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Preface

The energy transition is one of the most complex and crucial challenges of the
215 century, representing a fundamental change in the way energy is produced,
consumed and integrated into the global economy. With the increasing urgency to
mitigate climate change, reduce environmental impacts and promote sustainable
development, it becomes essential to adopt cleaner, more efficient and renewable
sources of energy. This transformation is not just about moving away from fossil
fuels, but requires a complete overhaul of the global energy system. For this reason,
the energy transition is often referred to as a “critical transition”, an indispensable
change to ensure a sustainable and resilient energy future. In this context, the
European Union has outlined a series of ambitious policies. The European Green
Deal, adopted in 2019, set the goal of making FEurope climate-neutral by 2050,
with intermediate targets such as a 55% reduction in greenhouse gas emissions by
2030 compared to 1990 levels. Italy has also incorporated these guidelines in its
Integrated National Energy and Climate Plan (PNIEC), pushing for an expansion
of renewable energies and a reduction of emissions. These policy plans emphasise
the urgency of a transition to renewable energy sources, including solar, wind,
hydro and biomass.

Although technologies such as solar and wind have gained much attention,
biomass is often undervalued, despite being a crucial resource in the renewable en-
ergy panorama. Unlike intermittent sources such as sun and wind, biomass offers
a continuous and reliable energy source. This makes it particularly valuable not
only for power generation, but also for reducing dependence on petrochemicals.
Biomass stands out for its versatility, as it can be converted into a wide range of
energy products, including biofuels, biogas, and biochemical compounds. However,
its large-scale application is hindered by the complexity of the conversion processes
required to transform it into high-quality liquid fuels. The main challenge lies in
optimizing catalytic processes to improve the efficiency of biomass conversion. The



hydrodeoxygenation (HDO) process, which facilitates the removal of oxygen from
molecules derived from pyrolyzed biomass, is among the most promising tech-
nologies for liquid biofuel production. This process is essential to improve biofuel
quality, but to maximize yields and efficiency, a deeper exploration of reaction dy-
namics and the development of more selective and efficient catalysts are needed.

This is a challenge that requires an interdisciplinary approach, integrating
chemistry, materials science and computational modelling, to develop innovative
technological solutions in line with the needs of the energy transition. The present
PhD project fits within this context and aims to contribute to the understanding
of the chemical mechanisms governing biomass conversion into biofuels. Specifi-
cally, the focus is on two model compounds of lignocellulosic biomass: guaiacol and
isoeugenol, selected to represent the main classes of molecules present in lignocel-
lulosic biomass and for their relevance in bio-oil and biofuel production processes.
The study examines the reactions of these compounds catalysed by metal clus-
ters, both isolated and supported on graphene, with the aim of mapping the most
significant pathways for their decomposition and hydrodeoxygenation.

Another significant aspect of the project concerns the growth of platinum and
nickel metal clusters on defective graphene surfaces, investigated through the im-
plementation of an original algorithm to determine the most stable atomic geome-
tries of particles containing up to 10 metals atoms. The analysis focused on the
binding and cohesion energy of these clusters on defective graphene, with particular
attention to the effect of the support in improving cluster stability and resistance
to deactivation, usually due to coke formation or sintering, phenomena commonly
observed in HDO processes. A significant part of the work is devoted to the
comparison of the reactivity of Pt1o/C and Nijq/C clusters in deoxygenation reac-
tions of biomass-derived compounds, such as guaiacol and 2-methoxycyclohexanol.
This study highlights the differences in the catalytic behavior of the two metals
and underscores the importance of carefully selecting the most suitable catalyst,
depending on the specific characteristics of the reactions involved.

The results of this project aim to enrich the basic knowledge about biomass
conversion processes, opening new perspectives for the development of more effi-
cient and selective catalysts, in line with the goals of sustainable chemistry and

the European and Italian directives regarding the energy transition.



Chapter 1

Introduction

1.1 Towards a Sustainable Energy Future: In-
novations and Strategies for Reducing Fossil

Fuel Dependence

Energy is recognized as a crucial factor in achieving the social and economic devel-
opment goals of nations [1]. It is a vital necessity, as it is essential for the provision
of crucial services such as electricity, cooling, heating, and the production of many
basic necessities. Improving people’s living conditions is closely linked to access
to reliable and sustainable energy sources, which support not only daily house-
hold activities but also industrial and technological growth, key factors for global
Socio-economic progress.

In recent decades, the global consumption of fossil fuels for energy production
has increased dramatically. This surge has been driven by changes in quality
of life, the industrial revolution in developing countries, and world population
growth [2]. These dynamics have led to a rapid depletion of fossil fuel reserves
and a significant negative impact on the atmosphere. This includes greenhouse
gas emissions (GHGs), deterioration of air quality due to pollutants such as SOy,
NO,, and fine particulate matter, and a consequent increase in threats to health,
global warming, and climate change [3, 4, 5, 6]. Furthermore, fluctuating fossil fuel
prices and their progressive depletion have jeopardized global economic stability.

In response to global energy challenges, researchers around the world are ex-

ploring different strategies to reduce or eliminate the use of fossil fuels. Three of



these strategies are particularly relevant:

1. Improve the efficiency of conventional energy conversion devices
and systems through waste heat recovery. This approach aims to ex-
ploit the waste heat generated during energy conversion processes, which
would otherwise be lost. For example, in internal combustion engines and
thermal power plants, a significant amount of energy is dissipated as heat.
Advanced technologies, such as combined cycles and waste heat recovery
systems, enable the conversion of this thermal energy into additional elec-
tricity or its reuse for industrial and residential heating. Large-scale adoption
of these technologies can significantly reduce fossil fuel consumption while
improving the overall efficiency of energy systems [7, 8, 9].

2. Develop environmentally friendly energy conversion devices, such
as fuel cells. These electrochemical devices directly convert the chemical
energy of fuels into electricity through redox reactions, with greater efficiency
than traditional combustion engines and minimal pollutant emissions. Fuel
cells can use various fuels, including hydrogen, methanol, and biogas, making
them extremely versatile. Additionally, their use can be integrated into a
variety of applications, from electric vehicles to stationary generation systems
for homes and industries. Current research focuses on improving fuel cell
efficiency, reducing production costs, and increasing operational life, making
them an ever more viable solution for the energy transition [10, 11, 12].

3. Switch to renewable energy sources of natural origins. The term
“renewable” associated with “energy” refers to the ability of a resource to
be replenished, reproduced, or recovered. Renewable energy sources, such
as solar, wind, hydropower, biomass and geothermal [13], offer significant
benefits in terms of sustainability and reduced GHGs (see Fig. 1.1). Solar
energy harnesses solar radiation through photovoltaic panels or solar ther-
mal systems to generate electricity or heat. This energy source is virtually
inexhaustible and available in many regions of the world, contributing to the
reduction of COy and other pollutants associated with fossil fuels. Wind
energy uses wind to drive turbines that generate electricity. This type of
energy is particularly effective in areas with constant, strong winds, and,
like solar energy, it produces no emissions during operation. The integra-
tion of onshore and offshore wind farms can significantly increase the share

7



of renewable energy in the global energy mix. Hydropower harnesses the
power of moving water, such as rivers and waterfalls, to generate electricity.
Hydropower plants, especially small-scale ones, offer a stable and continuous
source of renewable energy, while also contributing to water resource manage-
ment and flood mitigation. Biomass energy converts organic materials, such
as agricultural residues, wood, and dedicated energy crops, into electricity,
heat, or biofuels. This energy source can be carbon-neutral, as the CO5 re-
leased during combustion is offset by the CO, absorbed during the growth of
the biomass. Additionally, biomass energy contributes to sustainable waste
management by reducing the amount of organic material in landfills and de-
creasing methane emissions, a greenhouse gas. Finally, geothermal energy
uses heat from the Earth’s interior to generate electricity or heating. This
energy source is reliable and can provide continuous production, independent
of weather conditions. Geothermal plants are particularly effective in regions

with significant geothermal activity, such as volcanic areas [14, 15, 16].

On this basis, renewable energy sources find applications in sustainable sys-
tems for large-scale generation [17, 18, 19, 20]. The essential characteristic of a
sustainable energy system is its ability to provide the necessary energy without
depleting resources. The first step towards this strategy is to improve the efficient
use of available resources [21]. Despite the promising characteristics of renewable
energy sources, their intermittent nature requires integration with other renewable
energy resources and/or adequate energy storage systems. Weather variations, for
example, contribute to the intermittent nature of electricity generation from, for
example, solar and wind power. On calm days, the generation capacity of wind
turbines can be reduced by up to 100%, while on cloudy days, the capacity of solar
power plants can decrease by up to 70%. Therefore, the development of renewable
energy requires management systems that optimize overall performance using ad-
vanced technologies, such as artificial intelligence, as well as effective management
of hybrid renewable energy/storage systems to mitigate intermittency [22, 23].

In this context, many international and national institutions are implementing
regulatory frameworks to promote renewable energy and diversify energy sources
by replacing conventional resources. At the international level, the 2015 Paris
Agreement is a key pillar, committing signatory countries to limit the global tem-
perature increase to well below 2°C above pre-industrial levels, with the aim of
limiting the increase to 1.5°C. States must submit updated National Adaptation
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Figure 1.1: Illustration of the main renewable energy sources: wind, solar, hydroelec-
tric, geothermal, and biomass. These sustainable sources are crucial for

generating clean energy and preserving the environment.

Plans (NDCs) every five years, outlining their strategies for reducing GHGs. The
agreement also encourages the use of clean technologies and the financing of renew-
able energy in developing countries through the Green Climate Fund, which aims
to mobilize $100 billion per year by 2025. At the European level, the Green Deal,
launched by the European Commission in 2019, sets out a roadmap to make the
European Union climate neutral by 2050. At the heart of this plan is the Renew-
able Energy Directive 2018/2001/EU, which updates and expands the objectives
of the previous RED I directive. RED II stipulates that by 2030 at least 32% of
the EU’s final energy consumption will come from renewable sources, with specific
support measures for several technologies, including incentives for the production
of advanced biofuels and renewable electricity. Additionally, the Regulation on the
Governance of the Energy Union and Climate Action (Regulation (EU) 2018/1999)
requires Member States to draw up ten-year integrated national energy and cli-
mate plans (NECPs), which must be updated every five years. These plans must
detail policies and measures to meet energy and climate targets, including those
for energy efficiency and emission reductions. In Italy, the Integrated National
Energy and Climate Plan (PNIEC) is the strategic document that aligns national
policies with European objectives. The PNIEC 2021-2030 sets the target of a



30% share of energy from renewable sources in gross final energy consumption by
2030, with sector-specific targets: 55.4% in the electricity sector, 33% in the ther-
mal sector, and 21.6% in transport. The transition to a sustainable energy future
requires a multidimensional approach, including the implementation of effective
policies, the development of advanced technologies, and integrated management
of energy resources. In this regard, as highlighted, global and national efforts are
directed towards reducing the use of fossil fuels and promoting renewable energy,
with the aim of creating a more resilient, efficient, and environmentally friendly
energy system.

1.2 The Role of Biomass in Renewable Energy
Strategies and Climate Mitigation

The use of renewable energy sources is increasingly prominent in the context of
combating climate change. Among these, biomass stands out for its unique char-
acteristics. Biomass is a completely renewable energy resource. The CO, emitted
during its combustion doesn’t contribute to the increase in atmospheric carbon
dioxide because it is of biogenic origin, unlike fossil fuels [24, 25, 26, 27, 28, 29].
That is, plants use COy released into the environment during the decomposition
of other plants to grow and carry out their metabolic processes [30]. Therefore,
the use of biomass only results in a faster transfer of COy to the atmosphere,
which is again absorbed by plants to produce more biomass [31] (see Fig. 1.2).
Any organic matter derived directly or indirectly from photosynthesis can then be
considered biomass. More generally, biomass is a combination of natural source
materials from plants such as shrubs, trees, algae, and crops, as well as all mate-
rials consisting of organic matrix, except for plastics derived from petrochemical
and fossil materials [32]. The most relevant biomass sources are agricultural and
forestry residues (waste from the wood processing industry, such as chips and saw-
dust), animal residues (livestock farms), wastewater, algae, and aquatic crops (see
Fig. 1.3). Municipal solid waste (MSW) and waste streams from anthropogenic
activities are also counted as biomass, but only if they can’t be reused in fur-
ther production processes [33]. Biomass can be converted into electricity, thermal
energy, vehicle fuels and valuable chemicals [34].

Biomass can be transmuted into gaseous fuels such as hydrogen and methane,

10



liquid fuels like biodiesel, ethanol, and methanol, and solid fuels encompassing
biochar and hydrocarbons [27]. Among these, biochar [16, 35] and biodiesel [36, 37]
stand out as promising fuels with potential applications across various sectors.
Biochar, a carbon-rich solid material derived from biomass pyrolysis, offers diverse
uses including soil fertility enhancement, water and nutrient retention, and carbon
sequestration, thereby aiding in reducing atmospheric CO, levels. Biomass feed-
stocks for biochar production range from agricultural residues to forestry waste.
On the other hand, biodiesel, obtained through the transesterification process of
vegetable oils or animal fats, is chemically compatible with conventional diesel,
requiring minimal engine modifications for its use. Standard regulations, such
as UNI EN 590:2022 in Europe, allow blending biodiesel with diesel up to 7%
(commonly known as B7), facilitating its incorporation into existing fuel infras-
tructures without major alterations. The introduction of biodiesel blends offers
several benefits:

a. Emission Reduction: Biodiesel blends yield lower emissions of particu-
late matter, nitrogen oxides (NO, ), carbon monoxide (CO), and unburned
hydrocarbons compared to pure diesel, thereby improving air quality and

reducing environmental impact;

b. Infrastructure Compatibility: Biodiesel blends can be seamlessly inte-
grated into existing fuel distribution infrastructure, minimizing the need for
significant modifications to storage tanks, pumps, and pipelines;

c. Economic and Environmental Advantages: Incorporating biodiesel
into fuel blends aids in reducing reliance on fossil fuels, supporting the agri-
cultural sector, and fostering sustainable development.

Additionally, the use of this resource is not evenly distributed globally. In some
developing countries, biomass accounts for up to 50% of the total energy demand
through the combustion of wood, shrubs, and plant and animal residues, while in
developed countries, biomass energy production averages 11% of the total energy
produced [38].

Biomass has played a crucial role in energy debates promoted by the European
Union in recent decades, successfully transforming energy-saving and environmen-
tal protection measures into concrete strategic plans [32, 39]. Considering the
extensive potential of biomass in producing biofuels for transportation, electricity,

11
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Figure 1.2: Carbon Cycle in Biomass: plants absorb COs, converting it into
biomass. This biomass is used to produce energy, while organic residues
are turned into compost, returning nutrients to the soil.

and heat, it may become even more significant as an energy resource and chemical
raw material in the 215 century [40, 41]. In industrialized countries, the eco-
nomic and political importance of bioenergy is recognized by documents such as
the “Biomass Action Plan” and the “Multi- Year Plan”, drafted respectively by the
European Commission and the US Department of Energy [38]. The former is part
of the European Union’s strategy to increase the use of renewable energies and re-
duce dependence on fossil fuels. This document presents a series of measures and
objectives to promote the use of biomass in energy, heating, cooling, and trans-
portation sectors. Additionally, the plan emphasizes the importance of research
and innovation, with investments aimed at improving biomass efficiency and reduc-
ing associated costs. Special attention is given to sustainability aspects, ensuring
that biomass production does not compromise biodiversity and natural resources,
with guidelines for sustainable management of agricultural and forestry resources.
The latter, on the other hand, is a strategic document that describes a systematic
and long-term approach to renewable energy development. The plan sets ambi-
tious goals for carbon emission reduction through increased use of biomass and
other renewable sources, in line with US international commitments on climate
change. A central component of the plan is the funding of research and devel-
opment to enhance biomass conversion technologies, such as advanced biofuels,

12
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Figure 1.3: The main sources of biomass include forest residues, urban solid waste, en-
ergy crops, urban effluents, industrial waste, and agricultural and livestock
waste. These resources are used for the production of renewable energy
and sustainable materials, contributing to the reduction of carbon emis-

sions and efficient waste management.

bioproducts, and bioenergy. In summary, both documents reflect significant com-
mitment by the respective authorities to promote the sustainable use of biomass
as a key component of future energy policies. While the EU’s “Biomass Action
Plan” focuses on incentives, research, and sustainability, the US “Multi- Year Plan”
places particular emphasis on emission reduction, technological development and
infrastructure, highlighting the unique challenges and opportunities of each geo-
graphical and political context.

1.3 Biomass Composition

Biomass is a heterogeneous mixture composed mainly of organic substances and
a small amount of inorganic substances. A typical dry biomass contains 30-40%
oxygen, 30-60% carbon, and 5-6% hydrogen by weight. Elements such as nitro-
gen, sulfur and chlorine make up about 1% of the biomass. Carbon, derived from

13



atmospheric COy through photosynthesis, is the main contributor to the heating
value of biomass. Hydrogen, integrated into the chemical structures of carbon and
phenolic polymers, converts to water during combustion, representing another es-
sential element. These elements form the chemical basis of the three main biomass
polymers: cellulose (40-50 % w/w), hemicellulose (15-30 % w/w) and lignin (16-33
% w/w). These elements, combined with N, Ca, K, Si, Mg, Al, S, Fe, P, Cl, Na,
Mn and Ti, contribute to a variable extractives and ash content (1-10 % w/w).

Cellulose, hemicellulose and lignin are the main constituents of the plant cell
wall!, each having a specific function (see Fig. 1.4). Cellulose, present in both the
primary and secondary walls, forms microfibrils that impart strength and struc-
ture. Hemicellulose, located between these microfibrils, acts as a matrix that
binds them together, providing elasticity to the cell wall. Lignin is mainly found
in the secondary wall, especially in woody tissue cells, where it impregnates and
strengthens the wall, making it rigid and impermeable. This stiffness is crucial
for structural support and water transport within plants. In summary, cellulose
imparts structure, hemicellulose acts as a glue, and lignin provides strength and
stiffness.

In the following paragraphs, the main components of biomass will be detailed,
with emphasis on the main chemical components and their variations among dif-

ferent biomass sources.

1.3.1 Cellulose

Cellulose is a linear polymer and a complex carbohydrate (namely, a polysac-
charide) with a high molecular weight, containing up to 10,000 monomeric units
of D-glucose linked via (-1,4-glycosidic bonds. The molecular formula of cellu-
lose is (CgH1204),,, where n indicates the degree of polymerization, and its basic
structural unit is cellobiose (4-O-f-D-glucopyranosyl-D-glucopyranose) [44]. The
f(1-4) bond of cellulose prevents ramifications in the linear chain. In addition, if

!The plant cell wall is composed of a complex matrix of polysaccharides, proteins and
lignin, which performs numerous functions, including maintaining cell shape, protecting against
pathogens and regulating the flow of substances [42]. It can be divided into several stages: the
primary wall (which allows cell growth) is composed mainly of cellulose, hemicellulose, pectin and
structural proteins; the secondary wall (which is formed when the cell has reached its final size)
contains a high percentage of cellulose and lignin, imparting strength and mechanical resistance
[43].

14
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Figure 1.4: Plant cells are composed of three main components: cellulose, a long chain
of glucose molecules that provides strength; hemicellulose, a branched
polysaccharide that offers flexibility; and lignin, a complex aromatic poly-
mer that ensures rigidity and impermeability. These chemical elements
form the robust cell wall of plants.
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a on-and-off ring of the glucose molecules are rotated face down, intrachain hydro-
gen bonds can form between one ring and the next, but also interchain hydrogen
bonds laterally. This makes the chains sticky and causes them to aggregate with
each other, forming bundles of chains called microfibrils, hydrophilic objects that
can bind many water molecules. In nature, however, cellulose is always linked to
pectins or lignin and this makes it hydrophobic. Cellulose is the most abundant
organic compound in nature, making up 90% of the structure of cotton and 50%
of that of wood, playing an essential structural role in plant cell walls.

The reactivity and morphology of cellulose chains are significantly influenced by
intermolecular hydrogen bonds between the hydroxyl group of the C3 carbon and
the oxygen of the adjacent glycosidic ring. These bonds confer stability and rigidity
to the macromolecules. In some cases, the presence of numerous intermolecular
bonds can generate ordered crystalline regions; the alternation of crystalline and
amorphous regions in cellulose can influence the accessibility of functional groups
involved in reactions. Notably, primary hydroxyl groups are more reactive than
secondary ones due to lower steric hindrance [45]. The amorphous region is more
exposed and thus it is the first to be attacked by the enzyme cellulase, leading
to the hydrolysis of the molecule. Complete hydrolysis of cellulose produces D-
glucose, while partial hydrolysis forms cellobiose and smaller polysaccharides (with
values of n between 3 and 10) [46, 47]. The crystalline part, being hydrophobic,
requires mercerization treatments to become hydrophilic, a process devised by the
english chemist John Mercer in 1844. Due to its properties, cellulose has become an
essential raw material for the paper and chemical fiber industries over the past two
centuries. Additionally, it currently plays a significant role in various fields related
to environmental protection, such as water remediation for removing hazardous
pollutants like hydrocarbons and heavy metals [48, 49, 50, 45].

1.3.2 Hemicellulose

Hemicellulose, an essential component of plant cell walls, distinguishes itself from
cellulose through its amorphous, branched structure and shorter chains, with an
average molecular weight typically below 30.000 Da [32, 49, 50]. Although its
polysaccharide chain resembles that of cellulose, the degree of hemicellulose poly-
merization varies widely, typically ranging from 50 to 200 units [51]. Monosaccha-
ride units comprising emicellulose primarily include hexoses (glucose, mannose,

and galactose) and pentoses (xylose and arabinose), alongside minor sugars such
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as rthamnose and fructose. Additionally, emicellulose incorporates uronic acids
(4-O-methyl- D-glucuronic acid, D-glucuronic acid, and D-galacturonic acid) and
acetyl groups, contributing to its structural complexity [52].

The composition and structure of hemicellulose vary significantly depending
on plant species and cell wall type. This structural diversity enables effective
interaction with cellulose microfibrils and lignin, forming a matrix that imparts
flexibility and strength to the cell wall. Emicellulose plays a crucial role in the
structural integrity of plant cell walls, enhancing overall mechanical properties
and providing resistance to enzymatic degradation. These interactions are vital
for maintaining cell wall architecture and function, allowing plants to adapt to
various environmental stresses [53].

Hemicellulose exhibits higher reactivity compared to cellulose due to its di-
verse structure and the presence of various functional groups. This characteristic
enhances its susceptibility to hydrolytic enzymes, a critical property in the bio-
conversion of biomass for biofuel production. Hydrolysis of hemicellulose is a key
step in releasing fermentable sugars necessary for microbial fermentation, yielding
bioethanol and other biofuels [54].

In industrial applications, hemicellulose has garnered attention for its potential
in biofuel, biochemical, and biomaterial production. Xylose derived from hemi-
cellulose can be fermented to produce xylitol, a low-calorie sweetener, and other
high-value products such as furfural, a precursor for various chemicals [55]. More-
over, hemicellulose-based materials have shown promising applications in packag-
ing, adhesives, and films due to their biodegradability and renewable nature [56].
Recent advancements include chemical modifications of hemicellulose to enhance
its properties for specific industrial applications, such as bioplastic and advanced
composite materials production [57]. In summary, hemicellulose stands as a ver-
satile and pivotal component of plant cell walls, with a structure and composition
that dictate its functionality and industrial applications. Ongoing research into its
structure, function, and potential uses promises to advance sustainable technolo-

gies and products.

1.3.3 Lignin

Lignin is a complex amorphous aromatic polymer, with an elemental composition
of approximately 61-65% carbon, 5-6% hydrogen, and the remainder oxygen. This
macromolecule forms a three-dimensional network composed of phenylpropane
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Figure 1.5: Biosynthetic pathway and chemical structure illustration of lignin, a com-

plex biopolymer. The left panel shows the general structure of a phenyl-
propanoid precursor, which contains a phenolic moiety (highlighted in pur-
ple) and a variable side chain (in yellow), with possible methoxy groups
(OMe). The right panel depicts three key monolignols — p-coumaryl al-
cohol, coniferyl alcohol, and sinapyl alcohol — which contribute to the
formation of lignin. These alcohols are incorporated into lignin as p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, respectively, form-
ing the polymer backbone.

units linked by various bonds, including oxygen bridges between propyl and phenyl
groups, and carbon-carbon bonds. Lignin is synthesized through the oxidative rad-
ical polymerization of three hydroxycinnamyl alcohols, which constitute its basic
structural monomers: p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol
(see Figure 1.5). These compounds differ in their degree of methoxylation.
Lignin contains numerous polar and hydroxyl groups that form strong in-
tramolecular and intermolecular hydrogen bonds, rendering it insoluble in most
solvents except alkaline solutions. During condensation reactions, lignin divides
into soluble and insoluble fractions, with the latter forming a precipitate. The
softening temperature of dry lignin ranges from 127 to 129 °C, but increases with
molecular weight. Water within lignin acts as a plasticizer, lowering the soften-
ing temperature [47, 44]. Lignification, the infiltration of lignin into the cell wall,
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imparts significant mechanical strength to plant structures. Lignified membranes
swell less than cellulosic ones because the dipolar -OH groups of cellulose are largely
saturated by lignin. With an estimated global availability of around 300 billion
tons and an annual increase of approximately 20 billion tons [58], lignin represents
a substantial resource. Over the past decade, the pulp and paper industry alone
has produced about 50 million tons of extracted lignin, but only 1 million tons
have been utilized for value-added products, while the rest has been burned as
low-value fuel [59].

The lignin content varies among plant species, ranging from 25-30% in many
plants to about 50% in very hard woods like ebony, and around 10-12% in annual
plants. Recent research focuses on improving lignin conversion processes to pro-
duce high-value-added products such as dispersants for construction, emulsifiers,
chemical precursors, and biopolymers. Efficient separation of lignin from ligno-
cellulosic biomass is crucial for enhancing conversion rates to final products [58].
Industrially, lignin is a significant byproduct of pulping and biofuel production
processes. Its adhesive and film-forming properties make it a promising candidate
to replace petrochemical products. Lignin can be depolymerized into useful aro-
matic compounds for the production of bioplastics, adhesives, and other high-value
materials. The biorefinery approach, integrating biofuels and bioproducts, aims to

exploit lignin more efficiently and sustainably.

1.3.4 Extractives and Ash

Extractives are chemical compounds that can be extracted from biomass using
organic solvents or water. They include resins, oils, fatty acids, and other organic
compounds. Although they represent a small fraction of biomass (about 5-10
%w /w), extractives can significantly influence biomass properties and conversion
processes. For example, extractives can contribute to fouling in combustion pro-
cesses and affect the quality of biofuels produced. Ashes are the inorganic residues
that remain after biomass combustion. They include minerals such as calcium,
potassium, magnesium and silicon. Ash content varies from 0.5% to 10% by weight
and can affect the performance of thermochemical conversion processes, such as
combustion and gasification. The presence of ash can cause fouling and corro-
sion problems in combustion machinery, making their control and management

necessary.
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1.4 Biomass Classification

Biomass can be divided into two main categories: lignocellulosic biomass and
non-lignocellulosic biomass. Lignocellulosic biomass can be further classified
into three groups: agricultural waste (corn cobs, straw, rice husks, and wheat
straw), wood residues (bamboo chips, pine sawdust, and tree bark), and en-
ergy crops (switchgrass, miscanthus, and rubber trees). Lignocellulosic biomass
exhibits various physico-chemical properties, such as water content, particle size,
and hydrophobicity, but generally has similar components, namely cellulose, hemi-
cellulose, lignin, water extractives (organic matter), and ash (inorganic matter).
Lignocellulosic biomass typically contains negligible amounts of extracts that can
affect pyrolysis performance, including fats, tannins, waxes, resins, tea saponins,
and sugars. In contrast, non-lignocellulosic biomass consists mainly of municipal
solid waste (MSW), sewage sludge, animal manure and algal biomass. This
type of biomass also contains fatty acids and proteins, while the levels of hemicel-
lulose, cellulose and lignin are much lower than those characterizing lignocellulosic
biomass.

Woody biomass generally contains many different components, primarily car-
bohydrates and lignin. This category includes materials such as tree and root
residues, bark, and leaves of woody shrubs, both above and below ground, which
can be converted into energy through direct combustion (or gasification) or vari-
ous conversion processes. Woody biomass is currently the most important source
of renewable energy in the world. In 2010, global use of woody biomass resulted
in energy production of about 30 EJ, of which 16 EJ were related to domestic
firewood and 14 EJ to industrial use of woody biomass.

Energy crops and agricultural by-products constitute herbaceous biomass, de-
rived from plants with non-woody stems that die at the end of the growing season.
This includes cereals or seed crops from the food industry and their by-products,
such as cereal straw. Energy crops are those exploited solely in the bioenergy sec-
tor, while agricultural by-products are residues from food industries, farms, and
food. Some of these by-products are collected for various uses, such as animal
feed. In any case, these residues aren’t fully monitored, and their availability in
different regions and potential applications as bioenergy are not entirely clear.

In the realm of non-lignocellulosic biomass, animal waste and MSW include

meat, bones, human excrement, animal manure, plastics, food waste, paper, met-
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als, and other various components generated by urban activities. In the past, these
wastes were collected and sold as fertilizers or simply applied to agricultural land.
However, the implementation of various regulations by governments has led to the
control of environmental pollution, health, and odor issues, which ultimately play
a significant role in waste management. Anaerobic degradation of these wastes is
the best technique used so far for converting these types of biomass into useful
products. The energy produced from these wastes includes biofuels and biogas,
used to generate electricity.

Finally, aquatic biomass includes various types of aquatic plants and microor-
ganisms, such as microalgae and macroalgae. Currently, aquatic biomass is con-
sidered an ideal raw material for the production of third-generation biodiesel, as
it does not compete with food crops and has the advantage of producing consid-
erably higher biomass yields per hectare compared to terrestrial crops. However,
significant economic and technological challenges remain before these biofuels can
be effectively commercialized. Moreover, it should be noted that many parameters
influence the performance of aquatic biomass, such as irradiation levels, CO5 and
O, concentrations, temperature, pH, salinity, and nutrients.

1.5 Biomass Conversion Methods

The lignocellulosic biomass, once collected, stored, and transported, is sent to the
plant for conversion to energy through various processes, which can be classified
into three categories: physicochemical, biological, and thermochemical. Physic-
ochemical processes are used to transform biomass, such as oil crops, through
transesterification into biodiesel and through thermal conversion to generate bio-
fuels and bioenergy. On the other hand, biological processes exploit microorgan-
isms such as bacteria and yeasts to carry out alcoholic fermentation and anaerobic
digestion. These processes enable the transformation of different biomasses, in-
cluding agricultural stocks and organic waste, into biofuels such as biogas and
bioethanol, thus contributing to the production of renewable energy and the sus-
tainable treatment of organic waste. Finally, thermochemical processes such as
pyrolysis, gasification and direct combustion use heat to decompose biomass into
fuel gas or biochar coal. These technologies are crucial for advanced energy appli-
cations, offering efficient energy alternatives and reducing environmental impact

through the valorization of agricultural and forest residues. In summary, diversifi-
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cation and optimization of biomass conversion methods play a key role in achieving
environmental sustainability and global energy security goals.

In the following paragraphs, biomass conversion technologies will be described
in more detail with a focus on thermochemical and biochemical processes, further
outlining the various methodologies and applications.

1.5.1 Thermochemical processes

Combustion

Combustion is a traditional and established technology that consists, thermody-
namically, in the conversion of the chemical energy contained in lignocellulosic
biomass into thermal energy. Combustion of organic matter essentially occurs
through three successive stages: drying, degradation, and combustion. In the ini-
tial stage, heat removes residual moisture from the biomass, turning it into water
vapor. The evaporation process has an energy cost that burdens the energy yield
of the process itself; it follows that the greater the starting moisture, the greater
the proportion of process energy used to evaporate the water. The second stage in-
volves thermal degradation of organic materials through the processes of pyrolysis
(or pyroscission) and gasification or the processes of thermochemical decomposi-
tion, achieved by the application of heat and in the complete absence of oxygen.
Under anaerobic conditions, the material undergoes cleavage of the original chem-
ical bonds with formation of simpler molecules. In the last stage, however, there
is oxidation of the gases and reduced simple molecules, with energy release.
Depending on the chemical composition of the organic matrix, the achieved
temperature, and the amount of oxygen available, different types of residual prod-
ucts can be obtained such as ash, coal (biochar), tar, oils, syngas, as well as
emissions of CO, CO,, H,0, Hy, CHy, volatile organic compounds, nitrogen and
sulfur oxides, etc. The heat produced by combustion is used to generate steam
or hot water, which can be used for direct heating or to power steam turbines for
electricity generation. However, combustion exhaust gases contain carbon diox-
ide (COy), water vapor (H20), nitrogen oxides (NO,), sulfur oxides (SO,) and
particulate matter. Before being released into the atmosphere, these gases must
be treated to reduce pollutant emissions. Treatments include particulate filtration
using bag filters or electrostatic precipitators, reduction of nitrogen oxides through
techniques such as selective catalytic reduction (SCR), and reduction of sulfur ox-
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ides using wet or dry scrubbers. Ash, on the other hand, can be collected and used

as fertilizer or safely discarded.

