
the Ni precursor decomposed in the presence of Ru. This hypothesis is also supported by
previous observations from the literature stating that Ni** can be reduced by Ru due to a
hydrogen spillover.26?7 This is in line with the decomposition kinetics of [Ni(n*CsHi2)2] and
[Ru(n*-CsHi2) (1°-CsHi0)] under H» as we have observed that the Ru one is the fastest.

HAADF-STEM-EDX analyses on isolated NPs (Figure 10) show that Ru and Ni coexist in
the NPs. The bimetallic NP lattices were analysed from HAADF-STEM images. Planes of
0.277, 0.209 and 0.199 nm were observed that can be attributed to the shorter (100), (002)
and (101) planes of hexagonal close-packed (4¢p) Ru structure. The values observed are in
agreement with the incorporation of a smaller atom into the structure, thus suggesting the

formation of bimetallic RuNi systems.
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Figure 10: () HAADF-STEM images of Ru;Nii/PVP NPs synthesised at 85 °C; (b) EDX

analysis of the isolated NPs in squares 1 (top) and 2 (bottom).

Wide angle X-ray scattering (WAXS) analyses were performed on the series of PVP-
stabilized monometallic and bimetallic NPs for comparison purpose (Figure 11). For the
RuNi systems, the WAXS results exposed a complex structure although in agreement with
the formation of bimetallic NPs. The Ni/PVP spectrum agrees with bulk Ni /e structure.
Correspondingly, for the Ni-rich system, the RuiNix/PVP structure is well dominated by
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the foc of metallic Ni in spite of a loss in crystallinity. At the other side of the composition
range, the situation is different. The Ru/PVP NPs synthesized at RT have the expected hgp
structure,*” which is distorted for the sample synthesised at 85 °C, when compared to
Ru/PVP NPs synthesised at RT.*7 A concrete pattern of this distorted structute can also be
detected, at 0.2-0.5 nm range, for RusNii/PVP and RuiNi;/PVP samples, with decreased
intensity. This is in accordance with a core—shell organisation of the two metals, since for
core—shell systems, the structure prevailed is dominated by the core structure.*$4’ The mod-
erated amplitude of this pattern indicates the dilution by another component much less
structured which cannot be unquestionably assigned. The case of RuiNis/PVP NPs is more
challenging as, from the radial distribution function (RDF), it is more in agreement to a Mn-
B type organization often typical for very small metallic NPs.5->* This sample, showing an
average bond length of 0.262 nm, which is in between Ni and Ru ones, 0.250 and 0.268 nm,
respectively, suggests an alloy; although Mn-§ is not a compact organisation which makes
the exact chemical order difficult to univocally assign. Density functional theory (DFT) cal-
culations on bimetallic RuNi NPs are ongoing in order to obtain complementary answers

about the structure (Chapter 4).
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Figure 11: Diffractograms obtained by WAXS (top) from the top to the bottom of
Ni/PVP, RuiNiz/PVP, RuiNi3/PVP, RuiNii/PVP, Ru;Ni;/PVP, Ru/PVP NPs at 85 °C
and at RT and the reference of Ru hg and Ni fir structures; and related RDFs (bottom).
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Ru/PVP, RuiNii/PVP, Ni/PVP and PVP samples were analysed by ex sizu XPS under ultra-
high vacuum (UHV). The PVP sample was measured as a reference to compare between
samples. In Figure 12 to 15, the fitting peaks for each component are displayed with the
survey and high-resolution scan spectra. For the four samples, the binding energies and the

fitted peaks concentration in atomic percentage are summarised in Table 2.
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Figure 12: a) XPS sutvey spectrum of Ru/PVP NPs; and high-resolution scan spectra of b)
C 1sand Ru 3d, ¢) N 1s, and d) O 1s.
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Table 2: XPS Binding energies and atomic % of C, Ru, O and N elements found for
Ru/PVP, RuiNi;/PVP, Ni/PVP, and PVP NPs.

Ru/PVP RuiNii/PVP Ni/PVP PVP
Binding Binding
Binding Atomic Binding Atomic Atomic
) y ) y energy Atomic % energy y
CﬂCrgy c 0 CﬂCrgy c 0 0
(eV) (eV)
Ru3ds/2 Ru
279.5 0.2 279.7 0.3 - - - -
metal
Ru3ds)»
280.6 0.1 280.6 0.2 - - - -
RuOx
Ru3ds,»
282.6 0.1 282.6 0.2 - - - -
Rusat
Ru3ds/2
283.7 0.1 283.8 0.2 - - - -
Ru metal
Ru3ds/2
284.7 0.1 284.7 0.1 - - - -
RuOx
Cls
284.8 50.5 284.9 46.3 284.9 54.8 284.9 51.8
C-C,C-H
Cls
286.0 11.8 286.0 15.9 286.2 9.1 286.0 10.4
C-N, C-O
Ru3ds/2
286.8 0<0.1 286.8 <0.1 - - - -
Ru sat
Cls
287.3 8.2 287.5 9.8 287.4 5.0 287.4 10.4
C=0
Cls
288.7 33 288.6 2.1 288.8 4.3 288.7 13
O=C-O
N 1s
399.6 7.1 399.6 9.3 399.7 4.2 399.6 9.7
C-N-C=0
O 1s 531.9 18.5 531.1 14.8 532.2 22.5 531.5 16.4
Ni 2ps/2
- - 852.4 0.1 852.3 <0.1 - -
Ni metal
Ni 2ps/2 around
- - around855.1 0.8 <0.1 - -
NiOx/Ni(OH) 855.0

The XPS spectrum of PVP is in accordance with its composition. The XPS spectra of
Ru/PVP, Ni/PVP and RuiNii/PVP (Figures 12 to 14, respectively) are close to the one
obtained for PVP (Figure 15), with supplementary peaks from the corresponding metals.
The intensity of the metallic peaks is low, which makes the fitting difficult, because there is
an excess of PVP in the NP compared to the metallic compounds. However, analysing both
monometallic samples and bimetallic RuiNii/PVP it can be observed that, concerning Ru,
Ru 3ds/2 have minimally higher binding energies in the bimetallic sample, 279.7 eV against
279.5 eV. The Ni 2p3/» band of RuiNii/PVP and Ni/PVP displayed different chemical envi-
ronments. The Ni 2ps;» peak at higher binding energy, . 855 eV, agrees with an
oxi(hydroxi)dation of the top surface. The other Ni 2ps/2 signals at 852.5 eV and 852.3 eV

show the existence of Ni metal, in bimetallic and monometallic environments respectively.

96



Chapter 2: Synthesis and characterisation of metallic nanoparticles

Due to the low intensity of the Ru and Ni signals, corroborate any transfer of charge be-
tween the two metals and its direction is complex. Nevertheless, the variation on binding
energies can be provisionally ascribed to Ru and Ni being in close vicinity in the bimetallic

RuiNii/PVP sample, thus corroborating further the bimetallic nature of the samples.

Attenuated total reflection infrared (ATR-FTIR) measurements were performed for all the
synthesised nanomaterials inside a glovebox under argon; the spectra are displayed in Figure
16. In these spectra, the signals from the stabiliser, PVP, are observed (C-H stretching ca.
3000 cm !, C=0O stretching ca. 1700 cm™ and C-N stretching between 1500 and 1250 cm1),
which confirms that the polymer is stable under the reaction conditions. These results are
supported also by the ones observed in the literature which state that PVP is a stable poly-
mer at least until 200 °C.5 Moreover, if metallic oxides were present on the surface of the
NPs, this would be identified by the C=0O stretching band, which are really sensitive to crys-
tallographic changes or any variation on the metallic surface.’® Carbon monoxide (CO) ad-
sorption is known to give useful information on the NP surface state, being the CO band a
vibrational probe.>” Metallic centres with more electron density are present vCO adsorption
bands of lower energy. By studying CO frequencies, the effect of a ligand on a specific me-
tallic surface85? or, in bimetallic NPs, the chemical order3%445can be determined. For this
purpose, the nanomaterials in the solid state (SS) were exposed to 1 bar of CO at RT (Figure
17). A characteristic CO band was visible at 2010 cm! in samples with high Ru content. For
Ni/PVP, RuiNiz/PVP and RuiNi;/PVP this band was not observed. For these Ni-rich
samples, we hypothesised the formation of [Ni(CO)4] when exposed to CO, but as this spe-
cie is volatile, it can only be observed at low temperature.®® The lack of CO signal for
RuiNi3/PVP and RuiNiz/PVP samples suggests that Ru is not available for the CO adsorp-
tion. This may be explained by the presence of Ni on the NP surface which is in agreement

with the core-shell structure, with Ru located in the core, as ascertained by WAXS analyses.
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Figure 16: ATR-IR spectra of RuNi/PVP NPs in comparison with those of monometallic
Ru and Ni NPs, and that of PVP.
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Figure 17: ATR-IR spectra of RuNi/PVP NPs in comparison with those of monometallic

Ru and Ni NPs after CO exposure (1 bar, RT).

The PVP-stabilized NPs were also characterized by inductively coupled plasma - optical

emission spectroscopy (ICP-OES) in order to determine the content in metals (Table 1).
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From the mean sizes of the NPs determined by TEM and the metallic content from ICP-

OLES, an estimation of the Ni coverage of the NPs surface was made, assuming a spherical

shape for all the NPs.

First, from the size of the NPs determined from TEM images, the volume of the core, the
shell and the entire NP were calculated with equations 1-3, being r, the radius of the NP and
the shell thickness is assumed as the half of the lattice constant, being 0.214 nm for Ru and

0.176 nm for Ni.

4
Vtotalzgn(r)s (1)
4 . 3
Veore™ p n(r—shell thlckness) ©)
Vshcll :Vtotal 'Vcorc (3)

Secondly, the volume of a single unit cell (equation 4) was calculated by using the lattice
parameters, 592 and knowing that in a Agp, 6 atoms and in a fi, 4 atoms are present in the

unit cell.
2
Vunie=(atoms per unit cell) T\/E C “

Following, the unit cells present in the core, the shell and the entire NP were calculated by
dividing the volumes from equations 1, 2 and 3 by the one from equation 4(equations 5, 7
and 9). From the obtained results, the number of atoms present in the entire NP, the core

and the shell could be calculated (equations 6, 8 and 10).

Unit cells,y = % ©)
Atoms i, =(Unit cells,,,) - (Atoms per unit cell) (©)
Unit cells .= Yeore )

Vunie
Atoms..=(Unit cells ) (Atoms per unit cell) (8
Unit cellsg, 1= \\2:1: )
Atomsg,;=(Unit cellsg,q) - (Atoms per unit cell) (10)
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By dividing the results from equations 10 and 6, the estimated percentage of atoms on the
surface was calculated by equation 11.
% surface atoms= —2hdl 1)) (11)
tOMSoa]
Then, from the ICP-OES results, the molar ratio of each metal in a bimetallic NP was de-
termined by dividing the mass percentage from ICP-OES by the molar mass of the element

(equation 12) and rationalising them (equation 13).

Mass percentage

ECmetal (1 2)

Molar massyea]

mols of metal =

molSyetal

molar ratio
E mOISmctals

metal — (1 3)
Once knowing the molar ratio of the two metals in the bimetallic NP, and the total number
of atoms present in the entire NP (equation 6), the number of atoms of each metal could be

calculated (equation 14).

Atoms, .= (Atoms,,; ) (molar ratio, .., (14)

As it is known from the WAXS analysis that the synthesised bimetallic NPs have a core-shell
organisation, with Ru located in the core, the atoms in the core calculated with the equation
8 are all Ru. The rest of Ru atoms are considered to be on the surface. On this basis, the Ni

percentage coverage can be calculated with equation 15.

Estimated atoms of Ni in a NP

% Ni surface coverage =

100 (15)

Estimated surface atoms

Following the series of calculations above, the estimated Ni percentage coverage of the NPs
RusNii/PVP = 43 %, RuiNii/PVP = 77 % and for RuiNi3/PVP a completed shell of Ni is
expected (Table 3). The estimation above is in agreement with the results observed in IR
spectra, with the ones from catalysis discussed in Chapter 3, as well as the ones from DFT

discussed in Chapter 4.

100



Chapter 2: Synthesis and characterisation of metallic nanoparticles

Table 3: Estimation of Ni coverage on RuNi/PVP NPs.

Esti- Esti- Esti- Esti-
Esti- Esti- Esti-
NP compo- mated mated mated mated
mated mated mated
sition Mean size total number number surface
NP atoms atoms atoms
(from ICP- (nm)® atoms of Ru of Ni coverage
on the on the surface
OES)* on the atoms in  atoms in of Ni
core® surface (Yo)<
NPe a NPd a NPd (%o)¢
Ru/PVP Ru/PVP 1.1+02 51 11 40 77 51 0 0
RusNii/ Ruz7Niro/P
15103 130 47 83 63 94 36 =43
PVP VP
RuiNii/ Ru10Niio/P
15103 130 47 83 63 66 64 =77
PVP VP
RuiNiz/ Rui0Nis2/P
1.2+£0.2 82 29 53 65 26 62 =116
PVP VP
RuiNizo/ Rui.0Nizo.0/
1.4£03 131 55 76 58 6 125 >2 shell
PVP PVP

aCP-OES analysis. "Mean values of NP size determined from TEM images by considering at least 200 particles.
€ High Ru loaded NP (Ru/PVP, RusNi;/PVP, and RuiNi;/PVP) were calculated as follows: the number of Ru
atoms in hegp cell (N) is 6. Ru atom radius (Rgy) is 0.214 nm. The volume of Ru cell is 0.0817 nm?3. Rxp represents
the radius of NP. The volume of all Ru atoms on the shell of NP: Vipen = Viotal = Veore = 4/31Rnp3- 4/31 (Ryp-
Rru)3, Viow meaning the volume of one Ru NP, V. presenting the volume of NP excluded the one outer layer
of atoms. The numbers of metal atoms on the shell Ngpei= N*¥Vhe/0.0817. The number of total Ru atoms Nl
= N*Vt/0.0817. The petrcentage of Ru atoms on the sutface of NP = N/ Niow*100 %. High Ni loaded NP
(RuiNi3/PVP and RuiNiz/PVP) were calculated as follows: the number of Ni atoms in fie cell (N) is 4. Ni atom
radius (Ry;) is 0.176 nm. The volume of Ni cell is 0.0438nm3. Rnp represents the radius of NP. The volume of all
Ru atoms on the shell of NP: Vel = Vol — Veore = 4/3nRnp>- 4/31 (Rxop- Rni)3, Viol meaning the volume of
one Ni NP, Ve presenting the volume of NP excluded the one outer layer of atoms. The numbers of Ni atoms
on the shell Niper= N*Vipen/0.0438. The number of total Ni atoms Niow = N*Vioii/0.0438. The percentage of
metal atoms on the surface of NP = Ngpe/ Niowr*100 %.dEstimated total atoms on the NP*metallic content (in

mol). ¢Estimated number of Ni atoms in a NP/Estimated atoms on the surface*100.

As the syntheses of the nanomaterials are performed under H» pressure, adsorption of hy-
drides on the surface of the NPs occurs. These adsorbed hydrides have a role in the stabili-
sation and the growing of the NPs, and after, in catalysis, it can be determined experimen-
tally.3® Following a slightly modified methodology compared to that previously described in
the group,*” as detailed in Chapter 6 and summarised in Scheme 2, the number of hydrides
per surface metal atom was determined on the series of RuNi/PVP NPs, and the corre-
sponding monometallic species. The different H/Musface tatios of the RuNi/PVP are sum-
marised in Table 4. It can be obsetved that all Ru containing NPs have a H/Muface tatio
higher than one, and a volcano shape tendency is observed when correlating this value to

the composition, which is centred at RusNi; /PVP.
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3 bar H, 1) vacuum
PVP 2} norbornene
Ru(n-CH-CeHy)] + Nifn“CgHpp)y] ———m RuNi/PVP + CgH;; — - RuNi/PVP + norbotnane
THEF, 85°C THEF, r.t.

Scheme 2: Method applied for the quantification of surface hydrides on RuNi/PVP NPs.

Table 4: H/Muface ratios of the RuNi/PVP NDPs.

NP H/Murface®
Ru/PVP 1.3+0.2
Ru;Ni; /PVP 1.8 £0.1
Ru;Ni;/PVP 1.6 £0.2
Ru;Ni3/PVP 1.1+04
Ni/PVP 0.9 £ 0.1

*Average H/Msuface ratio obtained from 2 experiments.

Magnetic properties of the materials were measured by superconducting quantum interface
device (SQUID) magnetometry. Figure 18 provides the magnetic hysteresis cycles obtained
for monometallic Ni and bimetallic RuNi NPs, recorded at RT and corrected of the diamag-
netic contribution of PVP. Tripodal shaped Ni/PVP NPs displayed a clear ferromagnetic
behaviour with 32.4 emu-gni! of magnetic saturation (Ms). The Ms observed is low com-
pared to that of a bulk Ni (Ms = 54.4 emu-gni~1).93 As it is known that the Ms of Ni NPs
depends on the NP size,** the size of 5.6 £ 1.2 nm could explain the low value here ob-
served. However, the hypothesis that the loss of magnetism is due to the presence of small
amounts of oxidised Ni at the surface cannot be discarded. RuiNiz/PVP sample, containing
a high Ni amount and sized 1.4 £ 0.3 nm, displays a curve typical of a paramagnetic mate-
rial. RusNi;/PVP, RuiNi;/PVP, and RuiNis/PVP, samples with an elevated Ru content,
display a clear diamagnetic behaviour. Magnetisation is thus drastically decreased even when
adding a small amount of Ru to Ni in our samples. This is in agreement with previous ob-

servations,% and further confirms the incorporation of Ru on the Ni structure.

102



Chapter 2: Synthesis and characterisation of metallic nanoparticles

40

- 304

z

E 4

= 20 4

E

E‘ 4

= 10 4

g

a u e e i i e e e e '..-—.'-.':'-.'-.;:’_:'A’-_"_':-

£ i

2 a0l

]

& ‘ — - =Ru,Ni,/PVP

m -20 - =--Ru,Ni,PVvp

- * Ru,Ni,/PVP
B e Ru,Hi,i'P‘-FP
40 . : , . ;

-20000 0 20000

Magnetic field (Oe)

Figure 18: Magnetic hysteresis cycles of bimetallic and monometallic PVP-stabilised NPs

measured at RT corrected of the diamagnetic contribution of PVP.

As conclusions of this part of Chapter 2, the importance of the reaction temperature for the
successful decomposition of the Ni metallic precursor for the formation of bimetallic
RuNi/PVP NPs was discussed. These synthesised bimetallic NPs were all of less than 2 nm
size, even the ones with a higher Ni amount in their composition, having a core-shell struc-
ture being Ru in the core. The small shifts in XPS analyses and the drastic decrease of mag-
netisation when adding a small amount of Ru to Ni evidenced the presence of both Ru and
Ni close in vicinity, in the same structure, certifying the success on the synthesis of the bi-
metallic RuNi NPs. The objective of this synthetic process was to use these synthesised NPs

as catalysts for hydrogenation reactions of FIF and QN, which is discussed in Chapter 3.
2.3 Synthesis of RuNi/PPh,Py nanoparticles

Ru and Ni are known to be immiscible metals in the bulk.!”.!8 Our first attempt to synthesise
alloyed RuNi using PVDP as stabiliser led to core-shell NPs, as many examples found in the
literature.6-% With the aim to obtain alloyed RuNi NPs, the use of a directing ligand was
considered for the synthetic methodology, in order to place both metals in proximity. The
ligand of choice was the commercially available diphenylphosphinopyridine (PPh,Py), hav-
ing a short distance between the donor ligands present in the molecule and two different
electron-donating atoms: P and N. This strategy has already been described for the synthesis

of heterobimetallic complexes.”-73

103



Chapter 2: Synthesis and characterisation of metallic nanoparticles

Two different methodologies have been explored to synthesise RuNi NPs using PPh,Py as
directing and stabilising ligand. The first method consists in the decomposition of a pre-
formed Ru or Ni complex containing the target phosphine ligand, [Ru(n*CsHiz)(x2-
PPhyPy)(PPhoPy)] or [Ni(n*-CsHi2)(PPh2Py)2], in the presence of [Ni(n*-CsHiz)s] or [Ru(n*-
CsHi2)(n5-CsHuo)], respectively, as the source of the second metal. RuPNi/PPh,Py and
RuNiP/PPh,Py correspond to the nomenclatures used for the bimetallic RuNi NPs synthe-
sised from the PPhyPy-containing Ru and Ni complexes respectively. The second method is
the simultaneous decomposition of [Ru(n*-CsHi2)(n%-CsHio)] and [Ni(n*-CsHiz)2] in the
presence of the phosphine ligand, RuNi/PPhyPy. For comparative purposes, monometallic
Ru and Ni NPs have also been synthesised in the presence of PPh,Py as stabiliser.

[Ru(n*-CsHi2) (#2-PPh,Py) (PPhoPy)] and [Ni(n*-CsHi2)(PPh2Py)2] complexes were first syn-
thesised. [Ru(n*-CsHi2)(#?-PPhoPy)(PPh2Py)] synthetic procedure consisted in the addition
of a slight excess of PPhyPy (2.1 molar equivalents (eq.)) to a pale yellow solution of [Ru(n*
CsHi2)(n%-CsHio)] dissolved in dry acetone under argon (Scheme 3). After six hours of reac-
tion at RT, the pale yellow solution turned brown. The dark brown solid obtained after
evaporation of the solvent was washed three times with pentane and dried under vacuum
(83 % yield). The 3P{'H} NMR spectrum of this Ru complex in THF-4§ showed a high-
tield shifted singlet at 8 -22.5 ppm, which is characteristic of the chelating bidentate »>P,IN
coordination mode of the PhoPPy ligand,’+78 and a singlet at 8 46.8 ppm attributed to a
second PhyoPPy ligand coordinated in a monodentate mode to the Ru centre (Figure 19). The
THNMR spectrum showed characteristic peaks of the coordinated cyclooctadiene, in the
range of 0.5-3.5 ppm,* and a set of multiplets in the range of 6.5-8.5 ppm characteristic of
the aryl rings of the phosphine ligand. Crystals were grown from a saturated solution of
[Ru(n*-CsHi2) (PPh2Py) (x2-PPhyPy)] in diethyl ether (Et2O) but, unfortunately, they were

unsuitable for X-Ray diffraction analysis.

dry acetone
Ru(*CgH)(n*CsHy)] + 2PPhyPy ———— [Ru(n*CgH,p)(¢-PPh,Py)(PPhPy)] + CgHyg
it

Scheme 3: Synthesis of [Ru(n*-CsHi2) (x2-PPh,Py)(PPh2Py)] complex.
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Figure 19: 3P {!H} NMR in THE-48 of [Ru(n*CsHys) (x2-PPhoPy)(PPhsPy)].

The [Ni(n*-CsHi2)(PPhPy)2] complex was synthesised by the addition of a slight excess of
PPhyPy (2.1 molar eq.) to a pale yellow solution of [Ni(n*-CsHi2)7] in dry Et2O under argon,
following a slightly modified procedure described elsewhere (Scheme 4).7 A bright orange
solid precipitated after some seconds of stirring. The suspension was stirred for two addi-
tional hours, the solvent was discarded and the orange solid washed twice with Et.O, and
finally dried under reduced pressure (86 % of yield). The 3P {IH} NMR spectrum of the
[Ni(n* CsHi2)(PPh2Py)2] in THF-4§ displays the expected singlet peak of the coordinated
phosphine in a monodentate mode at 36.7 ppm (Figure 20). Experimental details are given

in Chapter 6.

Etzo
ENI(T]4_C3H12)ZI + 2 PthP}' — [Ni(n“_C’SI_IIZJ(PPhZP},}Q] ® CSHLZ
r.t,

Scheme 4: Synthesis of [Ni(n*-CsH12)(PPhaPy),] complex.
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Figure 20: 3'P {{H} NMR in THF-d8 of [Ni(n*-CsH5)(PPhaPy)s].

Having the [Ru(n*-CsHi2)(#2-PPh;Py)(PPhoPy)] and [Ni(n*CsHiz)(PPh2Py)2] complexes in
hand, two sets of reactions were carried out in order to synthesise bimetallic RuNi NPs.
First, the simultaneous decomposition of [Ru(n*-CsHi2)(#>-PPh,Py)(PPhoPy)] and [Ni(n*-
CsHi2)2] complexes was carried out under 3 bar of H» pressure in THF as solvent (Scheme
5). The reaction of synthesis of RuPNi/PPh,Py was cartied out at 85 °C and using a Ru/Ni

molar ratio = 1 as detailed in Table 4. All the experimental details are given in Chapter 6.

3 bar H,
[Ru(n*-CgH5) («*-PPhoPy)PPh,Py)] + [Ni(n'-CgHyp)y] ——————= RuPNi/PPhyPy+ Cghlyg
THF, 85°C

Scheme 5: Synthesis of RuPNi/PPh,Py NPs from [Ru(n*-CsH5)(x2-PPh,Py)(PPh,Py)] and
Ni(1-CsHiz)a].

Following a similar procedure, RuNiP/PPh,Py NPs were also synthesised by the co-
decomposition of [Ru(n*-CsHi2)(n-CsHig)] and [Ni(n*-CsH12)(PPh2Py)2] complexes under 3
bar of H» pressure in THF as solvent (Scheme 06). The reaction was catried out at 85 °C
using a Ru/Ni molar ratio = 1 as detailed in Table 4. All the experimental details are given in

Chapter 6.

3 bars Hj
Ru(y'-CgHy) (1*-CsHig)] + [Nin*-CgHyp) (PPhyPy),] ———— RuNiP/PPh,Py+ CgHy
THE, 85°C

Scheme 6: Synthesis of RuNiP/PPh,Py NPs from [Ni(n*-CsHi2)(PPh2Py),] and [Ru(n?-
CsHi2)(n%-CsHio)).
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Finally, RuNi/PPh,Py NPs were synthesised by the co-decomposition of [Ru(n*-CsHiz)(n°-
CsHig)] and [Ni(n*-CsHi2)2] complexes under 3 bar of H» pressure in the presence of PPhoPy
ligand (0.2 molar eq.) in THF as solvent (Scheme 7). The reaction was carried out at 85 °C
using a Ru/Ni molar ratio = 1 as detailed in Table 4. All the experimental details are given in
Chapter 0.

3 bar H,
Rufy*-CgH, ) (n*CeH,0] T [Ni(n*-CiH,),] + 02 PPh,Py ———— RuNi/PPh,Py + CgHy,
THF, 85°C
Scheme 7: Synthesis of RuNi/PPh,Py NPs by co-decomposition of [Ru(n*CsH2)(n%-

CgHm)] or [Ni(v]‘*— C3H12)2].

The monometallic Ru/PPh,Py and Ni/PPh,Py NPs were also synthesised using the same
procedure, with the aim of comparison. [Ru(n*CsH12)(n>-CsHig)] or [Ni(n*- CsHiz)2] com-
plexes were decomposed under 3 bar of Ha pressure in the presence of PPhyPy ligand (0.2
molar eq.) in THF as solvent at 85 °C (Scheme 8 and 9). The colour change observed for
these reactions from orange (monometallic Ni) and pale orange (monometallic Ru) to black

can be observed on Figure 21. Experimental details are given in Chapter 0.

3 bar H,
Ru(*CgH,)(%-CgH,)] + 02PPhPy ———— Ru/PPhPy + CgHy,
THF, 85°C

Scheme 8: Synthesis of Ru/PPh,Py NPs from [Ru(n?*-CsHi2)(15-CsHio)].

3 bar H,
Ni(*-CgH,,),] + 0.2PPh,Py ———— Ni/PPh,Py + CgHys
THE, 85°C

Scheme 9: Synthesis of Ni/PPhoPy NPs from [Ni(n* CsHiz)a].

Figure 21: Colour change in a typical synthesis of RuNi/PPh,Py NPs at 85 °C; left, before

the hydrogenation reaction, and right, after the reaction.

Table 5 summarizes the mean size ascertained from TEM images of the synthesised materi-

als containing PPhyPy together with the metallic content obtained by ICP-OES analyses. All
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the synthesised NPs were small (< 2 nm) (Figure 22 to 206), similar to the previous described
RuNi/PVP NPs, which would be suitable for comparison purposes.

Table 5: Metal content and mean size of RuNi/ PPh,Py NPs synthesised at 85 °C.

Ru Ni

NP content  content  content NP composition P/Mtice Mean size

Ve o Ve (from ICP-OES) fatio (nm)b
Ru/PPhyPy 81.8 - 7.3 Ru/PPhyPyo.3 0.4 14102
RuPNi/PPhyPy 19.8 13.4 14.8 RuyoNii 2/ PPhoPyy.q 1.6 1.3+03
Ru;iNij/PPhyPy 51.2 32.7 7.4 Rui o Niy o/ PPhoPyo2 0.5 2106
RuNiP/PPh,Py 19.3 13.0 10.8 Ruy oNip2/PPh,Pyos 1.1 1.1+02
Ni/PPhyPy - 65.8 7.9 Ni/PPh2Pyo.2 0.5 2004

AICP-OES analysis. PMean values of NP size determined from TEM images by considering at least 200 patticles.

The Ru and Ni content determined by ICP-OES are in agreement with the expected com-
position from the introduced materials, Ze. a molar Ru/Ni ratio of 1. In the case of
RuPNi/PPh,Py and RuNiP/PPh,Py, the total metal content was low, as more phosphine
was present in the reaction media (1 eq. per metal). In contrast, with the other synthesis
method, the total metal content was higher, as a ratio ligand/metal of 0.2 was used, having
five times less of ligand eq. than when using the first synthesis method. The P content pet-
centages obtained experimentally by ICP-OES are also in agreement with the expected from
the materials introduced in the synthesis. The ratios P/Mgusace (Table 5) were in the range of
0.4 to 1.6.

bl

Figue 22: TEM image of Ru/PPh,Py NPs (scale bar 50 nm) together with the respective

size histogram.
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Flgure 23: TEM image of RuPNi/PPh,Py NPs (scale bar 50 nm) synthesised from [Ru(n*-

CsHi2) (PPhaPy),] together with the respective size histogram.
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Figure 24 TEM image of RuNi/PPh,Py NPs (scale bar 50 nm) together with the respective

size histogram.
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Figure 25: TEM image of RuNiP/PPhoPy NPs (scale bar 50 nm) synthesised from [Ni(n?*-
CgHi2) (PPh2Py);) together with the respective size histogram.
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Figure 26: TEM image of Ni/PPh,Py NPs (scale bar 200 nm) together with the respective

size histogram.

WAXS analyses, performed for Ru/PPhoPy, RuNi/PPh,Py and Ni/PPh,Py, (Figure 27)
exposed a complex situation although in concordance with the formation of bimetallic NPs.
As with PVP, the presence of two or more phases (Ru and/or Ni and PPh,Py), complicates
the extraction of structural information being the crystallinity low. However, there were
some evidences like specific patterns, particularly in real space, and important changes in the
metallic bond-length. The Ru/PPhyPy sample (Figure 27 (a), top) is in agreement with bulk
Ru /ep. Ni/PPhoPy NPs (Figure 27 (a), bottom) fits with a Ni fze structure, although it shates
characteristics of a Mn-f organisation. For instance, in the RDF (Figure 27 (b)), a typical
peak for fo systems at 0.38 nm is not observed but the size of the NPs is closer what is ex-
pected for a fie structure. This result points to a mixture between fiv and Mn-3 organisations.
In the case of RuNi/PPhyPy, a different situation, much more complex, occurs. Regarding
at different radius of the NP (Figure 27 (b)), the bimetallic RuNi/PPh,Py nanomaterial re-
sembles the metallic Ru. This result is in agreement to a core-shell structure, as for this kind
of organisation, the RDF is always dominated by the structure of the core.*% However, a
loss of compact structure is also observed resembling a little to a Mn-f structure. This may
correspond to an intermediate structure such as an alloy, even if the distances should be
shorter. But, as the structure is distorted, WAXS analysis does not allow by itself to discard
neither this possibility nor the production of a mixture of monometallic NPs. As the dis-
tances are too short to consider it like an alloy, we consider the structure of the bimetallic

RuNi/PPh,Py NPs as core-shell.
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Figure 27: (a) Diffractograms of Ru/PPh,Py, RuNi/PPh,Py, Ni/PPh,Py NPs and the Ru
hep references and (b) the related RDFs.

Following the calculation equations presented above for RuNi/PVP NPs (equations 1 to 15)
and considering all bimetallic PPh,Py NPs having a core-shell structure, the estimated Ni
percentage coverage for the NPs stabilised with the phosphine ligand are as follows:
RuPNi/PPh,Py = 76 %, RuNi/PPh,Py a completed shell of Ni is expected and
RuNiP/PPh,Py = 72 %. All the results for these materials are presented in Table 6.
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Table 6: Estimation of Ni coverage on RuNi/PPh,Py NPs.