Pyrolysis

Pyrolysis is a thermochemical conversion process of lignocellulosic biomass with
moisture content less than 15 %. This process takes place in a completely oxygen-
free environment and at high temperatures (between 200 and 700 °C), producing
bio-oil, biochar and gas. Biochar is a by-product, generally obtained at tempera-
tures of about 450-550 °C, and can be used to improve the agricultural performance
of soils with low productivity. The characteristics of biochar and bio-oil depend
strongly on production conditions and the nature of the starting biomass. Crucial
factors include the composition of the feedstock (such as carbon and hydrogen
content), as well as physical parameters such as particle size and ash content. Re-
moving unwanted elements from the feedstock (such as ash and volatiles) before
pyrolysis increases the efficiency of the process.
There are three main types of pyrolysis:

e Slow pyrolysis: occurs at temperatures of 300 to 500 °C with a long res-
idence time; the main product is charcoal from wood, which accounts for
about 30 % of the initial dry matter.

e Fast pyrolysis: takes place at temperatures of 500 to 650 °C, producing
mainly gases that account for 80 % of the initial weight.

e Flash pyrolysis: occurs at temperatures of 800 to 1000 °C, with a high
heating rate and very short residence time of less than one second; produces
60% liquid products.

Flash pyrolysis is the most promising process, as it transforms biomass into a
liquid product called bio-oil or raw tar, with a high energy content, easily trans-
portable and storable for a long time without degradation problems. However,
pyrolysis has some disadvantages, such as the poor physicochemical and thermal
properties of bio-oil, high oxygen content, high viscosity and low calorific value. To
improve bio-oil, it is necessary to reduce the moisture content, acidity and viscos-
ity. Among improvement technologies, integration of catalysts into the pyrolysis

reaction is promising, as it reduces additional reactive oxygenated compounds.
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Catalytic pyrolysis is a technique that allows these requirements to be achieved,
with the subsequent production of bio-oil containing phenolic biochemicals. Ideal
catalysts must be highly selective, recyclable, inexpensive and resistant to deac-
tivation. Most catalysts used for bio-oil upgrading are supported by inexpensive

materials such as alumina, carbon or silica.

Gasification

Gasification is a physicochemical process that converts a solid fuel, such as wood or
plant biomass, into a synthetic gaseous fuel known as syngas. This process involves
incomplete oxidation of carbon compounds at high temperatures in an oxygen-
deficient environment. There are two main types of gasification: conventional and
hydrothermal (HTG). Although both aim to produce syngas, they differ in the
composition of the gases produced and the operating conditions.

Conventional gasification converts biomass to hydrogen-rich syngas at temper-
atures above 800 °C, using a gasifying agent such as air, steam, COy or their
mixtures. This agent facilitates the conversion of heavy hydrocarbons and solid
coal to syngas. HTG occurs in the presence of water at temperatures and pres-
sures above the water critical point (temperature > 374 °C and pressure > 218
atm). Supercritical water promotes the dissolution of biomass into syngas. Both
processes are more efficient than combustion, although the syngas produced has a
lower heating value than the starting material.

These processes can be applied to both fossil fuels such as coal and renew-
able fuels such as woody biomass, producing syngas with varying compositions
but similar technical issues. The syngas contains a mixture of carbon monoxide,
molecular hydrogen, methane, carbon dioxide, water vapor, molecular nitrogen,
trace hydrocarbons (ethylene, ethane) and contaminants (ash, tar, char, oil). Be-
fore use, the syngas must be purified through physicochemical, electrostatic and
water washing technologies. Once purified, it can be used in endothermic engines,
external combustion engines or microturbines. The efficiency of gasifiers for power
generation is 30-35%, higher than that of combustion facilities. However, plant
complexity and syngas purification issues limit the use of gasification mainly to
pilot plants. In Italy, experiments are being conducted with pilot plants that gasify
rice husks and wood residues. These experiments offer a promising opportunity for
the production of low-cost hydrogen that can be used, for example, in fuel cells.
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1.5.2 Biochemical processes

Biochemical (or biological) conversion includes two main processes: anaerobic di-
gestion and fermentation. Anaerobic digestion uses bacteria to convert organic
matter into biogas, a mixture of methane and carbon dioxide. This process is
cost-effective and widely applied around the world. Fermentation, on the other
hand, employs yeasts to convert the sugars in the raw material into ethanol. The
resulting product is a dilute alcohol that requires distillation, resulting in lower
overall performance and high plant costs.

Both technologies are well known and adapted to different raw materials, en-
vironments and purposes globally.

Anaerobic Digestion

Anaerobic digestion is a biochemical process in which biomass is converted into
biogas, a mixture of methane and carbon dioxide, by different strains of microor-
ganisms in an anaerobic environment. This process is particularly useful for treat-
ing a wide range of organic materials, including agricultural waste, sewage sludge,
food waste and animal manure. Anaerobic digestion occurs in a liquid environment
and can be schematized into four different stages, in which a particular strain of
bacteria operates by producing reaction intermediates as catabolites that act as
substrates for the next population in the trophic chain.

The process begins with hydrolysis, during which organic macromolecules such
as carbohydrates, proteins, and lipids are broken down into simpler molecules
such as sugars, amino acids, and fatty acids. This occurs through the action
of hydrolytic enzymes produced by bacteria. Then, in the acidogenesis stage,
the hydrolysis products are further degraded by acidogenic bacteria, producing
simple organic acids (such as acetic, propionic, and butyric acids), alcohols, carbon
dioxide, hydrogen, and ammonia. In the acetogenesis step, organic acids and
alcohols are converted to acetic acid, hydrogen and carbon dioxide by acetogenic
bacteria. Finally, in methanogenesis, methanogenic bacteria convert acetic acid,
hydrogen and carbon dioxide into methane and water. This stage is crucial for the
production of biogas, which can be used as a renewable energy source. The biogas
generated can be used directly as a fuel for heat and power generation, or purified
to obtain biomethane, a fuel equivalent to natural gas. Digestion significantly

reduces the volume of organic waste, turning it into a stable residue (digestate)
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that can be used as a fertilizer. It also contributes to the reduction of GHGs,
as the methane produced is captured and used instead of being released into the
atmosphere from the natural decomposition of organic waste.

The applications of anaerobic digestion are numerous. In agriculture, anaerobic
digestion plants are used to treat animal manure and crop residues, producing
biogas and organic fertilizers. Wastewater treatment plants use anaerobic digestion
to process sewage sludge, reducing the volume of sludge and generating energy.
In urban centers, collected food and organic waste can be treated with anaerobic
digestion, reducing waste volume and producing renewable energy.

Fermentation

Alcoholic fermentation of organic materials is a biochemical process in which sim-
ple sugars, such as hexoses and pentoses, are converted to ethanol and carbon
dioxide under anaerobic conditions by the action of microorganisms, mainly yeasts
such as Saccharomyces Cerevisiae. This process is essential for the production of
bioethanol, the most widely used liquid biofuel in the world [60]. Raw materials
for this process fall into three main categories: simple sugars, starch and ligno-
cellulosic substrates. Sugars in biomass can be in the form of polymers, such as
starch and cellulose, with general structure (C¢Hj9Os5),. These can be converted
to glucose by hydrolysis processes [61].

The quality and yields of the fermentation process depend on various factors,
including feedstock, temperature, pH, inoculum, and fermentation time. The con-
version of sugars to ethanol can occur through different metabolic pathways, de-
pending on the starting substrate. Hexoses, such as glucose, are converted mainly
through glycolysis or the Embden-Meyerhof (EMP) pathway [62]. Pentoses, on
the other hand, are converted through the pentose phosphate pathway (PPP).
The conversion reactions of hexoses are generally faster than those of pentoses
[63].

In addition to ethanol and CO,, alcoholic fermentation also produces by-
products such as glycerol and carboxylic acids, which may have commercial appli-
cations or be further processed. At the end of the fermentation process, ethanol
is distilled and dehydrated to obtain concentrated alcohol. The solid residues,
known as distillers grains, can be used as fuel in boilers for energy production or
as livestock feed [63].

26



1.6 Bio-oils Upgrading Processes

Among the various fuel products from thermochemical processes, bio-oil is a liquid
fuel highly preferred over solid (biochar) and gaseous (syngas) fuels, mainly be-
cause of its higher energy density. Bio-oil is a highly viscous black organic liquid
with a pH ranging from 3.5 to 4.2, has a typical smoky smell and an energy value
ranging from 70 to 95 % of crude oil. Bio-oil contains a wide range of low-carbon
organic compounds, such as aldehydes, ketones, carboxylic acids, and aromatic
compounds, along with about 20 wt% water. The carbon content in bio-oil is
predominant, occupying between 63% and 78%. Oxygen is the second most abun-
dant element, with a concentration ranging from 7% to 26%. In addition, bio-oil
contains hydrogen (7.6-11.2%), nitrogen (0.5-7.6%) and sulfur (0.4-1.4%).

Due to the low amount of sulfur in the biomass from which it is originated,
bio-oil is considered carbon and GHG neutral, with little or no SO, emissions.
This characteristic makes it a more sustainable fuel than traditional fossil ones.
Despite its advantages, bio-oil has some inherent limitations arising from its con-
version processes. These include its acidic nature, oxidative instability, presence
of heteroatoms, and water and oxygen content, which reduce its suitability as a
direct use fuel. These undesirable properties limit its use in petroleum refineries
for transportation and other industrial applications. Because of the difficulties
associated with the invariable composition of bio-oil, it is essential to develop and
apply upgrading methods to make it usable. Upgrading strategies focus on re-
ducing viscosity, corrosivity, oxygen, nitrogen, ash and water contents, as well as
mitigating phase separation, polymerization, coking and precipitation problems.

Among the bio-oil upgrading processes, the most studied include: (a) catalytic
cracking, which breaks down complex molecules into lighter, more useful fractions;
(b) steam reforming, which converts bio-oil into syngas that can be further pro-
cessed into liquid fuels; (c) esterification, which reduces the acidity of bio-oil, im-
proving its fuel properties; and (d) catalytic hydrodeoxygenation (HDO), which
removes oxygen present in the form of water, improving the stability and energy
value of bio-oil. Successful implementation of these technologies can make bio-oil
a key component in the energy mix of the future, contributing to the reduction of
GHGs and global energy sustainability.
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1.6.1 Catalytic cracking

Catalytic cracking is a chemical process that breaks down the large and complex
molecules in bio-oils into smaller and more useful hydrocarbons. This process
not only reduces the oxygen content, improving the stability and heating value of
bio-oils, but also makes them more compatible as fuels and chemical feedstocks.
Catalysts used in catalytic cracking include zeolites, metal oxides and mesoporous
materials, each offering specific advantages [64]. Zeolites, particularly HZSM-5,
are among the most studied catalysts for catalytic cracking because of their high
specific surface area and acidity. These characteristics facilitate the deoxygenation
of compounds into bio-oils, producing light hydrocarbons such as alkenes and aro-
matics, which are key fuel components in the gasoline portfolio. The microporous
structure of zeolites allows selection of particle size of the products generated,
increasing the efficiency of the process [65].

Metal oxides, such as those containing nickel, cerium and zirconium, are ef-
ficient in promoting cracking reactions and reducing the formation of coke, a
byproduct that can deactivate catalysts. The design of these catalysts, includ-
ing the choice of support materials, is crucial to optimizing catalytic activity and
stability. Bifunctional catalysts, which combine acid and metal properties, can
better balance cracking and hydrogenation reactions by reducing the formation of
unsaturated intermediates, which are precursors to coke [66].

The catalytic cracking process typically operates at high temperatures, between
500 and 700°C, to ensure efficient breakdown of bio-oil components. Optimization
of operating conditions, such as temperature, pressure and the ratio of catalyst to
feed, is essential to maximize the yield of desired products and minimize the forma-
tion of undesirable byproducts. The main challenges include catalyst deactivation
due to coke deposition and metal sintering. However, the use of catalysts with
strong supports and the inclusion of metal promoters can mitigate these problems,
improving catalyst durability and efficiency [67].

1.6.2 Steam reforming

Steam reforming is a chemical process in which oxygenated compounds in bio-oils
react with steam at high temperatures, converting to carbon monoxide (CO) and
hydrogen (Hy) in presence of a catalyst. This process is typically accompanied by
two other key reactions: water gas shift (WGS) and methanation [68]. During the
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water gas shift reaction, carbon monoxide (CO) reacts with water (H20) to form
carbon dioxide (COs) and hydrogen (Hs). On the other hand, in the methanation
reaction, carbon monoxide (CO) reacts with hydrogen (Hy) to obtain methane
(CH4) and water (H2O). While reforming is an endothermic equilibrium process,
both methanation and WGS are exothermic reactions [69, 70].

The equilibrium of steam reforming is favored by high temperatures and low
pressures, while the WGS process tends to produce more CO and H,O at high
temperatures. In recent years, research has focused on developing advanced cat-
alytic materials to optimize bio-oil reforming. The aim is to find metals capable
of activating oxygenated compounds and facilitating vapor adsorption, as well as
developing formulations that reduce coke formation. The latter is a significant
problem in bio-oil reforming [68]. In fact, bio-oil components are thermally un-
stable and undergo a series of decompositions that lead to the formation of coke.
In addition to thermal coke, the tendency of oxygenates to produce solid car-
bon on the catalyst surface is also high. An ideal catalyst should, therefore, not
only promote reforming but also suppress reactions that lead to the formation of
unsaturated intermediates, precursors to coke [71].

Nickel-based catalysts are widely used because of their relatively low cost and
high efficiency. Nickel possesses high activity in breaking C-C bonds and high
selectivity in Hy generation. However, simple nickel catalysts can quickly deacti-
vate due to coke formation and the presence of contaminants such as sulfur. To
overcome these problems, they must be modified. In this direction, Yan et al.
found that nickel-based catalysts with CeO, as an additive and ZrOs as a support
show significantly better performance than commercial nickel catalysts in bio-oil
reforming [72]. CeO; acts as a stabilizer, improving resistance to coke formation
and deactivation, while ZrO, increases nickel dispersion and thermal stability of
the catalyst. Iriondo et al. [73] compared the performance of nickel-based catalysts
with various elements (Mg, Zr, Ce, and La) in glycerol reforming, finding that the
Zr-containing catalyst had exceptional selectivity and a product gas composition in
line with thermodynamic predictions. The presence of ZrO, showed improved cat-
alyst stability and reduced coke formation. In addition to nickel-based catalysts,
researchers have explored the use of other metals and materials to improve the
efficiency of bio-oil reforming. Noble metal-based catalysts such as platinum and
rhodium offer high performance, but their high cost limits large-scale application.
Recently, the use of catalysts supported on mesoporous materials and nanoparti-

29



cles has shown promising results in reducing coke formation and increasing catalyst
lifetime.

Continued research on catalysts aims to minimize coke formation and maxi-
mize process efficiency by exploring new compositions and materials to address
operational challenges and improve overall performance.

1.6.3 Esterification

Esterification is a chemical upgrading method widely used to improve undesir-
able properties of bio-oils, such as high corrosivity, low pH and limited stability.
Thus, ester formation enables the reduction of relatively high concentrations of
acetic acid and trace of formic and propanoic acids present in bio-oils derived from
biomass rapid pyrolysis [74]. Traditionally, esterification is carried out using homo-
geneous acid catalysts such as sulfuric acid. However, due to the corrosive nature
of these chemicals as well as the difficulty of separation, this route is not ideal. In
this sense, the use of solid acid catalysts, which possess high acidity and tailored
porosity, is more appropriate [75]. Most studies employ acidic ion exchange resins
or zeolites since they are readily available. However, other possible catalysts for
this application are currently being developed, including metal oxides (such as
TiO, and ZrO,) and mesostructured materials (SBA-15) modified with sulfonic
groups (—SO3H) to generate acidic centers [76, 77]. These inorganic-organic hy-
brid materials are very promising for processing feedstocks such as bio-oils, which
are rather viscous and contain bulky molecules, because their pore architecture
and surface hydrophobicity can be modulated [78]. This last aspect is relevant
due to the reversibility of esterification reactions and the high water content of
bio-oil. To circumvent this problem, distillation has been applied in combination
with esterification [79].

Esterification of organic acids can also occur with alcoholic components intrin-
sic to bio-oils, particularly phenolic compounds such as guaiacol and cresols and
oxygenates such as hydroxyacetone and levoglucosan, or via externally added al-
cohols such as methanol, ethanol or butanol [61, 80]. The latter are advantageous
in terms of carbon neutrality because they can be derived through fermentation of
biomass from renewable resources. Since esters’ boiling points are lower than their
parent acids, upgrading by esterification offers the possibility of reactive distilla-
tion to remove water, unreacted alcohols and volatile esters, resulting in light and
heavy oil fractions with weaker acidity and higher chemical stability and viscosity
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than conventional ones [81].

1.6.4 Catalytic Hydrodeoxygenation

The catalytic hydrodeoxygenation (HDO) reaction represents a promising tech-
nique for eliminating oxygen content and enhancing the quality of bio-oil derived
from lignin, transforming it into high-quality transportation fuels. However, due
to the complex composition of bio-oil, most studies focus on the HDO of model
molecules representative of lignocellulosic biomass, such as isoeugenol, guaiacol,
phenol, catechol, and cresol. The HDO process utilizes high pressures of molecular
hydrogen to remove oxygen atoms from the target molecules, modifying O-C, C-O-
H, and C-C bonds to increase the energy density and stability of the fuel. This pro-
cess, also known as hydro-pyrolysis, hydrocracking, hydrotreating, or hydrogenol-
ysis, includes various reaction pathways such as the breaking of intramolecular
bonds through cracking, deoxygenation, hydrogenation of the aromatic ring, and
the removal of alkyl and methoxy groups from oxygenated compounds [82, 83, 84]
(see Figure 1.6).

Similar to hydrodesulfurization (HDS), which removes sulfur atoms from crude
oil to form stable fuels, the effectiveness of the HDO process depends on the type
of catalyst, hydrogen pressure, temperature, and the quality of the bio-oil. The
HDO reaction is currently of great interest, with various pathways proposed in
the literature for its application to phenolic compounds to design more efficient
catalysts:

1. Hydrogenation followed by Deoxygenation (HYD): this pathway re-
lies on the sequential hydrogenation of the aromatic ring on metallic sites,
followed by deoxygenation on the acidic sites of the catalyst. The initial
saturation of the aromatic ring helps weaken the C,.,1—O bond, facilitating
its cleavage through deoxygenation. However, HYD cannot occur with all
catalysts, but only with those containing a support with sufficient acidity to
catalyze deoxygenation.

1. Direct Deoxygenation (DDO): this involves the cleavage of the C,y1—O
bond followed by hydrogenation of the aromatic ring. This pathway requires
relatively high activation energy compared to the HYD mechanism and may
occur depending on the temperature and catalyst used.
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Figure 1.6: Scheme of a typical HDO process in which the reactants, consisting of
model compounds of lignocellulosic biomass (phenol, guaiacol, cresol and
isoeugenol, respectively from top to bottom), and molecular hydrogen,
react in the presence of a catalyst to produce cyclic saturated hydrocarbons
and HoO, CH3OH and CHy4 as reaction by-products.

3. Tautomerization-Deoxygenation: this pathway starts with a rapid and
reversible tautomerization leading to the formation of unstable ketonic inter-
mediates. These intermediates undergo secondary hydrogenation, producing
partially or fully hydrogenated products. The final step is deoxygenation,
which converts the intermediates into arenes or saturated hydrocarbons.

The HDO reaction mechanism is largely determined by the catalyst employed,
as well as by temperature, which affects the product selectivity, and by the par-
tial pressure of Hy. Temperature changes alter the stability of intermediates and
their subsequent conversion, impacting deoxygenation. Although temperature
has a positive effect on kinetics, higher temperatures can also lead to catalyst
deactivation through sintering and coke deposition. The partial pressure of Hs
can favor deoxygenation (low partial pressures) rather than hydrogenation (high
partial pressures). Therefore, the balance between temperature and H, partial
pressure primarily determines the HDO pathway. Additional, though less criti-
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cal, parameters include contact time, initial substrate concentration, solvent used,
substrate-to-solvent ratio, and substrate-to-catalyst ratio. Optimizing all these
process parameters is crucial for achieving a high degree of deoxygenation [85].

A wide variety of precious and non-precious metal-based catalysts, including
metal oxides, carbides, transition metal sulfides, and phosphides, have been eval-
uated so far. For their application, a deep understanding of their catalytic nature
concerning the oxygenated molecules of bio-oil, as well as their specific ability to
withstand low Hs pressure and high operating temperatures, is necessary. Further-
more, physical characterization, including particle size, active sites, and chemical
characteristics such as acidity and basicity, are critical for catalytic activity. Since
metallic catalysts possess reducing power to activate hydrogen, their main func-
tions during the HDO process are to promote the hydrogenation of an aromatic
ring or unsaturated molecule and initiate the deoxygenation process through direct
hydrogenolysis. The characteristics of the catalyst are complemented by those of
the potential catalytic supports, which are responsible for dispersing and stabiliz-
ing the active metal species. It is believed that the HDO reaction utilizes acidic
sites, provided by Lewis and Brgnsted acidity, made available by the catalytic
supports.

Regarding the selection of metals for use as catalysts, it has been shown that
the use of noble metals (e.g., Pt, Ru, and Ir) provides high yields of hydrocarbons
as final products. Generally, catalysts containing noble metals as active centers are
more active and stable than those created with other metals. Additionally, they do
not require a sulfiding agent to keep HDO active, thus avoiding unexpected prod-
uct contamination during their use. However, the high cost of precious metals and
their susceptibility to coking and sintering during the catalytic hydrotreatment
process cause significant catalyst deactivation and additional expenses. Conse-
quently, many researchers have begun working with supported non-noble transition
metals, which are less expensive, such as Ni, Cu, and Co. Murzin and collabo-
rators, after several studies, argue that Ni-based catalysts can be considered an
effective alternative to noble metals due to their low cost and dual functionality
towards hydrogenation and hydrogenolysis. Ni-based catalysts have been widely
used in HDO reactions with alcohol as a hydrogen donor, thanks to their superior
ability to absorb reactants and activate hydrogen in its atomic state. Cu-based cat-
alysts, on the other hand, have demonstrated a natural predisposition for breaking
C-O bonds rather than C-C bonds [86].

33



In addition to metal catalysts, carbides, phosphides, and metal nitrides have
attracted particular interest in recent years due to their potent hydrotreating ac-
tivities. Phosphides, characterized by acidic sites and the ability to activate hy-
drogen, are used in deoxygenation reactions. Carbides, instead, are studied for
their catalytic similarities to noble metals like Pt and Ru, thanks to the alignment
of the d-band density of states with the Fermi level, due to the insertion of car-
bon into the metal lattice. Other widely studied catalysts are zeolites, which act
mainly as acidic catalysts and facilitate the removal of oxygen atoms from lignocel-
lulosic biomass molecules. Their porous structure, with well-defined pore sizes and
shapes, allows for a uniform distribution of active sites, high selectivity for specific
deoxygenation reactions, and a significant reduction in the formation of unwanted
byproducts such as coke or light gases. Moreover, surface modifications and/or the
introduction of co-catalysts, coupled with high thermal stability, are features that
effectively promote HDO reactions. For example, L. Bomont et al. [87] synthe-
sized microporous H-Beta-25, H-Beta-150, and H-Beta-300 zeolites modified with
Pt and Ir, MCM-41 mesoporous structures, and SiO2 via an evaporation impreg-
nation method. They observed that the most active and selective catalyst was
Pt-H-Beta-300, which exhibited the lowest acidity and the largest crystalline size
of the zeolite among the Pt and Ir modified Beta zeolites studied. A similar study
was conducted by M. E. Martinez-Klimov et al. [88], investigating the effects of
binder addition, zeolite acidity, and metal location on the hydrodeoxygenation of
isoeugenol over a series of bifunctional catalysts consisting of platinum supported
on H-Beta-25 or H-Beta-300 zeolite and Bindzil as a binder. It was generally ob-
served that catalysts where Pt was located closer to the acidic sites (deposited
only on the zeolite or on both zeolite and binder) showed higher conversion of di-
hydroeugenol and higher yield of propylcyclohexane, whereas depositing platinum
on the binder resulted in lower activity.

Special attention has been paid to catalytic hydrodeoxygenation of biomass
model compounds as a method of bio-oil upgrading. This process, which is cru-
cial for improving the properties of bio-oil, is the central theme of this thesis.
Through DF'T calculations, the mechanisms underlying the reaction on different

model molecules, catalysts and supports will be explored.
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1.7 Catalysis and Green Chemistry

Since the 19" century, chemistry has transformed our lives, shaping society the
provision of energy, pharmaceuticals, crop protection, food, and innovative mate-
rials. Despite being the science with the greatest impact on our daily lives, the
chemical industry suffers from a poor public reputation. Up until the 1980s, it has
been accused of producing stoichiometric amounts of waste, leading to significant
levels of air and water pollution, and blamed for its inadequate resource manage-
ment. Over the past 200 years, humanity has improperly and disproportionately
utilized natural resources, compromising Nature’s recovery capacity [89, 90]. For-
tunately, a paradigm shift occurred in the 1990s, transitioning from a “command
and control” approach to environmental stewardship. This new, scientifically and
economically advantageous approach embraced the concept of sustainability [91].
A sustainable society is defined as one that “meets the needs of the present without
compromising the ability of future generations to meet their own needs”. Sustain-
able development, a strategic goal, can be achieved through various approaches,
prominently featuring green chemistry as a crucial step [92]. Green chemistry
focuses on designing chemical products and processes that generate and utilize re-
duced (or preferably zero) waste. It is grounded in the 12 principles formulated by
Anastas and Warner [91], summarized by the simple concept: “Prevent, not cure”.
In practice, this involves reengineering chemical pathways to: (i) use natural re-
sources more efficiently [93, 94, 95], (ii) reduce the volume of hazardous/polluting
reagents and solvents [96, 97|, and (iii) promote the substitution of fossil fuels with
renewable alternatives [98, 99, 100, 101]. Achieving these goals necessitates the
design of new, efficient catalysts that are active under mild conditions and can be
sustainably produced without leading to unacceptably high levels of toxic pollu-
tants [102, 103, 104]. However, before any of these new catalysts can be developed,
a fundamental understanding of the properties and currently most environmentally
sustainable options must be obtained, enabling the design of their replacements
[105, 106, 107, 108, 109]. Catalyst design aims to optimize factors such as stability,
turnover number, solubility, and ease of separation from the product. Changes in
ligand design or metal selection can yield significant improvements in selectivity,
energy consumption, and solvent usage [89]. As Richard Sheldon pointed out,
“[...] In fact, as far as chemistry is concerned, catalysis is the key to sustainability
[...]” [90]. Catalysts come in various types, ranging from simple protons (H™),
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through Lewis acids, to organometallic and inorganic polymers, and enzymes. For
simplicity, catalysis can be categorized into three main types: homogeneous, het-
erogeneous, and enzymatic. Although the process conditions differ significantly in
each, they are based on the same principles. Heterogeneous catalysis, in particular,
has revolutionized the chemical industry by enabling the selective conversion of re-
newable raw materials such as biomass into industrially relevant chemicals, thereby
reducing dependence on fossil fuels and mitigating the environmental impact of
chemical processes.

1.7.1 Catalysis on metal cluster

Understanding catalysis at the atomic level is a fundamental objective. Supported
metal clusters (SMCs) have the potential to play a pivotal role in modern chem-
ical industry, and following recent advancements in synthetic methods for metal
clusters, they are already considered a distinct subfield of heterogeneous catalysis.
Significant efforts have been dedicated to comprehending this phenomenon and
designing highly efficient and selective catalytic clusters [110].

More specifically, SMCs are a type of heterogeneous catalyst consisting of sys-
tems composed by a few metal atoms (clusters) stabilized on solid supports such
as metal oxides, silica, carbon-based derivatives, and zeolites. SMCs are promis-
ing candidates for both basic and applied research due to their unique ability
to catalyze reactions that are otherwise difficult to achieve and their relatively
straightforward isolation at the end of the process [111]. Despite their high surface-
to-volume ratio, SMCs are characterized by metal-metal bonds that are unconven-
tional compared to bulk systems, with specific coordinative unsaturations that
result in unique binding modes with the substrate [112]. Given that many impor-
tant catalytic processes require closely cooperating metal sites for the adsorption,
activation, and desorption of reactants, SMCs can be utilized in a wide range of
catalytic reactions [113].

Furthermore, metal clusters can exhibit structural fluidity during the catalytic
process. At high temperatures and under the influence of metal-support and metal-
substrate interactions, they can lose their initial rigidity and evolve into fluxional
species, generating metastable geometries that can change reactivity [114]. The
properties of metal clusters can also be selectively modified by introducing dopant
atoms, which alter their electronic structure, relationship with the support, and
catalytic activity [115]. The solid support plays a crucial role in cluster catalysis,
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imparting unique electronic and geometric characteristics to the metal clusters that
are essential for determining efficient processes involving reactive species [113].

Intensive research over the past decades has highlighted that the size and shape
of clusters have a significant impact on their reactivity and selectivity [116]. There
exists, in particular, a scalable cluster size regime where reactivity changes regu-
larly with cluster size, and a non-scalable size regime for smaller clusters, where
reactivity can completely change even with the addition of a single atom. This
size-reactivity relationship can be explained in terms of topological changes, re-
sulting electronic variations, and coordinative capacity. Advances in this field have
been made possible through approaches in chemical topology and, most notably,
quantum mechanical calculations, which are becoming increasingly powerful tools
for understanding the processes governing the structure and reactivity of a catalyst
[117].

1.7.2 DFT in catalysis

Over the past two decades, computational models have proven to be one of the
most efficient and conservative methods for obtaining information on catalysts, be-
coming an essential component of experimental research [118, 119, 120, 121, 122].
The combined study of experimental and theoretical catalysis has now become a
well-established practice, crucial for a fundamental understanding of catalysis at
the molecular level [123, 124, 125, 126]. Theoretical calculations have been invalu-
able for interpreting spectroscopic data, verifying catalytic mechanisms, studying
chemical reactivity, and modeling complex reaction pathways. In particular, the
application of Density Functional Theory (DF'T) to catalysis has provided detailed
information on reaction mechanisms at the atomic level. DFT is used to examine
the adsorption of reactants on the catalyst surface, the activation of bonds, and
the formation of products, providing insights into catalytic active sites, reaction
energy barriers, and preferred reaction pathways.

The combination of DF'T and experimental studies has enabled many research
groups to investigate biomass conversion processes, supporting and guiding the
chemical industry towards more environmentally friendly conditions. This trans-
lates into reduced energy waste and by-products, as well as increased reaction
yields. In the last ten years, numerous studies have applied DFT to understand
biomass conversion into fuels, in particular the hydrodeoxygenation (HDO) pro-

cess. However, since biomass can yield mixtures of several hundred compounds,
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the only feasible strategy to better understand the catalytic upgrading process
involves mechanistic studies of model compounds representative of lignocellulosic
biomass. The simplest models are phenolic monomers such as phenol, anisole, gua-
iacol, eugenol, and isoeugenol. The HDO reactions of these compounds have been
extensively studied, as demonstrated by the review by Gollakota and collaborators
86].

For example, in 2015, two computational studies on guaiacol were conducted.
The first, by Lu and coworkers, developed a microkinetic model based on parame-
ters obtained from DFT and transition state theory calculations to study the HDO
of guaiacol on Pt(111) at 573 K, a temperature at which phenolic ring hydrogena-
tion is thermodynamically limited. The model identified two main hydrogenation
pathways, with catechol as the primary reaction product, and highlighted that
deoxygenation, such as that of phenol or benzene, is significantly slower. They ob-
served that guaiacol deoxygenation proceeds through decarbonylation and possibly
phenolic ring hydrogenation followed by C-OH bond cleavage. The model suggests
that higher Hy pressure might facilitate deoxygenation and promote phenolic ring
hydrogenation to cycloalkanes, effective only at elevated temperatures. However,
this computational study contrasts with some experimental observations, suggest-
ing that the active sites for deoxygenation in Pt catalysts might derive from the
support or edge and corner sites of Pt rather than the planar surface of Pt(111)
[127].

In the second study, conducted by Lee and coworkers, the reaction mechanism
of guaiacol HDO to catechol on Pt(111) was investigated using DF'T calculations
combined with linear free energy relationships or Brgnsted—Evans—Polanyi (BEP)
relations. BEP relations were proposed for four reaction families: C—-H bond
cleavage, C~O bond cleavage in C,iue~OA/Cyi,,O-CH, (A=H, x=1,2), O-CH;
bond cleavage, and O-H bond cleavage. These BEP relations were employed to
construct a potential energy surface for guaiacol HDO on Pt(111), suggesting that
guaiacol undergoes methoxy group dehydrogenation rather than direct deoxygena-
tion via dehydroxylation, demethylation, and demethoxylation. The cleavage of
the O—CH, bond, in cases of single or double methyl group dehydrogenation, is
followed by hydrogenation of the oxygens attached to the ring. The resulting cat-
echol can then desorb as the main product or undergo further HDO to produce
phenol. This study suggests that the final step may occur at the Pt/alumina in-
terface, with alumina removing the OH group and Pt performing the necessary
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hydrogenation. However, the proposed mechanism does not support the hypoth-
esis of direct demethylation and demethoxylation in the conversion of guaiacol to
catechol and phenol [128].