Esti- Esti- Esti- Esti-
Esti- Esti- Esti-
NP composi- mated mated mated mated
mated mated mated
tion Mean size total number number surface
NP atoms atoms atoms
(from ICP- (nm)b atoms of Ru of Ni coverage
on the on the surface
OES)» on the atoms in atoms in of Ni
core¢ surfacec (Yo)e
NPe a NPd a NPd (Yo)e
Ru/PPh2Py Ru/PPh2Py 14102 105 35 70 67 105 0 0
RuPNi/PPh  RuioNii2/PP
13103 84 25 59 70 39 45 =76
Py haoPy
Rul_()Nil.O/PP
RuNi/PPh2Py 21106 356 180 176 49 170 186 =106
hoPy
RuNiP/PPh2  RuioNii2/PP
11102 51 12 39 76 23 28 =72
Py hoPy
Ni/PPhzPy Ni/PPhzPy 20104 383 214 169 44 0 383 =227

AICP-OES analysis. PMean values of NP size determined from TEM images by considering at least 200 particles. ¢ High Ru
loaded NP (Ru/PPhzPy, RuPNi/PPh,Py, RuNi/PPh,Py and RuNiP/PPh,Py) wete calculated as follows: the number of Ru
atoms in /¢p cell (N) is 6. Ru atom radius (Rry) is 0.214 nm. The volume of Ru cell is 0.0817 nm?. Rxp represents the radius of
NP. The volume of all Ru atoms on the shell of NP: Vit = Vil — Veore = 4/37Rxp>- 4/3n (Rap- Rru), View meaning the
volume of one Ru NP, Veore presenting the volume of NP excluded the one outer layer of atoms. The numbers of metal atoms
on the shell Nupar= N*Vihen/0.0817. The number of total Ru atoms Niw = N*View/0.0817. The percentage of Ru atoms on
the surface of NP = Nihet/ Neow*100 %. Ni/PPhoPy was calculated as follows: the number of Ni atoms in for cell (N) is 4. Ni
atom radius (Rxi) is 0.176 nm. The volume of Ni cell is 0.0438 nm?3. Rxp represents the radius of NP. The volume of all Ru
atoms on the shell of NP: Vit = Viou — Veore = 4/3nRxp’- 4/31 (Rup- Rxi)?, Viou meaning the volume of one Ni NP, Veore
presenting the volume of NP excluded the one outer layer of atoms. The numbers of Ni atoms on the shell Nawear=
N*Vhen/0.0438. The number of total Ni atoms Nioul = N*Viow/0.0438. The percentage of metal atoms on the surface of NP =
Nihell/ Niow*100 %. dEstimated total atoms on the NP*metallic content (in mol). ‘Estimated number of Ni atoms in a

NP/Estimated atoms on the surface*100.

ATR-FTIR analyses were recorded in a glovebox for all the synthesised NPs. The spectra
are depicted in Figure 28 and 29 including PPhyPy ligand and the synthesised complexes
[Ru(y*-CsHy) (-PPhsPy) (PPh:Py)] INi(r-CsH o) (PPaPy)).  [Ru(r-CsHio) e
PPhyPy)(PPh2Py)] complex contains one PPhaPy coordinated in a bidentate mode, through
the P and the N atoms, which differs from the [Ni(n*CgH12)(PPhoPy)s] complex. This dif-

and

ference may be observed at the P-C=N absorption band (800 cm) appearing only in the Ru
complex. Ru/PPh,Py and Ni/PPh,Py NPs have similar spectra, mainly showing characteris-
tic absorption bands of the PPhyPy ligand, such as C=C and/or C=N stretching ez 1500
cml, C-N stretching cz. 1000 cm! and the =C-H bending ¢z 700 cm-!. In comparison, for
bimetallic systems, besides the absorption bands of the ligand, some intense new bands at
1250 and 800 cm-! are obsetrved, which have been attributed to P=0O and P-C=N vibrations,
evidencing some oxidation of the phosphine. Concerning the band at 800 cml,
RuNiP/PPh,Py, with a smaller intensity, RuPNi/PPhoPy and RuNi/PPh;Py have the P-
C=N vibration band already observed in the [Ru(n*-CsHi2)(#>-PPh,Py)(PPhoPy)] complex,

suggesting that some phosphine is coordinated in a bidentate mode in the bimetallic NPs.
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Figure 28: ATR-IR spectra of the monometallic Ru/PPh;Py and Ni/PPh,Py NPs, the bi-
metallic RuNi/PPhsPy NPs, the [Ru(n*-CsH ) (2-PPh,Py)(PPh,Py)] and [Ni(n-
CsH12) (PPh2Py);] complexes, and PPhyPy ligand.
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Figure 29: Enlarged ATR-IR spectra of the monometallic Ru/PPh,Py and Ni/PPh,Py NPs,

the bimetallic RuNi/PPh,Py NPs, the [Ru(n*-CsHiz) (x2-PPh2Py) (PPh,Py)] and [Ni(n?-
CsHi12) (PPh2Py);] complexes, and PPhyPy ligand.
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In order to shed some light on the coordination mode of the ligand onto the metallic surface
of the NPs, 'H, 13C and 3'P SS NMR spectra were recorded (Figures 30 and 31 respectively).
Large peaks were obtained on all the spectra evidencing that the T1 relaxation times were
very short. This observation, together with a shift of the peaks to higher frequencies, could
be attributed to the Knight shift effect. This is a paramagnetic effect that results from the
presence of single electrons, in the case of paramagnetic complexes, or the presence of con-
duction electrons, in the case of NPs of size larger than 2 nm.?0 The presence of paramag-
netic complexes adsorbed on the NP surface could explain the observation of large peaks, as

Knight shift effects are usually observed in large NPs, which is not the case here.

Ni/PPh-Py N
M

RuNi/PPh:Py from RuP

RuNi/PPh:Py from NiP

Ru/PPhzPy

[Ni(COD)(PPh:Py):]

[Ru(COD)(PPh2Py):] A

28 24 20 16 12 8 4 0 -4 8 -12
ppm

-iG ‘ -iO ‘ -i4 -2

Figure 30: 'H SSNMR of the monometallic and bimetallic RuNi/PPh,Py NPs together with
[Ru(n*-CsHi2) (#2-PPh2Py) (PPh,Py)] and [Ni(n*-CsHiz) (PPh2Py);| complexes.

114



Chapter 2: Synthesis and characterisation of metallic nanoparticles

Ni/PPh:zPy

RuNi/PPhzPy 153

T

RuNi/PPhzPy from RuP

al

RuNi/PPh:Py from NiP

Ru/PPhzPy

120 80 40 0 -40 -80
ppm.

400 360 320 280 240 200 160 -120 -160

Figure 31: 13C SSNMR of the monometallic and bimetallic RuNi/PPh,Py NPs.

The peaks, observed in the 1H NMR, are consistent with the signals expected from the pro-
tons of the aromatic rings of the phosphine ligand, centred at 7 ppm. The same scenario is
revealed in the ¥C NMR of the compounds, as a broad signal centred at about 124 ppm is
obtained for all materials. The 3P SS NMR show as well large paramagnetic peaks at high
frequencies in all materials, nevertheless, a sharper peak, can be elucidated in between 30 to
70 ppm in all the prepared NPs, which are attributed to the phosphine ligand coordinated

onto the metallic surface.81:82

Figure 32 displays the 3P SS NMR of [Ru(n*CgHiz)(#2-PPh,Py)(PPhoPy)] and [Ni(n*
CsHi2)(PPhoPy)s]. Two singlets at 50.0 and -27.0 ppm were observed for [Ru(n*-CsHi2) (x2-
PPhyPy)(PPh2Py)], in line with the 3P NMR recorded in solution. Similarly, the 3P SSNMR
[Ni(n*-CsH12)(PPh2Py)2] corresponds well to the one recorded in solution, displaying a
singlet at 34.9 ppm. Ru/PPhoPy and Ni/PPhyPy showed a broad signal at 67.2 and 26.5
ppm, respectively. No peak was observed at higher fields, indicating a monodentate coordi-
nation of the phosphine ligand. Figure 33 displays the 3'P SS NMR of the bimetallic materi-
als, RuPNi/PPh,Py, RuNiP/PPh,Py, and RuNi/PPh,Py, together with the ones of the
monometallic species, Ru/PPh,Py and Ni/PPh,Py. In the three bimetallic systems two
peaks were observed: RuPNi/PPh,Py displays a peak centred at 62.5 ppm, with a shoulder
at 26.6 ppm; RuNiP/PPhyPy a peak at 58.8 ppm with a shoulder at 25.9 ppm; and
RuNi/PPhyPy a peak at 69.5 ppm with a shoulder at 26.3 ppm. These peaks appear in simi-
lar chemical shifts than the ones observed for the monometallic NPs, thus indicating that

the phosphine present in the bimetallic materials is both coordinated to Ru and Ni atoms.
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These observations are in agreement with a bimetallic system in which both metals are pre-
sent at the surface, or a mixture of monometallic NPs, being the later discarded as WAXS

analyses show that the systems are bimetallic.

Ni/PPhzPy

Ru/PPhzPy

[Ni(COD)(PPh2Py)2]
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Figure 32: 3'P SSNMR spectra of the monometallic NPs together with those of [Ru(n*
C8H12) (MZ-PPhZPy)(PPhZPy)] and mi(n4—CgH1z) (PthPy)z] complexes.
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Figure 33: 3'P SSNMR spectra of the monometallic and bimetallic RuNi/PPh,Py NPs.

Magnetic properties of the nanomaterials were analysed by SQUID magnetometry. Figure
34 provides the hysteresis cycles recorded for the bimetallic RuNi and monometallic Ni
NPs. These curves were measured at RT and corrected of the diamagnetic contribution of

PPh,Py. Ni/PPh,Py NP manifested a typical ferromagnetic behaviour with 32.6 emu-gxi! of
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Ms, which is very similar to the one observed for Ni/PVP, 32.4 emu-gni!. And similarly,
size effect or the presence of small amounts of oxide in the surface could explain that the
Ms observed is low compated to bulk Ni (Ms = 54.4 emu-gni~1).93 The presence of PPh,Py
has a limited effect on the magnetisation of Ni NPs compared to PVP, even if a lower mag-
netisation should be observed due to the presence of a more donor ligand on the surface.*
RuNi/PPh;Py and RuNiP/PPh,Py NPs, they present similar curves typical of paramagnetic
materials, pointing to a similar structure. This is in contrast to RuiNii/PVP which was
cleatly diamagnetic. RuPNi/PPh,Py sample with 19.8 % of Ru content, displays also a clear
diamagnetic behaviour. These observations show that Ni is incorporated to the Ru structure
as magnetisation is rapidly decreased when adding a small amount of Ru on a Ni sample,®6¢
behaviour observed in all bimetallic systems. It can also be concluded that RuNi/PPh,Py

and RuNiP/PPh,PyNPs are structurally close.
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Figure 34: Magnetic hysteresis cycles of bimetallic and monometallic PPhoPy-stabilised NPs

measured at RT.

To conclude this section of Chapter 2, [Ru(n*CsHi2)(*>-PPh,Py)(PPhoPy)] and [Ni(n*-
CsHi2)(PPhoPy)2] complexes were successfully synthesised. Bimetallic NPs were successfully
synthesised from these precursors, as well as from a mixture of [Ni(n*CgHi2)2] and [Ru(n*
CsHi2)(n%-CsHio)] using PPhyPy as a stabiliser. All the synthesised monometallic and bi-
metallic NPs were below 2 nm of size. The bimetallic NPs have a core-shell structure being
Ru in the core, even if the alloy organisation could be a possibility, as ascertained by WAXS.
Future studies with more specific techniques such as EXAFS would be of interest to be able

to discard or not the alloy structure. Moreover, WAXS analyses of RuPNi/PPh,Py and

117



Chapter 2: Synthesis and characterisation of metallic nanoparticles

RuNiP/PPh;Py would also be of interest to corroborate their structure. SSNMR spectra
were recorded being able to observe that, in the bimetallic NPs, the phosphine is coordi-
nated to both Ru and Ni atoms. The drastic decrease of magnetisation when adding a small
amount of Ru to Ni evidenced the presence of both Ru and Ni close in vicinity, which fur-
ther supports the bimetallic nature of the RuNi NPs, as suggested by WAXS measures.
More analyses are needed to fully understand the structure of the RuNi/PPh,Py.

2.4 Synthesis of RuNi/AdCOOH nanoparticles

1-Adamantanecarboxylic acid (AdCOOH) has a rigid and thermodynamically stable struc-
ture.83-87 It has recently been described as an efficient and robust stabiliser for Ru NPs, due
to the strong coordination onto the Ru surface of the ligand through its carboxylate form.>
In order to identify if this carboxylic acid compound is a suitable stabiliser for RuNi bimetal-

lic systems, and its effect on the structure of the NPs, RuNi/AdCOOH have been prepared.

In order to obtain the targeted RuNi/AdCOOH NPs, [Ru(n*-CsH12)(n5-CsHig)] and [Ni(n?*-
CsHi2)2] complexes were decomposed under 3 bar of Ha pressure in the presence of Ad-
COOH (0.2 molar eq.) in THF (Scheme 10). The reaction was catried out at 85°C, using a
Ru/Ni ratio equal to 1 as detailed in Table 6. Monometallic Ni/AdCOOH NPs were also
synthesised using the same procedure with the aim of comparison. Concerning the
Ru/AdCOOH NPs, the synthesis was not performed and data for comparison are taken

from reference.” All the experimental details are given in Chapter 6.

3 bar Hy
Ruty-CH)(-CeHlyg] + [Niy-CgHyglg) + AdCOOH ————3= RuNi/AdCOOH + CgHyg
THEF, 85°C

Scheme 10: Synthesis of RuNi/AdCOOH NPs.

The reaction mixture displayed the expected characteristic colour change (from yellow to
black) after a few minutes under H pressure, evidencing the formation of the metallic NPs
by the decomposition of the precursors and resulting to a black colloidal suspension (Figure
35). For the monometallic Ni/AdCOOH, the typical colour change indicating the decompo-
sition of [Ni(n*-CsHi2)2] was observed as soon as the Fisher Porter (FP) bottle was plunged
in the oil bath at 85 °C. In addition for the monometallic Ni NPs, at the end of the reaction,
no homogeneous colloidal suspension was obtained but instead a colourless solution with a
magnetic black material deposited onto the stirring bar were observed (Figure 306). This re-
sult seems to indicate a poor stabilisation of the NPs with the AACOOH ligand, in contrast
with the results obtained with the PVP polymer and PPhyPy, and the RuNi/AdCOOH NPs

which a black suspension was observed.
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Figure 35: Colour change observed in a typical synthesis of RuNi/AdCOOH NPs at 85 °C;

left, before the hydrogenation reaction, and right, after the reaction.

Figure 36: Reaction mixture obtained after the synthesis of Ni/AdCOOH NPs at 85 °C.

Table 7: Metal contents and mean sizes of the monometallic Ru/AdCOOH, Ni/AdCOOH
and the bimetallic RuNi/AdCOOH NPs.

Ru Ni
NP composition Mean size
NP content content
(from ICP-OES) (nm)b
(Vo) (Vo)
Ru/AdCOOH:« 77.9 - Ru/AdCOOH 1.5+ 0.6
Ru;Ni;/AdCOOH 36,0 229 Rui oNiy.1/AdCOOH 1.8+0.3
Ni/AdCOOH - 76,9 Ni/AdCOOH 15102

AICP-OES analysis. PMean values of NP size determined from TEM images by considering at least 200

particles. “Values extracted from reference®.

Table 7 summarizes the mean sizes of the synthesised materials RuNi/AdCOOH and
Ni/AdCOOH ascertained from TEM images together with the metallic contents obtained
by ICP-OES analyses. All the synthesised NPs were small (< 2 nm) (Figure 37 and 38), even
if, in the case of the monometallic Ni (1.5 £ 0.2 nm), the sample presented a broad disper-
sion. This broad dispersion would be attributed to the presence of some agglomeration
(Figure 37) as, as mentioned above, the AACOOH seems to poorly stabilise the Ni NPs
compated to PVP and PPh,Py. Furthermore, RuNi/AdCOOH (1.8 £ 0.3 nm) displays a
size in line with the RuNi/PPh,Py and RuNi/PVP samples.
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The Ru and Ni content ascertained by ICP-OES were in agreement with the expected com-

position from the introduced matetials, ze. a molar Ru/Ni ratio of 1.

18+03nm

.Nunbtrofmmpul:ﬂolu
H
“\“‘N

Diameter of the nanopartides {nm)
Figure 37: TEM image of RuNl/ AdCOOH NPs (scale bar 200 nm) together with the re-

spective size histogram.
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Figure 38: TEM image of N1/ AdCOOH NPs (scale bar 200 nm) together with the respec-

tive size histogram.

For a matter of time and priorities, no further characterisation analyses were performed on
the AACOOH NPs systems. Further characterisation will include IR, SSNMR, XPS, mag-

netic measurements, and WAXS.
2.5 Synthesis of RuCu/PVP nanoparticles

Ru, having a A structure, and Cu, having a fir structure, are not miscible in the bulk state or
even in the liquid phase.!®? Since then, a lot of efforts have been made to overcome this
miscibility barrier, both experimentally and computationally, aiming a Ru-Cu alloy.88-92
RuCu/PVP NPs has already been synthesised in the past by using several methodologies,
obtaining usually large NPs.32-34 Taking into consideration previous results and comparing it

with the previous synthesised RuNi/PVP NPs, a core-shell structure is expected.
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Cu/PVP NPs may be obtained from the reduction of [Cu(CoH11)] in the presence of PVP in
glycerol at 120 °C.”3 It was also reported the decomposition of the [Cu(CoHir)] in the pres-
ence of hexadecylamine (HDA), to form Cu/HDA NPs at 80 °C in THF.%* Considering
these previous works, a temperature of 100 °C was chosen for the synthesis of the series of

RuCu NPs along with their corresponding monometallic counterparts.

In order to obtain the bimetallic RuCu/PVP NPs, [Ru(n*-CsHi2)(n6-CsHig)] and [Cu(CoHi1)]
complexes were decomposed under 3 bar of Ha pressure in the presence of PVP using 30 %
weight of metals with respect to the polymer, and THF as solvent (Scheme 11). The reaction
was carried out at 100 °C, using several Ru/Cu ratios (Table 8). Monometallic Ru/PVP and
Cu/PVP NPs were also synthesised using the same procedure with the aim of comparison.

All the experimental details are given in Chapter 0.

3 bar H,
PVP
Ru(*CgH,)(CgH,p)] + [Cu(CoH )] ———— RuCu/PVP + CgHyg + CoHyy
THE, 100°C

Scheme 11: Synthesis of RuCu/PVP NPs.

During the synthesis of bimetallic RuCu/PVP NPs the characteristic colour change from
light brown/orange to black after a few minutes under Hy pressure and heating at 100 °C
(Figure 39) was observed. In contrast, monometallic Cu NPs displayed a dark red colour

(Figure 40).

i
Figure 39: Colour change obsetved in a typical synthesis of RuCu/PVP NPs at 100 °C; left,

before the hydrogenation reaction, and right, after the reaction.

Figure 40: Colloidal suspension obtained of the as-synthesised Cu/PVP NPs at 100 °C.
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Table 8 summarizes the metal content of each synthesised material, as well as the size of the

NPs established analysing the TEM images (Figures 41 to 46).

Table 8: Metal contents and mean sizes of monometallic Ru/PVP, Cu/PVP and bimetallic
RuCu/PVP NPs synthesised at 100 °C.

Ru Cu

NP composition Mean size
NP content content
(from ICP-OES) (nm)b

o o
Ru/PVP 22.2 - Ru/PVP 1.6%+03
RuyCuy/PVP 15.9 5.6 Ruy8Cuo/PVP 12£03
RuiCuy/PVP 18.6 14.1 Ruy0Cui2/PVP 1.0+02
RuiCuy/PVP 13.7 15.9 Ruy0Cuys/PVP 1.0+ 0.1
RuiCuz/PVP 1.7 20.2 Ru10Cuig9/PVP 12102
Cu/PVP - 19.8 Cu/PVP 49+ 1.0

AICP-OES analysis. PMean values of NP size determined from TEM images by considering at least 200

particles.

TEM images of the monometallic Cu sample displayed the presence of NPs of 4.9 £ 1.0 nm
size as well as a small population of smaller NPs (1.3 £ 1.0 nm) (Figure 41). Moreover, some
of the large NPs observed seem to be hollowed as can be observed in literature for Cu,O
NPs.959% Several methodologies are known for the formation of hollow NPs which, contain-
ing catalytic species in the cavity, are of great interest in catalysis.”” These two populations
may cotrespond to the formation of the small Cu/PVP NPs and the big hollow Cu,O/PVP
NPs. Looking at the Ru/PVP (1.6 * 0.3 nm), it is interesting to observe that, in comparison
with the Ru/PVP synthesised at 85 °C for the RuNi/PVP series (1.0 + 0.2 nm), at 100 °C,
the Ru/PVP NPs are larger. Other monometallic NPs, such as CuH% and ZnO?% NPs, have
also been described as having a dependency on the synthesis temperature for the NPs size.
Concerning the bimetallic RuCu/NPs, in all cases small NPs of about 1 nm are obtained:
RuCui/PVP, 1.2 + 0.3 nm; RuiCu;/PVP, 1.0 £ 0.2 nm; RuiCuz/PVP, 1.0 + 0.1 nm; and
RuiCux/PVP, 1.2 + 0.2 nm. It is worth mentioning that the small size is observed for all
compositions, including the ones displaying high Cu content, RuiCuz/PVP, which is in
contrast with the size of the monometallic hollow Cu NPs (4.9 = 1.0 nm) synthesised fol-
lowing the same procedure. This could point out, as in the case of RuNi/PVP NPs, to the
role of Ru species as seed mediator for the synthesis of RuCu NPs. Furthermore, all these
values ate very small compared to the RuCu/PVP NPs obsetved in literature.’>3* This size
difference may come from the different methodology used as the precursors and the syn-

thetic methods are different.

Most of the synthesised materials displayed a total metal content in weight ca. 20 %, with the

exception of RujCui/PVP and RuiCuz/PVP which present a higher value. In all cases, the
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molar ratios Ru/Cu were close to the ones expected theoretically from the introduced mate-

rials at the beginning of the synthesis.
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Figure 41: TEM image of Cu/PVP NPs (scale bar 100 nm) together with the respective size

histogram.
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Flgure 42: TEM image of Ru1Cuzo/ PVP NPs (scale bar 200 nm) together with the respec-

tive size histogram.
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Flgure 43: TEM i 1mage of RuiCuz/PVP NPs (scale bar 100 nm) together with the respec-

tive size histogram.

123



Chapter 2: Synthesis and characterisation of metallic nanoparticles
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Figure 44: TEM image of RuiCui/PVP NPs (scale bar 50 nm) together with the respective

12

size histogram.

Figure 45: TEM image of RuCui/PVP NPs (scale bar 100 nm) together with the respec-

tive size histogram.
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Figure 46: TEM image of Ru/PVP NPs (scale bar 50 nm) together with the respective size

histogram.

HAADF-STEM-EDX analyses on isolated NPs of RuiCu;/PVP material synthesised at 100
°C were performed (Figure 47). The results show that Ru and Cu coexist in the same NP.
Nevertheless, the amounts of both metals determined by EDX analyses show that the NPs

are mainly composed by Ru, which is not consistent with the composition determined by

ICP-OES analyses (Figure 47 (b)).
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Figure 47 (a) HAADF-STEM images of RuiCu;/PVP NPs synthesised at 100 °C together

with the (b) EDX analysis of the isolated NPs in squares 1 (top), 2 (bottom left) and 3 (bot-

tom right).

In contrast, the EDX analyses of larger areas of RuiCui/PVP material indicated a Ru/Cu

ratio close to 1 (Figure 48), which is the expected value for this sample. These different re-

sults obtained depending on probing isolated NPs or an ensemble of NPs could indicate

that a significant part of the copper is not incorporated into the NPs, but is present under

the form of very small clusters or isolated atoms. This hypothesis was confirmed by a line

scan EDX analyses (Figure 49), where Ru was detected only in the NPs (red line), while Cu

was observed over all the EDX scan line (blue line), including on the Ru rich zones.
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Figure 48: (2) HAADF-STEM image of RuiCui/PVP synthesised at 100 °C together with
the (b) EDX analysis of two regions 1 (top) and 2 (bottom).
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Figure 49: HAADF-STEM image of RuiCui/PVP synthesised at 100 °C (top) together
with a linear EDX analysis (bottom).

WAXS analyses are in agreement with the formation of bimetallic NPs. The data recorded

for Cu/PVP (Figure 50) agree with a pure CuzO structure where the Cu atoms arrange in a
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fee sublattice and the O atoms in a body-centred cubic (bz) sublattice. The Ru/PVP NPs
synthesized at 100 °C have the expected hgp structure,” even if it is distorted as previously
ascertained in Ru/PVP synthesised at 85 °C, see section 2.2. A concrete pattern of such a
distorted A¢p structure was also detected, at 0.2—0.5 nm range, for the three bimetallic NPs
analysed (RuxCui/PVP, RuiCui/PVP and RuiCuz/PVP), with decreased amplitude. This is
in accordance with a core—shell organisation of the two metals since for core—shell systems,
the prevailed structure is dominated by the core.*4 The moderated intensity of this pattern
could indicate a disordered structure, caused by the presence of more than one phase. So, in
the series of RuCu bimetallic NPs, the structure observed would be a Ru core and a shell
where CuzO is present. In all cases, Cu was not observed on the surface but Cu,O, meaning
that the samples the surfaces were oxidised. For monometallic Cu, this presence of CuO

would be in agreement with the observation on TEM analyses of hollow Cu20 NPs.
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Figure 50: Diffractograms with, from the top to the bottom, the monometallic Ru NPs, the
bimetallic RuCu/PVP NPs and the monometallic Cu NPs synthesised at 100 °C (top); and
the related RDFs (bottom).
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Following the calculations presented in section 2.2 for RuNi/PVP NPs (equations 1 to 15),
the estimated Cu percentage coverage for the NPs stabilised with the PVP ligand are as
follows, RuzCui/PVP = 49 %, RuiCui/PVP = 68 % and RuiCuz/PVP = 77 %. All the

results for these materials are presented in Table 9.

Table 9: Estimation of Cu coverage on the monometallic Ru/PVP and Cu/PVP NPs, and
the bimetallic RuCu/PVP NPs.

Estimated  Estimated  Estimated

NP composi- Estimated Estimated ~ Estimated
Mean Estimated number number surface
tion total atoms on atoms
NP size atoms on of Ru of Cu coverage
(from ICP- atoms on the surface
(nm)b the corec atoms in atoms in of Cu
OES)2 the NP surfacee (Yo)e
a NP¢ a NPd (Yo)e
Ru/PVP Ru/PVP 1.6+0.3 157 62 95 61 157 0 0
RuzCui/PVP RuisCuio/PVP 12£03 66 17 49 74 42 24 =49
RuiCui/PVP RuioCui2/PVP 1.0£0.2 38 7 31 82 17 21 =068
RuiCuz/PVP RuioCuis/PVP 1.0 0.1 38 7 31 82 14 24 =77
Cu/PVP Cu/PVP 49+£1.0 5217 4145 1072 21 0 5217 =487

aICP-OES analysis. PMean values of NP size determined from TEM images by considering at least 200 particles. © High Ru loaded NP (Ru/PVP,
Ru2Cui/PVP, RuiCui/PVP and RuiCuz/PVP) were calculated as follows: the number of Ru atoms in /g cell (N) is 6. Ru atom radius (Rru) is
0.214 nm. The volume of Ru cell is 0.0817 nm?>. Rxp represents the radius of NP. The volume of all Ru atoms on the shell of NP: Vihel = Viora —
Veore = 4/3nRxp3- 4/31 (Rnp- Rru)3, Vio meaning the volume of one Ru NP, Veore presenting the volume of NP excluded the one outer layer of
atoms. The numbers of metal atoms on the shell Nshen= N*Vihe/0.0817. The number of total Ru atoms Niou = N*Viou1/0.0817. The percentage
of Ru atoms on the surface of NP = Nihell/ Niow*100 %. Cu/PVP was calculated as follows: the number of Cu atoms in fi¢ cell (N) is 4. Cu atom
radius (Rcu) is 0.181 nm. The volume of Cu cell is 0.0472 nm3. Rxp represents the radius of NP. The volume of all Ru atoms on the shell of NP:
Vel = Vioul = Veore = 4/3nRxp3- 4/31 (Rnp- Rew)3, View meaning the volume of one Cu NP, Veore presenting the volume of NP excluded the
one outer layer of atoms. The numbers of Cu atoms on the shell Nihet= N*¥Vhet/0.0472. The number of total Cu atoms Niow = N*Viora/0.0472.
The percentage of metal atoms on the surface of NP = Niheti/ Niow*100 %. dEstimated total atoms on the NP*metallic content (in mol). <Esti-

mated number of Cu atoms in a2 NP/Estimated atoms on the surface*100.

Magnetic properties of Cu/PVP and Ru;Cui/PVP NPs were measured by SQUID magne-
tometry. Figure 51 provides the curves recorded at RT and corrected of the diamagnetic
contribution of PVP. Cu/PVP NPs manifested a typical ferromagnetic behaviour with 11.1
emu-gcy! of Ms. The Ms observed is higher compared to C coated Cu NPs (Ms = 0.2-1.5
emu-gc, )10 It is known that the Ms of Cu NP depends on its size,!% which could explain
the low value compared to the results on the C coated Cu NPs mentioned. It is also known
that in bulk Co-Cu systems, at a 0 K temperature, the Ms decreases until 0 with the increas-
ing Cu content, approaching Ms=0 emu-gc,! at ca. 90 % of Cu.'! In comparison to the 5
nm Cuz/C NPs from literature,! the Ms of the 5 nm Cu/PVP NPs synthesised here is 7.4
times higher. The Ru;Cui/PVP sample displays a clear diamagnetic behaviour evidencing
that the magnetisation is rapidly decreased when adding a small amount of Ru on the sam-
ples. This was also observed in the synthesised RuNi/PVP NPs discussed in section 2.2,
RuNi/PPh,Py NPs discussed in section 2.3 and other Ru and Ni bimetallic systems.65.66
Cu20 is known to have similar paramagnetism and diamagnetism contributions on its be-
haviour, resulting to a Ms near zero (0.3*10¢ emu-gc,1).102103 Being Cu* and O? diamag-

netic species, the paramagnetism comes either from the presence of cation vacancies or
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from magnetic impurities or dopings of the sample.!%+-10¢ In our synthesised CuO NPs, no
dopings were performed, becoming the hypothesis of cation vacancies the chosen for the

paramagnetism observed on CuO NPs.
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Figure 51: Magnetic hysteresis cycles of Cu/PVP and RuCu/PVP NPs measured at RT.

To conclude this section of Chapter 2, bimetallic RuCu/PVP NPs were synthesised at 100
°C by the reduction of [Ru(n*-CsHi2)(n%-CsHio)] and [Cu(CoHi1)]complexes. These synthe-
sised bimetallic NPs were all between 1.0 and 1.2 nm, even the ones with a higher Cu
amount in their composition. As expected, all bimetallic RuCu/PVP NPs have a core-shell
structure being Ru in the core and Cu2O on the surface but all Cu is not incorporated in the
NPs remaining as clusters or isolated atoms. Monometallic Cu/PVP NPs showed two popu-
lations of NPs (1.3 nm and 4.9 nm), being the larger ones Cu,O NPs as ascertained by
WAXS analysis. Magnetisation decreased when adding a small amount of Ru to Cu evidenc-
ing the presence of both Ru and Cu close in vicinity, in the same structure, certifying the
success on the synthesis of the bimetallic RuCu/PVP NPs. The objective of this synthetic
process was to use these synthesised NPs as catalysts for hydrogenation reactions of FF,

which is discussed in Chapter 3.
2.6 Synthesis of Cu/Amines nanoparticles

In order to study the effects of ligands on the synthesis and applications of Cu NPs, the

stabiliser PVP was replaced by several amines in the synthetic procedure. Amine ligands
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were chosen as they are known to be suitable stabilisers for the synthesis of Cu NPs;?4107.108

and also to display beneficial effects in catalysis.!0%110

[Cu(CoH11)] complex was decomposed under 3 bar of H» pressure in the presence of HDA
or dodecylamine (DDA) in THF, with the aim to obtain Cu/HDA or Cu/DDA NPs
(Scheme 12). Cu/HDA NPs have been previously synthesized by decomposing the
[Cu(CoH11)] complex in the presence of HDA at 80 °C, and the procedure is described else-
where.”* The synthesis was performed at three different temperatures 80 °C, 100 °C or 120
°C, in order to study the effect of temperature on the growth of the NPs. Moreover, 0.08
molar eq. of DDA were used, to reproduce the results found in literature, and in addition
from 0.2 to 2 molar eq. were tested for HDA, in order to study the effect of the composi-
tion, by varying the HDA content, on the growth of the NPs. All the experimental details
are given in Chapter 6. The objective was to control the growth of the NPs in order to have
homogeneous large NPs with the aim to perform a doping of the surface with another

metal.

3barH,
HDA or DDA Cu/HDA
[Cu(CHyy)] ———— or + CyHys

THFE, T Cu/DDA

Scheme 12: Synthesis of Cu/HDA and Cu/DDA NPs.

At 80 °C, 100 °C and 120 °C, the characteristic colour change from light brown/orange to

dark red was observed after some minutes of heating under H, pressure (Figure 52).

Figure 52: Colour éhange in a typical synthesis of Cu/HDA NPs at 80 °C, 100 °C or 120

°C; left, before the hydrogenation reaction, and right, after the reaction.

TEM images of the Cu/DDA NPs showed a mean size of 1.9 £ 0.1 nm, which is smaller
than expected from the publication where large Cu/DDA NPs of 7.8 nm size were ob-
tained, by using exactly the same reaction conditions.”* However, the size distribution is very
large and it would be of interest to repeat this synthesis to study its reproducibility.

Cu/HDA samples showed the presence of NPs from 1.9 + 0.4 nm to 10.8 * 2.7 nm sizes
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depending on the temperature and HDA content used. It can be observed that for a same
HDA content, the size of the Cu/HDA NPs increases with the temperature (Cu/1 eq.
HDA: at 80 °C, 1.9 = 0.4 nm; at 100 °C, 3.0 £ 0.3 nm; and at 120 °C, 5.0 £ 1.1 nm), ten-
dency that was already observed in other type of Cu NPs.”8 Concerning the HDA content,
no clear relation was observed for a fixed synthesis temperature, as the synthesised NPs of
the Cu/HDA seties were not really homogeneous and even aggregation is obsetved in some
cases. Table 10 summarizes the metal content of each synthesised material, as well as the

size of the NPs established analysing the TEM images (Figures 53 to 60).

Table 10: Metal content and mean size of Cu/DDA and Cu/HDA NPs.

Synthesis Cu

Mean size
NP Temperature  content
(nm)®

C0) o)
Cu/0.08 eq. DDA 70.6 19+ 0.1
Cu/0.2 eq. HDA 0 88.9 37£10

8

Cu/0.4 eq. HDA 97.7 45106
Cu/1 eq. HDA 55.2 19+04
Cu/0.4 eq. HDA 100 774 8.0%£3.0
Cu/1 eq. HDA 571 30£03
Cu/1 eq. HDA 120 83.1 50% 1.1
Cu/2 eq. HDA 80.8 10.8 £ 2.7

AICP-OES analysis. "Mean values of NP size determined from TEM

images by considering at least 200 particles.

In most samples, the metallic mass percentages in weight, determined by ICP-OES, were in
the range 70-98 %, with the exception of Cu/1 eq. HDA NPs synthesised at 80 °C and 100

°C, which presented a Cu content in the range 55-57 %.
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Figure 53: TEM image of Cu/0.08 eq. DDA NPs synthesised at 80 °C (scale bar 100 nm)

together with the respective size histogram.
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Diameter of the nanoparticles (nmj)
Figure 54: TEM image of Cu/0.2 eq. HDA NPs synthesised at 80 °C (scale bar 100 nm)

together with the respective size histogram.
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Figure 55: TEM image of Cu/0.4 eq. HDA NPs synthesised at 80 °C (scale bar 100 nm)

together with the respective size histogram.
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Figure 56: TEM image of Cu/ 1 eq. HDA NPs synthesised at 80 °C (scale bar 200 nm) to-

gether with the respective size histogram.
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Figure 57: TEM image of Cu/0.4 eq. HDA NPs synthesised at 100 °C (scale bar 200 nm)

together with the respective
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Figure 58: TEM image of Cu/1 eq. HDA NPs synthesised at 100 °C (scale bar 200 nm)

together with the respective

together with the respective
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Figure 59: TEM image of Cu/1 eq. HDA NPs synthesised at 120 °C (scale bar 200 nm)
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Figure 60: TEM image of Cu/2 eq. HDA NPs synthesised at 120 °C (scale bar 200 nm)

together with the respective size histogram.

To conclude this section of Chapter 2, Cu/HDA NPs were synthesised at three different
temperatures (80 °C, 100 °C and 120 °C) and at different HDA contents (0.1, 0.2, 0.5 and 1
molar eq.) by the reduction of [Cu(CoHi1)]. In general, Cu/HDA NPs were not homogene-
ous in size and an increase of the mean size with the temperature was observed. Further
tests on the synthesis of Cu/HDA NPs should be done to improve the homogeneity and

reproducibility.
2.7 Conclusions

In this Chapter 2, the synthesis and characterisation of different monometallic and bimetallic

systems have been discussed.

For the RuNi/PVP NPs series, it was found the importance of the reaction temperature on
the formation of bimetallic NPs for the successful decomposition of the Ni metallic precur-
sor. All the synthesised RuNi/PVP NPs wete of less than 2 nm size, even the ones with
high Ni content, and had a core-shell structure with Ru in the core. Ru and Ni were evi-
denced to be in close vicinity in the NPs by shifts on XPS signals and the drastic decrease of

magnetisation, certifying their bimetallic nature.

For the RuNi/PPh,Py NPs series, monometallic and bimetallic NPs of 2 nm or less were
obtained with a core-shell structure with Ru in the core, even if further studies using
EXAFS for instance would be of interest to completely discard or not the alloy organisation.
SS NMR allowed to observe the coordination of the phosphine in the bimetallic NPs. Ru
and Ni are in close vicinity by the drastic decrease of magnetisation due to the presence of
Ru, pointing to a bimetallic nature. Further analyses are needed to fully characterise these

bimetallic NPs.
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RuNi/AdCOOH NPs were of less than 2 nm of size while a broad dispersion, which may
be attributed to some agglomeration, was observed. Further analyses are needed to charac-

terise these species.

For RuCu/PVP NPs series, the bimetallic NPs synthesised at 100 °C were between 1.0 and
1.2 nm size, even the ones with high Cu content. They possessed a core-shell structure with
Ru in the core and CuxO present on the surface, yet, not all Cu was incorporated onto the
bimetallic NPs and some remained as clusters or isolated atoms, as evidenced EDX analyses.
Monometallic Cu/PVP NPs presented two populations of NPs (1.3 nm and 4.9 nm) and the
larger ones appeared to be hollowed, from TEM images. WAXS analysis points the Cu NPs
are oxidised. Ru and Cu were evidenced to be in close vicinity as a drastic decrease of mag-

netisation was observed when Ru is present in the composition.

Cu/HDA NPs were synthesised at different temperatures (80 °C to 120 °C) using molar eq.
of 0.2, 0.4, 1 and 2 of HDA. A diversity of mean sizes was obtained for the different sam-

ples which, in general, were not homogeneous.
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3.1 Introduction

In the context of energy transition, lignocellulosic biomass has appeared as a promising
renewable feedstock to replace fossil fuels for chemicals and energy production.!? Concern-
ing energy production, biofuels can be produced from bio-oil, containing plenty of oxygen-
ated groups, via hydrogenation or reduction reactions.> One of these reduction methods,
the hydrotreatment, can be directly integrated in the industry by using the same petroleum
upgrading infrastructure. However, one of its drawbacks is the use of high pressures and
temperatures, which may induce catalyst coking, a deactivation process of heterogeneous

catalysts.*

FF is a furan aldehyde which can be obtained from lignocellulosic biomass and possesses a
great interest.> Many commercial applications have been described, such as pesticides, in-
dustrial manufacturing, food flavouring, pharmaceuticals and personal care products, bond-
ing agent, phenolic resins or oil refining.%” Moreover, as a platform molecule it can produce
a vast of molecules such as furan, furfuryl alcohol (HF), tetrahydrofurfuryl alcohol
(HMTHEF), tetrahydrofuran (THF), 1,2-pentanediol (1,2-PeD), 1,5-pentanediol (1,5-
PeD).>8?

FF hydrogenation has been previously reported on Pt/C catalyst at 175 °C with 80 bar of
H>, obtaining full conversion and a 50 % selectivity towards HF;!0 on Ni-Fe-B catalyst at
200 °C with 10 bar of Hp,'! obtaining full conversion and full selectivity towards HF, results
also obtained on Ni-Sn/TiO; at 110 °C with 30 bar of Hy,!2 on Cu-Ca/SiO; at 130 °C with
1 bar of Hy,!3 or on Ir-ReOx/SiO; at 30 °C with 8 bar of Hy.14

QN is an N-heterocycle that can be found in natural products or pharmaceuticals, as it has a
vast of biological activities, and its main use is the production of other chemicals. Some of
the applications of QN and its derivatives are in the pharmaceutical industry, because of its
antimalarial, anti-inflammatory, anticancer or antimicrobial activities,!>!6 but also are useful

for the conception of photovoltaic cells.!”

QN hydrogenation has been previously reported on Ru catalysts at 100 °C with 10 bar of
Ha, obtaining 97 % of conversion with a 98 % selectivity to 1,2,3,4-tetrahydroquinoline (1-
THQ),!8 or at 20 °C with ~ 40 bar of Ha, obtaining 90 % of conversion with a 64 % selec-
tivity to 1-THQ;!? or on Ni catalysts at 60 °C with 20 bar of H», obtaining a 21 % of con-
version being also 1-THQ the product obtained;? or on Pd catalysts at 50 °C with 10 bar of

Ho, obtaining full conversion and selectivity towards 1-THQ.?!
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3.2 Furfural hydrogenation using RuNi/PVP NPs as catalysts

The RuNi/PVP NPs, described in Chapter 2, were used as catalysts for the selective hydro-
genation of FF (Scheme 1) at 125 °C and a continuous pressure of 20 bar of Ha. A magnetic
stirring set up at 1200 rpm discards mass transfer limitations. Monometallic Ru/PVP and
Ni/PVP NPs were also evaluated in the same conditions for comparison purpose. All the

experimental details are given in Chapter 6.
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Scheme 1: Simplified reaction scheme of the selective catalytic hydrogenation of furfural
into various valuable products. Furfural (FF), furfuryl alcohol (HF), tetrahydrofurfuryl alco-

hol (HMTHEF), 2-methylfuran (MEF), and 2-methyltetrahydrofuran (MTHF).

Table 1 summarises the results of the FF hydrogenation obtained in THF for the different
synthesised Ru, Ni and RulNi NPs, stabilised with polyvinylpyrrolidone (PVP). The associ-

ated time-concentration curves are represented in Figure 1.
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Table 1: Selective hydrogenation of FF in THF using Ru, Ni and RuNi/PVP nanocata-

lysts.
Entry Catalyst TﬁOF. Time Conversion HF HMTHF
(e ) (%)° (%)° (%)°
1 Ru/PVP 51 1 20 >99 <1
2 5 51 >99 <1
3 24 98 >99 <1
4 29 100 >99 <1
5 RusNiy /PVP 52 1 16 98 2
6 5 33 98 2
7 24 93 98 2
8 29 98 92 8
9 RuiNi;/PVP 62 1 20 95 5
10 5 42 96 4
11 24 79 97 3
12 29 84 97 3
13 RuiNisz/PVP 51 1 18 92 8
14 5 42 93 7
15 24 85 94 6
16 29 89 94 6
17 RuiNiz/PVP 38 1 11 89 11
18 5 26 92 8
19 24 57 94 6
20 29 63 93 7
21 Ni/PVP 18d 1 9 79 21
22 5 24 84 16
23 24 44 85 15
24 29 49 72 27

aReaction conditions: 2 X 1072 mmol of metal, 4 mmol of FF, 0.5 mmol of decane (internal stan-
dard), 20 bar of Hy, 125 °C, 15 mL of THF. PTurnover frequency (TOFs) calculated at 1 h of
reaction according to the surface amount of metal. <Determined by Gas Chromatography (GC)
using an internal standard technique. ¢TOF calculated at 1 h of reaction according to the total

metal content.
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Figure 1: Time-concentration curves for the selective hydrogenation of FF in THF on all

the catalysts (red square dots, FF; green circle dots, HF; blue triangle dots, HMTHF).

The results in Figure 1 evidence that the FF hydrogenation is highly selective to the hydro-
genation of the aldehyde function, producing the alcohol HF as major product (72 % - 99
% of selectivity). With Ni-rich catalysts, further hydrogenation of the furfuryl ring is pro-
moted resulting into the production of HMTHF (entries 17-24). Considering both activity
and selectivity, the Ru/PVP NPs provide the best catalytic performance, reaching in less
than 24 h full conversion and with a high selectivity (up to 99 %) towards HF. This result is
in agreement with previously published works which showed high selectivity towards HF
(up to 96 %) with Ru/PVP NPs at 30 °C.222 In our case, higher reaction temperature (125
°C) was used, being interesting to point out that, even at this temperature, the hydrogena-
tion is completely selective to the aldehyde function. An experiment using HF as the sub-
strate was performed on Ru/PVP NPs in the same reaction conditions in order to better
understand the high selectivity observed. Correspondingly, the associated time-

concentration curve is depicted in Figure 2.
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Figure 2: Time-concentration curves for the selective hydrogenation of HF in THF using

Ru/PVP as catalyst (green circle dots, HF and blue triangle dots, HMTHF.

The results in Figure 2 evidence that the hydrogenation of the heteroatomic ring occurs,
although it is less favoured than the reduction of the aldehyde moiety (turnover frequency
(TOF) = 22 h! versus TOF = 51 h'). This can be explained by a weaker adsorption of the
HF compared to the FF on the surface of the Ru/PVP NPs. This hypothesis is confirmed
by density functional theory (DFT) calculations, detailed in Chapter 4, which revealed that
the coordination of the C=0O bond (n!(O) or n*(C=0)) on a hydrogenated Ru NP is fa-
voured compared with the coordination of the heteroaromatic ring (-12.0 kcal-mol! »s. -7.1
kcal-mol). This coordination facility of the aldehyde group agrees with the preference of

hydrogenation of this function.

Significant solvent effects were observed for this catalytic system. The use of 1-propanol (1-
PrOH) instead of THF revealed significant effects, showing high solvent dependency on
the observed catalytic performances. Table 2 summarises the results of FF hydrogenation
when using 1-PrOH as a solvent under the same catalytic conditions as those detailed above

for THF. The associated time-concentration curves are presented in Figure 3.
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Table 2: Selective hydrogenation of FF in 1-PrOH using Ru, Ni and RuNi/PVP nanocata-

lysts.
Fntry Catalyst TOF Time  Conversion HF HMTHF z}cetaj

’ ()b ) (Vo) (o) (Vo) (o)
1 Ru/PVP 104 (77) 1 39 50 1 49
2 5 90 67 1 32
3 24 >99 51 18 28¢
4 29 >99 41 26 28¢
5 RuzNi;/PVP 110 (95) 1 34 83 2 15
6 5 71 81 2 17
7 24 >99 82 2 15
8 29 >99 78 2 19
9 RuNiy/PVP 149 (137) 1 47 92 3 5
10 5 81 90 3 8
11 24 >99 89 3 8
12 29 >99 90 3 7
13 RuiNis/PVP 110 (92) 1 40 95 4 1
14 5 71 94 4 2
15 24 96 93 4 3
16 29 97 93 4 3
17 RuiNip/PVP 103 (103) 1 30 93 7 -
18 5 57 94 6 -
19 24 87 94 6 -
20 29 90 94 6 -
21 Ni/PVP 31f 1 15 99 1 -
22 5 43 88 6 6
23 24 88 83 5 12
24 29 93 83 5 12

aReaction conditions: 2 X 10~2mmol of metal, 4 mmol of FF, 0.5 mmol of decane (internal standard), 20 bar of
Ha, 125 °C, 15 mL of 1-propanol. PTOFs calculated at 1 h of reaction according to the surface amount of metal;
in brackets: TOFs of hydrogenation reaction. Determined by GC using an internal standard technique. Deter-
mined by Gas Chromatography-Mass Spectroscopy (GC-MS).c1,2 pentanediol also detected. TTOF calculated at
1 h of reaction according to the total amount of metal.
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Figure 3: Time-concentration curves for the selective hydrogenation of FF in 1-PrOH on
all the catalysts (red square dots, FF; green circle dots, HF; blue triangle dots, HMTHF;

orange inversed triangle dots, acetal).

The TOF wvalues are in all cases higher in 1-PrOH than in THF (Table 1 »s5. Table 2), but
this higher performance cannot be attributed to a better solubility of Hz in 1-PrOH com-
pared to THF.?#2¢ Furthermore, it can be pointed out the formation of acetal on Ru-rich
NPs, where Ru is present at the surface (Table 2, entries 1-8). DFT calculations, discussed
in Chapter 4, support these results evidencing that the presence of propanolate species ad-

sorbed on the surface of the hydrogenated Ru NP can induce higher activities.

The TOF displayed by RuiNiz/PVP in 1-PrOH is three times greater than in THF (Table
1, entry 17 »s. Table 2, entry 17) while the TOF values of all the other Ni-containing catalyst
are increased ca. by twice. Concerning the monometallic Ru/PVP NPs, a beneficial effect of
the 1-PrOH was also observed, being also in this case the TOF values higher by a factor of
2 when compared to THF (Tables 1, entry 1 »s. Table 2, entry 1). This catalyst was able to
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catalyse the formation of acetal, which drops the selectivity into HF. This reaction is in
competition with the FF hydrogenation and, interestingly, it is related to the Ru loading
(Ru/PVP, RusNii/PVP, and RuiNii/PVP). Indeed, on catalysts with only Ni at the surface
RuiNi3/PVP and RuiNiz/PVP NPs, the acetalisation reaction is not observed. Comparing
the obtained results, a good correlation between the amount of acetal formed during the
reaction and the Ru present on the surface of the NPs is found; 1.5 mmol of acetal were
produced on monometallic Ru/PVP s 0.5 and 0.3 mmol on RusNii/PVP, and
RuiNii/PVP respectively. These values correlate better with the Ru content on the NP
surface than with the total Ru amount in the catalysts. Moreover, apart from the Ru content
on the surface, these results may also be assigned to electronic effects, compared to litera-
ture. Being Ru/PVP an electron-deficient nanocatalyst,?’ acetalisation reactions?2 can
occur. When increasing the Ni content in the NPs, the Ru electron density® is increased

which has the effect of eliminating or lowering the acetal formation.

Apart from the acetal byproduct formation, the use of 1-PrOH is detrimental for the selec-
tivity into HF as it promotes the hydrogenation of the heteroaromatic ring, which was im-
peded when using THF. In Chapter 4, the difference of coordination ability of the aromatic
ring in THF and 1-PrOH is discussed, being the latter the most favoured, which is in line
with the experimental results. The hydrogenation of HF on Ru/PVP in 1-PrOH was sepa-
rately studied, using the same reaction conditions as described above. Figure 4 displays the

corresponding time-concentration curves.
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Figure 4: Time-concentration curves for the selective hydrogenation of HF in 1-PrOH

using Ru/PVP as catalyst (green circle dots, HF; blue triangle dots, HMTHF; bright green
square dots, 1,2-PeD).

In this experiment, the heteroaromatic ring was efficiently reduced with a TOF value of 79

h1, similar to the TOF value for the hydrogenation of the aldehyde moiety (TOF = 77 h),
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evidencing a similar affinity for the Ru metallic surface in both cases. Comparing this TOF
value to the one obtained in THF (Figure 2, TOF = 22 h-), it can be concluded that 1-
PrOH facilitates the ring hydrogenation. Also, the C-O bond cleavage of the aromatic ring
occurs, leading to the production of 1,2-PeD in a selectivity of 27 %, similar to some results
already described for Ru-Mn,3 Ru/MnO,32 and Ru/ALO3%. 3> Ru/PVP modified with a
long alkyl chain amine was able to produce 1,2-PeD directly from FF as well, in relatively

high yields (36 %6).3

Figure 5 compares the TOF values and selectivities towards HE in both solvents (THF and
1-PrOH) for all catalysts tested. A volcano shape tendency is displayed for the activity, cen-
tred on RuiNi;/PVP, which points to a synergetic effect between both metals. Monometal-
lic Ni/PVP was a slow catalyst compated to all the other ones, which could be explained by
the size and shape of the NPs (5.6 = 1.2 nm trigonal NPs). Moreover, concerning the selec-
tivity to HF, the Ni/PVP was the catalyst with the lowest performance among all the tested

ones, as HMTHF was produced since the beginning of the reaction.
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Figure 5: Turnover frequency (bars) and selectivity towards HF(dots) as function of the
catalysts in the selective hydrogenation of FF in THF (dashed bars, square dots) and 1-
PrOH (green bars, circle dots).

Comparing the Ni/PVP and the RuiNix/PVP, it is important to highlight that the reaction
is size-sensitive. The bimetallic RuiNiz/PVP NPs, which have a high Ni content (17.6 % in
mass) and a mean size of 1.4 = 0.3 nm, display 94 % of selectivity towards HF at ¢ca. 57 %

of conversion. The monometallic Ni/PVP, with a higher size and different shape, reached
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only 72 % of selectivity to HF at ca. 49 % of conversion (Table 1). These results pointing
out selectivity size dependence in THF may be of interest to obtain other interesting prod-
ucts such as MEF from FF or DMF from 2,5-hydroxymethylfurfural (HMF). The results
obtained indicate that NPs of less than 2 nm are, in THF, less suitable for the hydrogena-
tion of the aromatic ring, although in 1-PrOH (Table 2), almost the same selectivity to
HMTHEF was obtained for all the Ni-containing catalysts. Regarding the catalytic reactions,
size effects of NPs have already been reported in the past.3>36 In the case of FF hydrogena-
tion, size effects have also been previously described,” specially for the hydrogenation of
aldehyde function of FIF on Pt NPs* and Cu nanowires,* without reaching the hydrogena-
tion of the aromatic ring. Furthermore, FF hydrogenation towards HMTHF is structure-
sensitive as was observed on a series of Ni/SiO; catalysts with sizes from 2.6 to 12.8 nm. In
larger Ni NPs, such as Ni/PVP, lower TOF values were obtained, meaning that in small
NPs, the reduction of the aromatic ring was favoured.*’ Even if it could seem that the re-
sults in this publication are opposed to our results, it is worth to mention that the large NPs
described in this work have a 12 nm size and the small NPs are between 2.6 nm to 5.0 nm,

which corresponds more to the mean size of our Ni/PVP NPs.

RuiNii/PVP NPs represented the petfect equilibrium between activity and selectivity,
showing the highest TOF value with almost no ring hydrogenation and acetal formation. It
is also important to highlight the catalytic performance of the RuiNiz/PVP NPs, regarding
the high content of Ni present in the NP and the decrease of size compared to monometal-

lic Ni/PVP NPs.

The spent nanocatalysts were analysed by transition electron microscopy (TEM) and the
resulting catalytic solutions were filtered through an alumina path, evaporated until dryness
and analysed by ICP. ICP results showed no leaching for the series of catalytic reactions
performed in THF. Concerning the analyses of the catalysis in 1-PrOH, Ru and Ni were
detected under the detection limit, except in the case of the RuiNiz/PVP NPs, for which
ICP results evidenced a 15 % of catalyst leaching. This behaviour is attributed to the good
solubility of PVP in 1-PrOH, which disfavours the catalyst separation. For the same reason,
the catalyst recycling tests performed were not successful, being the separation of the cata-
lysts complicated in both solvents. Hot filtration experiments, consisting on filtering the
catalysts from the reaction media after 1 h of reaction and reengaging the filtrate in catalysis
under the same reaction conditions, showed that no additional products were obtained,

evidencing the heterogeneous nature of the used RuiNi;/PVP catalyst (Figure 6).
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Figure 6: Time-conversion curves for the hot filtration experiment of the selective hydro-

genation of FF in THF on RuiNi;/PVP catalyst in a non-filtered reaction (grey squate dots)

and in a filtered reaction (red circle dots).

TEM analyses after catalysis do not display any significant changes in whether size or shape,
with the exception of the RuiNiz/PVP NPs when using 1-PrOH (Table3 and Figures 7 to
18). In 1-PrOH, this catalyst showed a broadening size distribution, which may be corre-
lated to the high leaching observed for this catalyst, increasing the NP size probably due to
Ostwald ripening. The size and the shape of the monometallic Ni/PVP NPs also evolved
during the reaction although it is a more robust catalyst as no leaching was detected in this
case. The size evolution observed for Ni/PVP and RuiNiz/PVP catalysts evidences that, in
the other systems, the Ru stabilises the Ni atoms on the surface of the NPs, being an advan-

tage for avoiding leaching in catalytic hydrogenations in liquid-phase.!

Table 3: Mean size of metal NPs before and after catalysis.

Mean size Mean size Mean size
NP before catalysis after catalysis in THF after catalysis in 1-PrOH
(nm)» (nm)» (nm)»

Ru/PVP 1.1+£02 1.6£0.3 15103
Ni/PVP 55+ 1.2b 4.4+ 0.5¢ 4.7 £ 1.6¢
Ru3Ni;/PVP 15203 14£04 1.6£0.5
RuiNii/PVP 15103 1.5+£04 14+04
RuyNiz/PVP 12£0.2 1.3£03 1.5£0.6
RuNiz/PVP 14+03 1.6£0.3 22108

aMean values of NP size determined from TEM images by considering at least 200 particles. PTripodal
shaped NPs. cIrregularly shaped NPs.
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Figure 8: TEM image of RusNi;/PVP after catalysis in THF (scale bar 50 nm) together

with the respective size histogram.

15+ 0.4nm

)|

14 1§ 18 20 22 24
size (nm)

Figure 9: TEM image of RuiNi/ PVP after catalysis in THF (scale bar 100 nm) together

with the respective size histogram.
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Figure 11: TEM image of R1Nizo/ PVP after catalysis in THF (scale bar 100 nm) together

with the respective size histogram.
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Figure 12: TEM image of Ni/PVP after catalysis in THE (scale bar 100 nm) together with

the respective size histogram.
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Figure 13: TEM image of Ru/PVP after catalysis in 1-PrOH (scale bar 100 nm) together

with the respective size histogram.

16£05nm

s o8 1o 12 14 te 1% 20 22 24 28
; size (nm)
Figure 14: TEM image of RusNii/PVP after catalysis in 1-PrOH (scale bar 100 nm) to-

gether with the respective size histogram.
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Figure 15: TEM image of RuiNii/PVP after catalysis in 1-PrOH (scale bar 50 nm) together

with the respective size histogram.
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Figure 16: TEM image of RuiNi3/PVP after catalysis in 1-PrOH (scale bar 50 nm) together

with the respective size histogram.
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Figure 17: TEM image of RuiNix/PVP after catalysis in 1-PrOH (scale bar 100 nm) to-

gether with the respective size histogram.

Figure 18: TEM image of Ni/PVP after catalysis in 1-PrOH (scale bar 100 nm) together

with the respective size histogram.

To sum up this section of Chapter 3, synergetic effects between Ru and Ni were observed
in both THF and 1-PrOH, following a volcano shape tendency centred at the RuiNi; /PVP
catalyst for the TOF values obtained. Moreover, solvents effects were observed and high
selectivity towards HF was observed in all cases. Further hydrogenation of the ring and the
opening of the ring, leading to HMTHF and 1,2-PeD respectively, were reached on
Ru/PVP NPs in 1-PrOH. In general, no leaching was obsetved during the catalytic reac-

tions, with the only exception of RuiNiz/PVP NPs in 1-PrOH, associated to the Ostwald
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ripening effect for an increase of its mean size. As future perspectives, it would be interest-
ing to test the same reaction by substituting 1-PrOH by H2O, to further study the forma-
tion of 1,2-PeD, and to test other RulNi catalyst being Ni in the core or by using other stabi-

lisers.

3.3 Furfural hydrogenation using RuCu/PVP NPs as catalysts

The RuCu/PVP NPs, described in Chapter 2, were evaluated as catalysts in the selective
hydrogenation of FF (Scheme 1) in the same reaction conditions as for the RuNi systems
but using 1-PrOH as solvent (T=125 °C; H; pressure of 20 bar). A magnetic stirting set up
at 1200 rpm discards mass transfer limitations. All the experimental details are given in

Chapter 6.

Table 4 summarises the results of the FF hydrogenation obtained in 1-PrOH for the differ-
ent synthesised Ru, Cu and RuCu NPs, stabilised with PVP. The associated time-
concentration curves are represented in Figure 19 and the different TOF values and selec-

tivities towards HF on the Ru and/or Cu NPs are presented in Figure 20.

Table 4: Selective hydrogenation of FF in 1-PrOH using Ru, Cu and RuCu/PVP nanocata-

lysts.
Entry Catalyst TOF Time Conversion HF Acetal
(hb-e (b) (o) (Yo)° (o)

1 Ru/PVP 129 (124) 1 40 96 4
2 5 90 97 3
3 24 100 97 3
4 29 100 97 3
5 Ru,Cuy/PVP 32 1 12 99 1
6 5 42 97 3
7 24 96 89 11
8 29 99 90 10
9 Ru;Cu;/PVP 42 1 18 100 0
10 5 41 97 3
11 24 94 86 14
12 29 97 86 14
13 Ru;Cu,/PVP 41 1 17 100 0
14 5 46 99 1
15 24 95 96 4
16 29 98 96 4
17 Cu/PVP 136 1 11 100 0
18 5 33 99 1
19 24 75 93 7
20 29 83 92 8

aReaction conditions: 2 X 1072 mmol of metal, 4 mmol of FF, 0.5 mmol of decane (internal stan-
datd), 20 bar of Hy, 125 °C, 15 mL of 1-PrOH. PTOFs calculated at 1 h of reaction according to
the surface amount of metal; in brackets: TOFs of hydrogenation reaction. “Determined by GC us-
ing an internal standard technique. dDetermined by GC-MS. ¢1,2 pentanediol also detected. FTOF
calculated at 1 h of reaction according to the total amount of metal.
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Figure 19: Time-concentration curves for the selective hydrogenation of FF in 1-PrOH
using Ru, Cu and RuCu/PVP catalysts (black square dots, FF; red circle dots, HF; blue

triangle dots, acetal).
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Figure 20: Turnover frequency (bars) and selectivity towards HF(dots) as function of cata-

lysts in the selective hydrogenation of FF in 1-PrOH.

The TOF values obtained with the monometallic Ru and Cu NPs were higher than those
obtained with the bimetallic RuCu/PVP. Moreover, the Cu/PVP NPs are the only tested

catalyst which does not reach full conversion after 24 h. Furthermore, the acetal formation
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was observed on all the different NP surfaces, decreasing the selectivity of the FF hydro-
genation towards HF, but in a much lower content than the observed with RuNi/PVP NPs.
The highest selectivities towards acetal were obtained on RujCui/PVP and RuCui/PVP
(14 % and 10 % after 29 h of reaction, respectively), observing a difference in the acetal
formation depending on the catalyst composition, a higher Cu content leading to less acetal.
As pointed out previously, the acetal formation is favoured by acidic conditions,*>-# such as

electron-deficient Ru nanocatalysts,?” such as our Ru/PVP catalytic system.*>

Knowing that CuzO is present in the catalysts (see Chapter 2) and that copper oxide is
known to be basic and can replace bases in some reactions;* its presence could be the cause
of the reduction of acetal formation for the bimetallic catalysts. The basicity of Cu,O, which
is present in our NPs, may explain the decrease of acetal formation in the RuCu/PVP sys-

tems compared to the RuNi/PVP ones.

Interestingly, the selectivity of the Ru/PVP NPs synthesised at 100 °C in the RuCu/PVP
seties, as their catalytic activity changes from that of the Ru/PVP NPs synthesised at 85 °C
in the RuNi/PVP series (Figure 21), as the former does not produce acetal, in contrast to

the later.
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Figure 21: Selectivity towards HI (dots) over time as function of the temperature of the

synthesis of the Ru/PVP NPs for the selective hydrogenation of FF in 1-PrOH.

As can be observed, Figure 21 displays a loss of selectivity with the Ru/PVP synthesised at
85 °C, when leaving the catalytic reaction overnight, resulting from the formation of acetal.

The divergence of catalytic performance, depending on the Ru NPs synthesis temperature,
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may derive from differences on the metallic structure of the NPs. Further analyses are

needed to elucidate the origin of the different selectivities.

TEM analyses after catalysis do not display any significant changes in whether size or shape,
except for the Cu/PVP NPs. After catalysis in 1-PrOH, this catalyst showed a broadening
size distribution (Table 5 and Figures 22 to 26), in a range between 4 and 14 nm. The size
of the monometallic Cu/PVP evolved during the reaction and the shape distribution after

catalysis is diverse, showing a non homogeneous population of NPs (Figure 26).

Table 5: Mean size of Ru and Cu with PVP NPs before and after catalysis

Mean size Mean size
NP before catalysis after catalysis in 1-PrOH
(nm)? (nm)?
Ru/PVP 1.6£03 14102
Ru2Cul/PVP 1.2+03 1.3+ 0.1
RulCul/PVP 1.0+0.2 12+0.1
RulCu2/PVP 1.0+ 0.1 1.0+ 0.2
Cu/PVP 49+1.0 9.0£5.0
aMean values of NP size determined from TEM images by considering at least

200 particles.
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Figure 22: TEM image of Ru/PVP after catalysis in 1-PrOH (scale bar 100 nm) together

with the respective size histogram.
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Flgure 23: TEM image of RugCu1/ PVP after catalysis in 1-PrOH (scale bar 100 nm) to-

gether with the respective size histogram.
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Figure 24: TEM image of Ru;Cu;/PVP after cataly51s in 1-PrOH (scale bar 50 nm) to-

gether with the respective size histogram.
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Flgure 25 TEM image of RulCuz/ PVP after catalysis in 1-PrOH (scale bar 50 nm) to-

gether with the respective size histogram.
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Figure 26: TEM image of Cu/PVP after catalysis in 1-PrOH (scale bar 200 nm) together

e

with the respective size histogram.