In 2016, a study focused on the catalytic hydrodeoxygenation of phenol on Ru
nanoparticles supported on graphene using periodic DF'T' calculations to propose
a mechanism for the (DDQO) pathway. The interaction energies and activation bar-
riers calculated for C-O bond cleavage on bare Ru/C catalyst particles align well
with previous studies on the flat Ru(0001) surface and more realistic stepped and
terraced Ru surfaces. The results obtained with Ru;oH, particles supported on
graphene indicate that a Ru/C catalyst model with explicitly chemisorbed hydro-
gen on the metal nanoparticle surface (stabilizing Ru—O complexes and creating a
barrier separating Ru-O (DDO) and Ru-C (HYD) intermediates) is essential for
a comprehensive understanding of the DDO process [129].

Both molecules mentioned have been studied to elucidate the DDO reaction
mechanism of phenol and guaiacol on NisP,(001) surfaces using ab initio cal-
culations. Nickel phosphides have shown remarkable catalytic abilities in hy-
drodeoxygenation reactions and a capacity to preserve product aromaticity. It
was found that phenol dissociates immediately with a low activation energy (0.15
eV), whereas guaiacol encounters a higher barrier (1.92 eV). Following the cleavage
of O-H and C,,om — O bonds, the aromatic fragments of phenol remain oriented per-
pendicularly /inclined to the NisP4(001) surface, limiting C=C bond activation in
the ring and likely preventing over-hydrogenation, thus maintaining ring aromatic-
ity. Microkinetic modeling highlighted that the overall activation energy decreases
with temperature in the range of 500-700 K and that the rate-limiting step of the
reaction varies with temperature: for phenol, it is the hydrogenation of the phenyl
intermediate to benzene at temperatures below 550 K and C,.om—O bond cleav-
age at higher temperatures, whereas for guaiacol, it is mainly dehydroxylation at
temperatures below 600 K and C,,o, —O bond cleavage at higher temperatures
[130].

Finally, for the anisole molecule, two studies can be cited, one conducted in
2018 and another in 2019. In 2018, Zhang and coworkers employed DF'T modeling
to establish a HDO mechanism for phenolic compounds on bifunctional catalysts
(metallic and acidic sites). The metals Ni, Co, Mo, and Cu were selected, as the
adsorption of anisole on transition metal surfaces showed that these four met-
als presented the highest adsorption energy values. The results confirmed that
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the HDO of phenolic compounds, intermediates in the catalytic decomposition
of anisole, begins with the protonation of the hydroxyl group and that the pres-
ence of metals promotes both the reaction and the dissociation of the hydrogen
molecule. Notably, Ni and Mo significantly reduced the energy barriers of HDO
reactions. Modeling reactions on non-metallic acid catalysts showed that a single
methyl group in the ortho position of the phenolic compound enhances the C(sp?)-
O bond and promotes reactivity, while the presence of methyl groups in both ortho
positions inhibits the reaction due to steric hindrance. However, the addition of a
metallic site compensates for this effect, promoting HDO. The excellent activity of
metallic/Brgnsted sites was consistent with the experimental performance of the
corresponding catalysts [131].

In 2019, Agrawal and Kishore conducted a DFT study using anisole as a
model compound for bio-oil to determine thermochemical parameters for upgrad-
ing anisole to platform chemicals. Initially, they conducted a Bond Dissociation
Energy (BDE) analysis for anisole to determine the energy required to break bonds
and initiate the reaction. Subsequently, they proposed three different pathways to
produce phenol, benzene, and toluene. Given that the reaction medium is aque-
ous, a pathway proposing the direct hydrogenation of anisole to produce benzene
was also hypothesized as the primary reaction product. The formation of phe-
nol represents the second most energetically demanding reaction, while the for-
mation of toluene is less likely under moderate conditions due to high activation
energy. Nonetheless, thermochemical studies indicated that all proposed pathways
are spontaneous and technically feasible [132].
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Chapter 2

Methods and Models

2.1 Density Functional Theory

Density Functional Theory (DF'T) is one of the most widely used methods for ab
initio calculations of the electronic structure of atoms, molecules, crystals, and
surfaces. Originally developed to calculate the electronic states of solids, DF'T
began to find widespread application in quantum chemistry calculations starting
in the 1990s. Today, thanks to its high accuracy-to-computational cost ratio,
DFT has become the predominant method, employed in more than 80% of all
computational chemistry studies [133].

The underlying principle of DFT is the description of an N-electron system
by substituting the wave function, which depends on 3N spatial variables and
N spin variables, with a simpler quantity: the electron density, which depends
only on three spatial variables. Despite accounting for correlation energy, DFT
does not require prohibitively long computation times, thus representing an ideal
compromise between the Hartree-Fock method and heavily correlated calculations.

The validity and applicability of this theory are guaranteed by the first Hohenberg-
Kohn (HK) theorem, which states that the ground-state electron density of a sys-
tem contains all the necessary information (such as the number of electrons, the
number, charge, and position of the nuclei) to define the molecular Hamiltonian,
and therefore it will also contain all information related to its eigenvalues and
eigenfunctions. This implies that any ground-state observable physical quantity,
such as total energy, can, in principle, be expressed as a functional of the density.
For the total energy functional, a minimization principle is valid, which translates
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into the second Hohenberg-Kohn theorem, essentially the variational theorem ap-
plied in this context. This theorem asserts that the HK functional, a sum of the
kinetic energy and the electron-electron repulsion functionals, achieves the low-
est possible energy value if and only if the exact ground-state electron density is
introduced into the equation.

While the Hohenberg-Kohn theorems form the theoretical foundation of Den-
sity Functional Theory, they are not sufficient on their own, as they do not provide
a practical method for calculating the ground-state electronic properties from the
exact electron density. The practical implementation of the HK theorems was
achieved through the approach introduced by Kohn and Sham in 1965, which
solves the variational problem of minimizing the energy functional using Lagrange
multipliers.

This approach expresses the ground-state electron density as the sum of the
squared moduli of single-electron functions, known as Kohn-Sham orbitals. Similar
to the Hartree-Fock method, the Kohn-Sham approach leverages the concept of
non-interacting particle systems. Although these systems do not correspond to
physical reality, they allow the exact calculation of kinetic energy. Kohn and Sham
utilized this non-interacting framework to overcome the longstanding challenge of
defining kinetic energy as a functional of the electron density.

The central, albeit unprovable, assumption of the Kohn-Sham scheme is that
for any interacting system under a given external potential, there exists a local
single-electron potential such that, when applied to a non-interacting system, it
reproduces the same electron density as the interacting system.

The problem can be addressed by finding the optimal Kohn-Sham orbitals
through a constrained minimization procedure. The resulting equations, known
as the Kohn-Sham equations, must be solved iteratively because the Kohn-Sham
operator depends on the solutions themselves. In these equations, the contribution
of electron correlation to the kinetic energy and the exchange energy are captured
by the exchange-correlation functional, whose exact form remains unknown.

Although approximations to this functional are required to satisfy certain phys-
ical constraints, it remains unclear whether a systematic procedure exists to ap-
proach the exact functional. Consequently, it is crucial to assess the accuracy of
a given exchange-correlation functional against appropriate benchmark sets con-
taining experimental data, such as structural parameters, atomization or ionization

energies, reaction enthalpies, activation barriers, and more, for a large number of
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molecules. For example, one of the first used benchmark set for this purpose was
the G2/97 thermochemical database [134], which includes over fifty experimental
atomization energies of small molecules composed of main group elements. The
number and the quality of benchmark set, however, greatly increase over the years.

It is essential to note that assessing the accuracy of a functional by comparing
its results with corresponding experimental data does not provide a definitive mea-
sure of its proximity to an exact functional. A more physically accurate evaluation
of various functionals would involve a comparative analysis between the modeled
exchange-correlation potential and accurate potentials derived from wave function-
based calculations. However, such refined potentials are often not available, thus
precluding such evaluations [135].

The most common approximations to the exchange-correlation functional can
be categorized into four major families: the Local Density Approximation (LDA),
the Generalized Gradient Approximation (GGA), the Meta-GGA, and hybrid func-
tionals. The latter, introduced by Becke in 1993, incorporates a fraction of the
exact Hartree-Fock exchange term into the exchange-correlation energy formula-
tion, along with semi-empirical parameters that allow for modulation of the various
contributions [136].

The most widely used hybrid exchange-correlation functional is B3LYP (Becke,
3-parameter, Lee-Yang-Parr), renowned for its accuracy across a range of chemical
applications, including complex systems. Nevertheless, DF'T also exhibits limita-
tions, one of the most significant being its inability to adequately describe disper-
sion interactions. As will be discussed in the following section, to enhance this
description, empirical corrections have been developed and integrated into func-
tionals, thereby improving their performance while maintaining nearly constant
computational time.

2.1.1 DFT-D Method

The DFT-D method, extensively tested and successfully applied to a variety of
systems, was specifically designed as a correction to common hybrid functionals
that, while suitable for describing many properties, may not be optimal for non-
covalent interactions. Despite integrating the best features of nearly all approaches,
it maintains low numerical complexity and provides results that are readily inter-
pretable [137]. This method allows for a more consistent description of dispersion

interactions with minimal empirical input—mnamely, the introduction of a param-
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eter associated with each chemical element—while still maintaining an ab initio
approach. However, its major drawback is that this correction is independent of
the electronic structure and, crucially, does not influence it. Although one might
assume that these effects are minor in most practical applications, this limitation
ultimately constrains accuracy, particularly in chemically unusual cases [138].

In this doctoral research, the correction proposed by Grimme [138] was selected,
as it appears to be, according to the literature, the most promising candidate for
permanent integration into all hybrid exchange-correlation functionals.

2.2 Computational Details

All calculations pertaining to the HDO reaction and the decomposition of isoeugenol
and guaiacol, discussed in subsequent sections, were performed within the frame-
work of density functional theory (DF'T) using the Gaussian 16 software package
[139]. The DFT computations employed the B3LYP hybrid exchange-correlation
functional [140], augmented by Grimme’s D3 dispersion correction scheme to ac-
count for long-range dispersion interactions [141]. The LanL.2DZ basis set of Hay
and Wadt [142, 143] was used for all calculations, which incorporates Dunning’s
D95 basis set [144] for light atoms (H, C, O), while a double-zeta valence basis set,
paired with an effective core potential, is applied to platinum atoms. Polarization
functions, comprising primitive Gaussian orbitals with angular momenta and ex-
ponents as follows — H (s: 0.049, p: 0.587), C (p: 0.0311, d: 0.587), and O (p:
0.0673, d: 0.961) — were added to the D95 basis set. These functions were sourced
from the EMSL Basis Set Exchange repository [145].

The identification of minima and transition states along reaction pathways was
accomplished by calculating and analyzing the harmonic vibrational frequencies.
Structures corresponding to minima on the potential energy surfaces (PES) were
confirmed to exhibit no imaginary frequencies, while transition state structures
were validated by the presence of a single imaginary frequency corresponding to
the reaction coordinate. Reaction energetics are reported as zero-point vibrational
energy (ZPVE)-corrected values (Ezpy); desorption energies for stable products
were corrected for basis set superposition error (BSSE) using the counterpoise
method of Boys and Bernardi [146]. The BSSE, as detailed in the next section,
was calculated as the self-consistent field (SCF) energy correction and is presented

in parentheses alongside the raw Ezpy energy.
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All calculations concerning the growth of M, clusters (with M = Ni or Pt and
n = 1-10) on graphene, as well as the reactions of guaiacol and isoeugenol on sup-
ported clusters, were performed under periodic conditions using the SIESTA ap-
proach as implemented in the homonym code [147]. The Perdew-Burke-Ernzerhof
(PBE) [148] exchange-correlation functional was employed, alongside a double-
zeta polarized (DZP) basis set with a 0.005 Ry energy shift. A mesh cutoff of 450
Ry was applied to define the real-space integration grid, while the reciprocal-space
was sampled using a 4x4x1 Monkhorst-Pack grid.

In all calculations, the total electronic spin of the repeating cell was not con-
strained, allowing the software to determine the optimal spin polarization for each
system. Vibrational frequencies were not computed after structural optimization
due to the prohibitive computational cost, implying that the identified structures
may not represent true energetic minima, but rather other stationary points on the
potential energy surface. Consequently, zero-point energy (ZPE) was not included,
and the reported final energies correspond solely to the total electronic energy.

The transition state searches for hydrodeoxygenation (HDO) and decomposi-
tion reactions on graphene-supported clusters were conducted using the Empathes
code [149], which implements the Nudged Elastic Band (NEB) method and inter-
faces with SIESTA. Each NEB calculation involved six intermediate images gen-
erated via the image-dependent pair potential approach, connected by dynamic
springs. The elastic band optimization was carried out using the FIRE algorithm,
with a convergence threshold of 5 x 10® Eh/A on the norm of the total NEB
forces.

2.3 Basis Set Superposition Error

The interaction energy values and the geometrical optimizations of the reference
complexes have been corrected for the Basis Set Superposition Error (BSSE),
which arises due to the formation of an adsorbate/cluster system. This error oc-
curs because the basis set, localized on one reagent, can function as a set of diffuse
functions for the electrons of the other reagent, and conversely, leading to a spu-
rious increase in the interaction energy between the two fragments. Since BSSE
would not be present with a complete basis set, one method to mitigate this issue

is to employ progressively larger basis sets. As the basis set is expanded to pro-
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vide a more accurate description of the orbitals far from the atomic centers (via

increasingly diffuse functions in a traditional calculation), additional basis func-

tions arising from the description of atomic orbitals of another reagent and located

in the same long-range region are unnecessary and do not enhance the quality of

the calculation. However, using a very large basis set is often computationally

prohibitive. Alternatively, the BSSE can be estimated using the Boys-Bernardi

counterpoise method [142], which approximates BSSE as a sum of fragment con-

tributions and can be applied to both mean-field and correlated methods [144].

To obtain the correct interaction energy between two fragments A and B form-

ing an adduct AB, the following four steps are necessary:

1.

Calculation of total system energy comprising both fragments, including all

electrons and nuclei. This gives the energy of the complex, denoted as W ap.

. Calculation of the isolated fragment energies A and B in their equilibrium

geometries, denoted as W, and Wy, respectively.

. Calculation of the energy of each fragment using the geometry which each

fragment adopts in the whole aggregate. The energies W, and W'y are
thus obtained.

. Calculation of the energy of each fragment using a modified basis set that

includes the basis functions of the other fragment. For example, for fragment
A, these additional basis functions are centered on the nuclei of fragment B
as positioned in the adduct. However, these calculations do not include the
nuclei or electrons of the other fragment. This results in the energies W* 5

and W*g.

The counterpoise correction is then calculated using the expression:

AWBSSE — (W — W, ) + (Wg* — W) (2.1)

The interaction energy is the given by

AW =W g — Wa — Wp + AWWBSE (2.2)
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2.4 Models

2.4.1 Pty

A platinum cluster composed of ten atoms, featuring tetrahedral symmetry and
a spin multiplicity of 9, was selected as a representative catalytic species for
subnanometer-sized clusters. Its structure reveals atoms with distinct coordination
numbers: the four atoms located at the apex of the cluster exhibit a coordination
number of three, while the remaining six atoms have a coordination number of six
(see Figure 2.1). The Ptyq cluster is topologically analogous to a tetracapped
octahedron, where six atoms form an octahedral core, and its triangular faces are
alternately capped by an additional atom positioned perpendicular to the center of
the face. This configuration results from global optimization of platinum clusters
containing up to ten atoms, as reported by Demiroglu et al [150]. Among sub-
nanometer clusters, Pt;y demonstrates considerable stability, attributable to its
valence electron count, which allows it to fill multiple electronic shells (a “magic
number”) [151]. The optimized structure of Pt;y shows an average Pt-Pt bond
length of 2.71 A, and its cohesive energy, calculated as E. = (E[Pty] - 10E[Pt])/10,
is 275.4 kJ mol~!. Previous studies have demonstrated that an Hy molecule, upon
chemisorption onto a metal cluster, undergoes bond cleavage, forming hydrogen-
metal cluster systems where the hydrogen atoms can diffuse freely. In this case,
the model catalyst can be viewed as a hydrogen reservoir, ensuring a continuous
supply of hydrogen atoms where needed. This behavior stems from both the ease
of hydrogen dissociation on the cluster surface and the hypothesized free diffusion
of hydrogen atoms through the catalyst. To support these hypotheses, already val-
idated for most metal systems [128, 152], fragmentation and diffusion tests were
carried out on a Pt1g cluster with one Hy molecule, referred to as the Pt,oHs species.
Regarding fragmentation, the chemisorption of the Hy, molecule was considered on
a platinum atom with a coordination number of three, located at a capping site.
The adsorption process, characterized by an energy release of 80.5 kJ mol™!, re-
sulted in the formation of a transient species with a spin multiplicity of 9 (Figure
2.1(a)), in which a significant weakening of the H-H bond (lengthened to 0.88 A
from 0.74 A in the free H, molecule) was observed. This species quickly evolved
into a more stable structure, 32.5 kJ mol™! lower in energy (Figure 2.1(b)), ex-
hibiting a septet spin multiplicity and undergoing cluster distortion along with
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Figure 2.1: Fragmentation of the Hy molecule on the cluster and relative energies of
the involved species (expressed in kJ mol~!). Structure (a) represents
a transient species in the nonnet state, where a weakening of the bond
between the hydrogen atoms is observed. Structure (b) is the most stable
species, which is in the septet state. Finally, structure (c) shows the
complete fragmentation of the Hs molecule, due to the migration of a
hydrogen atom from its original position to a cluster edge.

complete Hy dissociation. During this process, it was observed that a hydrogen
atom migrated from the capping position to a bridge position between the same
capping atom and a neighboring atom from the octahedral core (Figure 2.1(b)),
with an activation barrier of only 6.8 kJ mol~!, a negligible energy value.

For the hydrogen diffusion process, five distinct PtioHs geometries, charac-
terized by different hydrogen atom arrangements, were considered. Additional
evidence supporting the facile diffusion of hydrogen atoms through the cluster was
provided by analyzing the two most stable species, labeled as (a) and (c) in Fig-
ure 3, and investigating the migration of a hydrogen atom from one configuration
to the other. The estimated activation barrier for this elementary step, 14.3 kJ
mol ™!, clearly validates the earlier assumptions. Based on these findings, it can be
concluded that under the conditions required to overcome the activation barriers
in isoeugenol hydrogenation (HDO), which will be discussed later, the barriers
governing hydrogen atom diffusion on PtioHs clusters are negligible. This implies
that hydrogen atoms can adopt any configuration on the cluster. Lastly, it should
be noted that, as seen in many metal cluster systems [153, 154, 155], Hy dissoci-
ation results in a reduction of the spin quantum number by one unit in Pt;qHs
systems, an occurrence attributed to electron spin coupling phenomena.
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The five structures labeled (a) to (e) differ in the positions of H atoms
within the cluster and were used to assess H-diffusion energetics. The val-
ues below each figure show the relative energy (in kJ mol~!) compared to
the most stable configuration (c) (above), and the Hs chemisorption en-
ergy (below), calculated as E.qs = E[Pt19 Ha] - (E[Pt19] + E[Hs]). White,
yellow, and light blue spheres represent hydrogen and platinum with coor-

dination numbers three and six, respectively.
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2.4.2 Isoeugenol and Guaiacol

Isoeugenol and guaiacol (Figure 2.3), containing the key functional groups found
in bio-oils derived from lignin, such as hydroxyl, methoxy, and allyl groups, rep-
resent particularly suitable molecular models for studying atomistic reactions in-
volved in lignocellulosic biomass conversion. Lignin, a complex polymer abundant
in plant cell walls, is composed of phenolic monomers with a variety of functional
groups, which can be harnessed to produce bio-oils through thermal or chemical
degradation processes. For this reason, isoeugenol and guaiacol are frequently em-
ployed in studies aimed at simulating molecular fragmentation and reactivity of
lignin-derived compounds.

Isoeugenol, which can be extracted from natural sources such as cloves, nut-
meg, and ylang-ylang [156, 157] (where it is the primary component), exists as
a mixture of cis and trans isomers, with the latter typically being predominant.
The structural difference between isoeugenol and eugenol, from which it can be
obtained via chemical or thermal isomerization, lies in the position of the double
bond along the propyl chain [158, 159]. Isoeugenol is widely used in various in-
dustrial sectors. In the food industry, it is utilized for its antioxidant properties
and as a natural flavoring agent, while in medicine, it is valued for its antiseptic
[160], analgesic [161], anti-inflammatory, and anti-arthritic activities [162]. Addi-
tionally, it serves as a key precursor in the synthesis of vanillin and vanillic acid
[163], compounds with applications in the food, pharmaceutical, and cosmetic in-
dustries [164]. Vanillin, in particular, is one of the most widely used flavoring
agents globally.

A conformational analysis was conducted on isoeugenol to determine possi-
ble structures and their stability. For the trans isomer, six conformations were
identified by fixing the dihedral angle 71 (C5C4C1'C2’) at 180°, while angles 7
(C2C10H) and 73 (C1C20C1") were alternately set to 0° and 180°. An addi-
tional three conformations were generated by setting 7, at 0° and varying 7 and
73 at 0° and 180°. The same number of conformations was determined for the
cis isomer, in which 7 was set to 150° to avoid steric repulsion between the CHj
group of the allyl chain and the hydrogen atom on C3 of the aromatic ring. The
twelve initial structures identified were then subjected to geometric optimisation.
The results show that the most stable conformations for both isomers are those in
which an intramolecular hydrogen bond is formed between the hydroxyl hydrogen
and methoxy oxygen, i.e. with 7, = 180° and 73 = 0°. In these conformations,
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Figure 2.3: Molecular structure of trans-isoeugenol (a) and guaiacol (b) with the IU-
PAC numbering of carbon atoms.

the allyl chain orientation is relatively free, with Boltzmann populations of 62.8%
(11 = 180°) and 37.1% (m; = 0°) for the trans isomer and 55.2% (7 = 152°) and
44.8% (1, = —33°) for the cis isomer. Furthermore, it was calculated that the
trans isomer is approximately 10 kJ mol~! more stable than the cis isomer.

Guaiacol (2-methoxyphenol), on the other hand, is a naturally occurring com-
pound found in various plants, including celery seeds, tobacco leaves, orange leaves,
and lemon peels [165, 166]. Its chemical structure is characterized by the presence
of a methoxy group (—OCH3) positioned ortho to the hydroxyl group (-~OH) on a
benzene ring. This arrangement imparts guaiacol with antioxidant and antiseptic
properties, making it valuable for numerous industrial applications. It is used in
the production of fragrances, as a food additive and preservative, and also serves as
a critical intermediate in the synthesis of phenolic resins, dyes, and pharmaceutical
products [167].

The same considerations regarding the relative position of the oxygenated

groups in isoeugenol also apply to guaiacol, except for the allyl chain.

2.4.3 Graphene

Graphene has been selected as a support for hydrodeoxygenation (HDO) reactions
due to its remarkable properties, including high electron mobility, exceptional
mechanical strength, and unparalleled chemical and thermal stability. Notably,
its thermal conductivity can reach up to 5000 W/m-K, and it boasts a specific
surface area of 2630 m? /g, making it particularly well-suited for hosting nanometric
or atomic-scale catalysts, such as nickel or platinum nanoclusters [168, 169, 170].

However, the relatively weak interactions between graphene and metal atoms
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often necessitate structural modifications to enhance its chemical reactivity and
efficacy as a catalytic support [171]. A widely employed strategy involves the
introduction of structural defects. In the present thesis, for example, a single
vacancy was created, which generates reactive sites that can increase adsorption
energy, stabilizing catalytic species and preventing the aggregation of metal atoms.

In recent years, research on graphene-supported catalysts has experienced rapid
growth, particularly in the field of biomass refining. In this context, these catalysts
have proven capable of improving both conversion efficiency and selectivity in the
production of biofuels [172]. These attributes render graphene a highly promis-
ing catalytic support for optimizing various chemical reactions, especially in the
pyrolysis and hydrolysis of lignocellulosic biomass, contributing to cost reduction
and enhancing the sustainability of industrial production processes [173]. A more
extensive discussion on graphene is provided in the chapter 6, but is here worth
to underline that, from a practical perspective, graphene could be considered too
expensive to be used as catalytic support. Nevertheless, the computational study
here reported allows to obtain information also on catalytic systems composed by
supports that, from a modeling point of view, can be at least in part represented
by graphene. This is true, in particular, for some forms of graphene-rich biochar
[174], a desiderable support itself produced from biomass.
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Chapter 3

HDO reaction of Isoeugenol on

Ptq10 cluster

This chapter provides a comprehensive analysis of the hydrodeoxygenation (HDO)
process of isoeugenol, an organic compound of extraordinary relevance to green
chemistry and renewable energy applications. HDO represents a central reaction
in the context of biomass utilisation, as it enables the transformation of oxygen-rich
compounds into more stable, less oxygen-rich hydrocarbons. This transformation
is crucial for improving the quality of biofuels and for obtaining high-value chemical
materials. After a brief discussion on the chemical characteristics of isoeugenol and
its potential as a precursor in the sustainable production of fuels and chemicals,
the focus is placed on the role of catalysis in the HDO process, with emphasis
on the use of advanced catalysts, such as a subnanometer platinum cluster. The
selection of this catalyst is based on its distinctive properties, which enable highly
efficient and selective hydrogenation reactions. The discussion proceeds with a
thorough analysis of the reaction mechanism, detailing the stages of isoeugenol
hydrogenation and the formation of key reactive intermediates. Multiple reaction
pathways are explored, highlighting the intricate nature of the elementary steps
and their influence on the overall efficiency of the reaction.

Two primary HDO pathways are examined in detail: direct deoxygenation
(DDO) and hydrogenation followed by deoxygenation (HYD). For each of these
pathways, activation energies and thermodynamic stabilities of the intermediates
are analyzed, offering a complete comparison of their energetic and kinetic char-
acteristics. This analysis provides critical insights into the underlying reaction
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mechanisms and informs strategies for optimizing reaction conditions to improve
both yield and selectivity.

A considerable part of this chapter is dedicated to the application of advanced
kinetic models, such as the Simplified Christiansen Method (SCM), which allows
the calculation of kinetic rate constants for various reaction pathways. This quan-
titative approach provides a deeper understanding of reaction dynamics and helps
to identify the factors regulating reaction rates. Incidentally, the applicability of
the SCM is supported by the assumptions on hydrogen availability on platinum
cluster discussed in Section 2.4.1. Indeed, these assumption linearize the pro-
cesses according to the definition of ”linear mechanism” given by Murzin [175].
The chapter closes by discussing the broader implications of these results for fu-
ture research. It proposes potential routes for further investigation, particularly
with regard to the role of supports and non-noble metals in the HDO process.
Optimisation of catalytic systems and reaction conditions is highlighted as a key

area for improving the sustainability and efficiency of chemical production.

3.1 DDO mechanism

The DDO mechanism, as well as the HYD described below, have a common be-
ginning: the hydrogenation of the double on the allyl chain in isoeugenol.

The elementary stages involved in the catalytic hydrogenation of the isoeugenol
double bond on the Ptyy cluster are shown in Fig. 3.1. This reaction is com-
prised of two main steps: the first step yields a semi-hydrogenated intermedi-
ate, int1/Ptio H?, through the transfer of a hydrogen atom from the cluster to
the C2 carbon of the allyl group. In the second step, a hydrogen atom mi-
grates from the cluster to the C1 carbon of the chain, leading to the formation of
dihydroeugenol/Ptyo. In this scenario, as well as in all subsequent cases discussed,
the symbol ¢ enclosed in a circle indicates the diffusion of a hydrogen atom through
the cluster toward the reactive center. In this context, the anticipated barrier-free
hydrogen diffusion converts intl/Ptyo H® into intl/Pt;o H?. Analyzing the acti-
vation energies for the two elementary steps suggests that the hydrogenation of
the double bond is not a fast reaction, as the energy barriers are slightly greater
than those computed for the reaction that converts butene to butane on a sub-
nanometric palladium cluster [154]. The saturation of the double bond results
in a system that is 106.3 kJ mol~! less stable than the isoeugenol /Pt;q 2 H reac-
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Figure 3.1: The reaction sequence for the catalytic hydrogenation of isoeugenol to
dihydroeugenol on the Ptig cluster. The circled § symbol indicates an
elementary step where the hydrogen atom is assumed to diffuse across the
cluster to the catalytic site without an associated energy barrier.

tant. This finding is not surprising, as dihydroeugenol interacts with the metal
cluster exclusively via the benzene ring. The estimated desorption energy of dihy-
droeugenol from the cluster is 154.7 kJ mol™' (BSSE = 25.7 kJ mol™!).

The subsequent steps of the reaction involve the direct removal of oxygenated
groups. The order and mechanism by which these groups are eliminated give rise to
four potential alternative pathways. The selection of the most favorable pathway
is determined by multiple factors, such as the stability of reactive intermediates,
the energy barriers involved, and the reaction kinetics. These mechanisms (in Fig.

3.2) are summarized below:

e DDO-1: involves direct removal of the —OCHj3 group as methanol with
formation of 4-propylphenol from which, by elimination of the —OH group
as water, propylbenzene is obtained.

e DDO-2: involves first the removal of the —OH group as water with the
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Figure 3.2: Schematic representation of the four DDO mechanisms for the conversion

of isoeugenol to propylcyclohexane.

formation of the 1-methoxy-3-propylbenzene species and then the removal of
the —OCHj; group as methanol.

DDO-3: in 1-methoxy-3-propylbenzene, obtained by the DDO-2 mechanism
through C-OH bond cleavage, methane elimination occurs, leading to the
formation of 3-propylphenol. Subsequently, through the elimination of a
water molecule, propylbenzene is obtained.

DDO-4: provides the conversion of the —OCHj3 group to —OH by elimina-
tion of methane resulting in the formation of the 4-propylbenzene-1,2-diol
species from which propylbenzene is obtained through removal of two water

molecules.

All proposed mechanisms are followed by the conversion of propylbenzene to

propylcyclohexane through consecutive hydrogenation of the carbon atoms.
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3.1.1 DDO-1

The DDO-1 mechanism involves the breaking of the C2-O bond, with the mi-
gration of the OCHj3 fragment towards a platinum atom, which becomes hexa-
coordinated in an octahedral environment. This is followed by protonation and
subsequent desorption. To induce the C-O bond scission, it was necessary to re-
arrange the adsorbed dihydroeugenol on the cluster. In Fig. 3.3 and throughout
the figures, such structural rearrangements are denoted by the symbol p inside a
circle. The newly rearranged dihydroeugenol /Pty complex is approximately 25 kJ
mol~! less stable than the species formed after the saturation of the allyl group,
but positions the methoxy group favorably, aligning it with the edge of the plat-
inum cluster. To assess the feasibility of this rearrangement, the minimum energy
path connecting the two adsorption geometries of dihydroeugenol on the cluster
was computed using a Nudged Elastic Band (NEB) approach [149, 176]. The max-
imum energy along the path corresponds to a barrier of 34.0 kJ mol™?!, indicating
considerable mobility of the adsorbed species. This rearrangement facilitates the
migration of the OCHj fragment towards the cluster with an energy barrier of
107.1 kJ mol .

Notably, in the resulting intermediate (int24+-CH30O)/Ptyo, the hydrogen bond
previously observed in the more stable conformations of isoeugenol and dihy-
droeugenol — between the hydroxyl hydrogen and the methoxy oxygen — remains
intact. In fact, it shortens from 2.13 to 1.63 A, facilitating the nearly instantaneous
formation of methanol via a hydrogen shift from the hydroxyl group, without need-
ing hydrogen activation by the catalyst. The final product (int3+CH3OH) /Pty
exhibits a stabilizing hydrogen bond of 1.47 A, which reflects a shared hydrogen
atom between the two oxygen atoms. This phenomenon, likely due to the small
size and relative flexibility of the Ptyy cluster, had not been considered in previ-
ous experimental hypotheses related to HDO reactions involving isoeugenol and
similar compounds.

This observation is noteworthy as it implicitly highlights that catalytic pro-
cesses on sub-nanometric clusters do not always adhere to the established rules
of heterogeneous catalysis. Instead, they represent a chemistry that must be in-
vestigated on a case-by-case basis. To continue the HDO reaction, the methanol
molecule was desorbed from the cluster (desorption energy of 100.7 kJ mol™!,
BSSE = 11.6 kJ mol™'), and a new Hy molecule was split on it. The result-
ing int3/Pt1g2H complex serves as the starting point for the formation of 4-
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Figure 3.3: Mechanism DDO-1: the cleavage of the C-OCH3 bond in dihydroeugenol
results in the formation of the (int3 + CH30)/Ptig complex. In this step,
a hydrogen atom is transferred from the oxygen of the -OH group to the

oxygen in the OCHgs fragment.

After the CH3OH molecule desorbs, an

Hy molecule is dissociated on the cluster to restore the OH group and re-

saturate the benzene ring. In the blue profile (above), the hydrogenation

of the dangling oxygen in the int3 species is depicted, with CH3OH serving

as a spectator molecule.



propylphenol adsorbed on the cluster. In the optimized geometry, the int3 species
interacts through the dangling oxygen atom and the C2 atom of the benzene ring
with the upper edge of the cluster, involving a capping atom and an octahedral
atom. As a result, the aromatic ring is positioned almost perpendicular to the
cluster and has limited interaction with it, except for the aforementioned carbon
atom.