To sum up this section of Chapter 3, a high selectivity towards HF was obtained for all the
series of Ru and/or Cu/PVP NPs, being the monometallic catalysts the ones with higher
TOF values. Acetal formation was also observed, even if in less amount than for
RuNi/PVP catalysts from section 3.2, which could be explained by the presence of the
basic Cu,O in the RuCu/PVP NPs. Concerning the stability, the mean size of all the NPs

except for the Cu/PVP remained unchanged after the catalytic reaction. As future perspec-

164



Chapter 3: Catalytic hydrogenation reactions of furfural and quinoline

tives, it would be interesting to test in catalysis the synthesised Cu/HDA NPs described in

section 2.6 of Chapter 2 and also to try RuCu NPs, being Cu in the core.
3.4 Quinoline hydrogenation using RuNi NPs as catalysts

RuiNi;/PVP NPs, described in Chapter 2, were also used as catalysts in the selective hydro-
genation of QN (Scheme 2) in 1-PrOH at different temperatures and keeping a continuous
pressure of 35 bar of Ha. A magnetic stirring set up at 1200 rpm discards mass transfer

limitations. All the experimental details are given in Chapter 0.

O 0 = (0
— —_—
N N

QN 1-THQ DHQ

T
Irz

5-THQ

Scheme 2: Simplified reaction scheme of the selective catalytic hydrogenation of Quinoline
into various valuable products. Quinoline (QN), 1,2,3,4-Tetrahydroquinoline (1-THQ),
5,6,7,8-Tetrahydroquinoline (5-THQ), and Decahydroquinoline (DHQ).

The synthesis of 1-THQ from the partial hydrogenation of QN, or substituted homologues,
has been described to be catalysed by different metals*’#8 such as Pt,* Pd,> Co,>' Nj,5253

Ru’54,55 Rh’56,57 Ir’58,59 0Os% and Mo.6!

Table 6 summarises the results of QN hydrogenation in 1-PrOH obtained for the bimetallic
RuiNii/PVP NPs. The associated time-concentration cutves are represented in Figure 27.
The reaction conditions have been chosen after an unpublished work in our group dealing
with Ru catalysts, and the literature survey. Different temperatures were tested. Figure 28
depicts the TOF values and the selectivity »s. the reaction temperature. The results obtained
at these different temperatures were used to calculate the activation energy (Ea), by the

Arrhenius equation (Equation 1) and its linear rearrangement (Equation 2), which is equal

to 23 kJ-mol-.
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Table 6: Selective hydrogenation of QN in 1-PrOH using RuiNii/PVP catalyst at different
temperatures.?

T TOF Time Conversion 1-THQ 5-THQ DHQ N.D. DHPQ 1-THPQ

Bty CO ({hHc (b (o) () o () )t (o) ()
1 20 2 1 1 100 0 0 0 0 0
2 5 4 94 6 0 0 0 0
3 24 7 95 5 0 0 0 0
4 29 11 94 5 1 0 0 0
5 50 13 1 4 76 5 0 0 0 19
6 5 9 80 6 2 5 0 7
7 24 25 81 5 4 9 0 2
8 29 29 80 5 4 9 0 2
9 48 39 81 5 4 9 0 1
10 75 15 1 4 73 5 0 7 0 15
11 5 14 77 5 0 7 0 15
12 24 44 84 3 3 9 0 1
13 29 51 85 3 3 8 0 1
14 100 24 1 1 85 6 0 0 0 9

15 5 15 90 5 2 2 0 2
16 24 63 93 3 2 1 0 0
17 29 75 93 3 2 1 0 0
18 48 93 94 3 2 1 1 0
19 125 62 1 10 82 16 0 2 0 0
20 5 56 86 11 0 3 0 0
21 24 98 84 7 1 2 6 1
22 29 100 83 6 0 2 8 1
23 47 97 76 6 0 0 14 3
24 150 117 1 23 85 10 0 4 0 0
25 5 99 91 5 0 2 1 1
26 24 100 84 4 0 2 6 4
27 29 100 80 4 0 2 8 7
Entry T TOF Time Conversion 1-THQ 5-THQ DHQ N.D. DHPQ 1-THPQ

CO [mhHhc () (o o) (o) () (et () ()ec
28 48 100 74 3 0 6 9 8

aReaction conditions: 2 X 1072 mmol of metal, 4 mmol of QN, 0.5 mmol of dodecane (internal
standard), 35 bar of H, 15 mL of 1-PrOH. PTOFs calculated at 1 h of reaction according to the
surface amount of metal. <Determined by GC using an internal standard technique. ¥Non-
determined product. €Determined by GCMS.
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Figure 27: Time-concentration curves for the selective hydrogenation of QN in 1-PrOH

on RuiNi;/PVP catalyst at different temperatures (black square dots, QN; red circle dots, 1-

THQ); blue triangle dots, 5-THQ); green inversed triangle dots, DHQ; violet twisted square

dots, non-determined (N.D.); brown twisted triangle dots, decahydro-1-propyl-quinoline

(DHPQ); light blue twisted triangle dots, 1,2,3,4-tetrahydro-n-propyl-quinoline (1-THPQ)).
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Figure 28: Turnover frequency (bars) and selectivity towards 1-THQ (dots) as function of
the reaction temperature in the selective hydrogenation of QN in 1-PrOH on the
RuiNi; /PVP catalyst.
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At all tested temperatures, the selectivity towards the semi hydrogenated product, 1-THQ),
was high (73 to 99 %) and with very low formation of the fully hydrogenated product, DHQ.
It is worth mentioning that the condensation products of 1-THQ and DHQ with the solvent

were also detected (Schemes 3 and 4),

N Ru;Ni;/PVP J‘

1-THPQ

1-THQ

Scheme 3: Simplified reaction scheme of the condensation reaction between 1-THQ and 1-

PrOH on RuiNii/PVP catalyst, forming 1-THPQ.

168



Chapter 3: Catalytic hydrogenation reactions of furfural and quinoline
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Scheme 4: Simplified reaction scheme of the condensation reaction between DHQ and 1-

PrOH on RuNi;/PVP catalyst, forming DHPQ.

Condensation reactions between alcohols and amines have already been known and reported
in the literature. Several metals have been studied for this type of reactions such as Rh,

Co,03:04 Ir,05-67 Pd,08-70 Cu,”" Au,”? Fe, 737 Mn,”7¢ Ni,77 but, Ru-based catalysts are the most

common.”8-81

Together with the monometallic Ru and Ni systems, the catalytic performance has been
further studied in the same reaction at 150 °C. Table 7 summarises the results of QN hy-
drogenation in 1-PrOH at 150 °C on Ni/PVP, RuiNi;/PVP and Ru/PVP. The associated
time-concentration curves are presented in Figure 29. Figure 30 depicts TOFs and selectiv-

ity towards catalyst composition.

Table 7: Selective hydrogenation of QN in 1-PrOH at 150 °C.»

TOF Time Conversion 1-THQ 5THQ DHQ N.D. DHPQ 1-THPQ

S S () SO SRR 2 SN 7 S 2 S ) R () S I e )

1 Ni/PVP 37 1 10 34 0 0 66 0 0
2 5 29 59 1 0 40 0 0
3 24 83 87 0 0 12 0 1
4 29 94 88 0 0 11 0 1
5 48 100 73 0 0 25 0 2
6 RwNi;/PVP 117 1 23 85 10 0 4 0 0
7 5 99 91 5 0 2 1 1
8 24 100 84 4 0 2 6 4
9 29 100 80 4 0 2 8 7
10 48 100 74 3 0 6 9 8
11 Ru/PVP 322 1 89 89 7 2 0 1 0
12 5 100 86 6 2 0 5 0
13 24 100 78 6 0 0 14 2
14 29 100 77 6 0 0 15 2
15 48 99 75 6 0 0 16 3

aReaction conditions: 2 X 1072 mmol of metal, 4 mmol of QN, 0.5 mmol of dodecane (internal standard), 35
bar of Ha, 150 °C, 15 mL of 1-PrOH. PTOFs calculated at 1 h of reaction according to the surface amount of
metal. <Determined by GC using an internal standard technique. INon-determined product. €Determined by
GCMS.
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Figure 29: Time-concentration curves for the selective hydrogenation of QN in 1-PrOH at
150 °C (black square dots, QN; red circle dots, 1-THQ); blue triangle dots, 5-THQ); green
inversed triangle dots, DHQ); violet twisted square dots, N.D.; brown twisted triangle dots,

DHPQ); light blue twisted triangle dots, 1-THPQ).

All three catalysts selectively produced 1-THQ, but some differences were observed.
Ru/PVP displayed the highest activity, as expected taking into consideration previous re-
ported works.188285 Ni/PVP displayed TOFs comparable to previously described Ni cata-
lysts.20.8¢ Ru;Ni;/PVP TOF is estimated to be intermediary between those of Ru/PVP and
Ni/PVP. This result appears to be in opposition of a synergistic effect between both metals
in this reaction. Regarding selectivity, the three catalysts were highly selective to the forma-
tion of 1-THQ); nevertheless, concerning the by-products, subtle differences were observed.
Ru/PVP is active in the N-alkylation of 1-THQ and DHQ with 1-PrOH, producing the
corresponding N-alkylated products around 20 % at long reaction times. On the other side,
Ni/PVP, did not produce these two N-alkylated products, but an unidentified product at a
selectivity of 25 %, which needs to be characterised to provide further explanations. Lastly,
RuiNii/PVP was slightly better in terms of selectivity than its corresponding Ru catalyst,

reaching a selectivity of 91 % towards 1-THQ at full conversion.
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Figure 30: Turnover frequency (bars) and selectivity towards 1-THQ (dots) as function of

the catalyst used in the selective hydrogenation of QN in 1-PrOH performed at 150 °C.

Then, the catalytic performances of the monometallic Ru/PVP and Ru/ PPhoPy and the
bimetallic RuNi/PVP and RuNi/PPh,Py nanocatalysts were compated for QN hydrogena-
tion at 20 °C and 125 °C respectively. The reaction was performed using the same reaction
conditions described above, except for the temperature which was room temperature (RT)
for the monometallic Ru and 125 °C for the bimetallics. Results are summarized in Table 8;

time-concentration curves are depicted in Figure 31.
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Table 8: Selective hydrogenation of QN in 1-PrOH with monometallic Ru catalysts at 20
°C and with bimetallic RuNi catalysts at 125 °C.»

T  TOF Time Conversion I-THQ 5-THQ DHQ N.D. DHPQ 1-THPQ

S Y o W ) XN (5 NN /3 S U S ) S S ) S U S U

1 Ru/PVP 20 31 1 6 95 5 0 0 0 0
2 5 31 94 5 1 0 0 0
3 24 93 92 5 2 0 0 0
4 29 99 92 5 3 0 0 0
5 Ru /PPhoPy 20 17 1 4 81 0 0 0 0 19
6 5 11 94 0 0 2 0 4
7 24 35 97 0 0 2 0 0
8 29 38 97 1 0 2 0 0
9 RuNi/PVP 125 62 1 10 82 16 0 2 0 0
10 5 56 86 11 0 3 0 0
11 24 98 84 7 1 2 6 1
12 29 100 83 6 0 2 8 1
13 RuNi/PPhPy 125 64 1 3 76 2 0 19 0 3
14 5 33 82 2 0 16 0 1

T TOF Time Conversion 1-THQ 5-THQ DHQ N.D. DHPQ I-THPQ
(O (b (h) (o) (o) (o) (h) ()< (K)o (Yo)oc
15 24 95 90 1 0 8 0 0

16 29 99 90 1 0 7 0 0

Entry Catalyst

aReaction conditions: 2 X 1072 mmol of metal, 4 mmol of QN, 0.5 mmol of dodecane (internal standard), 35
bar of H, 20 °C, 15 mL of 1-PrOH. PTOFs calculated at 1 h of reaction according to the surface amount of
metal. ‘Determined by GC using an internal standard technique. INon-determined product. <Determined by
GCMS.
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Figure 31: Time-concentration curves for the selective hydrogenation of QN in 1-PrOH

with monometallic Ru catalysts (left) at 20 °C and with bimetallic RuNi catalysts (right) at
125 °C (black square dots, QN; red circle dots, 1-THQ); blue triangle dots, 5-THQ); green
inversed triangle dots, DHQ); violet twisted square dots, N.D.; brown twisted triangle dots,

DHPQ); light blue twisted triangle dots, 1-THPQ).

The Ru/PVP system was active at RT, displaying a TOF = 31 h, a full conversion was
attained at 24 h of reaction, and a selectivity of 92 % towards 1-THQ. The presence of a
phosphine onto the surface of the Ru/PPh,Py NPs, hampered the reaction, and a lower
activity was observed with a TOF = 17 h'l. This result is in line with previous results ob-
tained for the selective hydrogenation of FF using a Ru-based catalyst, modified with the

diphenylphosphinopyridine (PPhzPy) ligand.3

The RuNi/PVP bimetallic system at 125 °C showed a high activity (TOF = 62 h!), display-
ing a full conversion at 24 h of reaction. The same results were obtained with RuNi/PPh,Py
displaying the same TOF value (64 h') as the PVP-stabilised catalyst. Concerning the selec-
tivity, 84 % and 90 % towards 1-THQ were obtained for RuNi/PVP and Ru/PPh,Py re-
spectively. In the PVP-stabilised, 1-THPQ and DHPQ were obtained as minor products
from the condensation of the amine products with the solvent (1-PrOH), while in the

phosphine stabilised catalyst, a non-determined product was obtained. For this reason, to
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better conclude on the ligand effect for QN hydrogenation, further reactions should be

carried out.

To sum up this section of Chapter 3, a high selectivity towards 1-THQ was obtained for
both monometallic and bimetallic PVP and phosphine stabilised catalysts. Some minor
products were detected, two of them produced from the condensation of 1-THQ and
DHQ with 1-PrOH leading to N-alkylation reactions. A dependence on the reaction tem-
perature for the activity of the catalysts was also observed. As future perspectives, it would
be interesting to determine a third minor detected product, to better understand the system
reactivity, and further studies for the comparison between the PVP and the phosphine cata-

lysts are also of great interest.

3.5 Conclusions

In this chapter, bimetallic nanomaterials, RuNi and RuCu, were tested as catalysts in the
selective hydrogenations of FIF and QN, in comparison with their monometallic counter-
parts. Interesting results have been obtained; some of them being rationalized by DFT cal-

culations (see Chapter 4).

RuNi/PVP displayed synergetic effects between both metals in the hydrogenation of FF,
which were maximised at a composition Ru/Ni = 1. Solvent effects were also obsetved in
this reaction being supported by DFT calculations, as detailed further in Chapter 4. Theo-
retical results point to differences of adsorption energies of the reactants due to the pres-
ence of propanolate species onto the NP surface when using 1-PrOH as solvent, which is

beneficial for the catalytic performance.

Cu/PVP NPs showed promising catalytic performances for the hydrogenation of FF, giving
activities similar to those observed on pure Ru/PVP nanocatalyst. Unfortunately,
RuCu/PVP NPs displayed lower catalytic performances than their monometallic countet-
parts; nevertheless the properties of these catalysts could be of interest for other catalytic

transformations.

RuiNi;/PVP nanocatalysts were less performants in QN hydrogenation, compared to FF
hydrogenation, even if high selectivity towards 1-THQ was obtained. N-alkylation reactions
were also observed by the condensation of 1-THPQ and DHQ products with 1-PrOH as

minor products.

As future perspectives, FF hydrogenation on RuNi/PVP NPs in H>O instead of 1-PrOH
would be interesting to study the 1,2-PeD production. Moreover, for FF hydrogenation

tests with other catalysts such as Cu/HDA NPs or with bimetallic NPs with Cu or Ni in the
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core will also be of interest. Finally, for QN hydrogenation, for a better comparison be-
tween the PVP-stabilised and the PPh,Py-stabilised catalysts, further studies should be per-

formed.
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4.1 Introduction

In Chapters 1 and 2, the need to find high performing catalysts for the implementation in
the industry of lignocellulosic biomass, as an alternative to fossil fuels, was discussed. Den-
sity functional theory (DFT) studies have risen as a useful tool for the simulation and design
of high performing materials for numerous applications like, for example, —C-H olefina-
tion.! Some of the applications of DFT studies are: calculation of electronic structures of
materials with correlated electrons,>* electrodynamics of materials with correlated elec-
trons,>® analysis of structural, magnetic and spectroscopic properties of metal complexes,’
investigation of large molecules such as proteins,? analysis of the hydration, molecular dock-
ing and effect of biomolecules in DNA,? study of the damage human serum by IR irradia-

tion,!% or spectral analysis of a sinusoid.!!

DFT studies have appeared to be a powerful tool to probe the properties of inorganic com-
pounds by reaching high accuracy with low computational cost.!> DFT methods are built on
the Hohenberg-Kohn theorem,!>-!5 which presents that, if the system electron density is
known, all electronic properties of the compound can be calculated. Many chemical proper-
ties can be accurately calculated by the available functionals (a function of a function), even
without knowing the precise form of all functional components. The majority of current
density functionals were initially developed by changing little parameters of different mole-
cules reference sets. DFT has become an effective alternative to classical Hartree-Fock and
post-Hartree-Fock methods to investigate metal complexes. However, because of the scal-
ability of the methods, the application of DFT on larger systems is limited by the availability
of computational resources, even if the application on small molecular complexes of ab initio
computational methods with high-level correlated wavefunctions has been already re-
ported.1617 The advantages of DFT for metal-containing systems are mainly the good scal-
ability of the system with the size, being thus able to calculate large molecular complexes,
and the suitability of the computed orbitals for their analysis and the interpretation of the
bonding between atoms and the system properties. Nevertheless, some important limita-
tions of DFT to treat some systems have been observed.!® Non exhaustive examples are:
proton transfer and hydrogen bonding reactions! or metal complexes where low coordina-

tion numbers are favoured by DFT.20

DFT has also demonstrated to be useful in bioinorganic chemistry, by modelling structures,
properties and processes in relation to photosynthesis, becoming a useful tool to validate
experimental conclusions or to elucidate between different possibilities.?! DFT allows to
calculate several properties which may contribute to understand spectroscopic, electronic or

geometric properties in a complementary way with experimental studies.?? Some examples
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of this symbiosis between DFT and experimental data have been reported for calculations
of: geometries, %5 energy and reaction mechanisms,?6-28 vibrational frequencies,®-3 and

spectroscopic properties.31.32

DFT studies have also been reported to be a powerful approach to probe the properties of
nanomaterials, such as magnetic, optical or catalytic, being in agreement with the experi-
mental results.® Several studies trying to improve the already mentioned calculations on
metallic centres?’ have been reported.?* DFT studies coupled to algorithms have been re-
ported for the optimisation of nanoparticles (NPs) or clusters on the basis of calculating the
total energies and forces.?> Some studies show the dependency of the structure on the com-

position and sizes of the NPs or clusters of Au,? Rh,?” Ru,? Pd,? Ni,* and Pt.4!

Vienna ab initio simulation package (VASP) has been used for DFT calculations on a large
number of metallic systems. VASP allows to calculate the total energy and the electronic
structure of metallic systems by using a plane-wave basis set.*>~#> The Perdew, Burke and
Ernzerhof (PBE) proposition of the generalised gradient approach was used for the ap-
proximation of the exchange correlation potential.*6 Projector augmented wave (PAW)
method is an electronic structure method, which acts on the core wave functions and the
full valence, with high accuracy for the molecular dynamics simulations. This PAW method
is of high precision, with errors on the bond lengths of less than 0.5 %, even in difficult

situations such as large differences of electronegativity and strong magnetic moments.*7:4

This chapter reports on DFT calculations using VASP with PAW method and PBE ap-
proximation are run on hydrogenated RussH7o, NizsHss NPs and RuisNizs models. DFT
studies have been performed in collaboration with the group of R. Poteau at LPCNO,*
which has a great expertise in this type of studies. These calculations have been done to

better understand the catalytic study on furfural (FF) hydrogenation previously described in
Chapter 3.

Russ NP model has already been characterised and described as a hexagonal close-packed
(hep) structure spheroid.’® Some DFT studies on hydrogenated Ru NPs models (RussH-o,
RussHsz, RussHis) have been previously reported in the group, exploring the adsorption
effect of imidazolium-amidinates>' and ethanoic acid® on their surface. The RussHy is a
good model under hydrogenation conditions for the Ru/polyvinylpyrrolidone (PVP) NPs,5
with a H metallic surface coverage theoretically calculated® similar to that experimentally

determined>? (see Chapter 2).

Niss NP model has already been characterised and described as a highly symmetric face-

centred cubic (fo) structure,>* being the Ni cluster that better represents the fir structure,
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from the ones containing between 13 to 55 atoms.>> The Niss NP atoms are distributed by 6
atoms in the nuclei and 32 at the surface, as has been previously reported.> The NissHjs is a
good model under hydrogenation saturated conditions for the Ni/PVP NPs described in
Chapter 2, knowing that 36 hydrogen atoms can be adsorbed on the Nisg surface by a dis-

sociative chemisorption.>

Several types of bimetallic RuNi systems have been theoretically described: as a mixture of
monometallic Ru and Ni NPs,57 as small Ruj3Nijs clusters,’8 as adsorbed Ni atoms on a Ru
nanosheet,>% as a Ru surface covered by a Ni surface®-®? or as a mixture of Ru and Ni
atoms simulating an alloy.®3%* The most similar systems to our RuisNix are the RuisNips

clusters, where the Ru atoms are mainly located in the core.

DFT calculations screening on the adsorption and hydrogenation of platform molecules,
such as FF or 2,5-hydroxymethylfurfural (HMF), on metallic NPs are scarce.®> In the case
of Ru®-%8 and Ni,*” only theoretical studies on flat surfaces have been studied. It has been
reported that the presence of co-adsorbed solvents,’ ligands” and hydrides”7? on metallic
surfaces has an important effect on the adsorption energies of substrates. From our knowl-
edge, this work is the first theoretical study of the catalytic reactivity of FF and derivates on

a hydrogenated Ru and Ni NPs surface.

4.2 DFT calculations on Russ models

Russ model is a spheroid with a A¢p structure which its geometrical characteristics, and sut-
face hydrides coverage has already been published.®® In addition, several hydrogenation Ru
NPs models (RussH7, RussHsz, RussHis) have been studied for the adsorption of imida-

zolium-amidinates 5! and ethanoic acid>? on their surface.

The RussH7 model describes well the Ru/PVP NPs under hydrogenation conditions used
in our catalytic studies.”® First, considering the size, the RussH70 model displays a size of ca.
1 nm, which is very similar to that of the Ru/PVP NPs desctibed in previous chapters (1.0
+ 0.2 nm). Second, regarding the hydride surface coverage, this model displays a ratio
H/[Ru on the surface) of 1.7, which corresponds to the coverage under hydrogenation
conditions theoretically calculated,” that is close to the previously reported experimental

value? and confirmed in this work (see Chapter 2).

In Chapter 3, the results obtained on the hydrogenation of FF,6-68 catalysed by the mono-
metallic Ru/PVP and Ni/PVP NPs as well as the bimetallic RuNi/PVP NPs, were de-
scribed in two solvents: tetrahydrofuran (THF) and 1-PrOH. Given the differences ob-

served in this reaction depending on the solvent used, several scenarios were computed in
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order to decipher the underlying reasons. First, the adsorption energies of THF and 1-
PrOH molecules adsorbed on a RussHz NP were compared. Then hydrogenation of FIFF

was studied considering the two solvents used in catalysis.

4.2.1 Determination of adsorption energies of THF and 1-PrOH on

Russ models

RussH7o(1-PrOH)s RussH7e(1-PrO)s RussH71(1-PrOH)s(1-PrO)

RussH7o(1-PrOH)1o RussH71(1-PrOH)s(1-PrO)

Figure 1: Dissociative or non-dissociative adsorption of 1-Propanol (1-PrOH) on the
Ru55H7o model.

1-PrOH can adsorb on the Ru hydrogenated surface by the oxygen atom either upon the
dissociation of the H of the alcohol moiety, forming the corresponding alkoxide, or without
dissociate onto the surface. Figure 1 displays the optimised structures obtained by the ad-
sorption of 1-PrOH (six or ten molecules), or the propanolate (six molecules), on a RussHro
model. It also depicts the adsorption of a propanolate in a hydrogenated Ru NP with five or
nine molecules of propanol adsorbed. The adsorption of six 1-PrOH is exothermic (AE = -
8.9 kcal-mol'), while the dissociative adsorption of all six 1-PrOH species (Scheme 2) is
unfavourable (AE = -1.1 kcal'mol"). An intermediate scenario was also computed: the dis-
sociative adsorption of only one of the six 1-PrOH molecules. If the dissociation happens at
the moment of the adsorption (Scheme 3, AE = -9.0 kcal-mol) it is favourable; if the disso-
ciation takes place after adsorption, thus the dissociation of one of the six 1-PrOH mole-

cules already adsorbed (Scheme 4), the AE is -0.2 kcal-mol!. Looking at all these energy
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values, an equilibrium between propanol and propanolate species exists on the surface of the

Ru NP (PrOH* > (PrO* + H¥)).

Other calculations were performed for ten molecules of 1-PrOH, Scheme 5 to 7. The ad-
sorption of ten 1-PrOH molecules on the surface is exothermic (AE = -8.0 kcal-mol”,
Scheme 5) as for six molecules (Scheme 1). The dissociative adsorption of only one of the 1-
PrOH molecules at the moment of the adsorption, AE = -9.0 kcal-mol! (Scheme 6) or once
the ten 1-PrOH molecules are adsorbed, AE = -9.6 kcal'mol! (Scheme 7), are both favour-
able towards the formation of the propanolate structure. Comparing the energies from
Schemes 4 and 7, where the only difference between the structures is the addition of four 1-
PrOH molecules, shows a great difference on the adsorption energy. The stabilisation ob-
served when adding four 1-PrOH molecules (Scheme 7) could mean that they help to stabi-

lise the structure containing one adsorbed propanolate molecule.

RussHyo+ 6 1PrOH— RussHyo(1PrOH), AE = -8.9 keal'mol !

Scheme 1: Adsorption of six 1-PrOH molecules.

RUS5H7()+ 6 1PrOH— RUS5H7(7(1PIO)6 AE = -1.1 kcal mol*!

Scheme 2: Dissociative adsorption of six 1-PrOH molecules.

RussHyo+ 6 1PrOH— RussHy; (IPrOH), (1PrO) AE = -9.0 keal'mol!

Scheme 3: Dissociative adsorption of one of the six 1-PrOH molecules.

RussHyg (1IPrOH) — RussHyy (1PrOH), (1PrO) AE = -0.2 keal'mol !

Scheme 4: Dissociation of one of the six adsorbed 1-PrOH molecules.

RussHyg+ 10 1PrOH— RussHy (1PrOH) AE = -8.0 keal-mol!

Scheme 5: Adsorption of ten 1-PrOH molecules.

RussHy+ 10 1PrOH— RussHy, (1PrOH), (1PrO) AE = -9.0 keal-mol !

Scheme 6: Dissociative adsorption of one of the ten 1-PrOH molecules.

RussHyo (1PrOH), — RussHy; (1PrOH), (1PrO) AE = -9.6 kcal'mol"!

Scheme 7: Dissociation of one of the ten adsorbed 1-PrOH molecules.
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Figure 2: Comparison of adsorption energies per ligand, d-band center values of surface
(asur) and core (gqcore) Ru atoms, and average charges of hydrides (gr1) and metal atoms
(gry)- RussHeo(P1rO)10 was only considered to hypothetically assess the influence of ten pro-

panolate ligands on the surface.

Next, the stability of the hydrogenated Ru species upon adsorption of THF or 1-PrOH was
compared. Figure 2 depicts these structures together with the adsorption energies per
ligand, d-band centre values of surface (eqsuf) and core (eqcor) Ru atoms, and average
charges of hydrides (gi) and metal atoms (gru). The average adsorption energy of ten mole-

cules of 1-PrOH is almost the same as for ten THF molecules, around -8 kcal-mol-!.

The adsorption of ten additional hydrides to the surface of a RussH7 (AE = -4.1 kcal-mol
1), is less favourable than the coordination of ten molecules of THF or 1-PrOH. Thus, both
solvents can coordinate on the surface of Ru NPs with almost the same facility, meaning
that the different FF conversion observed, in the two studied solvents, is related to a differ-

ent mechanistic pathway and not to a different accessibility of the NP surface. It is also
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noticeable that the dissociative adsorption of the ten 1-PrOH molecules as propanolates is
not favourable, even if the dissociation of some of them is favourable, behaving as transient
species in the reaction mechanisms. Electron charges and d-band centre values are also
displayed, from where it can be concluded that the adsorbed solvent molecules have a
slightly effect on d-band centres of the surface Ru atoms.” This is in accordance with the
weak o-donor character typical of this type of species which, differing from hydrides or
other strongly bound ligands, are not supposed to influence in a significant way the catalytic

activity of the surface atoms.

4.2.2 Possible reaction intermediates in furfural hvdrogenation

Some reaction intermediates possibly involved in the hydrogenation mechanisms were inves-
tigated for the two solvents used in catalysis. In comparison to bare surfaces, adsorbed hy-
drides on the surface can modulate the reactivity of the NPs.”* However, these hydrides have
a high mobility, making the identification of stationary points along the reaction pathway
much more complicated. Consequently, a complete relevant mechanistic study of the FF
hydrogenation on small Ru NPs is challenging to achieve and was not the purpose of our
work.”™ O-H activation has recently been reported of being a favoured reaction on the sur-
face of Ru NPs for carboxylic acids.>>7677 Furthermore, C-H activation and formation have
also been reported as being favourable on the sutface of Ru NPs, in the case of H/D ex-
change at the alpha carbon of several substituted amines.’87 As the study of the mechanistic
pathway is complicated, in our DFT calculations, the barrier heights were assumed to be low
or moderate to focus mainly on the adsorption energies of the different reactions, interme-
diates and products of the reaction. Two different models for the two reaction media (THF
or 1-PrOH) were studied to elucidate the hydrogenation mechanism for each solvent used.
The THF model consisted of a RussH7o cluster while its 1-PrOH counterpart has two 1-
PrOH molecules adsorbed on the surface of the hydrogenated Ru NP close to the studied
active site (highlighted in yellow in Figure 3). This active site is placed in both cases at the
interface between the facets (001) and (101) in the Ru NPs.80
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THF model

1-PrOH model

Figure 3: RussH7o models used to investigate the hydrogenation reactions in THF (top) and

in 1-PrOH (bottom). The considered active site is highlighted with a yellow halo. The lower

part of the models is not shown for the sake of clarity.

Figure 4 provides the atomic charges, from where it can be pointed out that for the hydro-
genation catalysed by the Ru NPs, the hydrogen species on the surface are hydrides, while
the reactions from Schemes 8 and 9 take place in acidic conditions. On the other hand, the
hydrogen atoms dissociated from the 1-PrOH molecules are positively charged. Before en-
tering into the mechanistic pathways, some energetic data, at the chosen DFT level, have to

be given for the different hydrogenation reactions (Scheme 8-11).
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Figure 4: Atomic charges of the two model systems plotted as colour maps. Surface ru-

thenium atoms, in blue, are oxidized by all hydrides (average charges: gryara. = -0.20 in both

l’nOdClS, GJHOH) = +O.54).

FF + H,— HF AE = -18.0 kcal-mol"!

Scheme 8: Hydrogenation of FF to furfuryl alcohol (HF).
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HF + 2 H,— HMTHF AE = -44.3 kcal-mol!

Scheme 9: Hydrogenation of HF to HMTHEF.

HMTHF + H,— 1,2-PeD AE = -26.7 kcal-mol!

Scheme 10: Hydrogenation of HMTHEF to 1,2-pentanediol (1,2-PeD).

FF + 2 1PrOH— acetal + H,0 AE = -6.5 kcal-mol!

Scheme 11: Acetalisation of FF with 1-PrOH.

The reactions from Schemes 8 to 10 are all exothermic, -18.0 kcal-mol-!, -44.3 kcal-mol!
and -20.7 kcal-mol!, respectively, and the reaction from Scheme 11, which occurs in pres-
ence of alcoholic solvents, is less exothermic (-6.5 kcal-mol). Hydrogenation reactions are
not easy processes kinetically even if from a thermodynamically point of view they are exo-
thermic. For this reason, the use of hydrogenated Ru NPs is of great interest for catalysis as
they have various and versatile active sites, as well as they present the dissociative chemi-
sorption of hydrogen (Hy) on the surface with no energy barrier. The hydrides on the metal-
lic surface have a high mobility and can coordinate the surface either in top, face-capping or
edge-bridging as it has been previously reported from nuclear magnetic resonance (NMR)
experiments®! and DFT calculations.’? The energies associated to the last four mentioned

reactions should be exactly the same for their homologous on the active sites (¥) on the Ru

NPs (Schemes 12 to 15).

FF + H, + 2'— HF + 2

Scheme 12: Hydrogenation of FF to HF on 2 Ru active sites.

HF + 2 H, + 3*—> HMTHF + 3*

Scheme 13: Hydrogenation of HF to HMTHF on 3 Ru active sites.

HMTHF + H, + 2°— 1,2-PeD + 2

Scheme 14: Hydrogenation of HMTHF to 1,2-PeD on 2 Ru active sites.

FF + 2 1PrOH + 3"— acetal + H,0 + 3
Scheme 15: Acetalisation of FF with 1-PrOH on 3 Ru active sites.
In these four schemes, 2* and 3* represent the number of different active sites on the Ru

NP involved in the reaction, being an active site either a single Ru atom on the surface, a

bimetallic edge or a coordination site with a higher pn index.
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4.2.3 Determination of hydrogenation energy profiles in THF

Figures 5 and 6 describe a possible mechanism for FF hydrogenation in THF, where both
FF and THF can be adsorbed on the RussHzo active site by a o-donating coordination of the
oxygen atom. The adsorption of FF is the most favourable compared to that of THF (-12

kcal-mol! against -10.6 kcal-mol).
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Figure 5: Energy profile for the FI¥ hydrogenation on a RussH7o NP in THF. Energies are

given in kcal-mol-.
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Figure 6: Simplified energy profile for the FIF hydrogenation on a RussHz NP in THF.

Once the FF molecule is adsorbed, the first transfer of hydride from the NP surface to the
adsorbed FF* molecule may be favoured by the n coordination of the carbonyl function.
Two intermediates are possible o-HFcu*RussHgo and n-HFon*RussHgo. The first contains a
bridging bidentate oxygen atom and its energy is equal to -13.1 kcal-mol!. The second in-
volves a surface hydride transfer to the oxygen of the carbonyl function and a coordination
of the carbon from the carbonyl to the surface, being slightly less stable (-12.3 kcal-mol™).
Next, a second hydride transfer may occur from the surface to the oxygen of the alcoholate
intermediate or to the carbon of the furfuryl resulting to the adsorbed HF* on a RussHgs
NP. This intermediate is coordinated to the surface by both the oxygen from the alcohol
function and a m interaction with the heterocycle with an energy value of -11.6 kcal-mol-.
At mild temperature, the desorption of the HF* molecule is not favoured, being the desorp-

tion energy from the RussHgs NP of 8.9 kcal-mol!. Nevertheless, if H» pressure is present,
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the RussH7o NP is regenerated favouring, from a thermodynamically point of view, the re-

lease of the adsorbed HF* molecule (-18.0 kcal-mol?).

Further hydrogenation of HF (Scheme 13 in Section 4.2.2) in THF, which seemed to be
experimentally not favoured, has been also investigated. The hydrogenation of the furanyl
cycle to form HMTHF requires its © coordination on the surface of the Ru NP. However,
this coordination is challenging given the high quantity of hydrides present on the NP sur-
face. The adsorption was studied at different sites of the NP and the adsorption energies

appeared to be too weak in all cases because of the high H-coverage (Figure 7).

FF on this edge
- desorption

= 4
Eaas = -7.1 keal.mol? E.sc =-1.7 keal.mol™ Eass = -14.2 keal.mol

HF on this edge
is thermodynamically
favorable

less favorable than the
sigma-donation of Oyyany. Attempt to adsorb HF on
the surface = likes
special apex (step) site

E.4 = -20.2 kcal.mol?

Figure 7: Possible n adsorption of 2-(hydroxymethyl)furan (HF), or FF, preliminary to the

hydrogenation step of the furanyl cycle. Energies are given in kcal-mol-.

The most favoured structure is that where the coordination of the n system is on the apex
atom of the RussH7o NP. As can be seen in Figure 8, the adsorption of the HF furanyl cycle
on the two Ru active sites is favoured (-26.9 kcal'mol'), and even more than the HF de-

sorption.
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RussHw + HF* RussHmn + HF* + THF*
Figure 8: Possible species involved in the HF furanyl cycle hydrogenation, following the

reaction of Scheme 13. Energies are given in kcal-mol-.

However, it is also observed (Figure 8) that the p—%n? coordination requires two metal
sites which are not available when there is co-adsorption of one THF and one HF mole-
cules. In this latter case, the reaction is clearly exothermic with an energy value of -34.7
kcal'mol!, suggesting that the coordination of THF is hampering the n coordination of HF
and its further hydrogenation to HMTHF.

4.2.4 Determination of hyvdrogenation energy profiles in 1-PrOH

In THF, the only possible source of hydrogen atoms needed for the hydrogenation of FF is
the Ru NP surface hydrides. However, in the case of 1-PrOH, the hydrogen of the alcohol
function may also be a source of hydrogen atoms. This hypothesis has thus been investi-

gated.

RussHn + HF*
+ 2 1-PrOH ;

RussHw + HF*
+ 2 1-PrOH*
Figure 9: Possible adsorption modes of two 1-PrOH molecules on a RussH7o NP. Energies

are given in kcal'moll.
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Figure 9 shows that two 1-PrOH molecules can interact with the FF substrate in two differ-
ent ways: either by outer-sphere H-bond interactions with the adsorbed FE*, or by adsorb-
ing also on the surface of the RussH7 NP, through the OH functions. After optimisation, it
is observed that the adsorption of the two 1-PrOH molecules is 10 kcal'mol! more stable
than the outer-sphere way, where H-bond interactions with the adsorbed FI™* occur. The
favourable adsorption indicates that, if 1-PrOH is involved in the hydrogenation mecha-

nism, this involvement is after the adsorption of the 1-PrOH molecule on the surface of the

NP.

Given this result, the two hydrogen atoms leading to the hydrogenation of the aldehyde
group of FF can be: a) from the hydrides adsorbed on the Ru NP, following the mechanism
of THF; b) from the alcohol functions of the 1-PrOH molecules after adsorption on the
surface of the NP and ¢) from both the hydrides on the surface of the RussH7o NP and the
OH groups.

The RussH7o NP with two adsorbed 1-PrOH molecules was chosen as model for the hy-
drogenation of FF in 1-PrOH (Figures 10 and 11).
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Figure 10: A possible energy profile for the FF hydrogenation on a RussHyo NP in 1-PrOH.
Possible starting points toward the formation of acetal, HMTHF or 1,2-PeD are also shown.

Energies are given in kcal-mol-.
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Figure 11: Simplified possible energy profile for the FF hydrogenation on a RussHz NP in
1-PrOH. Possible starting points toward the formation of acetal, HMTHF or 1,2-PeD are

also shown.
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The first step consists on the adsorption of FF on the surface (o-FF*RussH7) with an en-
ergy value of -12.8 kcal-mol", followed by the dissociation of the O-H bond of one of the
adsorbed 1-PrOH molecules on the surface of the NP (o-FF*RussH71) with an energy value
of -20.6 kcal-mol-'. Next, the first hydride from the Ru surface is transferred to the carbonyl
function of the adsorbed FI* molecule. As in the THF case, there are two hypotheses for
the hydrogen transfer: to the carbonyl carbon, giving as product the alkoxide molecule co-
ordinated through the oxygen as a bidentate ligand (o-HFcn*RussH7o: -20.5 kecal-mol) or to
the carbonyl oxygen, providing a less stable intermediate coordinated to the surface by the
carbonyl carbon (n-HFop*RussH7o: -19.7 kcal'mol™). Then, the second hydrogen transfer
involves either a hydride from the Ru NP surface transferred to the carbon of the carbonyl
group or the hydrogen atom of the other adsorbed 1-PrOH, here transferred to the oxygen
of the alkoxide. In both cases, the resulting product is the adsorbed HF* molecule on the
NP surface coordinated through the oxygen of the OH function (o-HF*RussH7: -16.4
kcal'mol=1). Under H» pressure, the two 1-propanolate molecules are regenerated, returning

to the initial state of the NP after desorption of the adsorbed HF* molecule (-18.0 kcal-mol-

0.

As the formation of furfuryl acetal was observed in catalysis (Chapter 3), this was also in-
vestigated which allowed to have a complete scheme of the FF hydrogenation reaction in 1-
PrOH. By assuming that the energy barriers are low or moderate, several possible interme-

diates were studied to elucidate the acetal formation (Figures 12 and 13).

At A Rughy+ acetal
. -140 - +H,0
Euﬁsg:: desorption of acetal
rk

Figure 12: Energy clues on a possible reaction pathway for the formation of acetal in 1-
PrOH, starting from the o-FF* intermediate reported in Figure 10. Energies are given in

kcal-mol-!.
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Figure 13: Simplified energy clues on a possible reaction pathway for the formation of

acetal in 1-PrOH, starting from the 6-FF* intermediate reported in Figure 10.
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The first part of the mechanism for acetal formation is exactly the same as for FF hydro-
genation, starting by the adsorption of the FF to the RussH7o NP with two adsorbed 1-
PrOH molecules (o-FIF*RussHqo: -12.8 kcal-mol~!, Figure. 10), followed by the dissociation
of the O-H bond of one of the 1-PrOH molecules adsorbed on the NP (o-FF*RussH7i: -
20.6 kcal-mol™). The first hydride transfer from the Ru NP surface to the oxygen of the
carbonyl group of the adsorbed FF* may occur, being the FF molecule coordinated to the
surface by the carbon atom of the carbonyl function (n-HFop*RussH7o: -19.7 kecal-mol™?).
The transfer of a second hydrogen may then occur either from the surface of the NP or the
second 1-PrOH molecule. This second hydrogenation may protonate the hydroxo group,
thus releasing a water molecule. At the same time, the furfuryl molecule results to a rela-
tively stable intermediate (n-MyEF*RussH7o: -12.1 kcal-mol™), containing a carbon atom with
a sp2 hybridisation which is strongly bonded to the RussH7 surface. Figure 14 shows a
comparison of some selected geometry parameters and charges of n-MyF*RussH7o and 7-

HFown*RussHo.

C64: 0.39]e| 66:-0.23|e|
C63:-0.42|e| aEeE H159: +0.34|e|
H151:40.32]e| '152;*034lel (oo 4o3)q 070:-0.74e|

+ H154: +0.35|e| H1E0:+0.52|e]

C62: +0.24|e|

Qugana: 0.22 | 2| Grgonst -0.16 | €|
R—MYF*RUssHm 'I'I*HFon*RussHm

Figure 14: Comparison between n-MyF*RussH7o and n-HFon*RussH7oof selected geome-
try parameters and charges. n-MyF*RussH7o is a dimetallacycle intermediate found on the
acetal formation pathway. A vibrational analysis confirmed that it is a minimum on the
potential energy surface. See also Figure 11, main text. The short Ru-Cuethyne(sp?) bond
length in this intermediate and the negative charge on the methyne fragment both suggest a

kind of Ru=C double bond.

After, n-MyF*RussH7o can be attacked by one of the propanolate molecules, adsorbed on
the surface of the NP, forming the monoether (hemiacetal) and then, by the second propa-
nolate molecule, the diether (acetal) specie with -11.1 and -14.0 kcal-mol~"! respectively,. The
stepwise formation of acetal and hemiacetal were also investigated although they were dis-
carded as the formation of the adsorbed hemiacetal after the coupling with one 1-PrOH

was not favoured (4.6 kcal-mol).
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Further hydrogenation of the aromatic ring followed by the ring-opening to obtain 1,2-
PeD# has also been studied since the formation of this product has also been observed in
catalysis. As before, being kinetic studies more complex and time consuming, only thermo-
dynamics have been considered. Three points has to be stated: a) hydrogenated Ru NPs are
good catalysts for hydrogenation reactions,? b) the furanyl hydrogenation implies a previ-
ous © coordination on the metallic surface and c¢) ring-opening reactions are easier from
HMTHEF than from HF. Taking into consideration these three statements, the results of

these studies are reported in Figure 15.

PeD, in 1-PrOH. They both originate from the o-HF* intermediate reported in Figure 10.

(*): the four activated hydrides ongoing from n-HF* to o-HMTHF* were randomly re-

moved from the surface. Energies are given in kcal-mol-.

The 7 coordination of the HF molecules represents an extra stabilisation of 9 kcal-mol! in
comparison to the o-HF* conformation. Then, the breaking of a Ru-H bond is counterbal-
anced by the cycle hydrogenation. In this process, three H> molecules were used, taking into
account the regeneration of the two 1-PrOH molecules adsorbed on the surface, exother-

mically releasing at the end a HMTHF molecule (Scheme 13, -65.5 kcal-mol). Continuing
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with the supposition that the ring-opening energy barrier is low, o-HMTHEF* may also pro-
vide 1,2-PeD, whose desorption is highly exothermic (-92.2 kcal'mol). This exothermic
value could make us think that it is a strong thermodynamic driving force although kinetics
could make uneasy this reaction. n-HF* intermediate is stronger than the o-HIF* intermedi-
ate, which are competing for the same active sites, differentiating from other intermediates

or even the solvent molecules.

To conclude this section of Chapter 4, two models representing the hydrogenated nanocata-
lysts with the two solvents used (THF and 1-PrOH) in catalysis (Chapter 3) were computed,
being the Ru surface hydrides negatively charged, and the protons from 1-PrOH, positively
charged. FIF hydrogenation on the THF RussHz NPs model reveals a competition between
THF and FF for the adsorption on the NP surface. HF desorption is favoured by the con-
tinuous flow of H», and the ring hydrogenation hampered by the presence of THF. FF hy-
drogenation on the 1-PrOH RussH7 NPs model indicates that 1-PrOH plays an active role
on the hydrogenation. DFT calculations allowed explaining the ring hydrogenation and ring
opening experimentally observed (Chapter 3). 1,2-PeD formation is thermodynamically
favoured and may act as driving force. FF can also react with 1-PrOH, being the acetal
formation in competition with the FF hydrogenation, producing H,O and acetal viz the

hemiacetal.

4.3 DFT calculations on Niszg models

The Niss model chosen for this study is a NP of highly symmetric for structure whose geo-
metrical characteristics have been previously published.> This Nisg is interesting as it is the
Ni cluster from the range 13 to 55 atoms whose structure represents the most likely the fe.5
The 38 atoms are distributed in three atomic layers with different facets, in an organisation

with 6 atoms composing the core and 32 the surface of t he Ni cluster.>

The NisgHss model desctribes well the Ni/PVP system used in catalysis. First, because, as
mentioned above, this model represents the fo structure the best. Second, the hydride cov-
erage of the Ni hydrogenated model NissHss was optimized according to the hydrides sur-
face coverage determined experimentally as described in Chapter 2. It is known that, under
conditions of hydrogen saturation, the Niss model can bind 36 hydrogen atoms on its sur-
face by the dissociative chemisorption of dihydrogen, being the NissHss model in the good

saturation range.

Some binding rules previously reported for the adsorption of deuterium on Ni, have been

considered suitable for hydrogen: (a) a H atom does not bind onto a top site; (b) the bind-
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ing energies for bridge, three-fold and four-fold sites are equal; (c) binding of two bridge
sites near an unoccupied three-fold or four-fold sites does not occur as well as the binding
of a H to a bridge site surrounded by occupied three-fold or four-fold sites; (d) two adjacent
three-fold sites cannot bind a H at the shared edge, which differentiates from the case of
two four-fold sites; (€) two adjacent bridge sites at the same line of atoms cannot bind a H

atom; and (f) each surface atom can bind a maximum of three H atoms.8>

As for Ru, being the complete mechanism difficult to elucidate, in our calculations the fo-
cus has been placed on the determination of the adsorption energies of the different possi-
ble species (reactants, intermediates and products) of the reaction, supposing the energy

barrier heights low or moderate.

4.3.1 Study of adsorption of FF onto Ni3zgHss model

As for Ru/PVP, with the Ni/PVP nanocatalyst some differences were observed regarding
the reaction media used. Consequently, two models to represent the use of THF and 1-
PrOH in catalysis (Chapter 3) were also built and investigated. In the hydrogenation
mechanism studies, some possible intermediates involved were considered for each solvent.
As for the Ru/PVP case,” the hydrides present on the surface may also influence the cata-
lytic activity of the Ni surface atoms of the Ni/PVP NPs. In THF, the model consisted of a
NissHss cluster while the counterpart in 1-PrOH has two 1-PrOH molecules adsorbed on

the surface of the hydrogenated Ni NP close to the studied active site (Figure 16).

THF model

1-PrOH model

\

Figure 16: NissH3s models used to investigate the hydogenation reactions in THF (top) and

in 1-PrOH (bottom). The lower part of the models is not shown for the sake of clarity.
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As observed in Figure 4 for Ru NPs, the atomic charges pointed out that the hydrogen spe-
cies on the surface are hydrides. In the case of Ni NPs, the situation is the same being the
hydrides placed at a certain distance, following the binding rules, because of the repulsion

interactions.5586

The reaction from Scheme 8 previously studied on the RussH7o model, has been also inves-
tigated on NissHss system. As a reminding, this reaction is exothermic (-18.0 kcal-mol?).

The negative adsorption energy should remain the same on the Ni NP active sites.

Figure 17 shows that the adsorption of the FF molecule is in competition with that of THF
and 1-PrOH, being the FF the most stable in the two cases (-9.6 kcal-mol! #s. -8.6 kcal-mol-

T'and -7.8 kcal-mol", respectively).

-7,8 kcal mol-1 -8,6 kcal mol-1 -9,6 kcal mol-1
Figure 17: Adsorption energies on a NissHss NP in kcal mol! of 1-PrOH, THF and FF

(from left to right).

4.3.2 Determination of hydrogenation energy profiles in THF

Figure 18 and 19 show a possible mechanism for the FF hydrogenation in THF on the
NissH3s NP model.
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Figure 18: Energy profile for the FIF hydrogenation on a NissHzs NP in THF. Energies are
given in kcal-mol ..
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Figure 19: Simplified energy profile for the FI hydrogenation on a NizsHss NP in THF

Once the FF molecule is adsorbed, a first hydride transfer from the Ni NP surface to the
adsorbed FF* may be favoured by a n coordination of the carbonyl group. Two intermedi-
ates are possible o-HFc*NizsHsq and n-HFor*NisgsHss. The first contains an oxygen atom
at a four-fold site and its energy is equal to -8.0 kcal'mol!. The second one involves a hy-
drogen transfer from the Ni NP surface to the oxygen of the carbonyl and the coordination
of the carbon of the carbonyl to the metal surface, being the most stable (-9.9 kcal-mol).
This latter configuration may be more stable because of the interaction of a second Ni atom
with the m system of the adsorbed FI* furanyl cycle. This n coordination may also explain
the hydrogenation of the furan cycle observed experimentally (section 3.2 of Chapter 3).
However, further calculations are needed to be able to conclude on this hypothesis. Next,
the transfer of a second hydride may occur from the Ni NP surface to the oxygen of the
alkoxide intermediate or to the carbon of the furfuryl cycle resulting to the adsorbed HF*

on a NisgHs3 NP. This intermediate is coordinated to the surface by the oxygen from the
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alcohol function with an energy value of -13.4 kcal'mol!. At mild temperature, the HEF*
molecule desorption is not favoured from the NissHs; NP, showing an energy of 13.0
kcal'mol'. However, under H» pressure, the NissHss NP is regenerated thermodynamically

favouring the release of the adsorbed HF* molecule (-18.0 kcal-mol).

Comparing to the hydrogenation in THF on RussH7o NPs, the adsorption of the FI on the
surface is less favoured on the NissHss NP. This result may explain the higher activity on Ru
observed in catalysis compared to Ni catalyst (see Chapter 3). Moreover, the reaction inter-
mediates o-HFcin*NisgHs4 and n-HFon*NissHss are more separated in energy than their Ru

homologues o-HFcn*RussHego and n-HFop*RussHeo.

4.3.3 Determination of hvdrogenation energy profiles in 1-PrOH

In the case of using 1-PrOH as reaction media on the RussH7y NP model, it was observed
that the hydrogen of the alcohol group plays an important role in the hydrogenation
mechanism. For this reason, even if data from Figure 18 evidences that the adsorption of
the FF molecule is more favourable than the adsorption of the 1-PrOH molecule, two 1-
PrOH molecules were adsorbed on this NisgHss model for the hydrogenation of FF in 1-
PrOH (Figures 20 and 21).
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Figure 20: A possible energy profile for the FF hydrogenation on a NissHss NP in 1-PrOH.

Energies are given in kcal-mol-.
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Figure 21: Simplified possible energy profile for the FF hydrogenation on a NissHss NP in
1-PrOH.

The first step consists on the adsorption of FF on the Ni NP surface (o-FF*NissHj3s) with
an energy value of -7.0 kcal'mol, followed by the dissociation of the O-H bond of one of
the adsorbed 1-PrOH molecules on the metal surface (6-FF*NissHse) with an energy value
of 4.9 kcal-mol'. Next, the first hydride from the Ni surface is transferred to the carbonyl
function of the adsorbed FF* molecule. As in the THF case, two configurations are possi-
ble: the hydride transfer to the carbonyl carbon, giving as product the alcoholate molecule
coordinated through the oxygen as a bidentated ligand (o-HFci*NissHss: 8.4 kecal-mol!) and
the hydride transfer to the carbonyl oxygen, providing a less stable intermediate coordinated
to the surface by the carbonyl carbon (n-HFon*NissHss: 14.9 kcal-mol?). The second hy-
drogen transfer involves either a hydride of the surface transferred to the carbon of the
carbonyl group or the proton of the other 1-PrOH adsorbed transferred to the oxygen of
the alcoholate. In both cases, the resulting product is the adsorbed HF* molecule on the
surface of the NP coordinated through the oxygen of the OH function (6-HF*NissHss: 20.2
kecal-mol~1). Under H» pressure, the two 1-propanolate molecules are regenerated, returning
to the initial state of the NP after desorption of the adsorbed HF* molecule (-18.0 kcal-mol-
). Finally, the desorption without H regeneration is not favoured (33.0 kcal-mol~') while
the adsorption of two H atoms on the Ni surface to regenerate the two 1-PrOH molecules

(NissHs7: -136.0 kcal mol ), is highly exothermic.

Regarding all the energy values of the mechanism in Figure 20, it can be observed that al-
most all are positive, which is unexpected comparing to the previous cases of Ru and Ni
already discussed in this chapter. However, these results may support the data obtained
experimentally in catalysis: FF hydrogenation on Ni/PVP NPs in 1-PrOH is less petfor-
mant from the series in 1-PrOH. The value -136.0 of kcal'mol! may explain that, even if
two H are adsorbed at the end on the surface, the 1-PrOH molecules adsorbed are not

going to be regenerated.

To conclude this section of Chapter 4, two models representing hydrogenated nanocatalysts
with the two solvents used (THF and 1-PrOH) in catalysis (Chapter 3) were computed. FF
hydrogenation on the THF NissHss NPs model shows that HF desorption is favoured by

the continuous flow of Ha. The ring hydrogenation in THF, observed experimentally with
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Ni/PVP NPs (section 3.2 of Chapter 3) may be explained by the n coordination at the in-
termediate n-HFon*NissHss. FE hydrogenation on the 1-PrOH NissHss NP model shows a
great amount of positive adsorption energy values. These values are found strange in com-
parison to all the other computed reactions but, they may explain why experimentally the
Ni/PVP catalyst is the less active of the series in 1-PrOH. Unfortunately, because of a lack
of time, no further calculations were run to finally corroborate the FF hydrogenation
mechanism on a NizsHss NP in 1-PrOH. As future perspectives, it will also be interesting to
study for both models the further hydrogenation and the acetal formation reactions in order

to have a full comparison of the NP catalytic properties.

4.4 DFT calculations on Rui13Ni2s models

Previously published computational studies on RuNi catalysts show bimetallic RuNi sys-
tems composed by monometallic Ru and Ni NPs,5 small clusters RuisNi3,*® a Ru
nanosheet with adsorbed Ni atoms 5% or a Ni surface covered by Ru surface belows!:62 or a

mixture of the Ru and Ni surfaces simulating an alloy.6364

Given the bimetallic NPs proved to be the most active in FF hydrogenation catalysis (Chap-
ter 3), building a model for RuNi NPs is crucial. For this purpose, the H/Murface tatios of all
the RuNi/PVP catalysts were determined experimentally (Chapter 2).

Different Rui3Nizs models were built starting from the Niss model and replacing several Ni
atoms of the NP by Ru atoms. This strategy was based on the wide angle X-ray scattering
(WAXS) data from where a core-shell structure was experimentally determined, being the
Ru in the core. The model used for Ni contains 38 atoms organised into 6 central atoms
and 32 surface atoms. By following the Ni coverage estimations reported in Chapter 2,
RuiNi;/PVP NPs have a Ni coverage of 77 % of the surface, which represents here 25 Ni
atoms from the 32 atoms present on the surface. Three RuisNizs models were thus built
containing a pure Ru core (Figure 22, Rui3Nizs-A to C). With the aim of comparison, two
more Rui3Nizs models were studied simulating alloy structures (Figure 22, Rui3sNixs-D and

E).
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Rui13Ni2s-A Ru1sNiz2s-B Ru13Ni2s-C
-8037.3 kcal-mol! -8008.5 kcal-mol! -8045.4 kcal-mol!

Ru13Nizs-D RuzNizs-E
-7988.6 kcal-mol! -7978.2 kcal-mol!

Figure 22: Rui3Nix; models with a Ru core (A to C) and with an alloy structure (D and E)

with their associated energies in kcal-mol-!.

Rui3Nizs models with a Ru core (A to C) are the most stable ones, supporting the experi-
mental results obtained for the bimetallic RuNi NPs. Adsorptions of different species

should be optimised in order to study the possible hydrogenation mechanism.

To conclude this section of Chapter 4, five hydrogenated Rui3Nizs models were optimised,
three of them (Rui3Nixs-A to C) maintaining the Ru core determined by WAXS analysis and
two (RuisNixs-D and E) representing alloyed structures. As future perspectives, the plan is
to continue with the adsorption of the different species studied in the monometallic Ru and
Ni cases, in order to compare the catalytic properties of the bimetallic RuNi NPs to the Ru

and Ni counterparts.

4.5 Conclusions

In this Chapter 4, different models of monometallic and bimetallic Ru and Ni hydrogenated
NPs have been built and discussed for the hydrogenation reaction of FF and, in the case of

1-PrOH, the formation of acetal.

For the Ru NPs, in order to represent the two solvents (THF and 1-PrOH) used in catalysis
(Chapter 3), two different models were built. The charges of the H atoms were observed to

be negative on the Ru surface and positive at the 1-PrOH molecules. On the THF RussH7o
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NPs model, a competition between FF and THF for the adsorption on the actives sites of
the NP surface was observed. The importance of a continuous flow of Hs was observed as
favourable for the desorption of HF and the presence of THF was seen to hamper the fur-
furyl cycle hydrogenation. On the 1-PrOH RussH7o NPs model, 1-PrOH was seen to play
an active role on the FF hydrogenation and the importance of the continuous flow of H»
was also observed. The ring hydrogenation and ring opening reactions observed experimen-
tally (Chapter 3) were successfully explained by DFT calculations. The ring opening to form
1,2-PeD was observed to be favoured from a thermodynamic point of view, as well as po-
tentially being the driving force of the reaction. Acetal formation is observed to be possible
through the formation of hemiacetal and H>O and to be in competition with FF hydrogena-

tion.

Two different models of Ni NPs were built, in order to represent the two solvents (THF
and 1-PrOH) used in catalysis (Chapter 3). On the THF NissHss NPs model, the impor-
tance of a continuous flow of Hz was observed as favourable for the desorption of HF. The
7 coordination of the intermediate n-HFon*NissH3z4 may explain the ring hydrogenation in
THEF, as observed expetimentally with Ni/PVP NPs (section 3.2 of Chapter 3). On the 1-
PrOH NissHss NPs model, almost all the adsorption energy values were seen to be positive.
By comparing to all the other studied reactions, these values are found unusual as in the
other cases they were all negative. However, being the adsorption energies positive mean
that they are not thermodynamically favoured, which may explain why experimentally, in
the 1-PrOH series, the Ni/PVP is the less active catalyst. Unfortunately, the FF hydrogena-
tion mechanism on a NissHss NP in 1-PrOH was not corroborated as a matter of time.
Finally, further hydrogenation and acetal formation studies on both solvent models will be
of great interest to be able to compare on the catalytic properties of the monometallic and

bimetallic series.

For the RuNi NPs, three models (RuisNixs-A to C) of hydrogenated Rui3Nixs were built,
considering a Ru core and two more models (RuisNizs-D and E), simulating alloys, were
optimised for comparison purposes, being the core-shell structures the most stables. The
future plan is to continue with the adsorption of the different species as studied in the other
cases. In order to conclude on the catalytic properties of the monometallic and bimetallic
series, running DFT calculation for the adsorption of the different molecules, as studied for

the monometallic NPs, is among the perspective of this computational work.
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Chapter 5: Deuteration of organic molecules on Ru/PVP nanoparticles

5.1 Introduction

The use of deuterium has attracted increasing interest in several domains of applications,
such as standards for mass spectroscopy,! study of reaction mechanisms,>* tuning of the
properties of materials,5¢ determination of protein conformations or the development of
drugs.” The majority of deuterated compounds are used in the pharmaceutical industry for
the research of new drugs, as they permit to study the metabolic pathways of drugs.®-10 By
the H-D isotope effect,!'-* biological activities of non-labelled drugs could be improved in
pharmaceutical chemistry.!>!7 The incorporation of deuterium in a specific site of a given
molecule is a pertinent way to tune the properties of drugs, such as absorption, distribution,
metabolism or drug excretion.!81? Deuterated drugs containing several deuterium atoms are
more resistant to degradation, which can be explained because cleaving a C-D bond requires
more energy than cleaving a C-H bond.2’ In 2017 the Food and Drug Administration (FDA)
of the U.S. accepted deuterated drugs.2!-22 Develop methodologies for large-scale deuterium

labelling at industrial level is thus of high interest.

Among the diverse methods studied for the synthesis of deuterated,’?>2> one of the most
attractive is the Hydrogen Isotope Exchange (HIE), where the incorporation of deuterium at
certain positions is modulated by a catalyst. HIE is particulatly interesting for the functionali-

sation of bioactive molecules.26-32

The use of inexpensive deuterated water (D20) under hydrogen (Hy) pressure is an easily
scalable deuteration methodology, as demonstrated by the synthesis of deuterium-containing
products on the kilogram scale, and it allows the isotope labelling of several substrates. Pd/C
and Pt/C are known to catalyse multi H/D exchange.3®> Ru- and It-based catalysts under D>
pressure are also active for this reaction.?> A heterogeneous Fe-based catalyst proved to be
highly efficient for the selective deuteration of (hetero)arenes.’* Also, earth abundant metal
based catalysts, such as Mn!? or Ni,% have been described as active for deuterations reac-
tions. Finally, Ru nanocatalysts have been reported for the deuteration of several organic
molecules under D pressure.33” Given this context, we have decided to explore the catalytic
properties of the nanocatalysts prepared for hydrogenation reactions as described in previous
chapters in the deuteration of target compounds of interest. This work has been performed
during a three months internship in M. Beller’s group, at Leibniz Institute for Catalysis
(LIKAT), in Rostock,’ with a financial support from NanoX Toulouse.?® The subgroup of
Catalysis for life sciences from M. Beller’s group, is specialised in deuteration reactions and

has reported several examples of deuteration reactions on heteroarenes.19-34:40-42
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5.2 4-Methoxyaniline deuteration using Ru/PVP NPs as cata-
lysts

Anilines are building blocks of some of the most sold medications.*> For their deuteration
several synthetic methods have been reported, including the use of heterogeneous!®.3444-46

and homogeneous*-0 catalysts, or deuterated bases or acids.>1->4

Usually, the reaction conditions for deuteration reactions vary from 40 °C to 400 °C, in the
presence (up to 20 bar), or not, of Ha. As starting conditions, D>O as solvent and deuterium
source, a temperature of 80 °C and a pressure of 10 bar of Hz or no Ha pressure were chosen
in the absence of any acids or co-solvent. All reactions were performed in 1.5 mL of D>O
with a metal molar ratio of 0.02 % with respect to the substrate, using as catalyst the
Ru/PVP NPs synthesised at 85 °C as described in section 2.2 of Chapter 2 (Scheme 1). The

evolution of the reaction was followed by solution 'H NMR. All the experimental details are

given in Chapter 6.
o
NH2 DO NH»
\\ 2
‘ Ru/PVP
T, 600 rpm
o 5 o D
4-MeCQAnD 4-ML‘,OAI’[(D)

Scheme 1: Catalytic deuteration of 4-Methoxyaniline (4-MeOAn) into 4-MeOAn(D).

After 16 h of reaction at 80 °C with 10 bar of H; in D>O (1.5 mlL), the reaction mixture of 4-
MeOAn (0.25 mmol) was washed three times with chloroform (CHCIs), the organic phase
dried with NaxSO4 and evaporated to dryness. Figure 1 depicts the 'H NMR spectra of the
dried reaction organic phase in deuterated chloroform (CDCl3), of the aqueous phase, and of
the pure substrate in CDCls. The NMR spectrum of the dried reaction organic phase does
not show any signal in the aromatic region, but a new set of peaks in the aliphatic area. These
results point to the hydrogenation of the aromatic ring catalysed by the Ru NPs, that are

well-known to provide this type of transformation.>
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Figure 1: 'H NMR spectra of the substrate 4-MeOAn in CDCl; (bottom), of the dried reac-

tion organic phase in CDCl; (top) and of the reaction aqueous phase in D>O (middle), after

the reaction of 0.25 mmol of 4-MeOAn at 80 °C with 10 bar of H> on Ru/PVP NPs in 1.5
mL of D2O.

In order to avoid the hydrogenation of the aromatic ring, the reaction was performed using
the same reaction conditions but in the absence of Hz. The 'H NMR spectrum of the crude
DO phase did not show any deuteration of the aromatic ring, as the ratio of the integrals of
the methoxy group with respect to the aromatic signals did not change. A new set of peaks
appeared which were attributed to PVP after gas chromatography-mass spectroscopy (GC-

MS) analyses of the reaction medium. PVP is known to be well soluble in water.
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Figure 2: 'H NMR spectra of the substrate 4-MeOAn in CDCl; (bottom) and of the DO
reaction mixture (top), after the reaction of 0.25 mmol of 4-MeOAn at 80 °C on Ru/PVP
NPs in 1.5 mL of D>O.