The migration of a hydrogen atom from the cluster to the oxygen atom in
int3 (see Fig. 3.3) forms the intermediate int4/Pt;o H?, which, after hydrogen
diffusion, becomes int4 /Pty H®. The second elementary step culminates in the
formation of 4-propylphenol/Ptyy. The interaction energy between this compound
and the platinum cluster is 159.2 kJ mol™! (BSSE = 9.3).

The first elementary step of the reaction reveals that the hydrogenation of the
oxygen atom is not a straightforward process due to several stabilizing factors
within the reacting system. The oxygen and, more notably, the C2 carbon of the
radical form strong bonds with platinum, which must weaken for hydrogenation
to occur. In fact, the energy barrier for this elementary event (171.6 kJ mol™!)
is the highest in the entire process. This could be the point where significant
bifurcations in the mechanism occur: the hydrogen atom may migrate from the
cluster to either the oxygen or the carbon atom. In the latter case, the reduction
of the benzene ring would begin, with oxygen maintaining its interaction with the
cluster. The oxygen hydrogenation could happen later, leading to the formation
of 4-propylcyclohexanol.

In this mechanism, it is proposed that the formation of the int4 interme-
diate could take place before the desorption of CH3OH. Indeed, the hydro-
gen bond in (int3+CH3OH)/Pt;q may stabilize the position of the dangling oxy-
gen, preventing its interaction with platinum and making it available for hy-
drogenation. This is confirmed in Fig. 3.3, which shows that the energy bar-
rier for transforming (int3+CH3OH)/Pt1o 2 H into (intd+CH3OH)/Ptyo H is 129.6
kJ mol~!, more than 40 kJ mol~! lower than the barrier for the conversion of
int3/Pt1p2H into int4/Pt;o H. Furthermore, the hydrogenation of the oxygen
atom in (int3+CH30H)/Pt1o 2 H releases 57.0 kJ mol™! of energy, compared to
the 10.3 kJ mol™! required for the same process in the absence of coadsorbed
methanol.

As the hydrogen bond weakens, methanol can desorb more easily from (int4+
CH30H) /Pty H (desorption energy of 76.1 kJ mol™!, BSSE = 9.7 kJ mol™}),
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Figure 3.4: DDO-1 mechanism: cleavage of the C(sp?)~OH bond from 4-propylphenol
with removal of the -OH group as HoO and subsequent hydrogenation of
the unsaturated C atom to obtain propylbenzene/Ptyg.

forming int4/Pt;o H* (after a rearrangement releasing 7 kJ mol™'), which can
then be hydrogenated to 4-propylphenol. Notably, the energy barrier for the first
hydrogenation step decreases significantly in the presence of coadsorbed methanol,
though it remains the highest barrier in the DDO mechanism.

The hydroxyl elimination process from 4-propylphenol occurs in two elemen-
tary steps. The first step involves breaking the C1-O bond and adsorbing the OH
fragment onto one side of the cluster. In the second step, the OH group is hydro-
genated, followed by the desorption of a water molecule from the cluster. As shown
in Fig. 3.4, the C—O bond cleavage, with an energy barrier of 115.6 kJ mol™?, is
nearly as easy as the hydrogenation of the double bond and leads to the formation
of a slightly more stable intermediate, labeled (int5+OH)/Pty,. The transfer of a
hydrogen atom from the cluster to the -OH group is a low-energy process, with a
barrier of 73.3 kJ mol™!. The calculated desorption energy of the resulting water
molecule is 97.2 kJ mol~! (BSSE = 18.9). The final elementary step (Fig. 3.4)
has an energy barrier of 92.7 kJ mol~! and involves transferring a hydrogen atom
from the cluster to the phenyl carbon atom, resulting in the formation of stable
propylbenzene. The desorption energy of propylbenzene from the cluster is 152.9
kJ mol~! (BSSE = 30.3).
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3.1.2 DDO-2

In the initial step of the DDO-2 mechanism, the C(sp?)-OH bond in dihydroeugenol
is cleaved by overcoming an energy barrier of 109.8 kJ mol™'. This leads to the
formation of the (int7 + OH)/Pt;, species, which is slightly more stable (-2.9 kJ
mol™!) than the reactant species (see Fig. 3.5). The splitting of an Hy molecule
on the cluster in the (int7 + OH)/Ptyo species is required for the formation of
water and for the saturation of the benzene ring in int7. To hydrogenate the un-
saturated carbon on the ring in int7, an energy barrier of 66.5 kJ mol™! must be
overcome, leading to the formation of the stable 1-methoxy-3-propylbenzene/Pt;q
species, which may desorb from the cluster with an energy of 172.2 kJ mol~!
(BSSE=24.9). From the 1-methoxy-3-propylbenzene species, the C-OCH3 bond
is broken, forming the (int8 + OCHj3) /Pty species, releasing 38.4 kJ mol™!. The
splitting of an Hy molecule then results in the formation of methanol and the sat-
uration of the benzene ring. In this final elementary step, the energy barrier for
the hydrogenation of the unsaturated carbon is relatively low (119.4 kJ mol™1), re-
leasing 7 kJ mol~! and forming propylbenzene, which can either desorb as a stable

species or evolve into propylcyclohexane through further ring hydrogenation.

3.1.3 DDO-3

The DDO-3 mechanism represents a bifurcation of the DDO-2 mechanism, in
which, in the 1-methoxy-3-propylbenzene species, the O-CH3 bond breakage oc-
curs rather than the C-OCHj bond breakage. This step requires the crossing of a
significantly higher energy barrier (181.5 kJ mol™" vs 116.2 kJ mol~!) than the al-
ternative elementary step of the DDO-2 mechanism. The species (int9+CHs)/Pt;,
after fragmentation of an Hy molecule, evolves to 3-propylphenol: the CHj frag-
ment is hydrogenated to CH,4, while int9 undergoes hydrogenation on the unsatu-
rated carbon atom, with an energy barrier of 167.8 kJ mol™! (see Fig. 3.6). The
calculated desorption energy for 3-propylbenzene is 152.3 kJ mol™!, with a BSSE
of 24 kJ mol~!.

In order to obtain a fully deoxygenated and saturated product, 3-propylphenol
undergoes C-OH bond breaking, which requires the crossing of an energy barrier
of 157.3 kJ mol~!. The OH fragment of the species (int10+OH)/Ptyg, due to the
continuous availability of H atoms in the cluster, desorbs as water. Finally, the

adsorbed intermediate evolves to propylbenzene by the transfer of an H atom from
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Figure 3.5: Mechanism DDO-2 illustrates the cleavage of the C-OH bond from
dihydroeugenol /Ptyp, leading to the formation of a HoO molecule and
1-methoxy-3-propylbenzene. From this intermediate, propylbenzene is
formed through the removal of CH3OH and the hydrogenation of the un-

saturated carbon atom.
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Figure 3.6: Mechanism DDO-3 involves the cleavage of the O-CHj3 bond from 1-
methoxy-3-propylbenzene/Pt1g (formed in the DDO-2 pathway, see Fig.
3.5). This bond cleavage, followed by the addition of a Hy molecule, results
in the formation of 3-propylphenol and the release of a CHy4 molecule. The
final step involves the removal of a HoO molecule and the hydrogenation
of the unsaturated carbon in the ring, leading to the formation of propyl-
benzene.

the cluster to the unsaturated carbon atom of the ring.

3.1.4 DDO-4

In the DDO-4 mechanism, starting from dihydroeugenol adsorbed and rearranged
on Ptjp, the O-CHs bond breaks, with an energy barrier of 110.3 kJ mol™!
(Fig.3.7). This is slightly higher than the value calculated for the methoxy group
cleavage and leads to the formation of an int2’ intermediate, co-adsorbed with a
methyl group. When two hydrogen atoms are introduced into the system, the

methyl group, located on a tricoordinated Pt atom, is easily hydrogenated to
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Figure 3.7: DDO-4 mechanism: in dihydroeugenol, the cleavage of the O—CHs bond
occurs, leading to the formation of methane and 4-propylbenzene-1,2-
diol through the addition of a Hy molecule. Subsequently, in the 4-
propylbenzene-1,2-diol, the C(sp?)-OH bond is broken, generating the
(int3’+OH) /Pty species. The further addition of a Ho molecule then leads
to the formation of 4-propylbenzene and HoO molecule.

methane, which subsequently desorbs. The int2’ intermediate and a hydrogen
atom remain on the metal cluster; hydrogen diffusion could facilitate the reaction
between these species, forming an O—H bond of a catechol derivative, specifically 4-
propylbenzene-1,2-diol. The desorption of this compound requires 133.9 kJ mol~!
of energy (BSSE = 27.1 kJ mol™!).

As illustrated in Fig.3.7, the cleavage of the OH group from this intermediate
occurs with an energy barrier of 114.1 kJ mol™!, which is comparable to that
of the methoxy group cleavage (DDO-1 mechanism). The pathway toward 4-
propylphenol continues in Fig. 3.4 after the addition of two more hydrogen atoms:
water forms quickly, and following hydrogen diffusion, the int3’ intermediate is
converted into the phenolic derivative.

3.1.5 Conversion of propylbenzene to propylcyclohexane

The reduction of aromatic rings has garnered renewed interest within the chemical
and petroleum sectors due to its significant role in synthesizing various valuable
chemical intermediates [177]. Nevertheless, from an experimental perspective, the
challenge remains to develop highly efficient hydrogenation processes under mild,
preferably solvent-free conditions. Computational studies have advanced our un-

65



derstanding of the hydrogenation mechanism of benzene, revealing that it likely
follows a Horiuti-Polanyi mechanism [178], characterized by the consecutive ad-
dition of hydrogen adatoms. While the existing literature on the hydrogenation
of benzene is relatively limited, there is a significant gap in knowledge concerning
the hydrogenation of propylbenzene. It is plausible to suggest that the reduction
of propylbenzene to propylcyclohexane may proceed via a series of successive hy-
drogen additions, similar to the mechanism observed for benzene. However, this
mechanism requires specific adaptation for the hydrogenation of the phenyl group
in propylbenzene when it is adsorbed on platinum surfaces.

Such adaptation presents various challenges, notably the difficulty of accurately
predicting which carbon atoms within the aromatic ring will display the highest
reactivity based on the electronic effects imparted by the propyl substituent. Ad-
ditionally, the introduction of hydrogen, often referred to as a “ghost” atom due
to its diminutive size, complicates the application of steric hindrance concepts in
this context. In the absence of solid theoretical or empirical frameworks, it be-
comes imperative to consider the hydrogenation process as a series of successive
additions, treating each carbon atom in the aromatic ring as a viable reactive site.

The results of my study on the complete hydrogenation of propylbenzene over
Pty cluster are illustrated schematically in Fig. 3.8.

Based on the considerations discussed above, I explored the transfer of a hy-
drogen atom from the Pty catalyst cluster to four distinct carbon atoms within
the propylbenzene ring. These include the carbon atom attached to the propyl
group and the carbon atoms located at the ortho, meta and para positions. Ac-
cordingly, I examined four elementary steps and calculated the structures of the
reactants, products and transition states for each of them. The results reveal that
the hydrogen atom preferentially transfers to the carbon at position 2 of the ring.
This elementary step shows both kinetic and thermodynamic advantages, with an
activation barrier of 94.3 kJ mol™!, leading to the formation of the most stable
intermediate.

Therefore, starting with intermediate I, I studied the second elementary step
to identify the next most reactive site. This involved sequentially examining the
hydrogenation of the remaining unsaturated carbon atoms of the ring. The results
indicate that the second hydrogenation step occurs preferentially at the C1 carbon
level, driven by factors similar to those in the first step. This step has a significantly
lower energy barrier of 41.8 kJ mol~! than the others, resulting in the most stable
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product.

It is worth noting that the initial catalytic hydrogenation of propylbenzene
closely resembles the hydrogenation of a double bond. This process produces a
stable compound, specifically 5-propyl-1,3-cyclohexadiene (II), which has a des-
orption energy of 244.6 kJ mol~! (BSSE = 26.2 kJ mol™!).

The first elementary step of the second catalytic hydrogenation involved all
unsaturated carbon atoms of intermediate II. For each potential reactive site, [
estimated and optimized the structures of the reagent, product, and transition
state, following the same methodology as in the previous steps. The reaction
scheme for the second catalytic hydrogenation indicates that the transfer of the
first hydrogen atom preferentially occurs at the carbon in position 4. The resulting
intermediate III exhibits electron density delocalization over the remaining three
carbon atoms in the ring, demonstrating a thermodynamic stability comparable
to that of the intermediate formed by adding a hydrogen atom at position 3.
However, the latter pathway presents a significantly higher energy barrier that
must be overcome.

Beginning with the semi-hydrogenated intermediate I11, I investigated the trans-
fer of the second hydrogen atom from the catalyst cluster to the carbon atoms
located in positions 1, 2, and 3 of the ring. The energy values associated with
the products and the energy barriers for each pathway do not permit a definitive
conclusion regarding which of these elementary steps should be favored, whether
from a kinetic or thermodynamic perspective. As a result, I considered the carbon
atoms in positions 1, 2, and 3 as having equivalent reactivity and proceeded with
the third catalytic hydrogenation at each of these sites.

This approach leads to the concurrent formation of two stable products: 3-
propylcyclohexene (IV) and 4-propylcyclohexene (VI), which can desorb from the
cluster with desorption energies of 196.8 kJ mol™" (BSSE = 9.3 kJ mol™!) and
173.6 kJ mol™! (BSSE = 26.3 kJ mol™'), respectively. In contrast, intermediate
V, which is characterized by its diradical nature and displays stability similar to
that of IV and VI due to favorable interactions with platinum, is unable to desorb
from the cluster.

The first step of the third catalytic hydrogenation, which involves 3-propylcyclo
hexene (IV), indicates that the transfer of a hydrogen atom from the catalyst clus-
ter primarily occurs at the C2 position of the ring. The activation barrier associ-
ated with this pathway (path 2) is significantly lower than that of the alternative
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Figure 3.8: Representation of the complete saturation of the benzene ring of propylben-
zene on the Pty cluster. The Pt1g cluster is shown as a small rectangle be-
low the molecular species, with the adsorbed hydrogen atoms represented
by green circles within the rectangle, while the unadsorbed hydrogen atoms
are omitted. The yellow circles indicate the interaction sites between the
molecule and the cluster. Each figure shows the location where the cat-
alytic hydrogen attaches, followed by the energy barrier of the transition
and the energy of the product, all relative to the starting state (with two
hydrogen atoms on Ptig). The energies are expressed in kJ mol~!. The
hydrogenation sequence begins with propylbenzene, followed by intermedi-
ate species II (5-propyl-1,3-cyclohexadiene), IV, V and VI (various isomers
of propylcyclohexene). The values in the inset highlight the energetically
preferable pathway, with each intermediate serving as a reagent for the

next step.
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pathway, making it the preferred route. This preference is supported by both
kinetic and thermodynamic considerations: the semi-hydrogenated intermediate
VII is more stable by 17.1 kJ mol™! compared to the corresponding intermediate
derived from path 1.

Consequently, the second hydrogen atom was added to the last unsaturated
carbon of intermediate VII, resulting in the formation of propylcyclohexane (VIII)
in a chair conformation. The calculated desorption energy for this product from
the cluster is 140.4 kJ mol™ (BSSE = 19.6 kJ mol™!).

The first elementary step of the third catalytic hydrogenation, which involves
intermediate V, indicates that the formation of the semi-hydrogenated interme-
diate IX is energetically favorable. This preference arises because its activation
barrier is approximately 24.7 kJ mol~! lower than that of the alternative pathway,
and IX is also the most thermodynamically stable configuration. As a result, the
addition of the second hydrogen atom was directed toward this intermediate, lead-
ing to the formation of propylcyclohexane (X) in a distorted boat conformation,
recognized as the second most stable form of cyclohexane. The desorption energy
for this product is calculated to be 130.7 kJ mol™! (BSSE = 22.4 kJ mol™1).

In comparison, the preferred initial step for 4-propylcyclohexene (VI) in the
third catalytic hydrogenation has an energy barrier of 55.9 kJ mol™!, resulting in
the creation of intermediate XI. It is important to highlight that the species pro-
duced via the alternative pathway is considerably more stable. The hydrogenation
of XI leads to a distorted boat conformation of propylcyclohexane (XII), which
has a desorption energy of 108.1 kJ mol™! (BSSE = 21.0 kJ mol™"). Furthermore,
at the level of theory used in this thesis, the energy difference between the chair
and distorted boat conformations of propylcyclohexane is estimated to be 25 kJ
mol~!, which is consistent with the literature value of 21 kJ mol™! reported for
cyclohexane.

3.2 HYD mechanism

The hydrogenation (HYD) mechanism of isoeugenol involves, after the hydrogena-
tion of the allyl chain’s double bond to form dihydroeugenol, a complete hydro-
genation of the aromatic ring followed by the removal of oxygenated functional
groups. As shown in Fig. 3.9, the series of chemical intermediates derived from 4-

propyl-2-methoxycyclohexan-1-ol identifies four separate pathways for deoxygena-
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tion, ultimately leading to the production of propylcyclohexane. These pathways

are summarized as follows:

e HYD-1: involves the removal of the —OCHj3 group as methanol, followed
by the loss of water, starting from 4-propylcyclohexan-1-ol.

e HYD-2: begins with the elimination of the —OH group as water, forming
1-methoxy-3-propylcyclohexane, from which methanol is later removed to
produce propylcyclohexane.

e HYD-3: involves the formation of 3-propylcyclohexan-1-ol by converting
the OCHj group into OH, through the removal of the —CHj fragment as
methane, followed by the hydrogenation of the residual oxygen.

e HYD-4: leads to the formation of 4-propylcyclohexane-1,2-diol, which then
undergoes the successive removal of two water molecules to yield propylcy-
clohexane.

These pathways describe the various chemical routes involved in the removal
of oxygen-containing groups during the hydrogenation of isoeugenol.

The ring saturation follows a Horiuti-Polanyi mechanism, characterized by the
sequential attachment of hydrogen adatoms [36]. It was noted that, after the
initial hydrogen atom is added, subsequent hydrogen atoms consistently bond at
the ortho position relative to the existing ones, as illustrated in Fig. 1. For the first
hydrogen atom, all carbon atoms within the ring were evaluated as potential sites
for hydrogenation. The calculated energy barriers and the relative stabilities of the
intermediates indicate that C3 is the most favorable site for the first hydrogenation
event, with an energy barrier of 105.0 kJ mol~! required for this process. Following
this observation, the two ortho positions adjacent to C3 were identified as the likely
locations for the second hydrogen atom addition.

According to Fig. 3.10, hydrogenation at the C2 position is strongly favored
due to a lower energy barrier (57.0 vs. 127 kJ mol™!) and the higher stability
of the resulting intermediate II, identified as the 6-methoxy-4-propylcyclohexa-
1,3-dien-1-0l/Ptyq species (43.6 vs. 57.0 kJ mol™!). For this intermediate, the
desorption energy from the cluster was calculated to be 262.5 kJ mol™! (with a
BSSE correction of 31.1 kJ mol™!). In the subsequent hydrogenation step, C1 and
C4 were considered as potential reactive sites for the formation of intermediate

70



OH OH

-H,0

N\
[ HYD11-2-3-4-5 ]\ (},
[ ]/1+6H2 — 5+ CH30H + H,0 v on
HYD21-2-3-6-5
{HYD31-2-3-6-7-5}\
{ ]/1+7H2 —> 5+ CHy4+2H,0
HYD41-2-3-8-4-5 @

Figure 3.9: Schematic representation of the four reaction routes of isoeugenol conver-

sion to propylcyclohexane via the HYD mechanism.
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ITI. Hydrogenation at C1, however, appeared more favorable due to the greater
stability of the resulting intermediate, approximately 48.0 kJ mol~!. The transition
to intermediate IV (6-methoxy-4-propylcyclohex-3-en-1-ol/Pty) is governed by an
activation energy barrier of 71.9 kJ mol~!. Following this, hydrogenation at C4,
with an energy barrier of 45.7 kJ mol™!, leads to the formation of intermediate V.
Finally, the addition of the last hydrogen atom to C5 results in the formation of
the surface species 2-methoxy-4-propylcyclohexan-1-ol/Pty, positioned at 69.9 kJ
mol~! relative to intermediate IV42H. It is noteworthy that the activation energy
required for this final step is 39.3 kJ mol~!, which is significantly lower than the
energy barriers calculated for the hydrogenation of other individual carbon atoms
in the ring.

In agreement with the known influence of substituents on aromatic reactions,
the carbon atoms in the ring that are most susceptible to hydrogenation are those
in the ortho and para positions relative to oxygen-containing substituents. These
substituents increase the electron density in the ring, making it more reactive to-
wards hydrogen addition. However, the hydrogenation of dihydroeugenol appears
to be less favorable compared to propylbenzene, as discussed in the DDO mecha-
nisms. This could be attributed to stronger interactions between the substrate and
the platinum cluster in the presence of oxygenated groups, potentially amplified by
the high structural flexibility of the platinum cluster. Additionally, another factor
hindering hydrogenation may be that, in isoeugenol, the ortho position relative
to one oxygenated group corresponds to the meta position relative to the other,
which reduces the electron-donating effect that enhances reactivity.

3.2.1 HYD-1

The mechanism illustrated in Fig. 3.11 begins with the elimination of methanol,
leading to the formation of 4-propylcyclohexan-1-ol, followed by the release of a wa-
ter molecule that results in the production of propylcyclohexane. The first elemen-
tary step involves the cleavage of the C2-O bond in 2-methoxy-4-propylcyclohexan-
1-ol, overcoming an energy barrier of 149.2 kJ mol~!, with the chemisorption of
the OCHj fragment between two metal centers at the cluster’s upper edge. In com-
parison, the methoxy group (—OCHj3) loss from dihydroeugenol has a significantly
higher transition state energy (about 40 kJ mol™' more), although the reaction is
considerably more exothermic (again, by roughly 40 kJ mol™!). This discrepancy
could be due to the absence of hydrogen bond stabilization in the transition state
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Figure 3.10: A schematic representation illustrates the complete hydrogenation of
isoeugenol’s phenyl ring on the Ptjo cluster. The cluster is shown as
a small rectangle beneath the molecular structure, with green circles in-
side symbolizing adatoms, while non-adsorbed atoms are not depicted.
Yellow circles mark the points where the molecule interacts with the
cluster. For each step, the first number indicates where hydrogen is
added, the second number shows the energy barrier of that step, and
the third gives the energy of the resulting product. These energies are
measured relative to the reactant’s energy, with two hydrogen atoms still
adsorbed on Ptyg. All energy values are in kJ mol~!. The hydrogenation
process starts with dihydroeugenol, followed by II+2H (6-methoxy-4-
propylcyclohexa-1,3-dien-1-0l/Pt19 2 H), and concludes with IV42H (6-
methoxy-4-propylcyclohex-3-en-1-o0l/Pt19 2 H), yielding the final product
2-methoxy-4-propylcyclohexan-1-ol/Pt1.
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of 2-methoxy-4-propylcyclohexan-1-ol, as the hydroxyl group is coordinated to the
metal, while the product is stabilized by the stronger C-Pt interaction replacing
the O-Pt bond. The intermediate (intl + CH30)/Ptyq is formed with an energy
release of 60.5 kJ mol~! and undergoes H, fragmentation, a step required for the
reaction to proceed. Subsequently, in the second elementary step, hydrogenation
of the CH30 fragment occurs, yielding methanol (CH3OH) with a calculated des-
orption energy of 89.7 kJ mol~! (BSSE = 8.9 kJ mol™!).

The int1/Pt1o H species facilitates the hydrogenation of the unsaturated C2
carbon, leading to the production of 4-propylcyclohexan-1-ol. The calculated des-
orption energy for this process is 138.3 kJ mol~! (with a BSSE correction of 20.6
kJ mol™'). This energy is lower than the activation energy required for the subse-
quent step, which involves C1-OH bond cleavage to form propylcyclohexane. The
energy barrier for this step is 178.0 kJ mol~!, implying that only a small propor-
tion of molecules are likely to possess sufficient energy to overcome this threshold
and proceed with the reaction.

This 178.0 kJ mol~! barrier is significantly higher than the one observed for
the dehydroxylation of propylphenol (115 kJ mol™!). This discrepancy may be
attributed to the fact that, in the case of propylphenol, the molecule exhibits strong
interactions with the cluster due to the presence of the phenyl group. In contrast,
for the current system, the steric hindrance and weaker interactions between the
cyclohexane moiety and the cluster — primarily due to the absence of an anchoring
group associated with the hydroxyl oxygen — result in the -OH group migrating
between two terminal fragments that are nearly isolated from each other.

The resulting (int2+OH) /Pty species is characterized by the OH fragment
positioned between two platinum atoms along the edge of the cluster, with int2
interacting exclusively via the C1 carbon with the apical platinum atom.

The fragmentation of an additional Hy molecule promotes the desorption of
water and leads to the formation of propylcyclohexane. This process involves the
addition of a hydrogen atom to the oxygen atom of the hydroxyl fragment, which
requires overcoming an energy barrier of 87.7 kJ mol~! and results in an energy
release of 12.2 kJ mol™* for the formation of the (int2 + H,O) /Pty species.

Subsequently, the H,O molecule desorbs, a process associated with a calculated
energy of 37.8 kJ mol™!, corrected for a BSSE of 5.4 kJ mol™!. Additionally,
another adatom facilitates the formation of propylcyclohexane/Ptiy by crossing
an energy barrier of 47.9 kJ mol™'. The calculated energy for the desorption of
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Figure 3.11: The HYD-1 reaction profile shows the cleavage of the C—-OCH3 bond,
with the OCHgs fragment attaching to a side edge of the cluster. After
adding one Hy molecule and desorbing methanol, 4-propylcyclohexan-1-ol
is formed, followed by the breaking of the C—OH bond. The OH fragment
is hydrogenated through the addition of another Hy molecule and desorbs
as HoO. Finally, hydrogenation of the unsaturated carbon results in the
formation of propylcyclohexane.
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propylcyclohexane from this species is 97.5 kJ mol™!, with a BSSE adjustment of
21.1 kJ mol .

3.2.2 HYD-2

The second reaction pathway entails the removal of the —OH group as water,
resulting in the formation of 1-methoxy-3-propylcyclohexane, which subsequently
undergoes methanol elimination, yielding propylcyclohexane. The initial surface
transformation step, with an energy barrier of 164.0 kJ mol ™!, involves the cleavage
of the C1-0 bond in 2-methoxy-4-propylcyclohexane-1-ol, releasing 95.2 kJ mol~*
of energy and generating the (int3-++OH)/Pt;( intermediate (Fig. 3.12).

On the platinum cluster, the reaction progresses through the dissociation of
a Hy molecule. The next step involves the transfer of a hydrogen atom from the
cluster to the unsaturated C1 carbon, with an associated energy barrier of 100.8
kJ mol~!, leading to the formation of 1-methoxy-3-propylcyclohexane/Ptyy. The
desorption of this molecular species from the cluster requires overcoming an energy
barrier of 139.6 kJ mol™! (with a BSSE correction of 21.9 kJ mol™1).

Starting from 1-methoxy-3-propylcyclohexane/Ptyq, the elimination of the —OCH3
group may lead to the production of methanol or methane, as described in the
HYD-3 mechanism, leaving the oxygen atom in a dangling state. In contrast, the
HYD-2 mechanism involves the first scenario, wherein the cleavage of the C—OCHj3
bond occurs with an activation energy of 192.6 kJ mol~!. This reaction results
in the formation of the intermediate species (intd+OCH;3)/Pt1o. Subsequently,
through the hydrogenation of the OCH3 moiety and the transfer of a hydrogen
atom to the unsaturated carbon, propylcyclohexane/Ptyg is ultimately obtained
(Fig. 3.12).

3.2.3 HYD-3

In the HYD-3 mechanism, illustrated in Fig. 3.13, 1-methoxy-3-propylcyclohexane/
Ptyp undergoes cleavage of the O—-CHj bond. This step requires overcoming an
energy barrier of 180.5 kJ mol™! and leads to the formation of the intermedi-
ate (int5+CHs)/Ptyg, which is about 52 kJ mol™! less stable than the previous
intermediate. Subsequently, methane is removed through hydrogenation of the
CHj fragment, and hydrogenation of the dangling oxygen atom from the int5
intermediate occurs. The next step, with an energy barrier of 118.4 kJ mol™!,
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Figure 3.12: The reaction profile for the HYD-2 mechanism involves the cleavage of
the C—OH bond, followed by adsorption of the OH fragment. Next, the
unsaturated carbon undergoes hydrogenation, leading to the formation
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molecules.

7



results in the formation of 3-propylcyclohexan-1-o0l/Ptyg, which then transforms
into chemisorbed propylcyclohexane, resulting in the release of a water molecule
and saturation of the C1 position.

3.2.4 HYD-4

The HYD-4 mechanism involves the removal of methane from 2-methoxy-4-propyl-
cyclohexane-1-o0l, leading to the formation of 4-propylcyclohexane-1,2-diol. This
compound is subsequently converted into propylcyclohexane through the elimina-
tion of two water molecules. The initial elementary step entails the cleavage of
the O—CHs bond, overcoming an energy barrier of 164.6 kJ mol~! to produce
the (int7+CHs)/Ptyo intermediate (Fig. 3.14). In this intermediate, the CHj
fragment is adsorbed on a platinum atom at the apex position, while the int7
species interacts with platinum centers via its two oxygen atoms, which exhibit
different coordination modes. Methane is generated after the dissociation of a Hs
molecule on the cluster, involving the transfer of a single hydrogen atom to the car-
bon atom of the CHjy fragment. Following the desorption of CHy, the int7/Pt;q H
species, characterized by the presence of a dangling oxygen atom, is formed. The
subsequent step involves the hydrogenation of the oxygen atom to yield the 4-
propylcyclohexane-1,2-diol /Pty species, which has a calculated desorption energy
of 126.2 kJ mol™!, with a BSSE of 24.3 kJ mol™! (refer to Fig. 3.14).

The cleavage of the C—OH bond at the para position relative to the propyl
chain occurs on the 4-propylcyclohexane-1,2-diol/Pt;q species, requiring the over-
coming of an energy barrier of 161.0 kJ mol™!. The resulting species, denoted as
(int14+OH) /Ptyg — where int1 refers to the same intermediate seen in the HYD-1
mechanism (Fig. 3.11), but coadsorbed with an OH group — is approximately
99 kJ mol~! more stable than the original 4-propylcyclohexane-1,2-diol/Pty. To
facilitate the removal of water, a new Hs molecule is subsequently dissociated on
the cluster, resulting in the formation of propylcyclohexanol.

Following this, after another Hy molecule fragments on the cluster, a hydrogen
atom is transferred to the oxygen atom of the OH fragment, which has an energy
barrier of 106.3 kJ mol~!. This leads to the formation of H,O. Once water
desorbs from the cluster, the remaining int1/Pt;q H species establishes a connection

between the HYD-4 and the previously discussed HYD-1 mechanisms.
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Figure 3.13: The reaction profile for the HYD-3 mechanism describes the cleavage

of the O—CHjs bond from 1-methoxy-3-propylcyclohexane/Ptyg, followed
by hydrogenation of the CHj3 fragment, leading to methane formation.
The —OH functionality is then restored, resulting in the formation of 3-
propylcyclohexanol/Pt1g. Subsequently, after the elimination of a water
molecule, propylcyclohexane/Ptyg is produced via hydrogenation of the
unsaturated carbon atom.
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Figure 3.14: The reaction profile corresponding to the HYD-4 mechanism involves
the cleavage of the O—-CHgs bond in the methoxy group, with adsorp-
tion of the CHs fragment. After hydrogenation, this fragment desorbs as
methane. A second hydrogen atom restores the —OH functionality, re-
sulting in the formation of the 4-propylcyclohexane-1,2-diol/Pty¢ species,
which then converts to 4-propylcyclohexane-1-0l /Pty due to the breaking
of the C—OH bond. As shown in Figure 3.11, 4-propylcyclohexane-1-
ol/Ptyo eventually leads to the formation of propylcyclohexane/Ptqg.
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Figure 3.15: A visual overview of the eight main pathways identified for the isoeugenol
hydrodeoxygenation reaction on Pt1g. Legend: IE = isoeugenol;
DHE = dihydroeugenol; MPCHOH = 2-methoxy-4-propylcyclohexan-
1-ol; PCHOH = 4-propylcyclohexan-1-ol; MPCH = 1-methoxy-3-
propylcyclohexane; PCHDOH = 4-propylcyclohexan-1,2-diol; mPCHOH
= 3-propylcyclohexan-1-0l; PCH = 4-propylcyclohexane; PPH = 4-
propylphenol; mPPH = 3-propylphenol; PB = 4-propylbenzene; MPB
= l-methoxy-3-propylbenzene; PBDOH = 4-propylbenzen-1,2-diol.