Unfortunately, no deuteration of this aniline was observed in any of the reaction conditions

tested, and no more catalytic tests were performed.

5.3 4-(Trifluoromethyl)benzaldehyde deuteration using
Ru/PVP NPs as catalyst

Aromatic aldehydes are interesting building blocks in pharmaceutical industry,> due to their
inherent and easy reactivity to create C-C and C-X bonds. Thus, their selective deuteration is
appealing to produce compounds of interest for the application in this domain. Diverse
methodologies have been explored, such as, the photoredox catalysed deoxygenative
deuteration of carboxylic acids;> the aldehyde deuteration vz the HIE #0550t pia the hydro-
gen atom transfer (HAT),5060 the reaction of amides with the Schwartz’s reagent,! the reduc-
tion of esters by LiAlD4 with an oxidation final step,52 or the Pd/Rh catalysed reductive cat-
bonylation of aryl halides.®> However, the development of new reaction pathways to access

deuterated aldehydes at a lower cost is required.

The study of the 4-(Trifluoromethyl)benzaldehyde (TFMBAL) deuteration (Scheme 2) was
performed using similar reaction conditions as for 4-MeOAn: 80 °C, D2O as solvent and
deuterium source, eventually 10 bar of Hz, and Ru/PVP NPs synthesised at 85 °C (see sec-
tion 2.2 Chapter 2, and Chapter 6 for the experimental details) with a metal molar ratio of

0.02 % with respect to the substrate.
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TEMBAL TFMBAL(D)
Scheme 2: Catalytic deuteration of TFMBAL into TEMBAL(D).

The 'H NMR spectrum of the substrate TFMBAL in CDCl; is displayed in Figure 3 (bot-
tom), together with that of the organic phase extracted, from the reaction mixture at 80 °C
under 10 bar of Hy, after workup. Likewise, the previous substrate, 4-MeOAn, the spectrum
of the organic phase of the reaction points to the hydrogenation of the aromatic ring, as well
as of the aldehyde, as the peaks corresponding to these two moieties are no longer observed,

and a new set of peaks appear in the aliphatic region of the '"H NMR spectrum.

Organic phase

TFMBAL

T

o
2,087

® 2.1

T T T T T T T T T T T T T T
0 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0
ppm

Figure 3: 'H NMR spectra in CDCI; of the substrate TFMBAL (bottom) and of the organic

T T T T T
.0.5 10.0 9.5 9.0 8.5

phase extracted from the reaction mixture (top), after the reaction of 0.25 mmol of

TFMBAL at 80 °C with 10 bar of H> on Ru/PVP NPs in 1.5 mL of D,O.

Then, the reaction was performed without Hz in order to avoid the hydrogenation reaction.
The 'H spectrum of the products in the organic phase extracted from the reaction medium is
displayed in Figure 4, in comparison to that of the TFMBAL substrate. This spectrum re-
veals that the peaks in the aromatic region are slightly shifted while the proton corresponding
to the aldehyde moiety at 10.04 ppm is almost vanished. These results indicate a possible
deuteration at this position. GC-MS analysis of the reaction medium shows two main peaks,
one with a mass-to-charge (m/z) of 174 attributed to the substrate TFMBAL, with a contri-

bution of m/z 175, which could correspond to the deuterated product. There is also a sec-
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ond peak with a m/z of 155 that could be attributed to the TFMBAL molecule after the loss
of a F atom (Figure 5).

CDCIs
7.19

Organic phase
C
— “ | Aromatic
Aldehyde 79
1 10.12 J

" | TFMBAL
d )
1 T o
- T T N\ o T

10.0 9.5 9.0 8.5 8.0 75 7.0 6.5
ppm.

Figure 4: '"H NMR spectra in CDClI; of the substrate TFMBAL (bottom) and the organic

phase extracted from the reaction mixture (top), after the reaction of 0.25 mmol of
TFMBAL at 80 °C on Ru/PVP NPs in 1.5 mL of D,O.

173.000
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Figure 5: Mass spectra of TEMBAL (top) and of a product containing a peak at m/z = 155
Da corresponding to a loss of a I atom (bottom) and their respective retention times in GC-

MS.

In order to verify the hypothesis of a selective defluorination, an analogue substrate, 4 -

(Trifluoromethyl)acetophenone (TFMAPO), was submitted to the same reaction conditions
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(Scheme 3). The 'H NMR of the organic phase of the reaction medium, in CDCl;, revealed
that a partial deuteration of the methyl moiety occurred (Figure 6). Nevertheless, the GC-MS
analysis of the reaction medium did not reveal a defluorination of the —CF3 group (Figure 7),

discarding thus defluorination on the TFMBAL substrate.

D
D,0
R o Ru/PVP ; e o
o 80°C, 60Dpm o
FaC FC D
TEMAPO TFMAPOID)

Scheme 3: Catalytic deuteration of TEFMAPO into TFMAPO(D).
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Figure 6: 'H NMR spectra in CDCI; of the substrate TEMAPO (bottom) and of the organic
phase extracted from the reaction mixture (top), after the reaction of 0.25 mmol of

TFMAPO at 80 °C on Ru/PVP NPs in 1.5 mL of D;O.

172.990

100.00%
190.00(
74.15%
145.000 i
63.060%
170.974
71.00074.970 94.950 124.960 1 42.970145.950 At 1:3;.9;0 190,984
50.960 6.57%0 6.36%0 8.15%  104.950 6.19% 4.2500| 5-87% — [ 2= 7.44%|
230% 1L Lo [i1 Tl | |
] [} 1 1hie [ 1 i

50 55 60 65 70 75 80 B85 90 95 100 105 110 115 120 125 130 135 140 145 150 155 160 165 170 175 180 185 190
mfz (Da)

Figure 7: Mass spectrum from the reaction of TFMAPO showing no peak corresponding to

the loss of one, two or three F atoms.
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5.4 Methyl 2,3-0-Isopropylidene-3-D-ribofuranoside deutera-
tion using Ru/PVP NPs as catalysts

Sugars labelled with deuterium are interesting organic molecules for 7z vivo kinetics studies®*
67 as well as for the structural studies of macromolecules such as nucleic acids and glycopro-
teins.%%-7 Deuterium labelled sugars are also of interest as they act as building blocks?77 for
the synthesis of deuterated chiral bioactive compounds. Several synthetic methods have been
reported to access these molecules; ketone reduction by LiAlD4 and NaBD4, 880 enzymatic
synthesis,?182 epimerisation of sugars containing a carbonyl group at the adjacent position®?
and multistep synthesis from small deuterium labelled compounds.8* All these processes have
a high cost and poor atom economy, thus using D>O as an alternative deuterium source it is

appealing 4188594

Methyl 2,3-O-Isopropylidene-B-D-ribofuranoside (MOIBRIBOF) deuteration (Scheme 4)
was investigated in D>O at a temperature of 80 °C and eventually under 10 bars of H» using

Ru/PVP NPs as catalyst. All the experimental details are given in Chapter 6.

D,0
Rw/PVP

T, 600rpm

MOIBRIBOF MOIBRIBOF(D)

Scheme 4: Catalytic deuteration of MOIBRIBOF into MOIBRIBOF(D).
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Figure 8: 'H NMR sepctra of the protected sugar MOIBRIBOF in D>O (bottom), of the
unprotected sugar Methyl 3-D-Ribofuranoside (MEBRIBOF) in D>O (15t middle), of the
organic phase extracted from the reaction medium in CDCl3 (274 middle) and of the aqueous
phase of the reaction medium in DO (top), after the reaction of 0.25 mmol of MOIBRI-
BOF at 80 °C with 10 bars of H> on Ru/PVP NPs in 1.5 mL of D,O.

Under H» pressure, a partial deprotection of the isopropylidene moiety of MOIBRIBOF
occurred, leading to the formation of the corresponding unprotected sugar, MEBRIBOF,
found in the aqueous phase, while the remaining substrate was observed in the organic phase
(Figure 8). This deprotection is known to occur under acidic conditions.”>*7 This result may
be due to the acidic character of the Ru/PVP NPs, which were shown to produce an acetal

from furfural, as previously discussed in Chapter 3.
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Figure 9: 'H NMR spectra in DO of the protected sugar MOIBRIBOF (bottom), of the
unprotected sugar MEBRIBOF (middle) and of the reaction medium (top), after the reaction

of 0.25 mmol of MOIBRIBOF at 50 °C on Ru/PVP NPs, in 1.5 mL of D-O.
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Figure 10: 'H NMR spectra in DO of the protected sugar MOIBRIBOF (bottom), of the
unprotected sugar MEBRIBOF (middle) and of the reaction medium (top), after the reaction

of 0.25 mmols of MOIBRIBOF at 80 °C on Ru/PVP NPs, in 1.5 mL of D,O.

20 18 16 14 12

Next, the deuteration of MOIBRIBOF was performed without Ha pressure, at different
temperatures. At RT, no reaction occurred, while increasing the temperature to 50 °C, the
partial deprotection of the sugar happened. '"H NMR spectrum of the reaction mixture (Fig-

ure 9; top), shows two different methoxy peaks at 3.32 and 3.34 ppm that can be attributed
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to MOIBRIBOF and MEBRIBOF respectively. A peak is also visible at 2.16 ppm, which can
be attributed to the presence of acetone, resulting from the deprotection of MOIBRIBOF.
At 80 °C, a full deprotection of MOIBRIBOF was observed, as shown by the 'H NMR
spectrum (Figure 10). In addition, several multiplets are visible in the range of 3.2 to 4.1
ppm, which can be attributed to epimerization products of the unprotected sugar MEBRI-
BOF. Such epimerisation reactions, are known to occur in aqueous acidic media.”8-10 Here,
they could be explained as the synthesised Ru/PVP NPs have previously been determined as

acidic when catalysing the acetal formation of furfural (see Chapter 3).

Then, the deuteration of the unprotected sugar, MEBRIBOF, was attempted in D»O, follow-
ing the same reaction conditions as described above (Scheme 5). In the presence of H at 80
°C, no reaction occurred. The 'H NMR spectrum of the reaction medium (Figure 11) clearly
showed the peaks of the MEBRIBOF substrate. In the absence of Ha, epimerisation of the
sugar occurred, as it can be discerned by the presence of several multiplets in the range of 3.2

to 4.2 ppm in the '"H NMR spectrum (Figure 11).

H
oL o H OH
D,0 5
Ru/PVP
80°C, 600rpm HO P
OH
MEBRIBOF MEBRIBOF(D)

Scheme 5: Catalytic deuteration of MEBRIBOF into MEBRIBOF (D).
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Figure 11: '"H NMR spectra of the unprotected sugar MEBRIBOF in DO (bottom) and of
the aqueous reaction medium with (middle) and without (top) Ha, after the reaction of 0.25
mmol of MEBRIBOF at 80 °C with (bottom) and without (top) 10 bar of H, on Ru/PVP
NPs, in 1.5 mL of D,O.

As conclusion, the deuteration of MOIBRIBOF and MEBRIBOF was not observed on the
Ru/PVP NPs in the investigated reaction conditions. In the case of the protected sugat,
MOIBRIBOF, reactions performed under 10 bar of Hy, led to the partial or total deprotec-
tion of the substrate. In the absence of Hy, epimerisation of the unprotected sugar, MEBRI-
BOF, was observed. Deuteration reactions of the unprotected sugar, MEBRIBOF, as sub-
strate confirmed that epimerisation occurs in the absence of Ho. Additional experiments are
needed to determine if the Ru/PVP nanocatalyst is responsible of this reactivity, which is

typically performed in acidic conditions.

5.5 Adenosine deuteration using Ru/PVP NPs as catalysts

Deuterated nucleosides such as adenosine (ADNS) are another class of interesting organic
molecules; they act as building blocks of nucleic acids and they allow to perform structural
studies of biological macromolecules.63-7>101 Deuterated ADNSs, ate often obtained wia
multi-steps tedious syntheses.!? Some other methodologies from the literature include the
fission and reclosure of rings,!"3 exchange of H atom catalysed by Pt with D»,1% performed

also in water, 10519 or by isotopic hydrogenolysis.!07

The deuteration of ADNS (Scheme 6) was also investigated on Ru/PVP NPs and using simi-

lar reaction conditions as those applied for the previous substrates (see details in Chapter 06).
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o H
HO =y
D0

e Ru/PVP

HO' H / 80°C. 600rpm
OH N

ADNS ADNS(D} D

Scheme 6: Catalytic deuteration of ADNS into ADNS(D).

The '"H NMR spectrum recorded after 16 h of reaction at 80 °C without Hz (Figure 12) is
very clean. It shows that a total deuteration of the proton in the C16 position occurred, a
reaction that has already been reported through a multi-step mechanism finishing with the
condensation of 3-B-D-ribofuranosyl-4-amino-5-(imidazol-2-yl)imidazole with deuterated
ethyl orthoformate (CD(OEt)s) at 100 °C in dimethylacetamide (DMA) during 4 h, followed

by the unmasking of the etheno moiety with chloroacetaldehyde in H2O.102

After reaction
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Figure 12: 'H NMR spectra in D2O of the substrate ADNS (bottom) and of the resulting
reaction mixture (top), after the reaction of 0.25 mmol of ADNS at 80 °C on Ru/PVP NPs,
in 1.5 mL of D2O.

This result evidencing a full selective deuteration of ADNS at the position 16, without any
epimerisation of the sugar backbone, is very interesting. It could be due to the presence of
the nitrogen moiety of the adenosine. This encouraging result opens the door to further

investigations.
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5.6 Conclusions

Catalytic deuterations of several organic molecules on Ru/PVP NPs have been performed.

For the 4-MeOAn, at any reaction conditions, no deuterium labelling was observed. When
pressurising the reactor with 10 bar of Hz at 80 °C, only hydrogenated products were ob-

tained and, without pressurising with Ha, at 80 °C, PVP leaching was observed.

Similarly TFMBAL was hydrogenated under 10 bar of H» at 80 °C. In the absence of Ha,
TFMBAL was deuterated on the formyl H.

Sugar derivatives were epimerized in the absence of Hy, and the protected sugar MOIBRI-
BOF, was deprotected while applying Ha pressure. Finally, ADNS was selectively deuterium

labelled at C16 position, without any epimerisation of the sugar backbone.

The exploratory work performed at LIKAT is very encouraging in some of the molecules

tested and open the doors for future research in deuteration reactions.
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6.1 General methods

The studied metallic system being air sensitive,!~ all the operations were carried out under
inert atmosphete to avoid the passivation and/or oxidation of the metallic surface. MBraun
gloveboxes and standard Schlenk techniques were used being argon chosen as the non-

reactive gas.

Tetrahydrofuran (THF) and pentane were purified by an MBraun SPS-800 solvent purifica-
tion system or by standard methods at the Laboratoire de Chimie de Coordination (LCC) in
Toulouse. At Leibniz Institute for Catalysis (LIKAT) in Rostock, THF was purified by dis-
tillation over Na/benzophenone and pentane by distillation using lithium aluminium hy-

dride

(LiAlHy). The metallic precursors [Ru(n*-CsHi2)(n%-CsHio)], [Ni(n*- CsHiz)2] and Cu(CoHiy)
were purchased at Nanomeps Toulouse, Strem Chemicals and Merck respectively. Polyvi-
nylpyrrolidone (PVP), dodecane, decane, 1-propanol (1-PrOH), furfural (FF), alumina,
hexadecylamine (HDA), 1-adamantanecarboxylic acid (AdCOOH) and THF were put-
chased at Merck, while furfuryl alcohol (HF) and tetrahydrofurfuryl alcohol (HMTHF) at
Alfa Aesar, diphenylphosphinopyridine (PPh;Py) at TCI and dodecylamine (DDA) at Fluka.
Carbon monoxide (CO) and hydrogen (Hz) were obtained from Air Liquid. At LIKAT in
Rostock, THF was purchased at Acros organics, CHCl; at VWR, ethylacetate at Walter
CMP and pentane at Fischer. Deuterated chloroform (CDCls) and deuterated water (D20)
were purchased at Deuteron. 4-(trifluoromethyl)benzaldehyde (TFMBAL) and methyl 2,3-
O-isopropylidene-3-D-ribofuranoside (MOIBRIBOF) were purchased at Fluorochem. 4-
(trifluoromethyl)acetophenone (TEFMAPO) was purchased at abcr and methyl B-D-
ribofuranoside (MEBRIBOF) at Alfa Aesar. 4-methoxyaniline (4-MeOAn), adenosine
(ADNS), 1-PrOH and Na»xSO4 were purchased at Merck. Ha, helium He, Ar and N, were
supplied by Air Liquide. All these products were used as arrived.

The metal content was determined by inductively coupled plasma - optical emission spec-
troscopy (ICP-OES) on mineralised samples using nitric and hydrochloric acids. At the
LCC in Toulouse by a Thermo Fisher Scientific ICAP 6300 Duo instrument. A charge in-
jection device (CID) array detector was used. The solutions were introduced into the ICP
through an introduction system containing a quartz nebulizer, a cyclonic spray chamber and
a quartz torch. At LIKAT in Rostock, the metal content was determined in a Varian 715-
ES instrument. A charge coupled device (CCD) detector was used for this simultaneous
echelle spectrometer. The solutions were introduced into the ICP through a sample delivery

system consisting in a crossflow nebulizer and a quartz torch.
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Elemental analyses were performed at the LCC in Toulouse by a Perkin Elmer 2400 series
1T by the Dumas method consisting on burning the sample into simple gases such as COg,
H>O and N».The combustion was executed at 1800 °C with the presence of oxygen. He was

used as the vector gas using a katharometer as thermal conductivity detector.

Liquid nuclear magnetic resonance (NMR) analyses were executed at the LCC in Toulouse
with a Bruker Avance 300 or 400 instruments; at LIKAT, in Rostock, using a Bruker

Avance 300 or a Fourier 300 instrument.

Solid NMR measurements were performed for some of the synthesised catalysts on a
Bruker Avance III HD 400 with a magnetic field of 9.4 T at the LCC in Toulouse. The
samples were placed into ZrO; rotors of 3.2 mm or 2.5 mm. Their rotating speed near the

magic angle was set at 12 kHz and the experiments were done at RT.

Attenuated total reflection infrared (ATR-IR) spectra were registered in the range of 4000-
400 cm ! at the LCC in Toulouse on a PerkinElmer GX2000 spectrometer placed in a

glovebox under an argon atmosphere.

Transmission electron microscopy (TEM) and high resolution transmission electron mi-
croscopy (HRTEM) were carried out at the “Centre de microcaractérisation Raimond Cas-
taing” in Toulouse on a JEOL JEM 1400 electron microscope operating at 120 kV with a
point resolution of 2.0 A or on a JEOL JEM 1011 CXT operating at 100 kV with a point
resolution of 4.5 A. High resolution images were acquired on a JEOL JEM 2100F coupled
with a Field Emission Gun (FEG) operating at 200 kV with a point resolution of 2.3 A or
on a JEOL JEM ARM200F Cold FEG operating at 200 kV with a point resolution of >1.9
A. A Cu-grid (mesh 400) or a Ni-grid (mesh 400), with a collodion film and a carbon film
deposited, was used for the deposition of the samples. At LIKAT in Rostock, scanning
transmission electron microscopy (STEM) measurements were performed at 200kV with an
aberration-corrected JEM-ARM200F (JEOL, Corrector: CEOS) with a point resolution of
1.4A. Energy dispersive X-ray (EDX) analysis was done with a JED-2300 (JEOL) energy-
dispersive-X-ray spectrometer having a silicon drift detector (dry SD60GV).High angle
annular dark field (HAADF) and annular bright field (ABF) detectors were used for general
imaging. A holey carbon supported Cu-grid (mesh 300, Micro to Nano) was used for the
deposition of the samples. Subsequently, the grid was transferred to the microscope. The
mean size of the nanoparticles (NPs) was determined by measuring manually at least 200

particles from the TEM images with the Image] software.
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Magnetism analysis were performed at the LCC in Toulouse, obtaining the hysteresis curves
by a MPMS 5 Quantum design magnetometer (ctyo-magnet 5 T; cryostat 2 K — 400 K) with

a superconducting quantum interface device (SQUID).

Thermogravimetric analysis (TGA) measurements were carried out at the LCC in Toulouse
through a Mettler TGA/DSC 3+ by using an alumina sample container. N, was used as a
carrier gas with a 50 mL-min-! flow. The temperature was increased 10 °C-min-! until 1000

°C, temperature hold for 5 min.

Wide angle X-ray scattering (WAXS) analyses were performed at the Centre d’Elaboration
de Matériaux et d’Etudes Structurales (CEMES) in Toulouse. The diffractometer for pair
distribution function (PDF) analyses is equipped with a monochromatized molybdenum
radiation (0.07169 nm), solid-state detection and a low background setup. In order to avoid
the oxidation of the samples, Lindemann glass capillaries of 1 mm of diameter were sealed
after being filled with the sample in a glovebox. The PDF analyses were obtained for 457
data points lasting 150 s per each on an extended angular range of 129 degrees in 2 theta.
Fourier transform and classic corrections related to polarization and absorption in cylindri-

cal geometries were employed before reduction.

X-ray photoelectron spectroscopy (XPS) measurements were performed at the Centre In-
ter-universitaire de Recherche et d’Ingénierie des Matériaux (CIRIMAT) in Toulouse in a
Thermo Scientific K-Alpha instrument under ultra high vacuum (UHV) by a X-ray source
of monochromatised Al Ko (EAI Ko = 1486.6 V). The spot size for the X-ray was of 400
um fixing the pass energy at 30 eV with a step for core levels of 0.1 eV and for surveys of
160 eV. The Au 4£7/2 (83.9 + 0.1 eV) and the Cu 2p3/2 (932.8 + 0.1 V) photoelectron
lines were employed for the calibration of the spectrometer energy. The XPS spectra were
register in direct mode N (Ec) by removing the background signal following the Shirley

method and by neutralising the charge effects on the top surface by applying the flood gun.

Gas chromatography (GC) analyses were carried out on a Shimadzu GC-2014 furnished
with a SUPELCOWAX 10 capillary column (30 m x 0.25 mm x 0.25 um) at LCC in Tou-
louse. The analysis method for the FF and quinoline (QN) hydrogenations consisted on a
1.25 mL-min! flow of He as carrier gas, 250 °C for the injector temperature, 250 °C for the
flame ionisation detector (FID), with the following oven program: 50 °C hold during 3.0
min followed by a ramp of 20 °C-min"! until 240 °C holding this temperature during 10.0
min displaying a total run time of 22.5 min. The retention times of the different products
for the FF hydrogenation are the following: dodecane, 6.8 min; FF, 9.2 min; HMTHF, 9.4

min; acetal, 10.0 min; HF, 10.4 min; 2-propoxymethyl furan, 10.6 min; and 1,2-pentanediol
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(1,2-PeD), 11.1 min. The retention times of the different products for the quinoline hydro-
genation are the following: unidentified product, 3.9 min; dodecane, 6.8 min; decahydroqui-
noline (DHQ), 9.4 min; decahydro-1-propylquinoline (DHPQ), 9.7 min; 5,6,7,8-
tetrahydroquinoline (5-THQ), 11.3 min; quinoline, 12.5 min; N-propyl 1,2,3,4-
tetrahydroquinoline (1-THPQ), 12.8 min; and 1,2,3,4-tetrahydroquinoline (1-THQ), 13.2

min.

Gas chromatography — mass spectroscopy (GC-MS) analyses were executed in a Shimadzu
QP2010 Ultra GC-MS with electron impact as ionisation method supplied with a
ZEBRON ZB-5 ms capillary column (30 m x 0.25 mm x 0.25um) at LCC in Toulouse. The
analysis method for the FF and quinoline hydrogenation consisted on a 1 mL-min-! flow of
He as carrier gas, 250 °C for the injector temperature, 250 °C for the FID, with the follow-
ing oven program: 40 °C hold during 0.5 min followed by a ramp of 20 °C-min"! until 250
°C holding this temperature during 10.0 min displaying a total run time of 21.0 min. The
retention times of the different products for the FF hydrogenation are the following: IFF,
3.6 min; HF, 3.8 min; HMTHF, 4.0 min; 1,2-PeD, 4.3 min; 2-propoxymethyl furan, 4.7 min;
dodecane, 6.3 min; and acetal, 6.7min. The retention times of the different products for the
quinoline hydrogenation are the following: DHQ, 6.1 min; dodecane, 6.2 min; 5-THQ), 6.4
min; quinoline, 6.6 min; 1-THQ, 7.3 min; DHPQ, 7.4 min; and 1-THPQ, 8.4 min. The
analysis method for the norbornene hydrogenation, used for the quantification of hydrides
on the surface of the NPs, consisted on a 1 mL-min! flow of He as carrier gas, 250 °C for
the injector temperature, 250 °C for the FID, with the following oven program: 35 °C hold
during 1.0 min followed by a ramp of 15 °C-min"! until 250 °C, temperature hold for 5.0
min displaying a total run time of 20.3 min. The retention times of the different products
are the following: DHQ), 6.1 min; dodecane, 6.2 min; 5-THQ, 6.4 min; quinoline, 6.6 min;
1-THQ, 7.3 min; DHPQ, 7.4 min; and 1-THPQ, 8.4 min.

GC-MS analyses were performed at LIKAT in Rostock using an Agilent 5977B GC/MSD
with electron impact as ionisation method supplied with a HP-5 ms ultra inert column (30
m x 0.25 mm x 0.25um). The analysis method for the 4-MeOAn deuteration consisted on a
1.2 mL-min! flow of He as carrier gas, 200 °C for the injector temperature, 310 °C for the
FID, with the following oven program: starting at 50 °C, followed by a ramp of 10 °C-min'!
until 260 °C, followed by a ramp of 50 °C-min! until 300 °C and holding during 2.0 min
displaying a total run time of 23.8 min. The retention time of 4-MeOAn is 8.5 min. The
analysis method for the TEFMBAL and MOIBRIBOF deuteration consisted on a 1.2
mL-min" flow of He as carrier gas, 200 °C for the injector temperature, 310 °C for the FID,

with the following oven program: starting at 50 °C, followed by a ramp of 8 °C-min! until
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260 °C and holding during 5.0 min displaying a total run time of 31.0 min. The retention
time of TFMBAL is 5.2 min and of MOIBRIBOF is 11.3 min.

Catalysed deuterations at LIKAT in Rostock were centrifuged in a Thermo electron corpo-
ration Heraeus Pico 17 centrifuge, in order to separate the catalysts from the solution. The
sample was introduced in a 1.5 mLL Eppendorf and was centrifuged at 13000 rpm during 10
minutes. It was followed by the addition of 1.5mL of ethyl acetate to wash by centrifuging
at 13000 rpm during 2 minutes. A Christ Alpha 3-4 LSC basic freeze dryer was also used to

concentrate some diluted samples.

6.2 Computational details

6.2.1 DFT calculations of metal nanoclusters

The software employed for the theoretical calculations is the Vienna Ab initio Simulation
Package (VASP)>6 using spin polarized density functional theory (DFT). The generalised
gradient approach from Perdew, Burke and Ernzerhof (PBE)7 was applied to approximate
the exchange-correlation potential. The projector augmented wave (PAW)3? data sets util-
ised for the full-potential reconstruction treat the states (n-1)p, (n-1)d and ns (i.e. 14 valence
electrons) for Ru. 500 eV were fixed as the kinetic energy cut-off, 0.02 eV of width for the
Gaussian smearing (o), being the energies extrapolated for o = 0.00 eV. 0.02 eV Al was set
as threshold for the residual forces on any direction for the geometry optimisation. Finally,
for all the I'-centred calculations!?, a supercell of 20 x 23 x 20 A3 was established to ensure,

between periodic images of the nanoclusters, a vacuum space of circa 10 A).

6.2.2 Rur,s model

The Russ model is a ¢ spheroid which its geometrical characteristics, surface hydrides
coverage are published elsewhere.!! Adsorption of phenylpyridine!? and ethanoic acid!?

have also been studied on the surface of hydrogenated Ru NPs (RussH7, RussHsz, RussHis).

6.2.3 Nisg model

The Niss model is a face-centred cubic (fr) spheroid. The hydride coverage of the Ni hy-
drogenated model NissHss was optimized according to the hydrides surface coverage de-

termined experimentally, following the procedure described below.
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6.2.4 Rui3Nizs model

The Rui3Niz; model was built starting from the Nisg model by replacing several Ni atoms
on the core of the NP by Ru atoms, according to the WAXS analyses which determined the
core-shell structure obtained experimentally. The number of Ru and Ni atoms was decided

taking into consideration the experimental results.

6.2.5 Adsorption enetrgies

1 n
Eqas(H) =~ [E(H") — E(NP) — 2 E(Hy)]

Eaas(L) = ~ [E(nL?) — E(NP) — nE(L)]

n

To clarify, this adsorption energy is dissociative in the case of hydrides.

6.2.6 Charge calculations

The density of states projected onto an atomic Slater basis set (pDOS) were integrated up
to the Fermi energy to perform from the VASP wavefunction a Mulliken population analy-
sis (MPA). The Lobster software, by using the basis set pbeVASPfit, allowed the projection
of the PAW wavefunction.!*The charge spilling, a factor evaluating the projection quality,
was regularly lower than 1%. An assessment comparing these MPA charges to other
schemes of electronic density decomposition (CM5, Natural Population Analysis, AIM-

Bader) is available.!?

6.2.7 d-band centre values (€d)

The d-band centre values were computed using the pDOS acquired with the LOBSTER
software.1¢This model is supported by the principle that the binding energy of an adsorbate
on a metal surface depends mainly on the electronic structure of the surface.!” The strength
of the bonding on the surface increases with the closeness of the g£4to the Fermi energy

(EE). Weak adsorption energies are therefore related to a large difference (Ep—€y).

6.3 Synthesis of metal nanoparticles

6.3.1 RuNi/PVP

In a classic reaction, the metallic precursors [Ru(n*-CsHiz)(n6-CsHio)] and/or [Ni(n*-
CsHi2)2] and PVP were added in a Fisher Porter (FP) bottle in a glovebox, where they were
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dissolved in THF. At the fume hood, the FP bottle with the yellow solution was pressurized
with 3 bars of H and heated to 85 °C in an oil bath. The solution became black after some
minutes evidencing the decomposition of the metallic complexes. The synthesis remained
under vigorous stirring at 85 °C overnight. The day after, the excess of Hz was removed
from the FP bottle followed by the concentration of the colloidal suspension under vac-
uum. To ensure a good precipitation of the NP, pentane was added. The black solid, after
filtrating through a cannula under argon, was washed twice with pentane, following the
same procedure. The washed NPs were then dried under reduced pressure overnight. For

each metallic composition of the studied NPs, the reactant quantities are noted herein.

Ru/PVP. 140.4 mg (0.445 mmol) of [Ru(n*-CsHi2)(n*-CsHio)], 150 mg of PVP, and 40 mlL.
of THF. Yield: 102.7 mg. ICP anal.: 24.2 % Ru.

RusNi;/PVP. 105.3 mg (0.334 mmol) of [Ru(n*CsHi2)(n5- CsHig)], 30.6 mg (0.111 mmol)
of [Ni(n*-CsHi2)2], 150 mg of PVP, and 40mL of THF. Yield: 131.2mg. ICP anal.: 17.0 %
Ru; 3.7 9% Ni.

RuyNi; /PVP. 45.0 mg (0.143 mmol) of [Ru(n*-CsHi) (16-CsHig)], 39.2 me (0.143 mmol) of
[Ni(n*-CsH15)5], 100 mg of PVP, and 40 mL of THF. Yield: 72.3 mg. ICP anal.: 10.2 % Ru;
5.7 % Ni.

RuiNiz/PVP. 35.1 mg (0.111 mmol) of [Ru(n*-CsHi2)(n*-CsHio)], 91.8 mg (0.334 mmol) of
[Ni(n*-CsH12)2], 150 mg of PVP, and 40 mL of THF. Yield: 147.8 mg. ICP anal.: 7.9 % Ru;
14.6 % Ni.

RuiNiz/PVP. 7.0 mg (0.022 mmol) of [Ru(n*-CsHyz)(n6-CsHio)], 116.3 mg (0.423 mmol) of
[Ni(n*-CsH1)s], 150 mg of PVP, and 40 mL of THF. Yield: 92.9 mg. ICP anal: 1.5 % Ru;
17.6 % Ni.

Ni/PVP. 117.6 mg (0.425 mmol) of [Ni(n*-CsHi2)s], 150 mg of PVP, and 40 mL of THF.
Yield: 114.1 mg, ICP anal.: 17.9 % Ni.

6.3.2 RuNi/PPh,Py

In a classic reaction, the metallic precursors [Ru(n*-CsHiz)(n6-CsHio)] and/or [Ni(n*-
CsHi2)2] complexes and PPhoPy were added in a FP bottle in a glovebox, where they were
dissolved in THF. At the fume hood, the FP bottle with the orange solution was pressur-
ized with 3 bars of Hs and heated to 85 °C in an oil bath. The solution became black after

some minutes evidencing the decomposition of the metallic complexes. The synthesis re-
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mained under vigorous stirring at 85 °C overnight. The day after, the excess of Ha was re-
moved from the FP bottle followed by the concentration of the colloidal suspension under
vacuum. To ensure a good precipitation of the NP, pentane was added. The black solid,
after filtrating through a cannula under argon, was washed twice with pentane, following the

same procedure. The washed NPs were then dried under reduced pressure overnight.

When using [Ru(n*-CsHi2)(PPh2Py)2] or [Ni(n*- CsHi2)(PPhoPy)s] complexes as precursors
for the synthesis of RuiNii/PPh,Py, they were decomposed, with [Ru(n*-CsH12)(n-CsHig)]
and [Ni(n* CsHiz)2] respectively, under 3 bars of H» an heated at 85 °C in an oil bath. In
these cases, no additional PPhoPy was added. The colour of the solution changed in both
cases from dark red to black when pressurising. The day after, the excess of Ha was re-
moved from the FP bottle followed by the concentration of the colloidal suspension under
vacuum. To ensure a good precipitation of the NP, pentane was added. The black solid,
after filtrating through a cannula under argon, was washed twice with pentane, following the

same procedure. The washed NPs were then dried under reduced pressure overnight.

For each metallic composition of the studied NPs, the reactant quantities are noted herein:

Ru/PPhyPy. 149.8 mg (0.475 mmol) of [Ru(n*CsHi2)(5-CsHig)], 25.0 mg of PPh,Py, and
40 mL of THF. Yield: 42.0 mg. ICP anal.: 81.8 % Ru; 7.3 % P. P/Ru (surface) = 0.05

RuPNi/PPh,Py. 100.0 mg (0.136 mmol) of [Ru(n*-CsHi2)(PPh2Py)2], 37.4 mg (0.136 mmol)
of [Ni(n*-CsHiz)2] and 40 mL of THF. Yield: 33.7 mg. ICP anal.: 19.8 % Ru; 13.4 % Ni;
14.8% P. P/M (surface) =0 .1

RuNi/PPh;Py. 74.9 mg (0.237 mmol) of [Ru(n*-CsHi2)(n6-CsHio)], 65.3 mg (0.237 mmol) of
[Ni(n*-CsH12)2], 25.0 mg of PPhoPy, and 40 mL of THF. Yield: 30.9 mg. ICP anal.: 51.2 %
Ru; 32.7 % Ni; 7.4 % P. P/Ni (surface) = 0.08

RuNiP/PPh,Py. 45.5 mg (0.144 mmol) of [Ru(n*-CsHy2) (16-CsHig)], 100.3 mg (0.145 mmol)
of [Ni(n*CsH1s)(PPhaPy)s] and 40 mL of THE. Yield: 34.3 mg . ICP anal.: 19.3 % Ru; 13.0
% Ni; 10.8 % P. P/M (surface) = 0.06

Ni/PPh,Py. 130.6 mg (0.475 mmol) of [Ni(n*-CsHy2)s], 25.0 mg of PPh,Py, and 40 mL of
THF. Yield: 16.6 mg. ICP anal.: 65.8 % Ni; 7.9 % P. P/Ni (surface) = 0.08

6.3.3 RuNi/AdCOOH

In a classic reaction, the metallic precursors [Ru(n*CsHiz)(n6-CsHio)] and/or [Ni(n*-
CsHi2)2] and AACOOH were added in a FP bottle in a glovebox, where they were dissolved
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in THF. At the fume hood, the FP bottle with the yellow solution was pressurized with 3
bars of Hz and heated to 85 °C in an oil bath. The solution became black after some min-
utes evidencing the decomposition of the metallic complexes going through an orange col-
our. In the case of the Ni/AdCOOH NPs, no colour change was observed before heating
while, with the Ru-containing NPs, the solution became black when pressurizing with Ho.
The synthesis remained under vigorous stirring at 85 °C overnight. The day after, the excess
of Hz was removed from the FP bottle followed by the concentration of the mixture under
vacuum. To ensure a good precipitation of the NP, pentane was added. The black solid,
after filtrating through a cannula under argon, was washed twice with pentane, following the
same procedure. The washed NPs were then dried under reduced pressure overnight. For

each metallic composition of the studied NPs, the reactant quantities are noted herein.

RuiNi;/AdCOOH. 65.62 mg (0.208 mmol) of [Ru(n*CsHi2)(n%-CsHio)], 57.14 mg (0.208
mmol) of [Ni(n*CsHi2)z2], 14.98 mg of AACOOH, and 40 mL of THF. Yield: 7.3 mg. ICP
anal.: 36.0 % Ru; 22.9 % Ni.

Ni/AdCOOH. 114.56 mg (0.417 mmol) of [Ni(n*-CsHi2)2], 14.98 mg of AdCOOH, and 40
mL of THF. Yield: 1.9 mg. ICP anal.: 76,9 % Ni.

6.3.4 RuCu/PVP

In a classic reaction, the metallic precursors [Ru(n*CsHiz)(n5-CsHig)] and/or [Cu(CoHuy)]
and PVP were added in a FP bottle in a glovebox, where they were dissolved in THF. At
the fume hood, the FP bottle with the yellow (for bimetallic and monometallic Ru reac-
tions) ot brown/dark orange solution (monometallic Cu reactions) was pressutized with 3
bars of Hy and heated to 100 °C in an oil bath. The solution became black (for monometal-
lic Cu, dark Bordeaux red) after some minutes evidencing the decomposition of the metallic
complexes. The synthesis remained under vigorous stirring at 100 °C overnight. The day
after, the excess of Hz was removed from the FP bottle followed by the concentration of
the colloidal suspension under vacuum. To ensure a good precipitation of the NP, pentane
was added. The black solid, after filtrating through a cannula under argon, was washed twice
with pentane, following the same procedure. The washed NPs were then dried under re-
duced pressure overnight. For each metallic composition of the studied NPs, the reactant

quantities are noted herein.

Ru/PVP. 140.6 mg (0.446 mmol) of [Ru(n*-CsHi5)(16-CsHig)], 150 mg of PVP, and 40 mL
of THF. Yield: 162.5 mg. ICP anal.: 22.2 % Ru.
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RuzCui/PVP. 105.3 mg (0.334 mmol) of [Ru(n*-CsHi)(n%- CsHio)], 32.3 mg (0.177 mmol)
of [Cu(CoHu11)], 150 mg of PVP, and 40 mL of THF. Yield: 163.5 mg. ICP anal.: 15.9 % Ru;
5.6 % Cu.

Ru;Cui/PVP. 111.7 mg (0.354 mmol) of [Ru(n*-CsHi)(n-CsHig)], 64.7 mg (0.354 mmol)
of [Cu(CoHu11)], 150 mg of PVP, and 40 mL of THF. Yield: 155.6 mg. ICP anal.: 18.6 % Ru;
14.1 % Cu.

RuyCu,/PVP. 70.2 mg (0.222 mmol) of [Ru(n*-CsHys)(n6-CsHig)], 64.7 mg (0.354 mmol) of
[Cu(CoHir)], 150 mg of PVP, and 40 mL of THF. Yield: 149.8 mg. ICP anal: 13.7 % Ru;
15.9 % Cu.

RuiCuz/PVP. 11.2 mg (0.036 mmol) of [Ru(n*CsHi2)(n%-CsHi)], 122.9 mg (0.673 mmol)
of [Cu(CoHi1)], 150 mg of PVP, and 40 mL of THF. Yield: 161.3 mg. ICP anal.: 1.7 % Ru;
20.2 % Cu.

Cu/PVP. 129.4 mg (0.708 mmol) of [Cu(CoHiy)], 150 mg of PVP, and 40 mL of THF.
Yield: 136.8 mg, ICP anal.: 19.8 % Cu.

6.3.5 Cu/amines

In a classic reaction, the metallic precursor [Cu(CoHi1)] and an amine (DDA or HDA) were
added in a FP bottle in a glovebox, where they were dissolved in THF. At the fume hood,
the FP bottle with the dark orange/brown solution was pressutized with 3 bats of H, and
heated to 80, 100 or 120 °C in an oil bath. The synthesis remained under vigorous stirring
and heating overnight. The day after, the excess of Hz was removed from the FP bottle
followed by the concentration of the colloidal suspension under vacuum. To ensure a good
precipitation of the NP, pentane was added. The black solid, after filtrating through a can-
nula under argon, was washed twice with pentane, following the same procedure. The
washed NPs were then dried under reduced pressure overnight. For each metallic composi-

tion of the studied NPs, the reactant quantities are noted herein.

RuiCui/1 equivalents (eq.) HDA@100 °C. 111.7 mg (0.354 mmol) of [Ru(n*-CsHiz)(ns-
CsHig)], 64.8 mg (0.354 mmol) of [Cu(CoH11)], 85.7 mg of HDA, and 40 mL of THF. Yield:
63.2 mg. ICP anal.: 6.2 % Ru; 4.0 % Cu.

Cu/2 eq. HDA 120 °C. 131.6 mg (0.720 mmol) of [Cu(CoH,1)], 173.8 mg of HDA, and 20
mL of THF. Yield: 23.7 mg. ICP anal.: 80.8 % Cu.
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Cu/1 eq. HDA 120 °C. 131.6 mg (0.720 mmol) of [Cu(CoHi1)], 86.9 mg of HDA, and 20
ml. of THF. Yield: 28.9 mg. ICP anal.: 83.1 % Cu.

Cu/1 eq. HDA 100 °C. 131.6 mg (0.720 mmol) of [Cu(CoHi1)], 86.9 mg of HDA, and 20
ml. of THF. Yield: 39.2 mg. ICP anal.: 57.1 % Cu.

Cu/1 eq. HDA 80 °C. 32.9 mg (0.180 mmol) of [Cu(CoHiy)], 21.7 mg of HDA, and 5 mL of
THF. Yield: 28.0 mg. ICP anal.: 17.1 % Cu.

Cu/0.4 eq. HDA 100 °C. 131.6 mg (0.720 mmol) of [Cu(CoHi1)], 34.8 mg of HDA, and 20
mL of THF. Yield: 4.4 mg. ICP anal.: 77.4 % Cu.

Cu/0.4 eq. HDA 80 °C. 32.9 mg (0.180 mmol) of [Cu(CoH11)], 8.7 mg of HDA, and 5 mL
of THF. Yield: 4.4 mg. ICP anal.: 97.7 % Cu.

Cu/0.2 eq. HDA 80 °C. 32.9 mg (0.180 mmol) of [Cu(CoH11)], 4.4 mg of HDA, and 5 mL
of THF. Yield: 7.4 mg. ICP anal.: 88.9 % Cu.

Cu/0.08 eq. DDA 80 °C. 32.9 mg (0.180 mmol) of [Cu(CoHi1)], 1.7 mg of DDA, and 5 mL
of THF. Yield: 5.7 mg. ICP anal.: 70.6 % Cu.

6.4 Synthesis of metals complexes

6.4.1 [Ru(n*-CsH1,)(PPh,Py),]

[Ru(n*-CsHi2)(n%-CsHi0)] complex was added in a Schlenk flask (SF) in a glovebox, where
they were dissolved in dry acetone. PPhoPy was added in the flask turning the pale yellow
solution to orange. After 6 h stirring at RT in the glovebox, the solution became brown. At
the fume hood, the acetone was evaporated obtaining a dark residue. This solid was washed
three times with dry pentane to eliminate the cyclooctatriene and the excess of ligand. The

resulting black solid was dried overnight under reduced pressure.

[Ru(n*-CsHi2)(PPh2Py)2]. 100.1 mg (0.317 mmol) of [Ru(n*CsHi2)(n*-CsHig)], 208.1 mg of
PPh,Py, and 10 mL of dry acetone. Yield: 129.0 mg. ICP anal.: 11.7 % Ru; 9.3 % P.

6.4.2 [Ni(n*-CgHi2)(PPhoPv)»]

[Ni(n*-CsH12)2] complex was added in a SF in a glovebox, where they were dissolved in
diethyl ether (Et,O). PPh,Py was added in the flask turning the pale yellow solution to or-

ange together with the appearance of an orange precipitate. After, it was stirred 2 h at RT in
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the glovebox, and then, the solvent was removed by decantation. The bright orange solid
obtained was washed twice with Et2O to eliminate the cyclooctatriene and the excess of

ligand. The resulting black solid was dried overnight under reduced pressure.

[Ni(n*-CsH1s)(PPhaPy)s]. 100.0 mg (0.364 mmol) of [Ni(n*-CsHi2)s], 197.1 mg of PPh,Py,
and 5 mL of Et,O. Yield: 157.4 mg. ICP anal.: 10.8 % Ni; 10.5 % P.

6.5 Surface reactivity with CO

To study the surface reactivity, CO was adsorbed on the surface of the NP in the solid state
(SS). The reactivity test consisted on inserting a pure solid sample of NP in a FP that was
then pressurised with 1.5 bar of CO during 24 h. The day after, the CO was removed from
the FP under reduced pressure during 20 minutes. Then, the ATR-IR spectra were recorded

in a glovebox.

6.6 Quantification of hydrides on RuNi/PVP metal nanoparti-

cles

The quantification of hydrides per surface metal atoms was performed by slightly modifying

a previous methodology previously described.!

The metallic precursors [Ru(n*-CgHiz)(n6-CsHio)] and/or [Ni(n* CsHiz)2] and PVP were
added in a FP in a glovebox, where they were dissolved in THF. At the fume hood, the FP
with the yellow solution was pressurized with 3 bars of H> and heated to 85 °C in an oil
bath. The solution became black after some minutes evidencing the decomposition of the
metallic complexes. The synthesis remained under vigorous stirring at 85 °C overnight. The
day after, the excess of H> was removed from the FP followed by the evaporation of the
THF from the colloidal suspension until drying. In a glovebox, 52.7 mg (0.56 mmol) of
norbornene and 11.9 mg (0.07 mmol) of dodecane as internal standard were added in the
FP bottle, together with THF (10 mL). The solution was stirred and samples were collected
at 0 h, 24 h and 48 h, under Ar, filtrated through an alumina column and analysed by GC-
MS.

Knowing that two hydrides are needed for the conversion of norbornene to norbornane,
the number of mmol of hydrides was calculated in correlation to the mmol of norbornane
established through GC analyses. The number of mmol of metal present on the surface was

calculated from the amount of NPs weighted taking into account the ICP results and their
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size. For each metallic composition of the studied NPs, the reactant quantities are noted

herein. The ratio H/Musace was calculated for the following NPs:

Ru/PVP. 35.1 mg (0.111 mmol) of [Ru(n*-CsHi2)(n>-CsHig)], 37.5 mg of PVP, and 10 mL
of THF. H/Musface = 1.3 £ 0.2

RusNi; /PVP. 26.5 mg (0.084 mmol) of [Ru(n*CsHyz)(ns- CsHig)], 7.7 mg (0.028 mmol) of
[Ni(1+CsHi2)2], 37.5 mg of PVP, and 10 mL of THF. H/Muface = 1.8 % 0.1

RuyNi; /PVP. 17.6 mg (0.056 mmol) of [Ru(n*-CsHi)(n6-CsHig)], 15.3 mg (0.056 mmol) of
[Ni(1*CsHi2)2], 37.5 mg of PVP, and 10 mL of THF. H/Mutace = 1.6 % 0.2

RuyNis/PVP. 8.8 mg (0.028 mmol) of [Ru(n*-CsHi5)(16-CsHig)], 23.1 mg (0.084 mmol) of
[Ni(1*CsHi2)2], 37.5 mg of PVP, and 10 mL of THF. H/Matace = 1.1 % 0.4

Ni/PVP. 30.5 mg (0.111 mmol) of [Ni(n*-CsHiz)2], 37.5 mg of PVP, and 10 mL of THF.
H/Msurface =0910.1

6.7 Catalytic hydrogenation reactions

The catalytic hydrogenations were performed at LCC in Toulouse in a stainless steel high-
pressure batch TOP Industries reactor of 200 ml.. In a classic reaction, a mixture of 4
mmol of substrate, 0.5 mmol of internal standard and the 0.02 mmol of metal present in the
catalyst in 15 mL of the wished solvent were filled in the autoclave in a glovebox. At the
fume hood, the inert atmosphere inside the reactor was eliminated by purging with Hj three
times. Then, the autoclave was heated, loaded with the desired H» pressure, and stirred at
1200 rpm. During the catalytic reaction, samples were collected at different times and ana-
lysed by GC, using the internal standard method. A quantitative analysis was performed by

preparing several calibration solutions from the available commercial products.
6.7.1 Furfural

In a classic catalytic FF hydrogenation, a mixture of 384.3 mg (4 mmol) of FF, 71.1 mg (0.5
mmol) of decane (with THF as solvent) or 85.2 mg (0.5 mmol) of dodecane (with 1-PrOH
as solvent) and the 0.02 mmol of metal present in the RuNi/PVP or RuCu/PVP seties of

catalysts, in 15 mL of THF or 1-PrOH were filled in the autoclave in a glovebox.

In the case of RuNi/PVP NPs for the FF hydrogenation in THF, hot filtration was also
executed by stopping the reaction after one hour reaction. The reactor was then introduced

in a glovebox where the catalyst was filtrated through an alumina path. Afterwards, the
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autoclave was filled again with the solution, this time, free of catalyst. The reactor was pres-
surised with 20 bars of Hz and heated at 125 °C. After one hour stirring at 1200 tpm, the

reaction was stopped and analysed by GC.
6.7.2 Quinoline

In a classic catalytic quinoline hydrogenation, a mixture of 516.6 mg (4 mmol) of quinoline,
85.2 mg (0.5 mmol) of dodecane and the 0.02 mmol of metal present in the catalysts, in 15

mL of 1-PrOH were filled in the autoclave in a glovebox.

6.8 Catalytic deuteration reactions

The catalytic deuterations were performed at LIKAT in Rostock. The deuterations were
carried out in glass vials. When using Ha pressure the septum of the vials was perforated,
and the vials were placed in a stainless steel high-pressure batch Parr Instrument reactor of
300 mL. In a classic reaction, a mixture of 0.250 mmol of substrate and the 0.02 mmol of
metal present in the Ru/PVP were filled in the glass vials in a glovebox. At the fume hood,
1.5 mL of D>O were added under Ar flow. Then, the vial was heated on a hotplate and
stirred at 600 rpm overnight. When using Ha pressure, the stainless steel was purged with
H; three times. Then, the autoclave was loaded with 10 bar of Hp, heated at the desired

temperature and stirred at 600 rpm.

After the catalytic reaction, an NMR analysis was performed for each sample. The reaction
was filtrated or centrifuged to eliminate the catalyst. Next, chloroform (CHCIs) or ethyl
acetate (1.5 mL) were added to the aqueous mixture. The organic phase was extracted and
dried with Na,SO,. Both phases were dried overnight and the resulting solid was analysed
by NMR.

6.8.1 4-Methoxvaniline

In a classic catalytic 4-MeOAn deuteration reaction, a mixture of 30.8 mg (0.250 mmol) of
4-MeOAn and the 0.02 mmol of metal present in the Ru/PVP were added in the glass vial.
At the fume hood, 1.5 mL of D,O were added under Ar flow. Then, the vial was heated on
a hotplate or in the autoclave with a needle through a septum and stirred at 600 rpm over-

night.
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6.8.2 4-(Trifluoromethyl)benzaldehyde

In a classic catalytic 4-TFMBAL deuteration, a mixture of 43.5 mg (0.250 mmol) of 4-
TFMBAL and the 0.02 mmol of metal present in the Ru/PVP were added in the glass vial.
At the fume hood, 1.5 mlL of D>O were added under Ar flow. Then, the vial was heated on
a hotplate or in the autoclave with a needle through a septum and stirred at 600 rpm over-

night.

6.8.3 Methyl 2.3-O-isopropvlidene-B-D-ribofuranoside

In a classic catalytic MOIBRIBOF deuteration, a mixture of 51.1 mg (0.250 mmol) of
MOIBRIBOF and the 0.02 mmol of metal present in the Ru/PVP were added in the glass
vial. At the fume hood, 1.5 mL of DO were added under Ar flow. Then, the vial was
heated on a hotplate or in the autoclave with a needle through a septum and stirred at 600

rpm overnight.

6.8.4 Methyl B-D-ribofuranoside

In a classic catalytic MEBRIBOF deuteration, a mixture of 41.0 mg (0.250 mmol) of ME-
BRIBOF and the 0.02 mmol of metal present in the Ru/PVP were added in the glass vial.
At the fume hood, 1.5 mL of D,O were added under Ar flow. Then, the vial was heated on
a hotplate or in the autoclave with a needle through a septum and stirred at 600 rpm over-

night.

In a classic catalytic ADNS deuteration, a mixture of 66.8 mg (0.250 mmol) of ADNS and
the 0.02 mmol of metal present in the Ru/PVP were added in the glass vial. At the fume
hood, 1.5 mL of D2O were added under Ar flow. Then, the vial was heated on a hotplate or

in the autoclave with a needle through a septum and stirred at 600 rpm overnight.
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General conclusions and future perspectives

General conclusions and future perspectives

In this thesis, we have designed a series of bimetallic nanoparticles (NPs) by nanoalloying Ru with
two earth-abundant metals: Ni and Cu. Several ligands have been used as stabilisers, such as
polyvinvylpyrrolidone (PVP), diphenylphosphinopyridine (PPh,Py), 1-adamantanecarboxylic acid
(AdCOOH) and hexadecylamine (HDA). The main objective was to apply these new materials in

catalysis to obtain value-added chemicals thinking on the energy transition.

RuNi/PVP NPs were successfully synthesised, observing the importance of the reaction
temperature for a successful decomposition of the Ni metallic precursor during the NPs synthesis.
All these synthesised materials were sized between 1 and 2 nm, including the NPs containing a
higher amount of Ni. Moreover, a core-shell structure with Ru in the core was determined, through
WAXS analyses, for the bimetallic catalysts. XPS measurements and the reduction of the
magnetisation compared to the monometallic Ni, confirmed further that Ru and Ni are in close

vicinity in the bimetallic NPs.

The RuNi/PVP NPs were then tested as catalysts for the hydrogenation of furfural (FF). Synergetic
effects were observed between both metals, being the maximum of this synergy at the metallic ratio
Ru/Ni = 1. Solvent effects were seen when comparing the catalytic results in tetrahydrofuran
(THF) and 1-propanol (1-PrOH). With the latter solvent, it was observed the possibility of further
hydrogenation of the furfuryl ring and C-O bond cleavage leading to tetrahydrofurfuryl alcohol
(HMTHF) and 1,2-pentanediol (1,2-PeD) respectively.

These solvent effects were further studied by running density functional theory (DFT) calculations.
Two models of NPs were built for each metal (Ru and Ni) to represent both THF and 1-PrOH
solvents. When comparing the results, it was observed that 1-PrOH plays an important role in the
hydrogenation of FF on Ru NPs, as propanolate species were adsorbed on the NPs surface

showing beneficial catalytic effects.

RuCu/PVP NPs were successfully synthesised resulting to small NPs between 1 and 1.2 nm size,
including the ones with high Cu content. WAXS analyses indicated a core-shell structure for the
bimetallic NPs being Ru in the core and a surface rich on Cu,O. EDX analyses pointed out that not
all the Cu was adsorbed on the bimetallic NPs but some remained as clusters or isolated atoms. The
bimetallic nature of the RuCu/PVP NPs was confirmed by the decrease of magnetisation

compared to monometallic Cu.

The RuCu/PVPs were tested as catalysts for the hydrogenation of FF. Monometallic Cu/PVP NPs

displayed interesting results in catalysis, reaching similar activities to monometallic Ru/PVP NPs.
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General conclusions and future perspectives

However, bimetallic RuCu/PVP showed lower turnover frequency (T'OF) values than the

monometallic counterparts.

RuNi/PPh;Py NPs were successfully synthesised resulting to small NPs of 2 nm or less. WAXS
analyses indicated a core-shell structure with Ru in the core, even if it would be interesting to
confirm the results using extended X-ray absorption fine structure (EXAFS) analysis. The
coordination of the phosphine ligand in bimetallic NPs was observed by solid state nuclear
magnetic resonance (SS NMR). The bimetallic nature of the NPs was confirmed by the

magnetisation decrease observed for the RuNi/PPhyPy sample, compared to monometallic Ni.

The RuNi/PVP NPs and RuNi/PPh,Py NPs were also tested as catalysts for the hydrogenation of
quinoline (QN). In comparison to FF hydrogenation, the RuiNi;/PVP petformance was lower in
QN hydrogenation, even if a high selectivity towards 1,2,3,4-tetrahydroquinoline (1-THQ) was
obtained. N-alkylation reactions were obtained from the condensation of the amine products, 1-
THQ and decahydroquinoline (DHQ), with 1-PrOH. RuNi/PPh,Py NPs preliminary results
showed promising performances on the QN hydrogenation compared to the monometallic

Ru/PPh;Py catalyst.

During the 3-months internship at LIKAT in Rostock (Germany), Ru/PVP NPs were used as
catalysts for deuteration reactions of several organic molecules. 4-methoxyaniline (4-MeOAn)
resulted to hydrogenated products, when performing the reaction under H, pressure, and PVP
leaching, without pressurising. 4-trifluoromethylbenzaldehyde (TFMBAL) resulted to hydrogenated
products, when using Ha pressure, and the deuteration of formyl H, without pressurising. Methyl
2,3-O-Isopropylidene-3-D-ribofuranoside (MOIBRIBOF), a protected sugar, was deprotected
under H pressure and epimerised without pressurising. Adenosine (ADNS) resulted to a selective

deuterium labelling without observing any epimerisation of the sugar backbone.

The results obtained and described in this doctoral thesis are inspiring for the perspectives of future

research:

a) RuNi/AdCOOH of less than 2 nm size has already been synthesised but need further
characterisation. After, it would be interesting to test them as catalyst for some
hydrogenation reactions. In the same way, Cu/HDA NPs with different compositions have
also been synthesised. After obtaining some homogeneity, it may be interesting to
synthesise bimetallic core-shell RuCu NPs with Cu in the core and try their performance in
catalysis.

b) After observing the production of 1,2-PeD during the FF hydrogenation performed on
RuNi/PVP NPs in 1-PrOH, it would be of interest to replace the solvent (1-PrtOH) by

H>O, aiming to increase 1,2-PeD formation.
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)

d

Concerning QN hydrogenation, further catalytic reactions are needed to better compare
the performance of RuNi/PVP NPs and RuNi/PPh,Py NPs.

Looking at DFT studies, further calculations would be needed to corroborate the
mechanism of FIF hydrogenation on NizsHss NP in 1-PrOH. Moreover, different bimetallic
Rui3Nizs models have already been built and it would be of interest to continue the study
with the adsorption of the different species. Like this, a complete study of the system
would be obtained and the high performance of RuiNi;/PVP would be also supported by
DFT.
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Résumé de these : Conception rationnelle de catalyseurs a base de
nanoparticules bimétalliques : application a la valorisation de la

biomasse.

1. Introduction

Le changement climatique est une préoccupation grandissante, en raison des conséquences sur la plancte
Terre, notamment la vie végétale et animale, et donc sur la vie des populations et sur leur santé. Le
rapport Lancet Countdown de 2020 mentionne 43 indicateurs du changement climatique.! L'Organisation
météorologique mondiale, une agence spécialisée des Nations unies, a quant a elle publié en 2018 six
indicateurs majeurs pour évaluer I'état du climat : la température, les gaz a effet de serre et l'ozone, les
océans, la cryospheére, les facteurs de variabilité interannuelle et les événements extrémes.? Les participants
a la 2le Conférence des Parties (COP21) en 20115 ont convenu de limiter l'augmentation de la
température moyenne mondiale a 1,5 °C par rapport aux niveaux préindustriels>* L’une des
recommandations de la COP21, est de maintenir une recherche continue dans le domaine de I’énergie afin
de disposer de sources d'énergie renouvelables en remplacement des énergies fossiles. Comme on peut
l'observer sur la figure 1, les combustibles fossiles représentaient, en 2021, 77 % de la consommation
mondiale d'énergie.’ Leur substitution par des sources d’énergie renouvelables est donc parmi les enjeux
majeurs de notre société pour aller vers une transition énergétique. Ceci requiert le développement de

technologies durables.

6,3%

' 25,2%
I T:aditional biomass
I Coal

1,5% 1,3%
B oil
I Natural gas
I Nuclear
[ Hydropower
I Wind
- Solar
I Modern biofuels

0,6% /n
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4% \‘
29% I Other renewables

Figure 1: Consommation mondiale d’énergie primaire par source en 2021.

22,9%

Différents types de sources d'énergies renouvelables, telles que I'énergie solaire ou éolienne, ont déja été
développés et commercialisés.® En ce qui concerne la filiére chimique, le remplacement des ressources
fossiles est principalement axé sur l'utilisation de la biomasse.” La biomasse lignocellulosique constitue
une matieére premiere renouvelable prometteuse pour remplacer les ressources fossiles dans la production

d'énergie et de produits chimiques de valeur ajoutée.®?
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A partir des trois composants de la biomasse lignocellulosique, la cellulose, I'hémicelluloses et la lignine, il
est possible d'obtenit plusieurs molécules plateformes telles que le furfural (FF) et le 2,5-
hydroxymethdylfurfural (HMF), qui peuvent a leur tour étre transformées en d'autres produits chimiques,
par exemple par des réactions d'hydrogénation, d'oxydation, d'acétalisation ou de décarbonylation.!*-12 Les
molécules provenant de la biomasse traitée par des étapes de craquage et d'hydrotraitement sont similaires
a celles des combustibles fossiles, ce qui permet d'utiliser les mémes équipements de production.!3 Les
nanoalliages utilisés comme catalyseurs dans les raffineries de pétrole, la fabrication pétrochimique, la
chimie fine, les réactions d'évolution de l'hydrogéne ou de réduction de l'oxygene, sont donc censés étre
également efficaces pour la conversion des molécules issues de la biomasse.!*!> Toutes ces
transformations doivent pouvoir étre réalisées de maniere efficace pour qu’elles soient intégrées dans
l'industrie de la transition énergétique; la mise au point de catalyseurs performants en termes d’activité et

de sélectivité est donc une étape indispensable.!¢

Les nano-alliages, qui contiennent deux métaux ou plus, sont des matériaux intéressants pour de
nombreuses applications.!”!8 En catalyse, les nano-alliages peuvent conduire a une activité supérieure a
celle de leurs homologues monométalliques en raison d’un effet de synergie entre les métaux associés.
L’activité catalytique dépend des propriétés des nanoparticules, telles que la composition, la structure, la
taille ou la forme. La différence de propriétés électroniques entre les métaux qui les composent est un
autre parametre qui peut influencer sur la performance catalytique en termes d’activité et de sélectivité.!”
Les catalyseurs bimétalliques sont utilisés dans une grande variété d'applications en lien avec la
valorisation de la biomasse lignocellulosique pour l'accés a divers produits chimiques de valeur ajoutée.
Ces produits sont obtenus via différentes réactions telles que le reformage, l'oxydation, I'hydrogénolyse,

'hydrodésoxygénation ou les hydrogénations.’

Par exemple, I'hydrogénolyse du glycérol a conduit au 1,2-propanediol sur un catalyseur bimétallique
RuCu (a 230 °C et 80 bar de Hy), tandis qu'il a été converti en 1,3-propanediol sur un catalyseur
bimétallique PtCu (a 210 °C et 1 bar de H).2122 Parmi les réactions d’hydrodésoxygénation, la vanilline a
été convertie en méthylcyclohexanol sur un catalyseur bimétallique CoNi (a 200 °C et 10 bar de Ho).
Plusieurs molécules oxygénées de la biomasse, comme le HMF, ont été transformées a leur tour en
obtenant les meilleures activités et sélectivités avec les catalyseurs bimétalliques, CosZniOs, qu'avec leurs
homologues monométalliques.32¢ En catalyse d'hydrogénation, on peut citer la conversion de l'acide
lévulinique en y-valérolactone sur un catalyseur bimétallique RuSn (a 180 °C et 35 bar de Hy), et celle de
plusieurs aldéhydes oxygénés de la biomasse, tels que le FF, en leurs alcools correspondants sur un
catalyseur bimétallique PtNi (a 100 °C et 10 bar de Hy), avec de meilleures performances qu’en utilisant

les homologues monométalliques.?>2¢

Des effets synergiques entre les métaux ont également été observés avec des catalyseurs bimétalliques

RuNi pour les réactions d'hydrogénation de la quinoléine (QN) et du FF. L'hydrogénation de la QN a été
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testée sur des catalyseurs bimétalliques NiRu/ALOs (a des températures de 300 °C a 400 °C avec des
pressions d'Hz de 200 bat et 250 bar), montrant une augmentation de l'activité avec la température, et la
possibilité d’une réaction d'hydrodéshydrogénation a 400 °C résultant en la formation de 2-hexéne.?’
L'hydrogénation de la QN sur RuNi/C (a 100 °C avec 50 bar de Hz) a mis en évidence des effets
synergiques entre les métaux, avec une activité plus élevée par rapport aux homologues monométalliques
et en faveur de la formation majoritaire du 1,2,3,4-Tetrahydroquinoléine (1-THQ).28 L'hydrogénation du
FF sur des catalyseurs bimétalliques Ru-Ni/Al,Os (a 100 °C avec 54 bar de Hy), a aussi mis en lumiére des
effets synergiques entre les métaux, avec une activité comparativement a celle des homologues

monométalliques, et surtout une sélectivité quasi compléte pour 'alcool furfurylique (HF).??