3.3 Kinetic Analysis

The energy profiles for the eight pathways associated with the two alternative
mechanisms (DDO and HYD) analyzed in the preceding sections demonstrate
that, based solely on the relative energies of the minima and transition states,
the hydrogenation of the phenyl ring is kinetically favored in the early stages
following the formation of dihydroeugenol. In contrast, it appears more probable
that deoxygenation initiates from dihydroeugenol rather than from 4-propyl-2-
methoxycyclohexan-1-ol, which is the fully hydrogenated product. Notably, the
energy barriers linked to the deoxygenation steps within the HYD mechanism are
roughly 40-50 kJ mol~! higher than those associated with the DDO mechanism.

Although these conclusions do not allow us to determine a specific pathway or
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identify the overall fastest mechanism, all the data from the DF'T calculations were
employed to perform an equilibrium microkinetic analysis. This analysis was car-
ried out using an innovative approach based on the algebraic system proposed by
Christiansen in 1953, known as the Simplified Christiansen Method (SCM) [179],
which has previously been applied for kinetic analysis of experimental catalytic
results [180, 181, 182].

The simple evaluation of energy barriers and energy differences between reac-
tion intermediates can be misleading when trying to distinguish mechanisms in
complex, multi-channel processes, as in the case under investigation. The SCM,
however, allows for the inclusion of all DF'T data related to the elementary steps
that make up the reaction mechanisms and condenses this information into a single
parameter. This approach enables the comparison of kinetic constants — expressed
as the probability of occurrence of corresponding events per unit of time — for
the different pathways that lead from reactants to products (R=P), identifying
the most probable one. Furthermore, it is possible to compare the relative rates
of different reactions (R;=P;) occurring on the same catalytic system, providing
insights into selectivity towards certain processes [183].

Practically, the forward and reverse energy barriers of the elementary steps
characterizing each reaction pathway are provided as input to the SCM. This
method returns the kinetic constants for the different reaction channels over the
selected temperature range (473-973 K). To assess the impact of temperature,
SCM was applied using Gibbs free energy. From the tables summarizing the
Gibbs free energy changes for all elementary steps in both the HYD and DDO
pathways (Table 3.1 and Table 3.2), it emerges that Gibbs free energy has a
more significant influence on the desorption of stable species than on the energy
barriers.

According to the simplified Christiansen microkinetic method, the system of
equations can be expressed as:

W1 —wW_1 0 cee 0 01

0 wWa W_og 0 02
8 . . . . . .
W_p, 0 0 cee Wy 0, 1

The free energy barriers calculated using DFT, AG#(T), are then converted
into the overall reaction rate s for a given reaction channel. The kinetic constants,
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w4 j, represent the forward and reverse rate constants for the elementary steps
(j = j+ 1) at a given temperature T, under quasi-steady-state conditions, and
are calculated using the following equations:

kT .

wj = TG_AG#(‘]—}'?—"_I)/RT (3.2)
kT 4 :

w_y = KL i (33)

where ¢; represents the fraction of catalytic sites occupied by species 7. The
reader could refer to [183] for further details of the procedure and of the possible
use of the SCM.

The standard free energies at different temperatures, including those for the
transition states, were calculated starting from electronic energies and harmonic
vibrational frequencies using the Goodvibes code [184], applying Grimme’s quasi-
harmonic entropy correction [185]. In addition to the corrected energy barriers,
the SCM analysis also accounted for processes such as molecular rearrangement,
hydrogen diffusion, and molecular desorption where necessary. Although these
processes were considered relatively simple (with negligible barriers compared to
the reactive stages), their effect was evaluated thermodynamically to account for
their variability across different reaction pathways.

The SCM results, outlined in Table 3.3, indicate that the pathways in the
DDO mechanism are at least two orders of magnitude faster than those in the
HYD mechanism. Notably, the HYD-1 pathway, which involves the formation of
propylcyclohexane through the intermediate 4-propylcyclohexan-1-ol, is the fastest
within the HYD mechanism. In contrast, the HYD-2 and HYD-3 pathways are
closely matched, differing by an order of magnitude except within the temperature
range of 673-973 K. The slowest HYD pathway is HYD-4, likely due to the high
energy barriers associated with the formation of 4-propylcyclohexane-1,2-diol and
the subsequent cleavage of the C—~OH bond. Despite this, HYD-4 still proceeds at
a faster rate than DDO-3, which is the slowest pathway in the DDO mechanism
and overall.

At all the temperatures investigated, and especially at higher ones, the HDO
reaction of isoeugenol on Pty primarily proceeds through the first DDO pathway,
which involves deoxygenation via the 4-propylphenol intermediate. According to
SCM analysis, this pathway is approximately eight orders of magnitude faster than
the most efficient HYD mechanism. Among the routes involving the 1-methoxy-



Table 3.1: A summary of the elementary reactions within the HYD mechanism,
including their respective standard free energy barriers, AG#, and
standard reaction free energies, AG, at a temperature of 298.15 K.

Elementary process® AG# /kJ mol™! AG/kJ mol™!
(1) DHE/Pt;o2H — I 105.7 41.2
2) 11 60.6 12,6
(3)  II+2H — III 109.4 9.9
(4) I -1V 72.0 11.2
(5) IV42H 5V 52.4 40.0
6) V- VI 35.6 6.7
(7)  MPCHOH/Pt;y — (int1+OCHs)/Pty 148.3 52.8
(8)  intl/Pt;oH — PCHOH/Pty, 99.7 30.3
(9)  PCHOH/Pt;o — (int2+OH)/Pt; 180.3 17.3
(10)  int2/Pt,o H — PCH/Pty, 19.3 7.9
(11) MPCHOH/Pt;y — (int3+OH)/Pt;q 167.5 -91.9
(12)  int3/PtioH — MPCH/Ptyq 99.0 40.2
(13) MPCH/Ptyo — (int4+OCH;)/Pty 191.3 18.1
(14) intd/PtyoH — PCH/Ptg 84.7 30.8
(15) MPCH/Ptyo — (int5+CHz)/Ptuo 180.5 59.1
(16)  int5/Ptio H — mPCHOH /Pty 114.6 46
(17) mPCHOH/Pto — (int6-+OH)/Pty 168.3 65.3
(18)  int6/Pt1o H — PCH/Ptyg 65.0 184
(19) MPCHOH/Pt;o — (int7+CHj)/Ptyg 167.3 3.9
(20)  int7/Ptio H — PCHDOH/Pty, 187.1 43.3
(21) PCHDOH/Ptyo — (int1-+OH)/Pty, 167.3 44

2 See Figure 3.15 for the shorthand notation employed for the chemical species.
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Table 3.2: A summary of the elementary reactions within the DDO mechanism, including
their respective standard free energy barriers, AG#, and standard reaction free
energies, AG, at a temperature of 298.15 K.

Elementary process® AG# /kJ mol™! AG/kJ mol ™!
(22) IE/Pt1o2H — intl/Ptyo H® 105.9 88.0
(23) intl/Pt;o H® — DHE/Ptyq 119.3 48.6
(24) DHE/Pt;y — (int2+OCH;)/Ptyo 116.9 -16.7
(25) (int3+CH30H)/Pt10 2H — (int4+CH30H)/Pt10 H 72.4 -56.6
(26)  int4/Pt;o H® — PPH/Pty 64.1 21.6
(27) PPH/Ptyo — (int54+OH)Ptq 108.0 -5.7
(28)  int6/Pt;o H — PB/Pty, 92.7 18.6
(29) DHE/Pt;o — (int2'+CHs)/Ptyo 121.6 -32.4
(30) int2’/Pt1o H® — PBDOH/Pty 101.8 68.7
(31) PBDOH/Ptyo — (int3'+OH)/Ptyo 114.4 -66.6
(32)  int3'/Pt1o H® — PPH/Pty 70.4 -14.3
(33) DHE/Ptyo — (int7+OH) /Pty 123.1 27.1
(34) int7/Pt;o H — MPB/Pty 69.5 -15.3
(35)  MPB/Ptyy — (int8+OCHs3)/Ptyo 118.9 -20.4
(36)  int8/Pt;o H — PB/Ptyg 80.1 -10.8
(37) MPB/Ptyo — (int9+CHs)/Pt10 198.1 -41.2
(38)  int9/Pt;o H — mPPH/Pt;g 164.7 105.8
(39) mPPH/Ptyy — (int10+OH) /Pty 156.2 128.0
(40)  int10/Pt;o H — PB/Pty 53.5 -1.5
(41) PB/Pt;p2H — 1 101.1 53.7
(42) 1—1I 39.2 -11.6
(43) 11 — III 84.3 36.0
(44) TII =V 82.4 31.3
(45) V = IX 75.6 -54.9
(46) IX — Xd 110.7 27.6

2 See Figure 3.15 for the shorthand notation employed for the chemical species.
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Table 3.3: Rates of the eight isoeugenol hydrodeoxygenation mech-
anisms based on SCM analysis at varying temperatures.

Reaction rate®

473b 573 673 773 873 973
HYD-1 1.1(-24) 1.8(-18) 1.9(-14) 2.0(-11) 2.3(-9)  1.5(-7)
HYD-2 6.6(-26) 1.2(-19) 2.5(-15) 3.3(-12) 4.4(-10)  3.3(-8)
HYD-3 7.5(-27) 3.3(-20) 1.1(-15) 1.9(-12) 2.9(-10) 2.4(-8)
HYD-4 4.5(-31) 88(-24) 1.1(-18) 4.6(-15) 1.6(-12) 2.6(-10)
DDO-1 8.1(-16) 7.2(-11) 2.0(-7)  6.5(-5) 3.1(-3)  9.6(-2)
DDO-2 1.6(-22) 1.0(-16) 9.9(-13) 7.8(-10) 7.7(-8)  4.2(-6)
DDO-3 5.4(-46) 6.2(-36) 6.3(-29) 8.2(-24) 4.2(-20) 5.1(-17)
DDO-4 1.7(-20) 8.6(-15) 7.4(-11) 4.9(-8)  4.2(-6)  2.1(-4)

2 Reaction rates are expressed in s~!, with the exponent in scientific
notation provided in parentheses. The Gibbs free energies (as a function
of temperature at p = 1 atm) have been taken into account for the
kinetic analysis.

b Temperatures in Kelvin.

3-propylbenzene intermediate, DDO-2 — where the C-OCH3 bond is cleaved as
an additional deoxygenation step — is significantly more favorable than DDO-3,
which, as previously mentioned, is the slowest pathway. DDO-2 and DDO-4 are
fairly competitive with each other.

The SCM method offers a streamlined approach for analyzing the kinetics of
various mechanisms by simultaneously incorporating all the data obtained from
DFT calculations of their elementary steps. This approach distills the overall ki-
netic behavior into a single numerical value. While the accuracy of this value in
comparison to experimentally derived kinetic constants depends on the theoreti-
cal methods used, the key advantage is that SCM allows for the discrimination
between mechanisms based on comprehensive, objective data rather than relying
solely on energy barrier analysis, which could lead to premature conclusions.

By omitting the fundamental steps common to all DDO-type mechanisms (as
illustrated in Fig. 3.15 and summarized in Table 3.2), we can draw several
important conclusions. First, DDO-3 can be disregarded due to its exceptionally
high energy barriers. However, identifying DDO-1 as the preferred mechanism
goes beyond merely having the lowest energy barriers. In fact, the highest barriers
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observed in DDO-1, DDO-2, and DDO-4 are relatively similar, with values of
116.9, 123.1, and 121.6 kJ mol™! corresponding to steps 24, 33, and 29 in Table
3.2, respectively.

Moreover, the preference for DDO-1 is not solely attributed to a fewer number
of elementary steps; in reality, DDO-1 incorporates one additional step compared
to DDO-2, encompassing steps 24-28 for DDO-1 and steps 33-36 for DDO-2. It’s
also noteworthy that DDO-1 does not possess the highest backward barrier, which
is found in DDO-3 (239.3 kJ mol™! at step 37) and DDO-2 (181.0 kJ mol™! at
step 31), provided DDO-3 is excluded from our consideration.

In contrast, a comprehensive analysis using SCM shows that when all forward
and backward barriers are evaluated alongside the stability of the intermediates,
DDO-1 emerges as the unequivocally fastest mechanism. Following DDO-1, the
speed of the mechanisms decreases with DDO-4, DDO-2, and finally DDO-3, which
exerts a negligible influence on the overall kinetics of the reaction.

Comparable information to that provided by the SCM can be derived by evalu-
ating the differences, Argc, between the total energy content (TEC, defined as the
cumulative sum of all energy barriers encountered along the reaction coordinate)
for the forward and reverse processes in the DDO mechanisms under investigation.
A negative Argc signifies a thermodynamic preference for the forward progression
(i.e., from reactants to products) over the reverse pathway, implying that the re-

action rate increases as Argc becomes more negative. In fact, it can be rigorously

11
A =RTln | =—
TEC RT In (HF)

where II; and II; represent the products of the occurrence probabilities for each

demonstrated that:

elementary step along the reverse and forward reaction pathways, respectively, at
a given temperature T, and R is the universal gas constant. Thus, Argc < 0 when
IT; < II;, which is consistent with our assumption, as can be demonstrated from
the formal definition of event occurrence probability. Given that Argc is a relative
measure, steps common to all four mechanisms were excluded from the analysis.
Utilizing the data from Table 3.2 and Table 3.1, the following Argc/kJ mol™!
values were obtained: Argc(DDO-1)=-38.8, Arpc(DDO-2)=-19.4, Argc(DDO-
3)=4202.2, and Argc(DDO-4)=-31.7. These results clearly indicate that DDO-3
is a thermodynamically unviable pathway (as the reverse flux is dominant over the
forward flux), while DDO-1 represents the most favorable mechanism, with DDO-2
and DDO-4 ranking in the same order as predicted by the SCM.
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3.4 Conclusion

This chapter presents a detailed exploration of the hydrodeoxygenation (HDO)
process of isoeugenol catalyzed by a subnanometric platinum cluster (Ptyg), provid-
ing an in-depth mapping of the atomistic mechanisms involved. The deoxygenation-
through-hydrogenation pathway was systematically compared with the alternative
direct deoxygenation (DDO) mechanism through DFT calculations. This com-
parative approach enabled the determination of the thermodynamic energies and
kinetic barriers of key reaction steps, unveiling the preferred reaction pathways.

A Christiansen-type microkinetic analysis, supported by the calculated energy
barriers and adsorption/desorption energetics, allowed for the estimation of kinetic
constants for the various pathways. The data suggest that, within the temperature
range of 473 to 973 K, the DDO mechanism is thermodynamically favored over the
hydrogenation-driven deoxygenation route. Under molecular hydrogen flow, the
reaction appears to proceed primarily through the formation of a 4-propylphenol
intermediate, with the methoxy group being preferentially removed as methanol,
ultimately yielding propylcyclohexane as the final product. The hydroxyl group is
similarly removed, desorbing as water. Additionally, kinetic data suggest that at
higher temperatures, a competitive pathway leading to methane formation could
emerge.

The analysis also ruled out alternative pathways, including those that lead to
the formation of 1-methoxy-3-propylbenzene as an intermediate. Among the path-
ways examined, the route involving 3-propylphenol was found to be the slowest.

The implications of this investigation are far-reaching for future research, as
it provides an almost comprehensive mapping of the hydrodeoxygenation (HDO)
mechanism of isoeugenol on a representative platinum cluster, serving as a valu-
able reference for further studies. Subsequent chapters will delve into the effects
of a support (graphene) and the role of non-noble metals at key points in the reac-
tion. Additionally, it will be crucial to assess whether, under molecular hydrogen
conditions, hydrodeoxygenation becomes the preferred pathway over the various
decomposition routes typically expected for multifunctional molecules on metal
surfaces.
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Chapter 4

HDO reaction of Guaiacol on

Ptq10 cluster

In this chapter, I investigate the hydrodeoxygenation (HDO) of guaiacol catalyzed
by a sub-nanometric platinum cluster (Ptjg), emphasizing two principal reaction
mechanisms: direct deoxygenation (DDO) and hydrogenation-assisted deoxygena-
tion (HYD). The objective is to elucidate which of these pathways is energeti-
cally more favorable. Specifically, the study focuses on whether deoxygenation
is more likely to occur via cleavage of the C(sp?)-OH/OCHj3 bond directly from
guaiacol (DDO), or through the breaking of the C(sp®)-OH/OCH;3 bond in 2-
methoxycyclohexanol (HYD), a hydrogenated intermediate.

Simultaneously, the formation of secondary products that could negatively im-
pact the activity and selectivity of the catalyst, potentially leading to deactivation
phenomena, or that may be of interest for other industrial processes, will be evalu-
ated. A comprehensive mapping of the HDO process of guaiacol will also enable a
direct comparison with the reactivity of isoeugenol, which has been studied using
the same computational approach and catalyst, as discussed in the previous chap-
ter. This comparison will allow for the assessment of whether structurally similar
molecules exhibit analogous reaction patterns, thus opening avenues for optimiza-
tion in processes involving related compounds. While alternative reaction path-
ways, including those involving intermediates from the dehydrogenation of methyl
or hydroxyl groups, may occur, this thesis will focus solely on direct defunctional-
ization reactions. A detailed examination of the HYD and DDO mechanisms for
guaiacol on the Ptq catalyst will be conducted, providing reaction profiles for each

89



elementary step, supported by an extensive analysis of their energetic and kinetic
properties.

4.1 HYD mechanism

The HYD mechanism of guaiacol involves the hydrogenation of the benzene ring,
resulting in the formation of 2-methoxycyclohexan-1-ol, followed by the subsequent
removal of the oxygenated groups (-OCH3 and —OH). From 2-methoxycyclohexan-
1-ol, three distinct pathways can emerge, depending on the sequence and chem-
ical form in which the oxygenated components are removed (Fig. 4.1): (1) the
—OCHj3 group is removed as CH3OH, producing cyclohexanol, which then leads
to cyclohexane through the loss of HyO; (2) the —OH group is removed as water,
forming methoxycyclohexane, which subsequently yields cyclohexane through the
removal of CH3OH or CH4 and water; and (3) the methyl group is removed as CHy
from the OCHj3 fragment, resulting in the formation of cyclohexane-1,2-diol, which

ultimately forms cyclohexane through the elimination of two water molecules.

OCH;}

methoxycyclohexane
+2H | -H,O +2H |-CH;0H
+2H -CH,

OCHS OCHs
_t2H _ |
CH OH B

guaiacol 2-methoxycyclohexan-1-ol cyclohexanol cyclohexane

OH
+2H |-CH, +2H | -H,0
i OH

cyclohexan-1,2-diol
Figure 4.1: Guaiacol conversion to cyclohexane according to HYD mechanism:

schematic routes

The hydrogenation of the benzene ring adheres to a Horiuti-Polanyi® scheme, as
described by Saeys et al. [178], which involves the sequential addition of hydrogen

LA variant of the Langmuir-Hinshelwood mechanism.
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adatoms. Due to the electronic effects of substituents and the interactions between
the metal catalyst and the substrate, the carbon atoms within the benzene ring
exhibit non-equivalence. These effects can result in meta-stable configurations
with enhanced reactivity. Consequently, each carbon atom in the ring was initially
regarded as a potentially reactive site, especially for the first hydrogen addition.

Kinetic and thermodynamic considerations, specifically a lower activation en-
ergy and the greater relative stability of intermediates, indicate that the first hy-
drogen atom is most likely added to the C6 position (Fig. 4.2). For the subsequent
hydrogen additions, only the carbon atoms in the ortho positions relative to the
already hydrogenated sites were considered as potential candidates. Experimental
evidence from studies on benzene hydrogenation [178, 186, 187, 188] supports this
approach, as these ortho carbon atoms are activated by the adjacent hydrogen
atoms.

Based on this framework, the second hydrogen atom is likely added to either
the C1 or C5 positions, originating from intermediate I. The energetically favored
species is 2-methoxycyclohexa-2,4-dien-1-ol (IT), with an energy barrier of 88.2 kJ
mol~! for hydrogenation at C1, and a desorption energy of 273.2 (BSSE=28.0) kJ
mol~!. The subsequent addition of a third hydrogen atom to the C5 position leads
to the formation of intermediate III. The fourth hydrogen atom preferentially
attaches to the C2 position due to a lower energy barrier of approximately 16
kJ mol™!, yielding 2-methoxycyclohex-3-en-1-ol (IV; desorption energy of 158.2
(BSSE=22.4) kJ mol™1).

Finally, the remaining carbon atoms, C3 and C4, are considered for hydro-
genation. Comparative analysis of the energy barriers (26.2 vs. 34.3 kJ mol™!)
and the relative stability of the resulting intermediates (-18.5 vs. 24.2 kJ mol™!)
indicates that the fifth hydrogen atom is most likely added to the C4 position. The
successive addition of the sixth hydrogen atom to C3 culminates in the formation
of 2-methoxycyclohexan-1-ol (VI). After the benzene ring was fully hydrogenated,
the final HYD pathways leading to the complete conversion product were exam-
ined.

In the first pathway, cyclohexane is formed through the removal of the —OCHj3
group as methanol, followed by the removal of the —OH group as water. The initial
step in this route involves the cleavage of the C2-O bond and the adsorption of the
OCHj; fragment onto the upper portion of a side edge of the cluster. This cleavage
step has an energy barrier of 137.7 kJ mol~! and results in the formation of the
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Figure 4.2: The representation shows the complete saturation of the aromatic ring in
guaiacol adsorbed on the Ptig cluster. Yellow circles indicate the inter-
action sites between the molecule and the cluster, which is depicted as
a small rectangle containing green circles representing the adsorbed hy-
drogen atoms. To the right of each species, three numbers are provided:
the first denotes the position where the catalytic hydrogen is added, the
second indicates the energy barrier, and the third specifies the reaction
energy, both relative to the reactant of the elementary step. All energy
values are given in kJ mol~!. The catalytic hydrogenation process begins
with guaiacol, proceeds with IT4+2H (2-methoxycyclohexa-2,4-dien-1-ol),
and concludes with IV42H (2-methoxycyclohex-3-en-1-ol).

(int1+CH30) /Pty species, accompanied by an energy release of 66.5 kJ mol™!
(Fig. 4.3).

To proceed with the hydrodeoxygenation reaction, a new Hy molecule was disso-
ciated on the cluster (refer to Fig. A.1l in Appendix). The resulting (int1+CH30)/
Pt10 2 H species was then utilized as a reactant to generate chemisorbed methanol.
The desorption energy of this methanol was determined to be 91.9 kJ mol™!, with
a BSSE correction of 8.8 kJ mol~!.

Following methanol desorption, an H atom migrates through the cluster to the
unsaturated C2 atom of the ring. In the resulting (int1+CH30)/Pt1o H species,

the H atom is transferred to C2 of the ring, which involves overcoming an energy

92



I

g 192.1
SA0es 57.6
+H, 43.3 (int2+OH) /Pt;,
: > : cyclohexanol /Pt
0 “CH,OH 0

2-methoxy-
cyclohexan-1-o0l /Pt

int1/Pt; H

-66.5
(int1+OCHg) /Pt

Figure 4.3: The reaction profile illustrates the cleavage of the C2-OCHs bond, along
with the migration of the CH30 fragment to the cluster’s edge (HYD
pathway 1). Following the addition of a Hy molecule, which dissociates
on the cluster, and the desorption of methanol, cyclohexanol is formed,
leading to the subsequent cleavage of the C1-OH bond.

barrier of 106.5 kJ mol™! (see Fig. 4.3). This transfer leads to the formation of
cyclohexanol adsorbed on the cluster, which is 43.3 kJ mol~! less stable than the
initial species. Cyclohexanol may desorb from the cluster with an energy of 117.8
kJ mol™! (BSSE = 16.9 kJ mol™!), representing a secondary reaction product.

In the primary reaction pathway, however, cyclohexanol/Pt;, undergoes C1-O
bond cleavage. This step is characterized by a high energy barrier of 192.1 kJ
mol~! and results in the formation of the (int24+OH)/Pt;q species, where the OH
fragment is adsorbed on the upper part of the cluster edge, between two metal
centers.

To remove the OH group as water, a second Hy molecule was dissociated on the
cluster. This process produced the species (int2+OH)/Pt1o2H, which contains
one H atom near the OH fragment on the cluster’s edge and another H atom
positioned further away. The subsequent elementary step involves the transfer of
an H atom to the oxygen atom of the adsorbed OH group, with an energy barrier of
89.3 kJ mol™!, leading to the formation of chemisorbed HyO (see Fig. A.2(a) in
Appendix). To advance the reaction, the HoO molecule must be desorbed from the
cluster, which requires an energy input of 66.5 kJ mol™! (BSSE = 5.4 kJ mol™!).
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After desorption, the H atom, which was previously adsorbed and shared between
two Pt atoms, migrates toward the unsaturated C1 atom. This migration leads
to the formation of cyclohexane/Pt;o, which is 9.2 kJ mol™ more stable than the
starting species, by surmounting a relatively low energy barrier of 54.7 kJ mol~*
(see Fig. A.2(b) in Appendix). The resulting cyclohexane can then desorb from
the cluster with an energy of 89.6 kJ mol™! (BSSE = 16.6 kJ mol™!).

Pathway 2 outlines a process where the —OH group is first eliminated as water,
followed by the removal of the remaining oxygenated group, which can either be
methanol (if the C2-O bond breaks) or methane (if the O-CHs bond cleaves). In the
latter scenario, cyclohexane is produced after the removal of two water molecules.
Both branches of this pathway share the initial two elementary steps: the cleavage
of the C1-O bond and the formation of methoxycyclohexane. Specifically, in the
first elementary step (see Fig. 4.4), the C1-O bond of 2-methoxycyclohexan-1-ol
is broken by overcoming an energy barrier of 157.3 kJ mol~!. This reaction results
in significant stabilization of the (int3+OH) /Pty system, where the OH fragment
is adsorbed as a bridge between two metal centers on an upper edge of the cluster.
In this state, the int3 species exhibits O-Pt (bond length 2.22 A) and C1-Pt (bond
length 2.06 A) interactions. After the fragmentation of an Hy molecule on the
cluster, the adsorbed OH can undergo hydrogenation and subsequently desorb as
water.

In the second elementary step, the int3/Ptio H species undergoes the transfer
of an H atom to the unsaturated C1 atom of the ring, overcoming an energy barrier
of 102.7 kJ mol~!. This reaction produces methoxycyclohexane/Ptyo, which has
a desorption energy of 128.8 kJ mol™! (BSSE = 18.9 kJ mol™') and is 48.4 kJ
mol ! less stable than the preceding intermediate. Methoxycyclohexane/Ptyq thus
represents the starting point for two alternative pathways leading to the formation
of cyclohexane.

According to one pathway (illustrated in blue in Fig. 4.8), the first elementary
step involves breaking the C2-O bond, which requires overcoming an energy barrier
of 185.9 kJ mol~!. This step yields the (int4+CH30)/Ptq species, where the OCH3
fragment is adsorbed on the upper edge of the cluster. After the fragmentation of
an additional Hy molecule on the cluster, the CH3O group can be hydrogenated
to methanol, which then desorbs. The resulting species, related to int2/Pt;q H
from pathway 1, undergoes hydrogenation at the unsaturated C2 site to form
cyclohexane.
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Figure 4.4: The sequence of elementary steps describing the conversion of 2-
methoxycyclohexan-1-ol into methoxycyclohexane and the subsequent loss
of the OCH3 group on a platinum cluster (HYD pathway 2) is detailed.
Initially, the C1-OH bond is broken. Following the fragmentation of a new
Hs molecule on the cluster and the formation and desorption of water,
methoxycyclohexane is produced through hydrogenation at the C1 posi-
tion. Subsequent steps involve either the cleavage of the C2-OCHj3 bond,
resulting in the formation of an adsorbed methanol species (highlighted
in blue), or the breaking of the O-CHs bond within the methoxy group,
leading to methane production (highlighted in green).

Conversely, the alternative pathway (shown in green in Fig.4.4) involves break-
ing the O-CHj3 bond, which encounters a slightly higher energy barrier of 206.3 kJ
mol~!. The resulting (int5+CHs3)/Ptyo species is approximately 50 kJ mol™! less
stable than the methoxycyclohexane/Pto species. This species features a dangling
oxygen atom interacting with a Pt atom at the cluster’s apical position (O-Pt bond
length of 1.89 A), along with the adsorbed CHg fragment.

The third pathway studied involves the early removal of methane, with a des-
orption energy of 23.4 kJ mol™! and a BSSE correction of 4.5 kJ mol™!. This
process results in the formation of cyclohexane and two water molecules, follow-
ing the intermediate steps that produce cyclohexane-1,2-diol and cyclohexanol.
To achieve this, the O-CH3 bond in 2-methoxycyclohexan-1-ol must be broken,
requiring an energy barrier of 161.0 kJ mol™'. This bond cleavage leads to the
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formation of the (int6+CHjs)/Ptyo species (Fig. 4.5), where the CHj fragment
is adsorbed onto the Pt atom at the apical position. Additionally, this species
is characterized by two interactions involving the oxygen atoms and the adjacent
metal centers along the upper edge of the cluster.

v ~ %

157.3 ¢

& 161.1 1753
54.1
1H cyclohexane-
i - — 2 1,2-diol /Pt
0 CH, 0

2-methoxy- (int6+CHg) /Pty int6/Pt,oH
cyclohexan-1-ol/Pt,

585
(int74+OH) /Pt
Figure 4.5: The reaction profile for HYD pathway 3: following the breaking of the

0O-CHjs bond in the methoxy group, the int6 and CHjs species are coad-
sorbed on Ptyg, leading to methane desorption after the fragmentation of
an Hy molecule. Cyclohexan-1,2-diol/Ptyq is then formed through the hy-
drogenation of the dangling oxygen, followed by the cleavage of the C2-OH
bond.

In the subsequent step, the fragmentation of an Hy molecule on the cluster leads
to the generation of methane through the transfer of an H atom to the carbon atom
in the fragment. After methane desorbs, the hydrogen atom diffuses through the
cluster toward the nearby dangling oxygen, forming the int6/Pt,o H species. This
intermediate then transforms into cyclohexane-1,2-diol/Pt19. The hydrogenation
of the dangling oxygen in this process requires overcoming an energy barrier of
175.0 kJ mol~!, and the desorption energy for cyclohexane-1,2-diol is calculated
to be 94.3 kJ mol™! (with a BSSE correction of 19.6 kJ mol™). Following this,
the C2-O bond breaks with an energy barrier of 157.3 kJ mol™!, leading to the
stabilization of the (int7+OH) /Pty species. In this stabilized form, the OH frag-
ment is distributed between two Pt atoms, while int7 interacts via oxygen and the
unsaturated C2 with two Pt atoms in different coordination environments. As dis-
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cussed in pathway 2, cyclohexane is ultimately formed on Ptyy from cyclohexanol
through the cleavage of the C1-O bond (energy barrier of 192.1 kJ mol ™), removal
of water, and saturation of C1 (energy barrier of 54.7 kJ mol™!, as illustrated in
Fig. A.2 in the Appendix).

4.2 DDO mechanism

The direct deoxygenation (DDO) of guaiacol begins with the removal of its oxygen-
containing groups, followed by the hydrogenation of benzene into cyclohexane. The
sequence in which the oxygenated groups are removed leads to different possible
reaction pathways, as outlined in Scheme 4.6. If the hydroxyl group (—~OH) is
removed first, anisole is formed (with a desorption energy of 126.0 kJ mol~! and
BSSE = 22.6 kJ mol™!). From anisole, benzene can be produced via two routes:
one involves removing the methoxy group (demethoxylation), and the other in-
volves demethanation, which can also generate phenol. On the other hand, if the
methoxy group (—OCH3) is the first to be removed, phenol is formed directly,
which then converts into benzene. Guaiacol can also undergo demethanation to
produce catechol, which leads to benzene after the removal of two water molecules.
Finally, benzene formed from any of these pathways is hydrogenated to cyclohex-

OCH;
+2H +2H +6H
—_— —_—
-H,O -CH,OH

anisole benzene cyclohexane

OH OH
2H | -CH
OCH; * 4 +2H | -H,0
+2H

ane.

-CH,OH

guaiacol phenol

OH
OH
+2H +2H
-CH, -H,0

catechol

Figure 4.6: Schematic pathways for the conversion of guaiacol to cyclohexane via the
DDO mechanism.
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The first reaction pathway involves the removal of the —~OCHj3 group, resulting
in phenol, which then forms benzene through the loss of a water molecule. The
initial step of this pathway (Fig. 4.7) involves breaking the C2-O bond, with an
energy barrier of 129.2 kJ mol~!, followed by the migration of the OCHj fragment
to a platinum atom, where it undergoes hydrogenation and then desorbs. When
compared to the demethoxylation energy barrier calculated by Lee et al. [128]
for guaiacol on Pt(111), it is evident that reducing platinum to subnanometric
sizes significantly lowers the energy barrier. This difference, along with other
notable variations, can be tentatively explained by the increased flexibility and
susceptibility to distortion of a cluster compared to a platinum surface [114].

It is worth noting that in the (int1’+OCHj3) /Pty species, the hydrogen bond
between the hydroxyl hydrogen and methoxyl oxygen is shortened from 2.16 A
(the bond length in guaiacol) to 1.60 A. This indicates that methanol forms almost
instantly by displacing the hydroxyl hydrogen atom, without the involvement of
hydrogen activated by the catalyst. Furthermore, the hydrogen bond length of
1.47 A in the (int2'+-CH3OH) /Pty product suggests that the hydrogen atom is
nearly shared between two oxygen atoms, likely facilitated by the small size of the
metal cluster.