Une étude bibliographique a montré que les connaissances disponibles concernant les hydrogénations de
la QN et du FF sur des catalyseurs bimétalliques RuNi sont rares; le travail rapporté dans cette thése a
permis d’obtenir de nouveaux résultats, conduisant ainsi a de nouvelles connaissances dans un domaine
en évolution, la valorisation de la biomasse. Des NPs de RuCu ont aussi été synthétisées et évaluées en

catalyse.

2. Synthese et caractérisation des nanoparticules métalliques RuNi et

RuCu

En lien avec la transition énergétique, 'implémentation de technologies pour I'utilisation de la biomasse
lignocellulosique a P'échelle industrielle nécessite la mise au point de catalyseurs performants et bon
marché. Les métaux nobles tels que Pt Ru,3' Rh2 Re® et Ir3 sont connus pour conduire a des
catalyseurs actifs dans des conditions douces, mais leur faible abondance implique qu’ils sont chers. Pour
réduire le cout des catalyseurs, une solution est d’utiliser des métaux abondants, mais ils ont comme
inconvénient de nécessiter des conditions de réaction drastiques, telles que 200-400 bars de H».35 En
conséquence allier les métaux nobles et les métaux abondants dans des catalyseurs bimétalliques apparait
comme une alternative a explorer plus avant. Les catalyseurs bimétalliques et trimétalliques, voire plus,
ont déja montré leur intérét en catalyse, en raison de performances améliorées par rapport a celles de leurs

homologues monométalliques grace a des effets synergiques.!

Notre étude s’est focalisée sur le développement de catalyseurs nanométriques pour 'hydrogénation de
molécules plateforme provenant de la biomasse lignocellulosique. Dans ce but, nous avons choisi le Ru,
l'un des métaux nobles les moins chers, bien connu pour son activité dans diverses réactions de
réduction.’¢ Comme métaux abondants, nous avons choisi le Ni et le Cu, méme s'ils sont tous deux
connus pour étre des métaux non miscibles avec le Ru a I’état massif.’” La présence de Ni ou de Cu sur
un catalyseur de Ru induit des propriétés électroniques différentes qui peuvent conduire a des effets
synergiques entre les métaux, comme confirmé par des analyses XPS.3® Une modification de la structure®

ou du ratio entre les deux métaux peut permettre d’optimiser I'activité catalytique et la sélectivité.
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Pour [Délaboration des catalyseurs, nous avons considéré la décomposition de complexes
organométalliques sous pression d’hydrogene (Hz) qui est une méthode efficace et adaptable pour la
synthése de nanoparticules (NPs) de caractéristiques controlées,® telles que la taille, la forme, la
composition et 'ordre chimique. De plus cette méthodologie de synthése a déja fait ses preuves pour la
syntheése de NPs bimétalliques avec des propriétés intéressantes en catalyse.*!#42 La nature des précurseurs
métalliques et leur cinétique de décomposition peuvent influencer les différentes caractéristiques des NPs.
En plus d'agir comme stabilisants des nanoparticules en empéchant leur croissance et coalescence les
ligands peuvent également influer sur les propriétés électroniques, en particulier lorsque la taille des NPs

est inférieure a 5 nm,* ce qui peut étre bénéfique pour la catalyse.

La premiere partie de ce travail de theése a consisté a développer des catalyseurs bimétalliques a base de Ru
et Ni stabilisés pat la polyvinylpyrrolidone (PVP) et des ligands. Ainsi, des NPs bimétalliques RuNi/PVP
ont été synthétisées par décomposition des complexes [Ru(n*-CsHi2)(n°-CsHio)] et [Ni(n*- CsHiz)2] sous
une pression de 3 bar de Hy, en présence de PVP (teneur en métaux = 10 % wt./PVP) et en utilisant le
tétrahydrofurane (THF) comme solvant (Schéma 1). Des NPs monométalliques de Ru et Ni ont aussi été

préparées dans les mémes conditions pour comparaison.

3 bar H,
PVP

Ru(n*-CgH;)(n*CgHy)] + [Ni(n*-CgHyy))] ————= RuNi/PVP + CgHyg
THE,T

Schéma 1: Synthése des NPs de RuNi/PVP.

Les caractéristiques des NPs ont été déterminées par une combinaison de différentes techniques, a
savoir : la spectroscopie d'émission optique au plasma a couplage inductif (ICP-OES) pour déterminer la
teneur en métal des NPs ou des solutions catalytiques,* la microscopie électronique a transmission
(TEM) pour déterminer la taille et la forme des NPs,* et la microscopie électronique a transmission en
mode balayage couplée a un détecteur champ sombre annulaire a grand angle (HAADF-STEM) pour
mieux déterminer les NPs dont on est intéressés grace au contraste en relation au nombre atomique, la
spectroscopie de rayons X a dispersion d'énergie (EDX) couplée a la microscopie électronique pour
déterminer qualitativement les éléments constituant les NPs,*7 l'infrarouge (IR)* et la spectroscopie de
résonance magnétique nucléaire (NMR)* pour étudier la chimie de sutface telle que l'interaction métal-
ligand, la spectroscopie photoélectronique a rayons X (XPS) pour déterminer I’état d'oxydation des
métaux et analyser le transfert de charge entre les métaux dans le cas de NPs bimétalliques,* la technique
de magnétométrie sur un équipement d’interférence quantique supraconducteur (SQUID) pour mesurer
la magnétisation des échantillons’! et la diffusion des rayons X aux grands angles (WAXS) pour

déterminer la structure cristalline a I’échelle atomique.>?
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Des essais a température ambiante (T'A) on conduit a une population non homogene constituée d’'un
mélange de grandes NPs de Ni et de petites NPs de Ru (Figure 2). Ce résultat peut s’expliquer par la
décomposition plus lente du précurseur de nickel alors que celle du complexe de ruthénium est rapide a
cette température. Les syntheses suivantes ont donc été réalisées a 85 °C en utilisant des ratios [Ru]/[Ni]

variable afin de disposer d’une série de NPs de compositions en métaux différentes.

Counts

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00  10.00

180 ke

160 —

140 o

NiLa

120 455

100 —

Counts
NiKa

80 o

CuKa

Wienng 40+

SiKa

B B e p— —
000 100 200 300 400 500 600 700 800 9.00 10.00
keV

Figure 2: (a) Image HAADF-STEM de NPs synthétisées a TA (Ru/Ni:1/1; PVP) ; (b) analyse EDX des

nano-objets numérotés 1 et 2.

Toutes les NPs bimétalliques RuNi/PVP synthétisées a 85 °C ont présenté une taille inférieure 2 2 nm, y
compris celles synthétisées avec une teneur en Ni élevée (Figure 3) et celle avec une activité plus élevée en
catalyse (Figure 4). Une structure de type cceur-coquille avec le Ru au cceur et le Ni en surface, a pu étre

établie par analyses TEM et WAXS.

14+ 03 nm
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Fi‘g.u;re‘vS: Im;ge TEM des NPs de Ru Nizo/ PVP synthétisées a 85 °C (barre d'échelle 100 nm) et

I'histogramme de taille respectif.
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Figure 4: Image TEM des NPs de Ru1Ni /PVP synthétisées a 85 °C (barre d'échelle 100 nm) et

I'histogramme de taille respectif.

En XPS, un décalage des énergies de liaison du Ru et du Ni a été observé. Par ailleurs une diminution
drastique de I'aimantation a saturation a été obtenue par SQUID (Figure 5). Ces résultats sont indicateurs

de la proximité du Ru et du Ni dans les NPs et ont permis de conclure quant a leur nature bimétallique.
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Figure 5: Cycles d'hystérésis magnétiques des NPs bimétalliques et monométalliques stabilisées par la

PVP mesurés a RT et corrigés de la contribution diamagnétique de la PVP.

La synthese de NPs bimétalliques RuNi ([Ru]/[Ni]=1) en utilisant la diphenylphosphinopyridine (PPh,Py)
comme ligand a également été réalisée. La premicre stratégie de synthese a consister a partir des
complexes [Ru(n*-CsHiz) (1>-PPhoPy) (PPh2Py)] et [Ni(n*-CsHi2) (PPhaPy)2] qui ont été synthétisés selon les
Schémas 2 et 3. L’objectif était de tirer parti de la présence des ligands dans la sphére de coordination des

métaux pour orienter la croissance des NPs.

dry acetone
Ru(n*CgHp(n*CgHy)] + 2PPhPy ———» [Ru(n*-CgHp (x> PPhyPy)(PPhyPy)] + CgHyy
1

Schéma 2: Synthése du complexe [Ru(n*-CsHi2) (x2-PPhyPy) (PPhoPy)].
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Etzo
N Clly),] + 2PPhPy ————m [Ni(yCyH,)PPhPY),] + CiHiy
r.t,

Schéma 3: Synthese du complexe [Ni(n*-CgHy2) (PPhaPy)a].

La décomposition de ces complexes n’ayant pas conduit a des NPs controlées comme espéré, la méthode
précédemment appliquée pour la synthese des NPs RuNi/PVP a donc été utilisée. Les mémes conditions
ont été utilisées en remplagant la PVP par le ligand PPhyPy ajouté dans un rapport Molaire [M]/[L] de 0.2

(Schéma 4). Des NPs monométalliques de Ru et Ni ont également été préparées de cette fagon, pour

comparaison.
3 bar H,
Ru(q-CoH ) (0-Cglly )] + [Ni(n*CgHyp),] + 0.2 PPh,Py ——————= RuNi/PPh,Py + CgHy
THE, 85°C

Schéma 4: Synthése de NPs RuNi/PPhyPy par co-décomposition de [Ru(n*-CsHiz)(n%-CsHio)] ou [Ni(n*-
CsHi2)).

Des NPs monométalliques et bimétalliques de taille < a 2 nm (Figure 6) ont été obtenues dont la structure
semble étre de type coeur-coquille avec le Ru au cceur et le Ni en surface. Cependant une étude structurale
plus approfondie en utilisant 'EXAFS (structure fine d'absorption des rayons X étendue) est nécessaire

pour confirmer la structure cceur-coquille.
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Figure 6: Image TEM de NPs de RuPNi/PPh,Py (barre d'échelle 50 nm) synthétisées 4 partir de [Ru(y'-

CsH)(PPhaPy)2] et I'histogramme de taille correspondant.

Une étude par RMN du solide a mis en évidence la coordination de la phosphine selon un mode bidenté a
la surface des NPs RuNi. Les mesures magnétiques ont montré une diminution drastique de 'aimantation
avec la présence de Ru indiquant la proximité du Ru et du Ni (Figure 7), certifiant ainsi la nature

bimétallique des NPs RuNi.
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Figure 7: Cycles d'hystérésis magnétiques des NPs bimétalliques RuNi et monométalliques de Ni

stabilisées par PPhoPy, mesurés a température ambiante.

Nous avons ensuite considéré le 1-Adamantanecarboxylic acid (AdCOOH) comme ligand stabilisant. Des
conditions de synthése identiques a celles utilisées pour la PVP ont été appliquées (Schéma 5) avec un
ratio rapport molaire [M]/[L] de 5. Pour les NPs monométalliques de Ni, une faible stabilisation a été
observée par rapport aux stabilisants PVP et PPhoPy ; les NPs étaient agrégées sur le barreau aimanté
introduit pour 'agitation du milieu réactionnel, ce qui caractérise en général la formation de grosses NPs
ou une agglomération. La taille moyenne des NPs de RuNi/AdCOOH synthétisées (Schéma 5) s’est
avérée inférieure a 2 nm (Figure 8). L’analyse TEM des NPs monométalliques Ni/AdCOOH a mis en

évidence une large dispersion en taille qui peut étre attribuée a la présence de NPs plus grosses et/ou de

Pagglomération.
3 bar Hy
[RU(TI4'C8H|2)(’16-CSH10)] - [Ni(ﬂ4-CsH12)ﬂ + AACOOH —— RuNi/AdCOOH + CgH;4
THF, 85°C

Schéma 5: Synthése des NPs de RuNi/AdCOOH.
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Number of nanopartcles
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Flgure 8 Image TEM de NPs de RuNi/AdCOOH (barre d'échelle 200 nm) et l'histogramme de taille

respectif.
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Nous nous sommes ensuite intéressés a la synthése d’une série de NPs bimétalliques RuCu/PVP de
composition en Ru et Ni variables et stabilisées par la PVP dans des conditions similaires mais a 100 °C
(Schéma 06). Les NPs ainsi obtenues ont montré une taille comprise entre 1.0 et 1.2 nm, y compris celles

préparées a une teneur élevée en Cu. Des NPs monométalliques de cuivre ont aussi été préparées dans un

objectif de comparaison.

3 bar H,
PVP
Ru(n*CgH ) (m%-CeHy)] + [Cu(CoHy)] — 3= RuCu/PVP + CgH;4 + CgHyp
THE, 100°C

Schéma 6: Synthése des NPs de RuCu/PVP

L’analyse structurale (TEM-EDX) a mis en évidence une structure cceur-coquille avec du Ru au cceur et

du Cu0 2 la surface mais tout le Cu introduit pour la synthese n’a pas été incorporé, restant sous forme

de clusters ou d'atomes isolés (Figure 9).

31 10 nm L1

[Eamet
=l 1=
i i I f=l N
:
1 e 1 J.h rm_h___l.

0.00 Disiance 2475 nm
Figure 9: Image HAADF-STEM de Ru;Cu;/PVP synthétisé a 100 °C (en haut) ainsi qu'une analyse
EDX linéaire (en bas).

Dul 14 0CuK

Quant aux NPs Cu/PVP, I'analyse TEM a montré la présence de deux populations de NPs (1,3 nm et 4,9

nm) les plus grosses semblant étre des NPs creuses (Figure 10). L'analyse WAXS a indiqué des NPs de
Cu,O/PVP.
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Figure 10: Image TEM de NPs de Cu/PVP (barre d'échelle 100 nm) et I'histogramme de taille respectif.

Pour les bimétalliques RuCu, la proximité du Ru et du Cu a aussi été mise en évidence par la diminution

drastique de l'aimantation en présence de Ru (Figure 11), confirmant leur nature bimétallique.

15
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Figure 11: Cycles d'hystérésis magnétique des NPs de Cu/PVP et RuCu/PVP mesurés a RT.

Un dernier ligand a été testé, ’hexadécylamine (HDA). Tout d’abord des NPs de Cu/HDA (HDA) ont
été synthétisées a 80 °C, 100 °C et 120 °C et en utilisant des éq. molaires de HDA de 0.2, 0.4, 1.0 et 2.0
(Schéma 7).
3 bar H,
HDA or DDA Cu/HDA

[Ca(CoHyy)) ————  or  + GHy,
THF,T  Cu/DDA

Schéma 7: Synthese des NPs de Cu/HDA et Cu/DDA.
Des échantillons non homogenes avec une augmentation des tailles avec la température ont été observés.
Le meilleur compromis entre taille et homogénéité s’est trouvé avec la syntheése de NPs bimétalliques de

Cu/HDA a 100 °C et 0.4 équivalents (eq.) molaire de HDA (Figure 12), a conduit a2 une population de

NPs plus homogene suggérant leur nature bimétallique.
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Figure 12: Image TEM de NPs de Cu/0.4 eq. HDA synthétisées a 100 °C (barre d'échelle 200 nm) et

I'histogramme de taille respectif.

3. Catalyse d'hydrogénation du furfural et de la quinoléine

Le furfural (FF) est un aldéhyde furanique qui peut étre obtenu a partir de la biomasse lignocellulosique et
qui présente un grand intérét dans lindustrie chimique pour la synthese de carburants ou comme
intermédiaire de syntheése.’® La quinoléine(QN) est un N-hétérocycle que l'on peut trouver dans des
produits naturels, qui possede une vaste gamme d'activités biologiques.* La QN est également utile pour
la conception de cellules photovoltaiques organiques.”> Les nanoparticules de RuNi et RuCu décrites ci-
dessus, ont été évaluées comme catalyseurs pour les réactions d'hydrogénation du FF et de la QN, en
comparaison avec leurs homologues monométalliques, dans des conditions douces comparativement a

celles de la littérature.

Les tests catalytiques réalisés a 125 °C sous 20 bar de H» avec la série de NPs RuNi/PVP ont mis en
évidence des effets synergiques entre les deux métaux dans la réaction d'hydrogénation du FF (Schéma 8)
conduisant sélectivement a Ialcool furfurylique (HF). Ces effets ont été maximisés avec la composition
Ru/Ni = 1 (Figure 13). Un effet important du solvant (THF ou 1-propanol, 1-PrOH) a également été
observé dans cette réaction, le 1-PrOH conduisant a une meilleure réactivité. Des calculs de Density
Functional Theory (DFT) ont été menés afin de corroborer les observations expérimentales par une
analyse de I'adsorption du substrat et du solvant et du mécanisme réactionnel potentiel (voir section
suivante). Les calculs d'énergies d'adsorption des réactifs ont mis en évidence des différences notables en
fonction du solvant. Le 1-PrtOH induit la présence d'espéces de propanolate a la surface métallique, ce qui
a un effet bénéfique sur la performance catalytique. L'hydrogénation du cycle furanique et son ouverture,
conduisant respectivement a I’alcool tétrahydrofurfurylique (HMTHEF) et au 1,2-Pentanediol (1,2-PeD),
ont été observées sur les NPs de Ru/PVP dans le 1-PrOH. Fait intéressant, aucune lixiviation n'a été
observée sur les solutions obtenues par filtration a chaud apres la catalyse, ce qui indique une bonne

stabilité des NPs dans les conditions de catalyse appliquées.
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Schéma 8: Schéma réactionnel simplifié de 'hydrogénation catalytique du FF en divers produits de valeur
ajoutée. Furfural (FF), alcool furfurylique (HF), alcool tétrahydrofurfurylique (HMTHF), 2-méthylfurane
(MEF) et 2-méthyltétrahydrofurane (M THEF).
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Figure 13: Fréquence de rotation (barres) et sélectivité (points) vis-a-vis de HF en fonction des
catalyseurs dans I'hydrogénation de FF dans le THF (bartes pointillées, points carrés) et le 1-PrOH
(barres vertes, points circulaires).

Les NPs de Cu/PVP ont aussi montré des performances catalytiques prometteuses pour I'hydrogénation
de FF, donnant des activités similaires a celles observées sur le nanocatalyseur Ru/PVP pur.
Malheureusement, les NPs de RuCu/PVP ont montré des performances catalytiques inférieures a celles
de leurs homologues monométalliques (Figure 14); néanmoins, les propriétés de ces catalyseurs pourraient

étre intéressantes pour d'autres transformations catalytiques.
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Figure 14: Fréquence de rotation (barres) et sélectivité (points) envers HF en fonction des catalyseurs

dans I'hydrogénation sélective de FF dans 1-PrOH.

Concernant l'hydrogénation de la QN (Schéma 9), les nanocatalyseurs RuiNii/PVP se sont avérés moins
petformants que pour I'hydrogénation du FF, mais une haute sélectivité vers 1-THQ a été obtenue. Des
réactions de N-alkylation ont également été observées résultant de la condensation des produits 1,2,3,4-
Tetrahydro-n-propyl-quinoléine(1-THPQ) et decahydro-1-propyl-quinoléineHPQ) avec le 1-PrOH
(Schémas 10 et 11). Enfin, des résultats préliminaires obtenus sut les NPs de RuNi/PPh,Py pour la méme
réaction montrent qu'il s'agit d'un catalyseur actif et plus performant qu'un systéme monométallique de

Ru/PPhyPy. Ce résultat peut étre attribué a un effet de synergie entre les deux métaux.

5-THQ

Schéma 9: Schéma réactionnel simplifié de I'hydrogénation catalytique de la QN en divers produits de
valeur. Quinoléine (QN), 1,2,3,4-Tétrahydroquinoléine (1-THQ), 5,6,7,8-Tétrahydroquinoléine (5-THQ),
et Décahydroquinoléine (DHQ).

—_—
N Ru;Ni;/PVP N
H o \)

1-THQ
1-THPQ
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Schéma 10: Schéma réactionnel simplifié de la réaction de condensation entre 1-THQ et 1-PrOH sur le

catalyseur RuiNi;/PVP, formant 1-THPQ.

O\/\/’ 1-PrOH O\/\/’
g J

Ru,Ni/PVP

DHQ
DHPQ

Schéma 11: Schéma réactionnel simplifié de la réaction de condensation entre DHQ et 1-PrOH sur le

catalyseur RuiNi;/PVP, formant du DHPQ.

En regard des données de la bibliographie, de parles conditions douces appliquées les résultats obtenus en
hydrogénation catalytique du FF sont tres intéressants. De plus ils valident "approche de synthese suivie
pour le développement de catalyseurs bimétalliques RuNi performants pour cette réaction. La catalyse

d’hydrogénation de la QN ouvre également des pistes intéressantes.

4. Calculs DFT des modéles Ru et Ni pour 'hydrogénation du furfural

Les calculs par DFT (Density Functional Theory ) constituent une approche pertinente pour la simulation
et la conception de matériaux trés performants pour un grand nombre d'applications,’® en particulier pour
Iétude des propriétés de composés inorganiques compliqués, et ont au fil des travaux atteint une grande
précision pour un faible cout de calcul’” Les calculs DFT sont basés sur le théoréme de Hohenberg-
Kohn,%® qui indique que, si la densité électronique du systeme est connue, toutes les propriétés
électroniques du composé objet de Iétude peuvent étre calculées. La DFT est ainsi devenue une
alternative efficace aux méthodes classiques Hartree-Fock et post-Hartree-Fock pour Iétude des
complexes métalliques. L'application de la DFT sur des syst¢mes de plus grande dimension reste limitée
par la disponibilité des ressources informatiques, en raison de l'extensibilité de ces méthodes, méme si
l'application sur de petits complexes a déja été rapportée.” Les principaux avantages de la DFT pour les
systémes contenant des métaux sont : la bonne extensibilité du systeme avec la taille, l'adéquation des
orbitales calculées pour leur analyse et l'interprétation de la liaison entre les atomes et les propriétés du

systeme. %

La DFT permet de calculer plusieurs propriétés qui peuvent étre utiles pour comprendre les géométries,o!
I'énergie et les mécanismes de réactions,®? les fréquences vibrationnelles,® et les propriétés
spectroscopiques,® observées expérimentalement. Des études DFT ont permis d’étudier différentes
propriétés telles que magnétiques, catalytiques ou optiques pour des nanomatériaux, en accord avec les

résultats expérimentaux.®®

Le progiciel de simulation Vienna ab initio simulation package (VASP) est un outil intéressant en DFT car

il permet de calculer 'énergie totale et la structure électronique des systemes métalliques 7z un ensemble
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de base a ondes planes.¢ La proposition Perdew, Butke et Ernzerhof (PBE) de l'approche du gradient
généralisé est utilisée pour l'approximation du potentiel de corrélation d'échange.” La méthode des ondes
augmentées par projecteur (PAW) est d'une grande précision, avec des erreurs sur les longueurs de liaison
inférieures a 0,5 %, y compris pour des systemes difficiles telles que ceux présentant de grandes

différences d'électronégativité et de forts moments magnétiques.s

Une collaboration entre notre équipe et celle du Pr R. Poteau au LPCNO-Toulouse, a permis de réaliser
des calculs DFT et d’en comparer les résultats avec les données expérimentales de catalyse
d’hydrogénation du furfural. Les calculs DFT réalisés dans ce travail de these ont été menés a partir de

modeles de NPs de Ru et Ni déja publiés, constitués de 55 et 38 atomes, respectivement.

Le modele Russ est sphéroide et de structure hexagonale compacte (4).9 Des études sur des versions
hydrogénés de modele (RussH7o, RussHsz, RussHis) ont permis d’étudier I'adsorption de ligands tels que
I'imidazolium-amidinates™ et l'acide éthanoique’ sur la surface de NPs de Ru. Le RussH7o est un modele
de choix pour simuler le comportement des NPs Ru/PVP en condition d’hydrogénation,® car le taux de
couverture de la surface métallique par des atomes d’hydrogenes (H) calculé théoriquement® est similaire

a celui trouvé expérimentalement.”

Le modele de NP de Nisg a déja été caractérisé et décrit comme une structure cubique a faces centrées (fe)
hautement symétrique,’ étant le cluster Ni qui représente le mieux la structure for parmi ceux contenant
entre 13 et 55 atomes. Le NizsHss est un bon modéle dans des conditions d'hydrogénation saturée pour
les NPs de Ni/PVP, sachant que 36 atomes d'hydrogéne peuvent étre adsorbés sur la surface du Nisg par

une chimisorption dissociative.”™

En ce qui concerne les systemes RuNi bimétallique nous avons utilisé le modeéle Rui3Nizs, ou les atomes
de Ru sont principalement dans le cceur. Ce modele est assez proche des clusters RuisNiis déja

rapportés.”™

Les calculs DFT sur l'adsorption et I'hydrogénation de molécules plateformes, telles que le FF ou le HMF,
sur des NPs métalliques sont rares.’”0 A notre connaissance, ce travail est la premiére étude théorique de la

réactivité catalytique du FF et de ses dérivés sur une surface hydrogénée de NPs de Ru et de Ni.

Afin de représenter les deux solvants (THF et 1-PrOH) utilisés en catalyse, deux modeles différents de
NPs de Ru ont été construits (Figure 15). Les charges des atomes d’hydrogene (H) se sont avérées
négatives sur la surface du Ru dans le cas du THF mais positives pour les H proches des molécules de 1-

PrOH adsorbées sur la surface métallique.
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THF model

1-PrOH model
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Figure 15 Modeles de RussHyo utilisés pour étudier les réactions d'hydrogénation dans le THF (en haut)

et dans le 1-PrOH (en bas). Le site actif considéré est mis en évidence par un halo jaune. La partie

inférieure des modeéles n'est pas représentée pour des raisons de clarté.

Une compétition entre FF et THF pour l'adsorption sur les sites actifs de la surface de la NP a été
obsetvée pour le modele RussH7o/THF. Un flux continu de H» a été observé comme étant favorable a la
désorption de HF et la présence de THF comme entravant 'hydrogénation du cycle furanique (Figure

16).

™ ; LR
n-HF gy, * / RuggHgg + HF
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Figure 16: Profil énergétique bour I'hydrogénation du FF sut une nanopatticule de RussH7o dans le THF.

Les énergies sont données en kcal -mol-.

Sur le modéle RussH7/1-PrOH, le 1-PrOH s’est avéré intervenir dans I'hydrogénation du FF et un flux
continu de H, favorable a I’hydrogénation. Les réactions d'hydrogénation et d'ouverture de cycle pour
former respectivement HMTHFE et 1,2-PeD, ainsi que la formation d'acétal ont pu étre expliquées par des

calculs DFT (Figure 17).
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Figure 17: Profil énergétique potentiel pour I'hydrogénation du FF sur une NP de RussH7o dans le 1-
PrOH. Les possibles points de départ vers la formation d'acétal, de HMTHF ou de 1,2-PeD sont

également indiqués. Les énergies sont données en kcal-mol-.

Deux modeles différents de NPs de Ni ont été également construits, afin de représenter les deux solvants

(THF et 1-PrOH) utilisés en catalyse (Figure 18).

THF model

Figure 18: Mode¢les de NissHjs utilisés pour étudier l'hydrgénation du FF dans le THF (en haut) et dans

le 1-PrOH (en bas). La partie inférieure des modeles n'est pas représentée pour plus de clarté.

Sur le modeéle NisgHss/THF, un flux continu de Ha s’est avéré favorable a la désorption de HF (Figure
19). La coordination n de l'intermédiaire n-HFon=NissHss peut expliquer l'hydrogénation du cycle
furanique observé expérimentalement avec les NPs Ni/PVP lors de l'utilisation du THF. De fagon
sutprenante, toutes les valeurs d'énergie d'adsorption calculées sur le modéle NissHss/1-PrOH sont
positives (Figure 20) alors que dans les autres cas elles étaient toutes négatives. Le fait que les énergies
d'adsorption soient positives signifie qu'elles ne sont pas thermodynamiquement favorisées. Ceci peut
expliquer les résultats expérimentaux a savoir que dans la série 1-PrOH, le Ni/PVP est le catalyseur le
moins actif. Le mécanisme d'hydrogénation du FF sur une NP NisgH3s/1-PrOH n’a pas pu étre élucidé

completement, faute de temps (Figure 20).
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Figure 19: Profil énergétique pour I'hydrogénation du FF sur une NP de NizsHss dans le THF. Les

énergies sont données en kcal-mol.
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Figure 20: Profil énergétique potentiel pour I'hydrogénation du FF sur une NP de NissHss dans le 1-

PrOH. Les énergies sont données en kcal-mol.

Pour simuler les NPs bimétalliques RulNi, trois modéles de Rui3Nizs hydrogéné (RuisNixs-A a C) avec un
cceur de Ru tel que déterminé par WAXS, et deux modeles (RuisNixs-D et E), simulant des alliages, ont
été construits (Figure 21). L’objectif a été de sonder l'adsorption des mémes espeéces que celles

précédemment étudiées sur les NPs monométalliques de Ru et Ni.
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Ru13Nizs-A Rui3Nizs-B Rui13Nizs-C
-8037.3 kcal-mol! -8008.5 kcal-mol™! -8045.4 kcal-mol!

Rui3Nizs-D RuisNizs-E
-7988.6 kcal-mol! -7978.2 kcal-mol™!

Figure 21: Modéles de Rui3Nizs avec un cceur de Ru (A a C) et avec une structure d'alliage (D et E) avec

leurs énergies associées en kcal-mol.

5. Réactions de deutération de molécules organiques sur des
nanoparticules de Ru/PVP

Le deutérium, un isotope stable et sir de I'hydrogene, présente un fort intérét dans différents domaines
scientifiques. Son utilisation est développée dans l'industrie pharmaceutique pour la recherche de
nouveaux médicaments car il permet d’en suivre le métabolisme.”” Pour information ce n'est qu'en 2017

que la Food and Drug Administration (FDA) des Etats-Unis a accepté les médicaments deutérés.’

Parmi les nombreuses méthodes pour la synthese de molécules deutérées, l'une des plus attrayantes est
l'échange isotopique d'hydrogene (HIE), ou l'incorporation de deutérium a des positions clés peut étre
modulée par le choix adéquat du catalyseur. Les molécules organiques étant riches en liaisons C-H, la
deutération sélective de sites spécifiques est une voie pertinente pour le développement de

pharmacophores et de produits naturels.™

Les anilines® et les aldéhydes aromatiques®! étant constitutifs de nombreux médicaments, ce donc des
molécules clés dans l'industrie pharmaceutique. Les sucres marqués au deutérium permettent 1'étude
structurelle de macromolécules telles que les acides nucléiques et les glycoprotéines.®? Ils sont également
constitutifs®> de composés bioactifs chiraux deutérés. Les nucléosides deutérés tels que les adénosines
sont constitutifs des acides nucléiques, et donc des molécules d’intérét pour les études structurelles des
macromolécules biologiques.®3 Tous ces procédés présentent un cout élevé et une faible économie

d'atomes, bien que le DO soit apparu comme une source alternative de deutérium.84

Les Ru PVP NDPs ont été testées dans la deutération sélective de molécules modeéles dans ’eau. Cette

étude a été réalisée en collaboration avec le groupe du Pr M. Beller au LIKAT de Rostock, Allemagne.

Pour la deutération de la 4-Methoxyaniline (4-MeOAn) (Schéma 12), aucun marquage au deutérium n'a

pu étre observé malgré la variation des conditions de réaction. Sous 10 bar de Hz a 80 °C, seuls des
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produits hydrogénés ont été obtenus. Curieusement, sans Hz que ce soit 2 RT ou a 80 °C, une lixiviation

de la PVP a été observée.

S NH; D0 NHy
‘ Ru/PVP
T, 600 rpm
R e o D
4-MeOAn 4-MeOAn(D)

Schéma 12: Schéma réactionnel simplifié de la deutération catalytique de 4-MeOAn en 4-MeOAn(D).

Pour la deutération de 4-(Trifluoromethyl)benzaldehyde (TFMBAL) (Schéma 13), ’hydrogénation du
TFMBAL sous 10 bar de Hz a 80 °C a été observée. Par contre, en I'absence de Hy, les deux hydrogenes

du cycle du TEFMBAL en position ortho de la fonction aldéhyde ont pu étre deutérés.

D,0
O/ /\0 RufPVP \\‘0
—
T, 600rpm
FaC Z

FiC D

TFMBAL TEMBAL(D)

Schéma 13: Schéma réactionnel simplifié de la deutération catalytique de TFMBAL en TFMBAL(D).

Pour la deutération d’un furanose protégé, le Methyl 2,3-O-Isopropylidene-B-D-ribofuranoside
(MOIBRIBOF) (Schéma 14), aucune deutériation n’a été observée mais une épimérisation en l'absence de

Ha et une déprotection sous pression de Ha.

D,0
Rw/PVP

T, 600rpm

MOIBRIBOF MOIBRIBOF(D)

Schéma 14: Schéma réactionnel simplifié de la deutération catalytique du MOIBRIBOF en MOI-
BRIBOF(D).

Enfin, I'adénosine (ADNS) a pu étre sélectivement marquée au deutérium, sans aucune épimérisation du

squelette du sucre (Schéma 15).
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Schéma 15: Schéma réactionnel simplifié de la deutération catalytique de ' ADNS en ADNS(D).

Avec une optimisation des conditions réactionnelles et/ou des tests sur d’autres molécules les résultats de

cette étude préliminaire pourraient ouvrir des pistes de recherche intéressantes.
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