Starting with the (int2'+CH3OH)/Pty, species, after the fragmentation of a
H, molecule on the cluster, the reaction progresses with the restoration of the
—~OH group in int2’. To investigate the impact of methanol on this step, the
hydrogenation of the dangling oxygen was studied both in the presence and absence
of adsorbed methanol. In the presence of methanol, the energy barrier for the
transformation from (int2'+CH3OH)/Pt102H to (int3'+CH30H)/PtioH is 49.9
kJ mol™!, which is approximately one-third of the 167.1 kJ mol™! required for
the conversion from int2'/Pt;p2 H to int3’/Ptio H in the absence of methanol, as
detailed in Fig. A.3 in Appendix. Additionally, the hydrogenation of the oxygen
atom in (int2'+CH30H)/Pt1o 2 H releases 28.4 kJ mol™!, compared to the 11.4
kJ mol™! required for the same process without coadsorbed methanol. These
observations suggest that methanol, initially considered a passive spectator, may
significantly influence the reaction through local electronic or steric effects.

The subsequent weakening of the hydrogen bond, resulting from the restoration
of the —OH group, facilitates the desorption of methanol. The resulting species,
int3' /Pt1o H, undergoes hydrogenation at the C2 position, with an energy barrier of
63.3 kJ mol~!, and this step is associated with an energy release of 34.4 kJ mol~*
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Figure 4.7: The reaction profile for DDO pathway 1: initially, the C2-OCH3 bond

is cleaved, leading to the formation of the (intl’+OCHj3)/Pt1p species,
along with the intramolecular hydrogenation of the OCHj3 fragment. This
is followed by the hydrogenation of the exposed oxygen in int2’, cat-
alyzed by activated hydrogen, in the presence of adsorbed CH3OH. Next,
methanol desorbs, restoring aromaticity and producing phenol/Pt1g. Fi-
nally, the cleavage of the C1-OH bond results in the formation of the
(int4d’+OH) /Pty species.

as phenol/Ptyy is formed. The calculated desorption energy for phenol is 132.8
kJ mol™! (BSSE = 24.1). To produce benzene, water must be removed, which
necessitates overcoming an activation barrier of 96.4 kJ mol™! for the cleavage of
the C1-O bond, leading to the formation of the (int4’+OH)/Ptyo species. This
species is approximately 30 kJ mol~! more stable than phenol. The adsorbed OH
fragment is then hydrogenated and removed as water. Meanwhile, the remaining
int4 species is converted to benzene following the hydrogenation of the unsaturated
C1 carbon, a process that involves a negligible energy barrier of 10.4 kJ mol~! (Fig.
A.4 in Appendix).

The second pathway proposed for the DDO mechanism involves the removal
of the —OH group, leading to the formation of anisole. From anisole, benzene is
generated either through the cleavage of the —~OCHj3 group or the —CHj fragment
(in the latter case, via the formation of phenol). Notably, the cleavage of the C-
OCH3 bond in anisole is relatively easy, in contrast to the same process occurring
on a Pt(111) surface [189]. The flexibility of the subnanometric cluster likely plays

a crucial role in this step. In the transition state, the emerging phenyl radical from
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bond cleavage is stabilized through strong interactions with the distorted cluster.

Benzene is subsequently converted to cyclohexane by the addition of three cat-
alytically activated hydrogen molecules. The first elementary step in this pathway
requires overcoming an energy barrier of 163.9 kJ mol~!, which corresponds to the
cleavage of the C1-OH bond. This leads to the formation of the (int5'+OH)/Ptyq
species, with the OH fragment adsorbed on a three-coordinate metal center of the
cluster (Fig. 4.8).
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Figure 4.8: Elementary steps of the second DDO pathway: the cleavage of the C1-OH
bond in guaiacol/Ptyg forms the (int5’+OH)/Pt1g species, which, after Hy
intervention and water desorption, is converted into anisole/Pt;o through
the reformation of the phenyl ring. From anisole, two reaction routes are
possible: C-OCHj bond cleavage, yielding methanol and benzene (blue
pathway), or OC-CHs bond cleavage, producing methane, benzene, and
water via phenol as an intermediate (green pathway).

The subsequent dissociation of a new H, molecule initiates the formation and
desorption of water, restoring the aromaticity of the system. This occurs in the sec-

ond elementary step, where the transfer of an H atom to the unsaturated C1 of the
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ring, starting from the int5’' /Pt H species, leads to the formation of anisole/Pt;y.
This species is more stable by approximately 29 kJ mol™! compared to the in-
termediate reactant, and the process requires overcoming a relatively low energy
barrier of 65.4 kJ mol~!. From anisole/Pt;q, two mechanisms can occur.

In the first, cleavage of the C2-O bond, with an energy barrier of 70.2 kJ
mol~!, yields the (int6'+OCH3)/Ptyo species, which is 41 kJ mol~! more stable
than chemisorbed anisole. In this intermediate, the OCHs fragment is shared
between two Pt atoms with different coordination on the upper edge of the cluster.
Following H, dissociation on the cluster, the OCHj3 fragment is hydrogenated to
CH30H and desorbs. The resulting species undergoes rapid hydrogenation at the
C2 position, yielding a benzene molecule.

Alternatively, cleavage of the O-C bond within the —OCHj3 group, with an
energy barrier of 138.2 kJ mol~!, results in the formation of the (int7’+CHs3) /Pty
species. This intermediate is characterized by the CHjs fragment bound to the
Pt atom at the apical position, with a dangling oxygen atom interacting only
via the ring carbons with the cluster. Upon dissociation of a Hy molecule, the
chemisorbed CHj3 fragment is hydrogenated to methane, which desorbs, while the
second hydrogen atom diffuses to form the int7’/Ptqo H species. Subsequently, the
transfer of an H atom to the dangling oxygen on the ring (with an energy barrier
of 83.2 kJ mol™!) forms chemisorbed phenol, which, following the first proposed
pathway, leads to benzene/Pt.

The third proposed pathway involves the early-stage removal of the methyl
group as methane, leading to the formation of adsorbed catechol, from which ben-
zene is produced following the loss of two water molecules. The initial elementary
step of this pathway involves the cleavage of the O-CHjz bond in guaiacol/Pt,
with the methyl fragment adsorbing onto a platinum atom of the cluster, releasing
55.0 kJ mol~! of energy. This is followed by the hydrogenation of the chemisorbed
fragment, forming methane, which subsequently desorbs. The diffusion of hydro-
gen atoms through the cluster enables the hydrogenation of the dangling oxygen
atom in the int8 /Pty H species, a process requiring an energy barrier of 155.8
kJ mol™!, leading to the formation of catechol/Ptyy, which is 69.1 kJ mol™! less
stable than the initial reactant.

For catechol, the desorption energy is calculated at 160.6 kJ mol™! (with
BSSE = 23.3 kJ mol™!). The cleavage of the C2-OH bond results in the for-
mation of the (int3’+OH)/Ptyo intermediate, where the OH fragment is shared
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between two metal centers located at the cluster edge (Fig. 4.5). The subsequent
removal of a water molecule generates the int3’ /Pty H species, which leads to the
formation of phenol/Pt;o, and eventually benzene, as described in the first DDO
pathway.

206.3 :

155.8 - g

i J 69.1
; 51.4
H catechol/Pt,, .
+H, ; (int3'4+0H) /Pt
-CH, 0
: int8'/Pt, H

0
guaiacol /Pt _

-55.0
(int8'+CHg) /Pty

Figure 4.9: DDO pathway 3: formation of methane and catechol from guaiacol. The
catechol /Pty( species subsequently undergoes dehydration, leading to the
cleavage of the C2-OH bond and its conversion into a phenol precursor.

In the third DDO pathway, the benzene molecule formed (with a calculated
desorption energy of 167.5 kJ mol~!, BSSE = 26.4 kJ mol~!) undergoes sequential
hydrogenation to yield cyclohexane. Unlike the HYD mechanism, where both
electronic effects of substituents and metal /substrate interactions determine the
preferred hydrogenation site, in the DDO mechanism, the first hydrogenation step
is primarily influenced by metal /substrate interactions. As a result, only carbon
atoms in direct interaction with platinum atoms are available for hydrogenation.

Hydrogen addition was evaluated at four carbon atoms in the benzene ring
(labeled C1, C2, C5, and C6, see Fig. 4.10). Among these, C6 was identified as
the most favorable site for initial hydrogenation, exhibiting the lowest energy bar-
rier of 82.4 kJ mol™! and producing the most stable intermediate. For subsequent
hydrogenations, carbon atoms in the ortho-position relative to the previously hy-
drogenated site (C6) were considered, specifically C1 and C5. The lower energy
barrier (83.6 vs. 103.4 kJ mol™!) indicates that hydrogenation preferentially occurs
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at Cb, leading to the formation of cyclohexa-1,3-diene, with a desorption energy
of 190.9 kJ mol™! (BSSE = 24.1 kJ mol™1).

Following this, a third hydrogen atom adds to C4 with a very low energy barrier
of 24.9 kJ mol~?, releasing 22.1 kJ mol~?! of energy and resulting in the intermediate
species ITTa. Subsequent hydrogen transfer to C3 forms a stable cyclohexene
species, with a calculated desorption energy of 154.2 kJ mol~! (BSSE = 21.6 kJ
mol ).

Based on the lower activation energy (35.4 vs. 85.9 kJ mol™!) and the higher
stability of the intermediate (17.6 vs. 40.1 kJ mol™!), C2 is identified as the pre-
ferred site for the addition of the fifth hydrogen atom. Finally, the intermediate
Va undergoes hydrogenation at C1, resulting in the formation of adsorbed cyclo-
hexane. The desorption energy for cyclohexane is calculated to be 85.0 kJ mol ™!,
with BSSE = 17.6 kJ mol .

4.3 Kinetic Analysis

In the preceding sections, I investigated eight potential pathways for the conversion
of guaiacol to cyclohexane using a Pty cluster, as depicted in Figures 4.6 and
4.1. DF'T calculations provided both the energy barriers and the relative energies
of minima on the potential energy surface. Our analysis suggests that, in the
initial stages of the reaction, hydrogenation of the aromatic ring is kinetically
more favorable than deoxygenation. Notably, deoxygenation is more likely to
proceed directly from guaiacol rather than via the fully hydrogenated intermediate,
methoxycyclohexanol. To further refine the mechanistic insights and establish the
most kinetically favorable pathway, I employed microkinetic modeling rather than
solely comparing energy barriers. Specifically, I applied the recently developed
Simplified Christiansen Method (SCM) as described in previous work (refs. [180]
and [183]). Given that cyclohexane desorption is strongly influenced by entropy,
which in turn affects the overall reaction rate, SCM analysis was performed using
Gibbs free energies as a function of temperature. As shown in Appendix Tables
A.3, A.5, and A.4, the use of Gibbs free energy (AG) in place of zero-point
vibrational energy (Ezpy) produces negligible changes in the computed energy
barriers and intermediate energy differences, but exerts a marked influence on the
desorption energies of all stable intermediates.

The SCM analysis, presented in Tables 4.3, 4.2 and in Appendix A.2, A.4,
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Figure 4.10: A schematic representation of benzene saturation on the Pty cluster. The
yellow circles mark the interaction sites between the benzene molecule
and the cluster, which is depicted as a small rectangle containing the
adsorbed hydrogen atoms (green circles). To the right of each species,
the first number denotes the carbon position where catalytic hydrogen
is added, the second indicates the energy barrier of the corresponding
elementary reaction step, and the third specifies the product’s energy rel-
ative to its reactant. All energy values are given in kJ mol~!. The initial
hydrogenation starts from benzene, the second proceeds from ITa+2H
(cyclohexa-1,3-diene), and the final hydrogenation begins with IVa+2H
(cyclohexene).

demonstrates that DDO pathways are consistently at least two orders of magni-
tude faster than their HYD counterparts. At lower temperatures, DDO routes
leading to anisole and phenol exhibit comparable reaction rates, with benzene hy-
drogenation identified as the slowest step. As temperature increases, the HDO
reaction on Ptyy primarily proceeds via the DDO pathway, where phenol is formed
as an intermediate following early-stage demethoxylation. Guaiacol, as also exper-
imentally demonstrated by Arvela and co-workers [190], is deoxygenated at high
temperatures or at very high pressures at temperatures below 350 °C, resulting
in HDO yields between 60-80%. These results can be explained theoretically at
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Table 4.1: Summary of the eight most important mechanisms found for the guaiacol
hydrodeoxygenation reaction on Ptjg, according to the scheme reported in
Figures 4.6 and 4.1.

mechanism sequence other products
HYD-1 G-MOCEO-CEO-CE CH30H, H,0
HYD-2 G-MOCEO-MOCE-CE CH30H, H,0

HYD-3 G-MOCEO-MOCE-CEO-CE CHy, 2H20
HYD-4 G-MOCEO-CEDO-CEO-CE CH,4, 2H50

DDO-1 G-P-B-CE CH3;0H, H,0
DDO-2 G—-AN-B-CE CH30H, H,0
DDO-3 G-AN-P-B-CE CH4, 2H,0
DDO-4 G-CA-P-B-CE CH,4, 2H50

the DFT level, confirming that the reactivity of phenolic compounds decreases
as the number of oxygen atoms increases. Furthermore, from a thermodynamic
perspective, the hydroxyl group attached to benzene is more difficult to cleave
than a methoxyl group [167, 127, 191, 192, 193] (also in our analysis, the DDO-1
mechanism is favoured over DDO-2). The DDO pathway involving catechol is
kinetically hindered by the high energy barrier associated with C-OH bond cleav-
age. Consequently, the fastest mechanisms are DDO-driven, and due to the slow
reduction of benzene, it exhibits the highest surface molar ratio (0) over the entire
temperature range studied (473-1073 K).

Within the HYD pathways, the route involving methoxycyclohexane, which
undergoes direct conversion to cyclohexane, is marginally favored over alternative
mechanisms. The analysis suggests that C-OH bond cleavage in 2-methoxycyclohe-
xa-1-o0l, a hydrogenated intermediate of guaiacol, is slightly more favorable than
the cleavage of the C—OCHj3 bond. In contrast, cleavage of the O—CHjs bond,
leading to methane formation, remains the least favorable process. Nevertheless,
all HYD pathways, aside from methane formation, exhibit nearly identical reaction
rates.

Based on the calculated energy barriers (reaction rates as a function of Ezpy
across temperatures are reported in Table 4.3), complete hydrogenation of the
phenyl ring in guaiacol proceeds with relative kinetic ease. However, the overall
rate of HYD pathways is constrained by the slower C-O bond scission.
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Table 4.2: The reaction rates (s~!) of the eight guaiacol hydrodeoxygenation (HDO)
mechanisms (M) are reported at various temperatures (K). The exponent of
10 in the scientific notation is indicated in parentheses. Gibbs free energies,
as a function of temperature at a pressure of 1 atm, have been taken into
account for the kinetic analysis.

M T urs 573 673 773 873 973 1073
HYD-1  16(-13) 9.3(-9) 1.8(-5) 85(-4) 32(-3) 4.8(-3) 1.5(-2)
HYD-2 19(-12) 5.3(-8) 5.8(-5) 2.0(-3) 5.0(-3) 5.2(-3) 1.3(-2)
HYD-3  6.9(-15) 8.6(-10) 3.0(-6) 8.0(-4) 4.6(-3) 5.0(-3) 1.2(-2)
HYD-4 1.7(-18) 9.8(-13) 9.4(-9) 1.5(-6) 1.4(-5) 4.3(-5) 2.5(-4)
DDO-1  4.9(-9) 3.7(-5) 1.9(-2) 1.7(0) 3.6(+1) 6.2(+2) 1.1(+3)
DDO-2  49(-9) 3.7(-5) 1.9(-2) 1.0(0) 3.2(0) 3.1(0)  7.3(0)
DDO-3  49(-9) 3.7(-5) 1.8(-2) 6.6(-1) 1.9(0) 1.9(0)  4.5(0)
DDO-4  1.2(-16) 3.2(-11) 2.1(-7) 2.0(-4) 1.0(-2) 4.5(-2) 2.2(-1)

4.4 Conclusions

This chapter has examined the “direct deoxygenation” (DDO) and “deoxygenation-
through-hydrogenation” (HYD) mechanisms for the hydrodeoxygenation of guaia-
col, catalyzed by a subnanometer platinum cluster, within the broader context of
developing renewable and eco-sustainable alternatives. The atomistic-level analy-
sis reveals that, contrary to previous literature which suggests a metal-dependent
preference for one mechanism over the other (e.g., noble versus non-noble met-
als), this generalization doesn’t necessarily extend to subnanometer clusters. Such
clusters deviate from conventional rules of heterogeneous catalysis, often requiring
case-specific evaluations.

Our findings indicate that, while early hydrogenation of the phenyl ring in gua-
iacol may kinetically favor hydrogenation over C(sp?)-O bond cleavage, the DDO
mechanism is nonetheless preferred on Ptyy. This preference arises from the lower
energy barriers associated with cleaving the C(sp?)-OCH;3 bond in guaiacol and
the C(sp?)-OH bond in phenol, compared to the higher barriers for C(sp?)-OCHj3
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Table 4.3: The reaction rates (s~!) for the eight guaiacol hydrodeoxygenation (HDO)
mechanisms (M) are presented at various temperatures (K). The exponent
of 10 in the scientific notation is provided in parentheses. Energy values
including the vibrational zero-point energy (ZPE) contribution have been
considered for the kinetic analysis.

473 573 673 773 873 973 1073

HYD-1 4.8(-15) 3.1(-10) 7.3(-7) 2.3(-

HYD-2 56(-14) 22(-9) 3.8(-6) 9.6(-

HYD-3  3.1(-19) 1.2(-13) 9.9(-10) 8.2(-
2

(-15) ( 6.9(-1) 1.2(+1)
(-14) (
(-19) (
HYD-4  3.4(-20) 1.8(-14) 1.9(-10) 1.8(-
(-13) (
(-13) (
(-13) (
(-18) (

2.1(0)  3.3(+1)
9.1(-3)  2.6(-1)
) 7.6(-2)

DDO-1  8.1(-13
DDO-2 8.1(-13
DDO-3 8.1(-13
DDO-4  3.9(-18

2.3(-8)

2.3(-8)  3.2(-
2.3(-8) 3.
9.5(-13)  6.0(-

1.2(+1) 1.7(+2)
1.2(+1) 1.7(+2)
1.2(+1) 1.7(+2)
3.3(-2)  8.7(-1)

bond cleavage in 2-methoxycyclohexan-1-ol and C(sp?)-OH bond scission in cy-
clohexanol. Furthermore, the energy barrier for C(sp?)-OCHjs bond cleavage in
anisole is lower than that for its fully hydrogenated counterpart in the HYD mech-
anism. At 0 K, desorption energies for cyclohexanol and methoxycyclohexane are
lower than the activation energies for C(sp?)~OH and C(sp®)-OCH3 bond cleav-
age, rendering desorption more favorable. In contrast, desorption within the DDO
mechanism is less favorable, as the energy required for desorption exceeds that
for the subsequent reaction steps. These observations underscore the importance
of substrate-cluster interactions: in the DDO mechanism, the aromatic species
strongly interact with the Pt cluster via the phenyl ring, facilitating C-O bond
scission. Conversely, in the HYD mechanism, hydrogenated intermediates exhibit
weak adsorption, limiting the number of molecules capable of surmounting the
energy barriers necessary for cyclohexane formation.

At lower temperatures, these conclusions remain consistent when considering
Gibbs free energies, although desorption and transformation steps become more

competitive within the DDO mechanism. At higher temperatures, desorption is
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more facile, yet the overall preference for the DDO mechanism persists. Specif-
ically, the most favorable pathway involves elimination of the —OCHj3 group as
methanol, followed by the removal of the —OH group as water.
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Chapter 5

Decomposition of Guaiacol on
Ptq10 cluster

The decomposition of guaiacol on metal catalysts, especially platinum-based cata-
lysts, is a topic of great interest in the context of computational chemistry and hy-
drodeoxygenation processes. Previous computational studies have provided impor-
tant insights into the molecular mechanisms underlying guaiacol decomposition,
often relying on density functional theory (DFT') and kinetic modeling approaches.
Notable contributions from Vlachos [194] and Heyden [195] have clarified the key
steps in this process, specifically on the Pt(111) surface, and have offered detailed
understanding of the activation energies required for elementary reactions such as
C—-0OCH;3 bond cleavage and phenyl ring dehydrogenation.

The guaiacol structure, characterized by the presence of a methoxy group
(OCH3) and a hydroxyl group (OH), offers several decomposition pathways that
vary depending on the nature of the catalyst and the operating conditions. Vlachos
and coworkers [194] suggested that the preferential route for the transformation
of guaiacol into catechol occurs through a first dehydrogenation of the methoxy
group, followed by the cleavage of the O—C bond. In this scenario, direct deoxy-
genation via C—O bond scission in the aromatic ring is less favorable on platinum
surfaces, likely requiring the presence of acidic supports, such as alumina, to be
facilitated. Heyden and coworkers [195], extending the analysis with a kinetic
approach that takes into account entropic and pressure effects, confirmed these
observations, identifying two preferential pathways for the decomposition of gua-
iacol, both characterized by a first dehydrogenation of the methoxyl or hydroxyl
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group.

The morphology of the catalytic surface also plays a crucial role. Investigations
by Scollous et al. [196], conducted on low-index Pt(100) surfaces, revealed that,
contrary to the behavior on the (111) surface, guaiacol does not interact with
the benzene ring, probably due to incompatible geometries, and the preferred
chemisorbed species arises from the cleavage of the O—H bond. The experimental
countepart of the subnanometric cluster used as catalyst model in the present study
could be the precise Pt,, (n= 5-13) clusters obtained by Imaoka et al. [197] by low-
temperature calcination of platinum organothiolates, or those realized by Schmitt
and coworkers [198] by using a industrial-appealing continuous-flow method, or still
the Pt clusters derived from HyPtClg by means of solvothermal and deposition-
precipitation approches as proposed by Xiang et al. [199].

It is not surprising that guaiacol’s reactivity, with its multiple functional groups,
is highly influenced by the structure of the catalyst, an effect that becomes par-
ticularly pronounced in subnanometric metal clusters, where atom coordination
numbers vary significantly. In this context, the aim of this chapter is to inves-
tigate guaiacol decomposition on a subnanometric platinum cluster using DF'T
simulations. The exploration of novel and not yet documented mechanisms, com-
bined with a Christiansen-type microkinetic approach, will allow to thoroughly
evaluate the thermodynamic results and identify the most likely decomposition

pathway, if the concurrent reation paths are assumed to be linearly independent.

5.1 Decomposition Mechanism

Four distinct pathways for guaiacol decomposition on Pt;y were investigated (see
Fig. 5.1). Three of these pathways lead to fully deoxygenated products, such as
benzene and cyclopentene, and can be considered branches of an initial mechanism
(M1), which first converts guaiacol into phenol. The fourth pathway, in contrast,
results in a partially oxygenated species, 2,4-cyclopentadien-1-one, as the final
product, representing a distinct mechanism (M2).

These decomposition pathways highlight the versatility of guaiacol reactivity
on platinum-based catalysts, with the different mechanisms reflecting variations in
bond cleavage and intermediate stability. While the M1 pathways prioritize com-
plete oxygen removal, leading to full deoxygenation, M2 provides an alternative

route that retains some oxygen, demonstrating the catalyst’s ability to facilitate
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Figure 5.1: The scheme outlines the pathways explored for the decomposition of guaia-
col on the Pty cluster. The subscripts o, m, and p represent the positions
of the added hydrogen atom relative to the oxygen atom, corresponding to
ortho, meta, and para, respectively. A black dot (e) next to a molecular
formula indicates the opening of the phenyl ring. All four reactions be-
gin with a common starting point, the guaiacol molecule C¢H4(OH)OCHj3
(highlighted in red), and result in either cyclopentene (light blue boxes),
benzene (light green box), or 2,4-cyclopentadien-1-one (yellow box).

selective transformations.

5.1.1 M1 mechanism

The first mechanism (named M1 and illustrated in Fig. 5.2) involves a sequen-
tial migration of three hydrogen atoms from the —OCHj group to the Pty cluster,
following a process that, once triggered (the first energy barrier is 106.5 kJ mol™1),
proceeds relatively smoothly. This three-fold dehydrogenation leads to the forma-
tion of the species C4gH4(OH)OC/Pt1g3H. Three different processes (Fig. 5.3)
have been identified for the subsequent breaking of the C-CO bond. In the pre-
viously formed CgH,(OH)OC/Pt193 H species, the organic fragment binds to the
cluster via the free carbon atom; this interaction appears to be strong enough to

reposition the phenyl ring in a position relatively far from the platinum.

e M1, case a) Following hydrogen migration from one of the involved Pt
center, the carbon atom insert between two Pt, triggering a cluster geome-
try reorganization and resulting in a structure which is only 15.8 kJ mol™!
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Figure 5.2: M1: The profile depicts the first elementary steps related to the loss of
the three hydrogen atoms of the OCHs fragment from guaiacol/Ptio: the
species CgH4(OH)CO/Pt193 H is thus obtained as a precursor to the loss
of carbon monoxide. The greek letter § within the orange circle denotes the
occurrence of a diffusion phenomenon in which the hydrogen atom from
its position migrates to a distant location in the cluster. Inside the inset:
(a) The Pty cluster selected as the subnanometer catalyst model in the
present investigation: the different colors (blue and light blue) indicate the
coordination numbers 3 and 6, respectively; (b) Guaiacol as a model for

the oxygenated compounds contained in lignocellulosic biomass.
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less stable. Nevertheless, in this configuration, the C-CO bond breaking
is inhibited, since in the transition state structure the phenyl carbon atom
involved in the breaking (denoted as C*) cannot benefit of stabilizing in-
teractions with the underlying platinum atoms; the resulting energy barrier
should be in this case ca. 290 kJ mol~!.

M1, case b) To achieve a more stable transition state structure, it is es-
sential that the phenyl ring binds to platinum. This could occur if all the
C*-CO bonds were to be positioned directly above a single Pt atom. This
arrangement could arise in several ways: in the first scenario, the CO moiety
would need to leave its position between the platinum atoms and move to
sit atop a single platinum atom, prompting a corresponding rearrangement
of the entire cluster. From this new configuration, the search for transition
states revealed an energy barrier of 135.6 kJ mol~!. Although this elemen-
tary step is considerably faster than the previous case (a), the energy gain
is somewhat misleading since the rearranged reactant is approximately 75
kJ mol™! less stable than the original C¢Hy4(OH)OC /Pty 3 H species. Even
if some interactions between phenyl and platinum are restored, this energy
difference should not be considered negligible.

M1, case c) However, by examining the qualitative nature of the transition
state from case b, it became evident that the stabilizing atop configuration
(where the insertion of a platinum atom between C* and OC is facilitated)
can be achieved more easily from the C¢H4(OH)OC/Pty9 3 H species. This is
accomplished simply by utilizing the missing 7m-Pt interactions in this species
and rotating the entire fragment around the inserted C—O bond. The result
is a species with an energy only 12.3 kJ mol™! higher and, importantly, an
energy barrier of 73.8 kJ mol~! for the cleavage of the C—~CO bond.

After CO desorption, characterised by a high desorption energy (Edes) of 231.6

kJ mol~! and a BSSE of 21.3 kJ mol™!, a structural rearrangement (denoted by

the Greek letter p) of the radical species remaining on the cluster occurs. The

molecule’s aromaticity is restored through the transfer of a hydrogen atom from

the platinum to the unsaturated carbon atom of the ring. This elementary step

proved to be virtually barrier-free and resulted in a stabilisation of the product of
about 60 kJ mol™'. From the species C¢H50OH /Pt 2 H, the phenol could either
desorb (Eges = 176.6 kJ mol™!, with a BSSE of 21.4 kJ mol™!) or, as illustrated in
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Figure 5.3: Three possible pathways for the breaking of the C—CO bond emerge from
the opportunely rearranged C¢H4(OH)OC /Pty 3 H species in the M1 chan-
nel. The energy minima are referred to the guaiacol/Ptig system, while
the energy barriers are indicated above the corresponding transition states.
Energies are expressed in kJ mol~!. Figures next to the energy diagram
(with corresponding colors) schematically show the geometries and the
connections of reactants and transition states associated to the three al-

ternative elementary processes. Only the Pt atoms directly involved in the
process are shown.
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Fig. 5.1, switch to one of the three reaction branches analysed (named M1-1).
It is worth noting that, from now, the M1 mechanism for the decomposition of
guaiacol overlaps with the hydrodeoxygenation reaction of phenol, which could
take place at low hydrogen pressure.

M1-1 ramification

In the first ramification of the M1 mechanism (M1-1, Fig. 5.4), the loss of a
molecule of HyO could occur through the breaking of the C—~OH bond and the
hydrogenation of the displaced OH fragment. The first elementary step of this
process exhibits a very high energy barrier of 163.7 kJ mol~!, probably due to
the fact that, as in the case of C~CO bond cleavage, the cluster must undergo
considerable distortion and the adsorbed molecule must rearrange itself in order to
use a single Pt atom as a reactive site. The second step, characterised by a lower
energy barrier of 95 kJ mol~!, consists of the transfer of an H atom from the cluster
to the oxygen atom of the OH fragment, adsorbed by bridging oxygen between two
platinum atoms. The CgHs/Ptjospecies, resulting from the desorption of the HyO
molecule thus formed, undergoes hydrogenation on the unsaturated carbon via an
elementary step that has an energy barrier of 89.9 kJ mol™!, leading finally to
the formation of adsorbed benzene, which is 54 kJ mol™! more stable than the
intermediate before it.

M1-2 ramification

The second channel (M1-2) examined in this investigation proceeds with the
release of the hydrogen atom from the phenol, rather than the breaking of the
C—-OH bond. The configuration that phenol must assume in order to undergo this
process highlights the tendency of molecules to utilise a single platinum atom as
an active site for the reaction, as well as platinum’s greater affinity for carbon than
oxygen, which is possibly not surprising. In fact, the partially unpaired electron
resulting from breaking the C—OH bond in the transition state does not locate
on the oxygen atom (which would form an Pt—0O bond), but prefers to locate on
the carbon atom in the ortho position, thus facilitating the creation of a partial
carbonyl bond, a strong Pt —C bond and the correct local geometry for the reaction.
Indeed, it has been hypothesized [200, 201] that the peculiar interaction between
platinum and carbon is capable of determining the geometry of small Pt clusters.
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Figure 5.4: The first branch of the M1 channel: following desorption of carbon monox-
ide and restoration of system aromaticity, the resulting C¢HsOH/Pt192 H
species undergoes C—OH bond cleavage. After desorption of the OH frag-
ment as water at expense of the atomic hyrogen in the cluster, the precursor
of benzene as final product is formed.
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Figure 5.5: The second branch of the M1 mechanism, after the dehydrogenation of
the OH group, involves three consecutive hydrogenations on the ring’s
carbon atoms, located respectively at the ortho and meta positions with
respect to the oxygen atom. The letter v on a grey background indicates
an elementary stage without energy barriers, while 9, as already explained,
represents the diffusion of a hydrogen atom between the cluster sites. The
energies of the minima refer to the initial reactant shown in the Fig. 5.4.

The C¢H50/Pt193 H species undergoes three consecutive hydrogenation pro-
cesses. The first occurs on the carbon in ortho position with respect to the oxygen
atom and requires the overcoming of an energy barrier equal to 153.3 kJ mol .
Therefore, the species CgHgO /Pty 2 H, where diffusion of an H atom through the
metal sites (0) occurred, undergoes hydrogenation on the other carbon atom in
ortho to oxygen with formation of the C¢H;O/Pt1o H species. This step is to be
considered essentially barrier-free, as indicated by the Greek letter v within the
gray circle in Fig. 5.5. Finally, the last H atom on the cluster is added onto the
carbon atom in meta position. This yields cyclohex-3-en-1-one (3-CgHgO/Ptyg),
whose desorption requires an of energy of 184.9 kJ mol~! (BSSE=19.1 kJ mol™1).

From the 3-CgHgO/Ptyo species, two different possible reaction pathways can
be identified, depicted in orange and blue colors in Fig. 5.6, originating from the
breaking of the C(1) —~C(6) bond rather than the C(1) ~C(2) one. Both involve,
after cleavage of the C—C bond, the loss of carbon monoxide. The two pathways
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appear competitive with each other: if the energy barrier is lower for the forma-
tion of the 4-CgHgOe /Pty species (140. 8 vs 170 kJ mol™1), the stabilization of
3-C¢HgOe /Pty and, in particular, of the subsequent (3-Cs;Hge + CO)/Pt1q species
in the alternative channel is significantly greater (-160.1 vs -62.9 kJ mol~!). These
differences in energetics makes the identification of the most favorable pathway
ambiguous, a matter made worse by the fact that two paths, at the end, converge
toward the same CsHg/Ptyy species, obtained by the formation of a new C-C
bond as will be detailed later.

M1-3

The third branch of the M1 mechanism, illustrated in Fig. 5.8 shares its first
elementary step with the second ramification, but differs in the positions where
hydrogen atoms are added to the carbon atoms of the ring. In this case, the
three hydrogen atoms are consecutively attached to the para, meta, and ortho
positions relative to the C=0 group. These three hydrogenation steps have com-
parable energy barriers, around 70-80 kJ mol~!, and lead to the formation of the
2-C¢HgO/Ptyq species (cyclohex-2-en-1-one), with a calculated desorption energy
of 170.8 kJ mol™! (BSSE=19.1 kJ mol™!). Tt is worth noting that the value of the
first energy barrier appears lower than the corresponding one (153.3 kJ mol™!) cal-
culated for the first hydrogenation in the M1 second ramification . However, in this
case, the reacting system needs to reorganize into a high-energy state (compared to
the strong stabilization that occurs in M1-2), making this elementary step partic-
ularly challenging. After this initial step, the pathway continues in a lower-energy
region. Considering 2-C¢HgO /Pty as a reactant, two branches emerge (indicated
in Fig. 5.9 using two different colors) depending on whether the cleavage in-
volves the C(1) —C(2) or the C(1) —C(6) bond. These two situations differ from
each other due to varying C---Pt interactions and the hybridization nature of the
involved carbon atoms. The C(1) —C(6) bond breaking leads to the formation
of an «,fB-unsaturated radical species, whereas in the other case, a species with
the double bond in the terminal position is formed. Among these, the former is
energetically more stable, owing to both intrinsic stability from electronic delo-
calization of the conjugated system and extrinsic stability from molecule-cluster
interactions. Conversely, the latter species is less stable due to the absence of reso-
nance and fewer C-Pt interactions. Despite the evidence of higher energy barriers

suggesting otherwise, the formation of the «,f-unsaturated radical is presumably
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Figure 5.6: Second branch of the M1 mechanism: starting from cyclohex-3-en-1-one,
two possible pathways are identified, involving the cleavage of the C(1)-
C(6) or C(1)-C(2) bonds (represented in blue and orange, respectively).
Both lead to the formation of the CsHge/Pt1g species, which then evolves
into C5Hg/Pt19 through the formation of a new C-C bond.
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Figure 5.7: Schematic illustration of the structures (reactants and transition states)
involved in the ring closure elementary step for the (a) M1-2, (b)
M1-3 and (c) M2 mechanism. Below each structure the distances in
Acorreponding to the tag numbers are reported. Only the Pt atoms di-
rectly involved in the processes are showed here, in red color.

favored. As a matter of fact, the higher energy barrier associated with breaking
the C(1) —C(6) bond (158.2 vs. 135.0 kJ mol™!) is significantly offset by the sub-
stantial stabilization (approximately 73 kJ mol~! with respect to the competitive
intermediate) of the product (see Fig. 5.9). In all cases, these species undergo de-
carboxylation, resulting in the formation of the CsHge species, which subsequently
evolves into cyclopentene through ring closure.

The CsHge /Pty systems formed in both M1-2 and M1-2 as precursors of the
cyclopentene final product are deeply different, even if them both have diradical
character. Let discuss the ring closure elementary step in the two channels with
the help of Fig. 5.7.

The alkyl radical is present in all scenarios, establishing a bond with platinum
while maintaining a tetrahedral geometry in its vicinity. However, the CsHge /Pt
species formed in the M1-2 pathway exhibits an allylic radical, which interacts
with a single platinum center along with the two carbon atoms involved in the
double bond. In contrast, the CsHgo /Pty generated in the M1-3 pathway fea-
tures a vinyl radical, wherein the double bond engages with two adjacent platinum
centers. In this case, the cluster adapts its geometry to accommodate the direc-
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Figure 5.8: In the M1-3 mechanism, following the dehydrogenation of the OH group,
the hydrogenation of the ring carbon atoms occurs consecutively at the
para, meta, and ortho positions relative to the C=0, leading to the for-
mation of cyclohex-2-en-1-one (2-C¢HgO/Pt1g). The energy values for the

minima are based on the initial reactant shown in Fig. 5.4.

tional driving force of the radical carbon. The interaction of various radical forms
of carbon with platinum cluster is surely an issue that deserves detailed theoretical
analysis but in the present work we just say that, even if a carbon ring-closure
reaction may seem a simple matter, we have to deal with the overpowering na-
ture of the carbon-platinum interactions. The closed form of cyclopentene on the
cluster, CsHg/Ptyo, displays stability comparable to that of its open form, but
energy barriers are as high as 170.6 and 182.4 kJ mol™! for this last elementary
step in M1-2 and M1-3 pathways, respectively. Although the existence of more
stable transition states cannot be excluded, all attempts to identify them indicate
that, in order to achieve low-energy barriers, the reactant in the elementary step
must reorganize into a conformation that disrupts certain strong Pt—C interac-
tions—whether involving Pt—-CH,, Pt—CH, or Pt—(double bond).

As a matter of fact, the lowest observed energy barrier, which is 31.2 kJ mol !,
was obtained in the M[1-3 pathway for an arrangement of CsHge /Pto that is 104.5
kJ mol~! higher in energy compared to its most stable form. The microkinetic
analysis, which will be discussed in detail later, suggests that a low energy barrier
following such an energetic arrangement is essentially the same problem as having

a high energy barrier.
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Figure 5.9: M1-3: This profile presents two pathways to form the CsHge species: one
through the cleavage of the C(1)-C(6) bond (depicted in orange) and the
other via the C(1)-C(2) bond (depicted in blue). After the desorption of
carbon monoxide, the Cs;Hge species transitions to CsHg through a ring-
closure process. The numbers preceding the molecular formula indicate
the carbon atom positions of the double bond.
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5.1.2 M2 mechanism

A completely alternative mechanism (M2) firstly involves (see Fig. 5.10(a)) the
transfer of a H atom from the -OH group of the starting C¢H,(OH)OCHj3/Pt1q
species to the cluster. This process is relatively easy, involving the rotation of the
OH groups toward a platinum atoms already prepared in the right place; it results
an energy barrier of 128.4 kJ mol™'. which is not too high if compared to the
barrier associated with the breaking of the C—H bond of the methoxy group in
guaiacol, at the beginning of the previous mechanisms. This step is followed by
the O—CHjs bond breaking occurs and the dislocation of the CH3 moiety on the
platinum cluster.

It seems that also in this case, for the process to occur, a rearrangement is
necessary that should lead to a transition state in which only one platinum atom
represents the active site. This can occur still maintaining the interactions between
the cluster and the phenyl ring, but a distortion energy of 75 kJ mol~! is however
required, due to the loss of the Pt—O interaction involving the radical oxygen
and to the distortion of the cluster. Actually, once this rearrangement occurs,
the O—CHjs cleavage is quite easy, being 117.4 kJ mol™! the associated energy
barrier. It is true that the resulting ortho-quinonic species should have not a
great stability, but it must be remembered that the energy behaviour of molecular
species interacting with a cluster bearing metallic centers at different coordination
numbers may be utterly different from what occurs in vacuum or in solution. As
a matter of fact, the C4gH,O2+CH3/Pto H product is 38 kJ mol~! lower in energy
than the starting guaiacol /Pty system.

Subsequently, this CHj3 fragment is subjected to hydrogenation to methane,
which was always been an easy process. In the corresponding elementary step
occurring in the hydrodeoxygenation of isoeugenol [188], for example, a CHz on
the cluster derived directly from dihydroeugenol, and methane would formed with
an energy barrier of 30.9 kJ mol™'. Also in the present case, the CHjz /Pt +
H/Pt —— CHy /Pt reaction proceeds in a fast way: after a hydrogen atom dif-
fusion, which brings H near to CH3 and lowers the energy of the whole system
by 24.4 kJ mol™!, a negligible energy barrier of 39.6 kJ mol~! lead to completion
of the elementary step. The resulting (C¢H4O2+CH,) /Pty product shows weak
interactions between Pt and methane, but it is only 9.4 kJ mol~! less stable than
the reactant of the step, since the strong Pt—CHj interaction was substitued by
the newly formed C—H bond and a better interaction of the C4H4O- fragment
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Figure 5.10: (a) The initial elementary stages of the M2 mechanism show the de-
hydrogenation of the -OH group of guaiacol and the breaking of the
O-CHs bond. The adsorbed CHgs fragment will be later hydrogenated
to methane, which ultimately desorbs leaving the C¢H4O2/Pt1o species
for further reactions. (b) The profile depicts the six-term ring opening
through the cleavage of the bond between adjacent carbonyl groups. This
process is followed by the elimination of a CO molecule, and finally the
formation of a new C-C bond resulting in 2,4-cyclopentadien-1-one.
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with the cluster, occurring thanks to the elimination of the steric hindrance with
the Pt—CHj3 moiety. Methane can desorb with an amount of energy equal to 23.4
kJ mol 1.

After the CH,4 desorption, 1,2-benzoquinone is left on the cluster. This com-
pound could undergo to carbon ring opening, a hereafter investigated process,
auspicable to eliminate as much oxygen as possible. Although this species, when
bound to Ptqg, is not as unstable as one might imagine, the OC—CO bond break-
ing occurs extremely easily, with a transition state that closely resembles both the
reactant and the product of the elementary step and which is associated with a
barrier of 49.1 kJ mol™! (Fig. 5.10(b)). The resulting species, CgH4Oq0/Pt1g,
which formally displays two carbonyl radicals, shows that the breakage involves an
energy gain of 35.2 kJ mol~!. It will transform into a much more stable system,
in which the CsH4Oe fragment and a newly formed carbon monoxide molecule are
coadsorbed onto the cluster as a result of the cleavage of the C—CO bond. The en-
ergy barrier linked to this process is 133.9 kJ mol~! and, although not prohibitive,
is much higher than the lowest barrier identified for decarbonylation in the M1
mechanism (reported in Fig. 5.3); it is understood, however, that the decarbony-
lation processes occurring in M1 and M2 have actually a pretty different chemical
nature.

In C¢H,O40/Ptyy the two carbonyl radicals are bonded to the same Pt atom
and the two adjacent double bonds interact strongly with the cluster. In order
for the C—CO bond to be broken, the cluster deforms enough to allow a platinum
atom to fit between C and CO in the local C=C—-CO group. Again, therefore,
the reaction is aided by the flexibility of the metal cluster and the active site is
a single Pt atom. In the product, the CO molecule diffuses away and desorbs,
leaving the precursor of a new stable molecule. Indeed, the remaining five-term
ring close, forming the 2,4-cyclopentadien-1-one species. In this case, contrary to
that relating to the formation of cyclopentene, the ring closure does not require the
overcoming of a high barrier (being 127.1 kJ mol™! the calculated one), since as
represented in Fig. 5.7(c) this process does not have to occur after large cluster
distortions or molecular rearrangements, being simply accompanied by a change
in the position of the vinylic carbon atom on the same two Pt sites to which it is
bonded.
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5.2 Kinetic Analysis

In order to avoid drawing hasty conclusions based solely on the energy barriers
calculated for the mechanisms studied, a kinetic analysis was performed using the
Simplified Christiansen Method (SCM) [179]. As discussed in previous chapters,
the analysis of energy barriers and energy differences between reaction interme-
diates alone can be misleading for the discrimination of mechanisms in complex,
multi-channel processes, such as those analysed here. SCM in fact makes it possi-
ble to integrate the results obtained via DFT on the elementary stages of a given
mechanism and to express them in a single synthetic value. Therefore, by provid-
ing as input the direct and inverse barriers of the elementary stages characterizing
each reaction pathway (seen as a sequence of consecutive transformations that
starting from C¢Hy4(OH)OCH3 ends at CgHg or C5H4O or CsHg passing through a
number of intermediate species), the SCM returns the kinetic constants of the dif-
ferent channels in the selected temperature range (298-800 K). It should be noted
that, in performing such analysis, we refererred to standard Gibbs free energies
in order to consider the (rather small) influence of temperature on energy barri-
ers and (way more important) on the desorption/absorption processes of surface
species.

Other than the proper energy barriers, in the SCM analysis processes like
molecular rearrangement and hydrogen diffusion on the cluster were taken into
account. Excepting the cases explicitly indicated, there processes were considered
quite easy (or better, their barriers were supposed negligible with respect to those
of reactive steps) but, given their variability in the different reaction paths, it was
deemed appropriate to consider their effect at least from a strictly thermodynamic
point of view. To accomplish this issue, a rearrangement /diffusion process occurred
with AG < 0 was considered barrier-less in the forward direction and with a barrier
of AG in backward one, and viceversa if it occurred with AG > 0. On the other
hand, the desorption of the molecules produced during the decomposition reactions
was taken as having a barrier equal to the calculated desorption standard free
energy (reported in Table 5.1 at given temperature values), while re-adsorption
of a desorbed molecule was considered forbidden by inserting an infinite energy
barrier in the corresponding expression for w (see eq. 3.2). It is to note that
the desorption steps of small molecules (CO, HyO, CH4) may have a fundamental
role in the whole pathway kinetic, in particular because free energies at increasing
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temperature were considered for the SCM analysis. Indeed, for a thermodynamic
point of view, methane is the only species which desorbs spontaneously at all
the considered temperatures, while the desorption of CO is always endoergonic.
By considering the standard Gibbs free energies associated to the three global
processes, i.e.

R1: C6H4(OH)<OCH3) — C()'HG + CO + HQO

reactions reported in the second part of Table 5.1, it is to note that only the trans-
formation of guaiacol to benzene is exoergonic in the whole 298-300 K temperature
range, while the spontaneity of R2 and R3 at temperatures higher than 400 K
and 500 K, respectively. This likely because R2 require the desorption of two CO
molecules and R3 the desorption of cyclopentadienone, which due to very strong
interactions between the two C=C and one C=0 double bonds with platinum, is
the species showing the most endoergonic desorption at all temperatures.

The calculated values of the kinetic descriptor s appearing in equation in the
temperature range 300-800 K are reported in Table 5.2 for six channels. The
M1-1 and M2 mechanisms were treated independently of each other because
they result in different products, C¢Hg and C5H4O, respectively. The M1-2a/b
and M1-3a/b mechanisms, on the other hand, lead to the same product, so
a single SCM analysis was done for the four of them. Accordingly, the M1-1
channel is the fastest of the investigated mechanisms at all temperatures. In the
high temperature range the M2 mechanism begins to become more competitive,
passing from being the slowest of all up to 500 K to the second most fast. The
global way to cyclopentene can be analyzed by using the average, (s), of the s value
associated to the four M1-2 and M1-3 pathways, which is essentially the same as
the one corresponding to the fastest of them (M1-3a, having 4-C¢gHgOe /Pty as an
intermediate), and only at high temperatures (s) is slightly affected by the negative
contributions of the other three slowest branches. It seems that cyclopentene,
whose formation is however much slower than that of benzene, is ruled out because
in the low end of the temperature range the reaction is endoergonic. On the other
hand, formation of cyclopentadienone become relatively fast and exergonic at high
temperatures.



Table 5.1: The standard desorption Gibbs free energy values as a function of tempera-
ture (expressed in kelvin) are reported in the upper part of the table for the
possible products associated with the reactions mechanisms investigated in
this work. In the lower part the standard Gibbs free energy values for the
three whole reactions are collected. All energy values are expressed in kJ

mol L.
AEpy 2! AG

298 400 500 600 700 800
Gl 146.5 80.2 583 358 13.5 8.7 -30.9
M1-1
B 143.6 780 557 337 120  -94  -30.6
(e]0) 239.5 196.2 179.7 163.6 1474 131.3 115.2
H,0 139.2 96.4 802 644 489 335 183
M1-2all
(e]0) 149.7 105.2 883 71.6 550 3841 218
M1-2b
Cco 246.9 207.7 1845 167.5 150.6 133.7 116.9
MI1-3a
(e]0) 202.9 155.0 137.0 111.5 102.1 849  67.8
M1-3b
Cco 162.1 116.3 99.0 82.0 652 486  32.0
common to M1-2 and M1-3
CPE 163.3 99.0 76.7 545 325  10.7  -11.0
M2
CPDEO 348.5 278.1 253.7 2295 205.7 1821 158.8
CH, 23.4 -14.7 =287 -425 =562 -70.0  -83.8
Cco 183.1 137.1 119.8 103.0 86.2  69.5  52.9
Global reactions
R1 22.3 -64.2 -96.5 -128.9 -161.2 -193.3 -225.3
R2[ 125.5 371 45 280 -60.2 -92.2 -124.0
R3lf] 189.0 97.9 636 294  -48  -388 -72.6

[a] Refers to the variation of the SCF energy including the zero-point vibrational contribution.
The basis set superposition error (BSSE) was evaluated at SCF level by means of the counterpoise
method of Boys and Bernardi [146]. It was found that it is in the range 19-27 kJ mol~! for the
desorption of all molecules, except water and methane to which a BSSE of ca. 5 kJ mol™! is
associated. This values are in agreement with previous findings [188, 202, 203]. [b] In this table:
G = guaiacol, B = benzene, CPE = cyclopentene, CPDEO = cyclopentadienone. [c] In M1-2
and M1-3 mechanisms, the desorption energy of the second CO molecule is reported, being the
desorption of the first one in common with M1-1. [d] R1 is the G — B + CO + H30 global
reaction. [e¢] R2 is the G — CPE + 2CO %lﬁ)é)al reaction. [f] R3 is the G — CPDEO +
CH4 + CO global reaction.



Table 5.2: Occurrence probabilities per unit time (in s~!) evaluated for the six most
significant mechanisms identified for the decomposition reaction of guaiacol
on Ptyg at different temperatures (expressed in kelvin). Scientific notation
is used, with the power of 10 indicated in parentheses.

300 400 500 600 700 800

path to benzene
Mi-1 2.6(-22) 2.8(-11) 3.6(-5) 5.8(-2) 8.1(0) 3.3(+2)
paths to cyclopentene
Mi-2a 1.1(-25) 3.6(-16) (-10) (-7) (-4) (-2)
Mi-2b 5.6(-31) 3.9(-20) (-14) (-9) (-6) (-4)
Mi1-3a 7.4(-28) 8.0(-18) 5.8(-12) 4.6(-8) 2.8(-5) 3.4(-3)
Mi1-3b 4.8(-31) 6.0(-20) (-13) (-9) (-6) (-4)
mean  1.1(-25) 3.7(-16) (-10) (-7) (-4) (-2)
path to cyclopentadienone

M2  1.2(-36) 6.3(-21) 1.1(-11) 1.5(-5) 5.8(-2) 4.6(0)

5.3 Conclusion

The DF'T calculations and the subsequent kinetic analysis performed in this chap-
ter suggest that when guaiacol (and consequently phenol, being an intermediate
of the preferred mechanism) decomposes in the absence of hydrogen on a sub-
nanometer platinum cluster, the preferred product is benzene. However, the reac-
tion would become fast only at high temperatures, where the mechanism leading to
the formation of cyclopentadienone could be triggered, a still oxygenated product
whose desorption is highly energetic and which could therefore poison the cata-
lyst. Based on the calculations, kinetics and thermodynamics would exclude the
decomposition of guaiacol to cyclopentene. The reported investigation, however,
goes beyond simple prediction, and opens the way to the study of a large number
of effects whose understanding would greatly enrich the basic knowledge of cluster
catalysis and which are therefore worth exploring in detail.

Indeed, knowing all the possibilities and modalities of the reactive events of
a system, even if small like the guaiacol molecule adsorbed on a subnanometer
cluster, is an extremely complex matter, especially if one takes into account the
fact that the cluster is not an immutable or partially inert component, but it
intervenes directly in the process by modifying itself heavily even at the level of
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a single atom. In many cases, in fact, the active site for a given elementary step
is a single platinum atom, possibly freed a little from the cluster (i.e., a change
of coordination number). Still, rearrangements (sometimes energetically favorable,
sometimes unfavorable) are very often necessary for the adsorbed molecular species
to orient to let a given moiety reach an active site and react. This could be
considered the equivalent of the effective collision in gas-phase reactions, but in
the cluster case, when the rearrangement of the molecule is difficult (for example
because it is a radical whose highly orienting interactions govern the geometry),
then the metal particle could intervene by deforming itself. What said above has
advantages and disadvantages as well. While the flexibility of metal clusters opens
the way to discover new potentials in catalytic processes, it greatly burdens the
work to be done to develop a detailed knowledge, which may not be traceable back
to general rules and be valid only for one type of metal or even for a cluster with
a particular geometry.

As a matter of fact, atomistically accurate computational study of whole cluster-
catalysed processes on a system that includes periodic support for the cluster is
still prohibitive, if not for the weight of each single calculation, (though it should
be not negligible by virtue of the fact that the transition states must be identified
through the use of numerical approaches) ultimately for the very high number of
calculations to be performed. In this context, the importance of investigations
on unsupported clusters comes into play: they will be useful as a reference, in
order to acquire knowledge to be used to lighten the more realistic calculations on
supported clusters.

Finally, it is worth to underline a remarkable difference between cluster and sur-
face catalysis. In some points of the process one can notice that a certain amount
of atomic hydrogen accumulates on the cluster. If the process took place on a metal
surface (where hydrogen would diffuse freely) this H atoms could be used to hy-
drogenate guaiacol molecules other than the one they come from, or other reaction
intermediates, potentially giving rise to a partial hydrodeoxygenation reaction and
consequently other final products. This is a substantial difference between surface
catalysis and catalysis on subnanometer clusters; in the latter case, in fact, the
accumulated H cannot easily react with other molecules but only with those that
are close to it at that instant on the cluster, unless H cannot diffuse freely on the
support. We would conclude that if the support is a metal, HDO can also occur,
while if it is for example graphene or an oxide, the diffusion of H between different
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clusters should be inhibited, and so would HDO. Further, if the cluster is not in
the subnanometer size regime but can contain several adsorbates, HDO without
external H could become easy and thus a high number of final products could be
obtained.
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Chapter 6

Accretion of Pt,, and Ni,, on

graphene sheet

This chapter explores the role of graphene as a support for Pt and Ni clusters,
focusing on metal accretion processes and an introduction to their catalytic appli-
cations. In particular, the behaviour of these metal clusters on defective graphene
surfaces, in which carbon vacancies significantly influence the stability and proper-
ties of deposited metals, will be analysed. The relevance of graphene as a catalytic
support will be illustrated through an in-depth discussion of its physical and chem-
ical properties, and how they promote catalytic efficiency, selectivity and resistance
to degradation.

Subsequently, the growth process of metal clusters of Pt and Ni of variable
sizes (n=1-10) will be presented, highlighting the optimised cluster geometries
and structural changes in the graphene surface. The binding and cohesion energies
of the metal clusters will be compared, emphasising how graphene influences the
stability of the clusters and their ability to resist surface migration.

The chapter concludes with a preliminary analysis of the catalytic activity of
Pt and Ni supported on graphene in deoxygenation reactions, which are crucial
for the valorisation of biomass-derived compounds. The differences between the
two metals in terms of catalytic efficiency and energy barriers will be discussed,
offering insights into how graphene can improve the performance of these catalytic

systems.
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6.1 Graphene in Heterogeneous Catalysis

Heterogeneous catalysis is a cornerstone of the chemical industry, playing a cru-
cial role in energy conversion, environmental treatment, and materials science. It
is estimated that approximately 90% of all industrial chemical processes involve
heterogeneous catalysts [204]. Even catalysts designed for homogeneous cataly-
sis are frequently supported on porous materials to enhance their efficiency and
stability [205]. Among the various support materials, carbon allotropes, particu-
larly graphene, have received increasing attention due to their large surface area
and chemical stability, which enable a high density of active sites and exceptional
resistance to degradation in both acidic and basic environments [206, 207, 208].
Moreover, the recovery of active phases, especially for noble metal-based catalysts,
is simplified by easy combustion of carbon supports. The synergy between carbon
allotropes and heterogeneous catalysis thus emerges as a key factor in improving
catalyst selectivity and reducing costs [171, 209]. Among the diverse carbon-based
supports, graphene stands out for its appealing properties, making it particularly
appropriate as a support for heterogeneous catalysis. This material offers excep-
tionally high electron mobility at room temperature, a flawless atomic lattice,
impressive mechanical strength, and incomparable chemical and thermal stability
[168, 169, 170]. With a thermal conductivity reaching up to 5000 W/m-K and a
theoretical specific surface area of 2630 m?/g, graphene holds immense potential
across various fields. The general properties of graphene are listed in Table 6.1.

In recent years, the number of studies on graphene and its derivatives in hetero-
geneous catalysis has grown exponentially, with many catalytically active species
being successfully immobilized on graphene, demonstrating superior performance
in numerous chemical reactions. A particularly significant application is the use
of low-cost graphene-supported catalysts in the refining of lignocellulosic biomass
[210]. To make biomass-derived fuels economically competitive, it is essential
to develop catalysts and processes that substantially improve refining efficiency
[211, 173]. In the pyrolysis and hydrolysis of lignocellulosic biomass, the resulting
molecules often have high oxygen content and low energy density, making them
unsuitable for direct use as fuels. In this context, graphene-supported catalysts
play a critical role in enhancing conversion and selectivity while simultaneously

reducing production costs [173, 172].
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Properties Values Reference
Charge Carrier Mobility | ~ 200 000 cm?/V- s [212, 213, 214]
Thermal Conductivity ~ 5000 W/m- K [215, 213, 216]
Trasparency ~ 97.4% [217, 218, 219]
Specific Surface Area ~ 2630 m?/g [220, 221]
Young’s Modulus ~ 1 TPa [222, 223]
Tensile Strenght ~ 1100 GPa [224, 215, 225]
Band gap Zero [226, 227, 228]
Electron Mobility 15-10 2 em 2V 2 | [212, 229, 230, 231]

Table 6.1: Some important properties of graphene.

6.1.1 Graphene as catalytic support

Graphene, when employes as a support, can accomomdate catalysts at the nanoscale
or even at the atomic scale. There are three main classes of graphene-supported
catalysts: (1) nanoclusters or metal nanoparticles; (2) single metal or non-metal
atoms; (3) single atoms or clusters supported on functionalized graphene, such as
graphene oxide or reduced graphene oxide [232, 233]. In all cases, graphene must
effectively anchor these active species to function as a robust support. The in-
teractions between graphene and metal atoms, particularly transition metals and
noble metals, are typically weak, which can lead to atom aggregation and the
formation of metal nanoparticles. To improve the anchoring of foreign atoms,
graphene must be modified to enhance its chemical reactivity, thereby stabilizing
the active species and improving their catalytic performance [234, 235, 236]. One
of the most effective approaches to enhance these interactions is the controlled
generation of structural or chemical defects in graphene. These defects can be
introduced through various techniques, such as ion or electron beam irradiation,
plasma exposure, or controlled chemical oxidation. The resulting defects, such
as single vacancies (SV) or double vacancies (DV), disrupt the 7 and ¢ bonds of
surrounding carbon atoms, creating reactive sites that can effectively anchor metal
atoms and clusters [237, 238]. For example, vacancies can act as traps for incoming
atoms and nanoclusters, improving the adsorption and stability of catalytic species
(239, 240, 241, 242]. Theoretical and experimental studies have demonstrated that
the presence of these defects can significantly increase adsorption energy and re-
duce the mobility of adsorbates, thereby preventing aggregation. For instance,
gold (Au) and platinum (Pt) nanoclusters anchored on defective graphene exhibit
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enhanced stability and reduced diffusion, with binding energies increased by up to
20 times compared to defect-free graphene. This improved stability of adsorbates
is accompanied by a significant charge redistribution at the graphene-cluster in-
terface, which can alter the electronic structure of the adsorbates, making them
more effective as catalysts [243, 244, 245, 246].

Graphene in the Platinum and Nickel clusters accretion

In view of the particular properties discussed above, in this thesis graphene was
selected as the support for platinum and nickel cluster growth in order to investi-
gate some important elementary steps of the HDO and decomposition reactions of
isoeugenol and guaiacol on supported metal clusters. The supercell (a=14.78401
A, b=17.07110 A, ¢=20.0000 A, a=== 90°) employed for modeling the pris-
tine graphene comprised 96 carbon atoms (Cgg), whereas as model of defective
graphene, a derived Cgs system with a carbon monovacancy was considered. This
supercell is sufficiently large to minimize the spurious interaction between monova-
cancies and between the Pt,, or Ni, clusters. Fig. 6.1 shows the atomic structure
of the optimized graphene monovacancy, in which no significant change in struc-
ture beyond the defect site is observed after the removal of a carbon atom from
the graphene sheet; however, in the vicinity of the vacancy there occurs a struc-
tural distorsion (of, Jahn—Teller, type) that breaks the symmetry as a result of
local bonding rearrangement. This latter causes the formation of two rings with 5
and 9 atoms, respectively. In addition, no significant out-of-plane atomic displace-
ments were observed in the relaxed structure [247, 248]. The calculated defect
formation energy is -7.4 eV, a value in good agreement with literature data (-7.5
eV) [249, 250].

6.2 Platinum Cluster growth on defective

Graphene

After monovacancy generation, the growth of Pt,, (with n=1-10) species to defec-
tive graphene was studied. The accretion procedure was explained in Fig. 6.2
and the most stable cluster geometries in Fig. 6.3. The first platinum atom,
added to the defective system, forms covalent bonds with the undercoordinated
carbon atoms at the vacancy by breaking a weak C—-C bond (bond lenght 1.9 A)
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Figure 6.1: Local atomic rearrangement of graphene (Cgg) following the generation of
a vacancy. This results in the formation of a five-term ring (colored yellow)

and a nine-term ring (in light blue).

of the five-member ring formed in the local rearrangement of bonds in the Cgj
system. Since the Pt atomic radius is larger than the carbon atom, the Pt atom is
displaced outward from the graphene sheet, with an elevation of 1.9 A. The three
C atoms around the vacancy also move out of the graphene plane. The calculated
binding energy for a Pt atom on the graphene monovacancy is -8.1 eV, a high value
suggesting the inability of platinum atoms migration on the graphene surface. The
vacancy-supported Pty results by the binding of a second Pt atom of one of the
C atoms around the vacancy and binding the first Pt atom (Pt-Pt bond length
equal to 2.6 A).

Starting with Pty/Cgs system, the addition of the third platinum atom in three
different positions was considered: linear bound to Pt(1), linear bound to Pt(2)
and between the two atoms to form an almost equilateral triangle with a plane
perpendicular to the graphene layer. The most stable system, in singlet state, is
the last one. Pt3 therefore doesn’t interact with the carbon atoms, but only with
the two platinum atoms (Pt-Pt bond lenghts of about 2.6 A).

For the addition of the fourth Pt atom on the Pt3/Cgs system, four structures
were considered in relation to the possibility of forming a tetrahedron or rhombus.
In the more stable Pt system, the fourth Pt atom forms the triangular base of the
tetrahedron with the other two and therefore interacts with graphene. Due to the
complexity in predicting possible geometries with increasing numbers of Pt atoms
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to be added, an automated procedure was implemented. It defines around the
cluster a grid of points that extends in radius of a given k value connected to the
Pt-Pt bonding distance. Each angular point thus constitutes a possible position
where the added atom may be located (see section Grid program).

Applying the grid on the Pty/Cgs system, two more stable structures at-
tributable to a square-based pyramid and a trigonal bipyramid that differed by 6.8
kJmol !, were identified among 23 optimized structures. In the square pyramid,
the base is placed on a plane perpendicular to the graphene one, while the three Pt
atoms on one of the four triangular faces interact with carbon atoms: in particular
one Pt atoms interacts bridging with two carbon atoms in a C-C bond. In the
trigonal bipyramid only one triangular face interacts with the graphenic plane.

From the two Pty structures selected, by applying the grid, six more stable
structures were identified: three from the square-based pyramid and three from
the trigonal bipyramid. The Ptg structures from the square pyramid, in order of
relative stability, have the following geometry: square pyramid with one atom on
one side Pt-Pt (0.0 kJmol '), square pyramid fused with a trigonal pyramid (11.5
kJmol ') and octahedron (15.6 kJmol '). In the three Ptg structures, however,
from the pentagonal bipyramid two show the same geometry as the starting Pty
structure but with the seventh atom on one side in one case and with an atom
on a triangular face in the other. These have energies of 3.9 and 16.8 kJmol *,
respectively. The third structure, less stable than the others (16.8 kJmol '), is a
capped square pyramid.

Applying an energy and geometric sieve, four Pt; structures were considered:
doubly capped square pyramid (0.0 kJmol !, trigonal bipyramid fused with a
tetrahedron (2.4 kJmol '), capped octahedron (5.5 kJmol ') and pentagonal
bipyramid (6.8 kJmol ). From them, therefore, 114 Ptg structures were opti-
mized. Only the structures within 20.0 kJmol ' were considered: doubly capped
square-based pyramid with an atom on one side of the pyramid (0.0 kJmol ')
and capped pentagonal bipyramid (19.4 kJmol ') from the doubly capped square
pyramid, bicapped octahedron (18.6 kJmol ') from the capped octahedron, and,
finally, trigonal bipyramid with an atom on one side fused with a trigonal bipyra-
mid (16.7 kJmol '). The same operating scheme, i.e. grid program application
and energy sieve, was applied on the four selected Pty structures.

A more stringent energy threshold of 15.0 kJmol * was considered for the se-
lection of more stable structures with unique geometry for the addition of the
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Figure 6.2: Results of the application of the grid program for the accretion of the Pt,
cluster. Highlighted in light red are the steps in which the grid is on with
the number of geometries found and optimized, as well as the energy sieve
applied.

tenth Pt atom. These are in order of relative stability: triply capped octahedron
(0.0 kJmol '), doubly capped penatagonal bipyramid (3.5 kJmol ') and doubly
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capped square pyramid fused with a tetrahedron via one side of the pyramid. Ap-
plying the grid program, 79 structures were optimized. However, only 6 structures
fell within the energy threshold of 15.0 kJmol ' and only the most stable one
was considered for the adsorption of guaiacol and 2-methoxy-cyclohexan-1-ol and
subsequent deoxygenation reactions.

Figure 6.3: Representation of the most stable cluster geometries Pt, (n=1-10), in
which the surfaces in yellow highlight the base of the polyhedron identi-
fied by the atomic centers and in light red the polygonal flat faces shared
between polyhedra.

6.3 Nickel Cluster Growth on Defective
Graphene

Similar to the previous section, the growth of Ni, clusters (with n=1-10) was
also studied on the mono-vacant graphene system Cgs. The accretion procedure
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is reported in Fig. 6.5 and the most stable cluster geometries in Fig. 6.4.
The first added Ni atom, since its atomic radius is larger than that of carbon, is
located outside the graphene plane with an elevation of 1.8 A causing, therefore,
the breaking of a C—C bond of the five-terminal ring. The adsorption energy for a
Ni atom on the Cgs system is 8.5 eV, which is 0.4 eV higher than that calculated
for a Pt atom. For the addition of the second Ni atom, two different positions
were considered in relation to Ni(1): at the center of a graphene ring and on a
surrounding carbon atom. Following the optimization process, however, Ni(2) is
positioned in its most stable geometry bridging a C—C bond, thus forming two
new C-Ni bonds (bond distance 1.8 A and 2.0 A, respectively).

Starting with the most stable Nis/Cgs system, the third Ni atom was added
in three different ways: quasi-linear to Ni(1), quasi-linear to Ni(2) and, finally,
between the two atoms to form a triangle. The latter is the most stable configu-
ration: the Ni(3) forms with the other two Ni atoms a perfect equilateral triangle
with Ni-Ni distances of 2.35 A. From it, the fourth Ni atom can be arranged above
the triangular face to form a tetrahedron and at a certain distance from each of
the three sides to form a rhombus. The most stable Niy/Cgs system is in singlet
state and has rhombic geometry with average Ni-Ni bond distances of 2.4 A.

For the addition of the fifth Ni atom, as already described for platinum accre-
tion on graphene, the grid program was applied to explore the possible positions
(considering an average Ni-Ni distance of 2.3 A) at which the atom can be located.
Hence, 24 structures were identified and optimized. In the most stable structure,
in the singlet state, the fifth Ni atom sits above the rhombic Niy system forming
a pyramid with a perfect rhombic base (as shown in Fig. 6.4).

Applying the grid and an energy sieve of 20 kJmol ' on the Ni;/Cygs system,
a single structure was selected as the most stable. It, in a quintet state, has the
geometry of a rhombic-based pyramid with the fifth atom on one of the faces. Even
for the added seventh Ni atom, only one structure among the 24 optimized ones
was selected. The Niz/Cys system, in quintet state, has the geometry of a doubly
capped trigonal bipyramid. From this structure, an additional Ni atom was added
using the grid program. Applying a slightly wider energy threshold of about 25.0
kJ mol ! by virtue of their unique geometries found, three different structures were
considered: a fused trigonal bipyramid with a doubly capped trigonal bipyramid
(0. 0 kJmol '), a capped pentagonal bipyramid (22.1 kJmol ') and a bicapped
octahedron (25.3 kJ molfl). The grid was applied to each of these structures, and
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Figure 6.4: Representation of cluster geometries Ni,, (n=3-10). Some of them high-
light the base (in yellow) of the progenitor polyhedron and the polygonal
faces (in light blue) shared between polyhedra, according to the orientation
shown.

a total of 74 configurations, corresponding to angular points, were optimized. An
energy sieve of 15.0 kJmol ' was applied, and only two structures, both trace-
able as starting geometry to the fused trigonal bipyramid with capped trigonal
bipyramid (which was the most stable of the Nig/Cygs systems), were considered.
These are a pentagonal bipyramid fused with a tetrahedron (0.0 kJmol ') and a
pentagonal bipyramid fused with a trigonal bipyramid in the nonet and quintet
states, respectively. Each of these structures was considered for the addition of
the final tenth Ni atom by grid application. Among the 50 optimized Nijg/Cos
structures, only one was considered within an energy range of 20.0 kJ mol '. This
system has the geometry of a pentagonal bipyramid fused with a trigonal capped
bipyramid and is in a nonet state.
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Figure 6.5: Implementation of the grid program in the accretion of the Ni, cluster.
Highlighted in light red are the steps in which the grid is on with the
number of geometries found and optimized, as well as the energy sieve
applied.
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6.4 Binding and Cohesive Energy of Pt,, and Ni,

cluster

The binding energy for Pt,, or Ni, to the graphene monovacancy was calculated
using eq. 6.1

AEM,/anm) = E(Myjaun) — E(GM) — E(M,) (6.1)

where M is the transition metal (Pt or Ni), n is the number of M atoms (n=1-
10), GM represents the supporting graphene monovacancy, and E indicates the
calculated DF'T energies. Determining the interaction strength between the M,
clusters and the support is directly related to the mobility of the M,, species on
the graphene surface.

Due to the large binding energy (see Tab. 6.2), it can be said that the Pt,
stays anchored to the vacancy and doesn’t diffuse on the surface, avoiding the
possibility of encountering another Pt,, species and forming larger aggregates. In
fact, while the Pt,, clusters are known to have a magnetic moment of 2.0 ug, upon
chemiabsorption of the clusters, this is quenched due to the strong interaction
between the clusters and the graphene monovacancy.

In the case of Ni, the evaluation is more complicated due in part to the great
variability of its magnetic momentum. It can be seen that the E,, after decreasing
in the range of n=2—4, remains constant in its value of -5.1 eV until the species
Nijg. This is consistent with the investigated structures in which there is always
less interaction of the added Ni atoms with the support during the accretion phase.

The relative stability of M,, clusters was evaluated by analyzing the cohesive
energies, which is the energy required to separate a species into its constituent
atoms. Calculations of cohesive energies were performed for both gas-phase and

supported clusters, using eq. 6.2 and 6.3, respectively.

E.=[EM,) — nE(M)]/n (6.2)

Ee/cat = [E(Majcar) — E(GM) — nE(M))/n (6.3)

E. represents the cohesive energy per atom of clusters in the gas-phase, while
E¢/am provides information on the cluster cohesive energy in the presence of the
graphene support.
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Pt Ni
n | Ey[eV] | Ec[eV] | Ec)am [e€V] | Ey [eV] | E.[eV] | Ec/qgm [eV]
2 -8.3 -2.1 -6.3 -8.7 -1.8 -6.2
3 -8.4 -2.8 -10.2 -5.6 -24 -5.8
4 -8.8 -3.1 -10.2 -5.3 -2.9 -5.5
) -8.8 -3.4 -104 -5.2 -3.3 -5.4
6 -8.7 -3.6 -10.6 -5.1 -3.5 -5.3
7 -9.2 -3.7 -10.7 -5.1 -3.7 -5.2
8 -9.2 -3.9 -104 -5.1 -3.9 -5.2
9 -9.6 -4.0 -11.1 -5.1 -3.9 -5.2
10 -9.4 -4.2 -11.2 -5.1 -4.1 -5.2

Table 6.2: Calculated Ej, E. and E./GM values for the Pt,, and Ni, clusters.

As can be seen in Tab. 6.2 for Pt and Ni, the cohesive energy per atom
of clusters in the gas phase as well as in the presence of graphene increases in
absolute value as the number of metal atoms increases. However, this per-atom
increase is not constant. Notably, for each n, the E;/qum is consistently higher
than the E,., with a more pronounced difference observed for Pt, where the two
energy values differ by approximately 7 eV. This suggests that the intense chemical
interaction between the M,, cluster and the graphene monovacancy confers greater
stability on the supported clusters than in the gas phase. This stabilization is also
consistent with the observed reduction in spin magnetic moment due to the strong

hybridization between the M species and the monovacancy.

6.4.1 Grid program

The “grid” program was developed to generate a cylindrical grid around a cluster
of metal atoms (M), ensuring that the geometric conditions and bonding distances
for the investigated metal (Pt or Ni) are physically realistic.

Initially, the code declares variables to store atomic coordinates, distances,
and other relevant geometric parameters, along with critical constants such as the
average and maximum bonding distances between M atoms.

The program then reads atomic coordinates from an in .xyz format file, rep-
resenting the initial configuration of the cluster. The coordinates of the M atoms
are used to calculate the cluster’s centroid, which serves as the reference point for

constructing the cylindrical grid. During this process, the atom with the lowest
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z-coordinate is identified to correctly position the grid relative to the cluster’s
height.

Once the centroid is determined, the program calculates the radius of the cylin-
drical grid and the angular separation between successive points on the circum-
ference, based on the bonding distances and the required number of points. A
cylindrical lattice is then created, where each point is initially calculated accord-
ing to its angular position relative to the centroid.

To ensure that each grid point meets the physical criteria, the program checks
whether the distance between each grid point and the nearest atom is within the
maximum allowable bonding distance. If this condition is not met, the program
solves a quadratic equation to adjust the grid point’s position, thereby ensuring
compliance with the distance limit. This adjustment ensures that the grid accu-
rately represents the cluster’s structure and atomic interactions.

Finally, the grid points’ coordinates are written to an output file, which serves
as the reference for creating the new structures, where each angular point is added
to the pre-existing cluster. Each structure is then subjected to geometry optimiza-

tion.

6.5 Reaction on Pty and Ni;g clusters supported

on graphene

The Pty9/Cgs and Nijg/Cos were employed to detail the energetics of two signif-
icant elementary processes in guaiacol valorisation: the loss of the oxygenated
hydroxyl and methoxyl groups from the unsaturated compound (guaiacol) and
the correspondent fully hydrogenated one (2-methoxycyclohexan-1-ol). This en-
abled us to assess the influence of graphene—metal interactions on the efficiency of
the catalytic process and the differences in catalytic performance between the two
metals, Pt and Ni.

Optimisations of the reactant and product structures of the elementary steps
were performed under periodic conditions using the SIESTA approach, while the
search for transition states was conducted using the Empathes code, which imple-
ments the NEB method. The results, reported below, are organised in terms of
type of C-O bond breakage and of metal, and display the optimized geometries
of the reactant (R), transition state (TS) and product (P). The tables below each
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group of figures provide the values, in kJ mol™!, of the energy barrier (E,) and
reaction AE associated with each elementary step.

Breaking C(sp?)-OH

A
&,

B
B, 9

Metal E; [kJ mol™] AE [kJ mol™']
Pt 182.3 +61.2
Ni 115.1 -69.2

Breaking C(sp?)-OCHj

R . P
Metal E; [kJ mol™] AE [kJ mol™!]
Pt 173.4 +55.0
Ni 172.7 -39.2
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Breaking C(sp®)-OH

=

TS

Fa

e

Metal E; [kJ mol ] AE [kJ mol™}]
Pt 165.0 +51.6
Ni 92.4 -189.4

Breaking C(sp®)-OCHj

B
b

.
e

Metal E; [kJ mol™] AE [kJ mol™!]
Pt 148.8 +3.3
Ni 58.5 -151.9

147

Analyzing the deoxygenation processes on both the Pt1y/Cgs; and Nijg/Cogs sys-
tems, it emerges that the cleavage of C(sp?)-O bonds requires overcoming signifi-
cantly lower energy barriers compared to the cleavage of C(sp?)-O bonds. Specif-
ically, this difference amounts to an average of 20.0 kJ mol™! for platinum and,
more notably, 68.0 kJ mol™! for nickel. Comparing the binding energies (Ey,) and




AE values on supported Ni and Pt clusters, it becomes clear that deoxygenation
preferentially occurs on Nijg/Cgs,with the cleavage of C(sp?)-O bonds being the
most favorable among all bonds considered.

The AE values of the reactions also reveal that nickel interacts more strongly
with the oxygen atom (both in —OCHj3 and in -OH) than platinum, a compre-
hensible behaviour considering the platinum’s nature as a noble metal. This phe-
nomenon is not influenced by 7-interactions, as these are either consistently present
in unsaturated systems or entirely absent in saturated ones.

6.6 Conclusion

In this chapter, the growth of Pt and Ni clusters on defective graphene surfaces
was explored in detail, investigating the chemical and structural properties of the
supported metal systems and their catalytic potential. The results revealed the
fundamental role of graphene as a support in heterogeneous catalysis, exploiting
its excellent physical characteristics, including high thermal and electrical conduc-
tivity, large surface area and chemical stability.

One of the most relevant aspects emerging is the importance of graphene’s
structural defects, such as carbon vacancies, which facilitate the stable anchoring
of metal clusters. Metal clusters tend to diffuse and aggregate on non-defect sur-
faces, reducing the effectiveness of catalysis. However, the presence of defects in
the graphene lattice significantly modifies the interactions between the substrate
and metals, increasing the adsorption energy and preventing the formation of large
metal clusters. This stabilising effect was observed for both metals studied, with
platinum showing a higher binding affinity to the vacancy sites than nickel, al-
though both systems were strongly anchored to the substrate.

From a structural point of view, the optimal geometries of Pt and Ni clusters
(n=1-10) were identified through the application of the grid program and SIESTA
optimisations, which revealed complex three-dimensional configurations. These
exhibit a strong interaction with graphene in the early stages of accretion, with
stable geometries such as pyramids and bipyramids evolving into more complex
structures as the number of metal atoms increases.

Another important finding concerns bonding and cohesion energies, which show
that graphene not only stabilises metal clusters, but also changes their electronic

properties. This effect has a direct impact on the catalytic properties of the sup-
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ported metals. The results indicated that Pt and Ni clusters on graphene exhibit
high stability, with cohesion energies increasing with cluster size, confirming that
the presence of graphene makes the clusters less prone to surface diffusion and
aggregation. This is a crucial aspect for improving catalytic performance, as the
stability of metal clusters is closely linked to their ability to remain active during
chemical reactions.

Finally, the study of deoxygenation reactions of biomass-derived compounds,
such as guaiacol and 2-methoxycyclohexanol, highlighted significant differences
between Pt and Ni in terms of reactivity. In particular, nickel showed higher
efficiency in breaking C(sp®)-O and C(sp?)-O bonds, with lower energy barriers
than platinum. This behaviour can be attributed to the nature of nickel, which
interacts more strongly with oxygen atoms, facilitating deoxygenation and making
it a promising candidate for deoxygenation processes aimed at biomass upgrading.
In contrast, platinum, although exhibiting good stability, showed a lower affinity
for oxygen. The differences observed between Pt and Ni underline the importance
of choosing carefully the most suitable metal for specific catalytic applications,
depending on the nature of the reactions and substrates involved.

In this study, the focus was limited to deoxygenation processes in the ab-
sence of hydrogen, aiming to isolate the intrinsic behaviour of the metal catalysts.
Future research could explore additional reaction pathways, such as demethyla-
tion, to gain a deeper understanding of the deoxygenation mechanisms in complex
biomass molecules. Additionally, while nickel has proven to be highly effective for
deoxygenation, it is worth investigating whether platinum might exhibit superior
performance for hydrogenation processes. Testing this hypothesis in future devel-
opments could open new directions for optimizing catalyst functions tailored to

specific steps in biomass conversion.
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Afterwords

The investigation carried out in this PhD thesis is framed in the crucial context
of the contemporary energy transition, a process that is essential to progressively
reduce global dependence on fossil fuels and embrace more sustainable, low-impact
resources. This transformation is recognised as essential to ensure a sustainable
energy future, especially in Europe and Italy, which have set ambitious goals to
achieve climate neutrality in the coming decades. In this scenario, biomass emerges
as a valuable and versatile resource, capable of generating energy continuously
and reliably, in contrast to intermittent sources such as solar and wind power.
Biomass, mainly composed of materials such as cellulose, hemicellulose and lignin,
offers significant opportunities for the production of valuable fuels, electricity and
chemicals. However, its large-scale application is limited by the complexity of the
conversion processes required to turn it into high-quality biofuels.

This thesis discusses the conversion of lignocellulosic biomass using model com-
pounds to effectively isolate and represent the complex reactions that occur during
the hydrodeoxygenation (HDO) process. In particular, isoeugenol and guaiacol
were chosen as representative biomass model molecules, as they contain functional
groups and aromatic structures typical of biomass-derived molecules. The deoxy-
genation of these molecules is crucial to increase the energy density and stability
of the produced biofuels, making them more similar in quality and performance to
fossil fuels.

The results, obtained from density functional theory and subsequent applica-
tion of microkinetic analysis, highlight that, in the HDO processes for isoeugenol
and guaiacol, the direct deoxygenation is preferred to deoxygenation by hydrogena-
tion (HYD) one. For isoeugenol, analyses show that the removal of the methoxyl
group as methanol, followed by desorption of the hydroxyl as water, are the most
favoured outcomes, clarifying the kinetic barriers involved. Similarly, in the case of
guaiacol, the Pty cluster shows a particular preference for breaking the C(sp?)-O
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bond. This behaviour, in contrast to the typical reactive dynamics of noble metals
on the surface, underlines the uniqueness of subnanometer clusters and suggests
that catalysis at the atomic level may lead to specific reactivity results, requiring
customised approaches for optimisation.

The decomposition of guaiacol on Ptiq occurs accornding to reactive path-
ways leading to fully deoxygenated products such as benzene and cyclo-pentene,
passing through phenol as an intermediate and to partially oxygenated products
such as 2,4-cyclopentadien-1-one. Also this part of investigation revealed that the
structure and size of the metal cluster drastically influence the catalytic reactions,
suggesting that further optimisation of the catalyst configuration could make the
deoxygenation process more selective and energy-efficient.

A crucial advance in this research concerns the effect of the support on the
HDO and decomposition biomass products, hence the analysis of the growth and
stabilisation of Pt and Ni metal clusters on defective graphene was performed. Ac-
cording to the results obtained, graphene defects, in particular carbon vacancies,
play a key role in stabilising metal clusters, reducing aggregation and sintering
phenomena. The presence of graphene not only stabilises the cluster, but also
changes its electronic properties, which has a positive impact on catalytic perfor-
mance. This effect is especially relevant for large-scale catalysis, where stability
and resistance to coke formation are essential to maintain reactivity over time.
Comparisons between platinum and nickel revealed possibly complementary cat-
alytic characteristics. Nickel has shown greater efficiency in breaking C(sp?®)-O
and C(sp?)-O bonds than platinum, suggesting that nickel’s intrinsic properties
make it promising for deoxygenation processes. However, platinum may prove to
perform better in hydrogenation reactions, an aspect to be explored in future re-
search to optimise catalysts for specific steps in biomass conversion. The ability of
defective graphene to act as an effective support makes this material a promising
option for the design of new metal-cluster catalysts for biomass conversion.

The contribution of this thesis is two-fold: on the one hand, it extends the basic
knowledge of biomass conversion mechanisms; on the other, it offers concrete direc-
tion for the design of optimised catalysts for HDO and decomposition processes.
The results showed that metal clusters supported on defective graphene can be
particularly effective for biomass deoxygenation, combining stability, high selec-
tivity and resistance to coke formation. Furthermore, the adopted methodologies
highlighted the importance of considering the molecular structure of the biomass,
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the type of metal and the support chosen, as each of these factors profoundly
affects the efficiency of the process.

The results also suggest further research directions, such as exploring other
catalytic metals and experimenting with additional defects in graphene, to further
optimise the stability and effectiveness of the catalysts. The integration of bi-
functional catalysts, capable of combining the properties of various metals, could
offer significant advantages for complex reactions, making catalysts adaptable to
a wider range of operating conditions and expanding their industrial applicability.
These perspectives could contribute significantly to the realisation of sustainable

energy processes and the transition to a greener future.
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Appendix A

Profiles and Tables

153



A.1 Table for HDO reaction of Isoeugenol on

Ptq¢ cluster

Table A.1: Standard Gibbs free energies of desorption (T = 298.15 K) for the stable
intermediates and products involved in the investigated HYD pathways.

compound®? / AGges/kJ mol~!

IEP 130.2
DHEP 85.3

CP® 28.8
HYD DDO
MPCHDEOH 190.7 | PPH 91.1
MPCHEOH 1319 | PB 77.9
MPCHOH 40.4 | MPB 105.9
MPCH 70.4 | mPPH 80.1
mPCHOH 54.5 | PBDOH 60.8
PCHOH 70.4 | PCHDE 176.9
PCHDOH 55.8
CH3;O0H® 42,5 | CHsOH 23.6
H,O 1.4 | HyO 50.4
CH, -11.8 | CHy -70.9

[a] See Figure 3.15 for the shorthand notation employed for the chemical species;
further, in this table the notation MPCHDEOH = 6-methoxy-4-propylcyclohexa-1,3-
dien-1-ol; MPCHEOH = 6-methoxy-4-propylcyclohex-3-en-1-ol; PCHDE = 5-propyl-
1,3-cyclohexadiene is used. Each molecule is intended adsorbed on the Pty cluster. [b]
These species are common to all pathways. [c] AGges of methanol, water and methane
are different for HYD and DDO mechanisms because they desorb leaving different species
adsorbed on the platinum cluster. [d] The desorption process of the A species is (A +
X)/Ptip — A+ X/Pty0, being X a different species, if any, left adsorbed on the cluster.

A.2 Profiles for HDO of guaiacol on Pt cluster
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0
(int1+CH,40)/Pt,,2 H

-61.4
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Figure A.1: Hydrogenation of OCHs, following fragmentation of an Ho molecule, leads
to the formation of chemisorbed methanol.

A.3 Tables for HDO of isoeugenol on Ptq, cluster
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Figure A.2: The reaction profiles illustrate (a) the formation of an adsorbed HO
molecule via the transfer of a hydrogen atom to the OH fragment, followed
by the desorption of the HoO molecule and the diffusion of a hydrogen
atom across the cluster, and (b) the subsequent generation of cyclohexane.
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Figure A.3: Hydrogenation of the dangling O of int2" in the absence of CH3OH.
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Figure A.4: Hydrogenation of the unsaturated ring to form adsorbed benzene.

Table A.2: The shorthand notation used below for the main species involved in the
guaiacol hydrodeoxygenation reaction.

compound abbreviation
guaiacol G
2-methoxy-cyclohexan-1-ol MOCEO
cyclohexanol CEO
cyclohexane CE
methoxycyclohexane MOCE
cyclohexane-1,2-diol CEDO
phenol P
benzene B
anisole AN
cathecol CA
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Table A.3: Gibbs free energies of desorption (T = 298.15 K, p = 1 atm) for the stable
intermediates and products involved in the investigated HYD and DDO
pathways. Each molecule is considered adsorbed on the Ptig cluster.

compound AGges (kJ mol~1)
guaiacol 78.7
2-methoxy-cyclohexan-1-ol 414
cyclohexanol 51.0
methoxycyclohexane 59.6
cyclohexane-1,2-diol 27.0
2-methoxycyclohex-2,4-dien-1-o0l 199.4
2-methoxycyclohexa-3-en-1-ol 93.3
phenol 63.2
benzene 97.8
anisole 59.7
cathecol 91.8
cyclohexa-1,3-dien 121.8
cyclohexene 87.1
cyclohexane 29.7
methanol 61.9
water 31.3
methane -12.0
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Table A.4: Elementary reaction steps in the HYD mechanism, along with the cor-
responding free energy barriers and reaction AG values, expressed in kJ
mol~! (T = 298.15 K, p = 1 atm). The final column indicates the figure
number where the elementary process is illustrated.

Elementary process ‘ AG# ‘ AG ‘ Figure
guaiacol/Pt1g — I 64.7 17.0 4.2
I - 1I 85.3 -35.9 4.2
II+2H — III 57.1 -8.3 4.2
I — IV 85.6 58.3 4.2
IV+2H - V 28.3 -14.0 4.2
V = VI 100.6 254 4.2
2-methoxycyclohexan-1-0l/Pt1g — (int1+OCHs) /Pty | 140.3 | -57.0 4.3
(int1+CH;0) /Pty 2H — (int1+CH;OH) /Pty H 99.5 | -60.6 S1
int1/Pt19 H — cyclohexanol/Pt;¢ 106.2 | 38.1 4.3
cyclohexanol/Pt1g — (int2+OH)/Ptyq 188.2 | 11.1 4.3
int2/Pt19 H — cyclohexane 59.4 -4.4 S2
2-methoxycyclohexan-1-0l/Pt1y — (int3+OH) /Pty 151.2 | -112.1 4.4
int3/Pt19 H — methoxycyclohexane/Pt1 101.8 | 43.3 44
methoxycyclohexane/Pt1g — (intd+OCH3)/Pt1g 183.6 | 11.7 44
methoxycyclohexane/Pt1g — (int5+CHs) /Pt 204.8 | 47.5 4.4
2-methoxycyclohexan-1-ol/Pt1g — (int6+CHs)/Pt1g 165.1 6.7 4.5
int6/Pt19 H — cyclohexane-1,2-diol /Pt 168.5 | 47.2 4.5
cyclohexane-1,2-diol/Pt19 — (int7+OH)/Ptqo 161.9 | -1024 4.5
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Table A.5: Elementary stage reactions in the DDO mechanism with the corresponding
free energy barrier and reaction AG expressed in kJ mol~! (T = 298.15
K, p = 1 atm). The last column indicates the figure number where the
elementary process is displayed.

Elementary process ‘ AG# ‘ AG ‘ Figure
guaiacol/Pt1p — (intl’+OCHsz)/Pt1g 1324 | 0.2 4.7
(int1’+OCH3) /Pt19 — (int2'+CH30H) /Pty 26.1 | -74 4.7
(int2'+CH;OH) /Pt1o 2 H — (int3'+CH;OH) /Pty H | 47.9 | -28.4 | 4.7
int3’ /Pt1o H — phenol/Pt1q 61.2 | -31.9 4.7
phenol/Pt1y — (int4’+OH) /Pty 103.6 | -26.6 4.7
guaiacol /Pty — (int5’+OH)/Ptyg 167.0 | 59.7 4.8
int5’ /Pt1o H — anisole/Ptyg 62.4 | -30.2 4.8
anisole/Pt19g — (int6’+OCH;3)/Pty0 83.0 | -35.1 4.8
anisole/Pt19 — (int7'+CHgs)/Pt1g 1454 | -33.9 4.8
int7’ /Pt19 H — phenol /Pty 88.1 42.0 4.8
guaiacol/Pt1p — (int8'+CHjs) /Pty 149.3 | -43.2 4.9
int8’ /Pt19 H — catechol /Ptg 151.6 | 64.6 4.9
catechol/Pt1o — (int3'+OH) /Pt 203.3 | -14.6 4.9
benzene /Pty — Ia 89.3 | -24.7 4.10
Ia — Ila 85.0 61.5 4.10
ITa+2H — Illa 27.0 | -24.7 4.10
IITa — IVa 65.2 56.9 4.10
IVa+2H — Va 40.8 19.5 4.10
Va — cyclohexane/Ptqg 84.1 13.0 4.10
int2'/Pt1902H — int3’' /Pt H 166.2 | 18.1 S3
int5’ /Pt19 H — benzene/Ptyg 12.7 | -20.7 S4
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Table A.6: Gibbs free energies of desorption (T = 298.15 K, p = 1 atm) for the stable
intermediates and products occurring in the investigated HYD pathway.
Each molecule is intended adsorbed on the Ptig cluster.

compound AGges (kJ mol—-1)

isoeugenol -130.2
dihydroeugenol 85.3
6-methoxy-4-propylcyclohexa-1,3-dien-1-o0l 190.7
6-methoxy-4-propylcyclohex-3-en-1-ol 131.9
2-methoxy-4-propylcyclohexan-1-ol 40.4
1-methoxy-3-propylcyclohexane 70.4
3-propylcyclohexan-1-ol 54.5
4-propylcyclohexan-1-ol 70.4
4-propylcyclohexan-1,2-diol 55.8
propylcyclohexane 28.8
methanol 42.5

water 1.4
methane -11.8
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Table A.7: Gibbs free energies of desorption (T = 298.15 K, p = 1 atm) for the stable
intermediates and products occurring in the investigated DDO pathway.
Each molecule is intended adsorbed on the Ptqg cluster.

compound AGges (kJ mol-1)
isoeugenol -130.2
dihydroeugenol 85.3
4-propylphenol 91.1
propylbenzene 77.9
1-methoxy-3-propylbenzene 105.9
3-propylphenol 80.1
4-propylbenzene-1,2-diol 60.8
5-propyl-1,3-cyclohexadiene 176.9
propylcyclohexane 28.8
methanol 23.6
water 50.4
methane -70.9
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ARTICLE INFO ABSTRACT

Keywords: The growing demand for renewable and sustainable fuels, protagonists of an increasingly important research
DET area due to the exhaustion of fossil resources, has oriented our investigation towards the computational
Catalytic reactions mechanisms mechanistic analysis of the catalytic hydrodeoxygenation (HDO) reaction of isoeugenol. Having the most com-
Bio-oils mon functional groups, the isoeugenol molecule is actually considered as an experimental and computational
model for typical species of biomass origin. The reported computational investigation outlines the energy bar-
riers and the intermediates along the path for the conversion of isoeugenol to propylcyclohexane through a direct
deoxygenation mechanims, catalyzed by a subnanometric metal cluster. For this purpose, the Pt;o platinum
cluster was chosen as the catalyst model, being this noble metal a reference for hydrogenation reaction. The
results obtained rule the formation of the 4-propylphenol intermediate as the rate determining step for the
considered branch of the mechanim, and as the pivotal point for further ramifications. The present is the first of a
series of studies aimed to a complete mapping of isoeugenol HDO on a Pt cluster, to be used as reference for
further, more focused, investigations, such as those regarding the effects of the support and of the metal particle

Biomass

size, as well as the HDO reaction of biomass-derived compounds similar to isoeugenol.

1. Introduction

Pyrolysis of biomass gives rise to the formation of bio-oils, complex
mixtures of compounds derived from the rapid and simultaneous
depolymerization of cellulose, hemicellulose and lignin, following a
rapid increase in temperature. Bio-oils are composed mainly by
hydroxyaldehydes, hydroxyketones, sugars, carboxylic acids and phe-
nols [1]. Hydrodeoxygenation reaction (HDO) of lignin-derived bio-oils
is currently an important research area due to the depletion of fossil fuel
resources, and is devoted to satisfy the increasingly pressing demand for
renewable and sustainable alternatives for the production of fuels,
chemicals and energy. Bio-oils as such are not suitable as fuels due to
their acidity and high oxygen content, as well as their instability [2,3].
Being a mixture of oxygenated components, they do not have the
physico-chemical properties to compete, as a transport fuel, with pe-
troleum distillates. However, their liquid form facilitates further pro-
cessing, making the refining and upgrading of biofuel into liquid
hydrocarbons an important process [4]. Various catalytic pathways for
hydrogenation and deoxygenation of bio-oils have been extensively
studied, but among these HDO is considered the most effective method

* Corresponding author.

[5]. Although there are some studies on the HDO of bio-oils, in order to
facilitate the elucidation of the HDO reaction mechanism, it is preferred
to replace more complex species with simpler models, consisting of
monomeric lignin compounds. Due to its molecular structure, which
contains the most common functional groups in bio-oils derived from
lignin (i.e. hydroxyl, methoxy and allyl groups), isoeugenol can be
considered as an appropriate and representative molecular candidate
model.

Understanding catalytic processes at the atomic level is a funda-
mental goal of chemistry, and catalysis on supported metal cluster
(SMC) systems play a role that is becoming more and more important in
the modern chemical industry [6]. Indeed, following the recent de-
velopments of the synthetic methods aimed at obtaining small metal
cluster systems, the related catalysis approaches have rapidly become a
subfield of heterogeneous catalysis and much effort is at present dedi-
cated to the creation of specifically tailored SMC catalysts showing high
efficiency and selectivity [7-11]. Stabilized on solid supports, such as
metal oxides, silica, various forms of carbon, zeolites, and others
[12-15] SMCs are promising catalytic systems both for academic and
industrial applications, being either able to catalyze reactions otherwise
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difficult to occur or to be separated quite easily at the end of the process
[16].

Besides that, SMCs possess high surface/volume ratio, another very
important feature is the presence of metal-to-metal bonds, that is, of
nearby metal sites that offer greater possibilities for binding with the
substrate [17]. Since many important catalytic processes require tightly
cooperating metal sites for reactant adsorption, activation and product
desorption, SMCs can be used in a wide variety of catalytic reactions [16,
18,19]. SMCs, moreover, can show a certain structural fluidity during
the catalytic process. At high temperatures and under the influence of
metal-support and/or metal-substrate interactions, SMCs can actually
lose their initial stiffness and evolve into fluxional species, generating
metastable geometries that can increase reactivity [20]. The properties
of metal clusters can also be selectively modified by introducing dopant
atoms, which change their electronic structure, their relationship with
the support and their catalytic activity as well [21].

Intensive research in recent years has shown that clusters size has a
very large impact on their reactivity, as well as on the efficiency and
selectivity of the catalytic processes in which they are involved [22].
There is a scalable regime, in which reactivity changes constantly with
cluster size, and a non-scalable size regime for small clusters, in which
reactivity could completely change even after adding a single atom [23].
This size-reactivity relationship can be explained in terms of the change
in surface morphologies. Advances in this area have benefited from the
development of accurate quantum-mechanical calculations, which
became an increasingly powerful tools for understanding the processes
that rule the structure of the catalyst and, ultimately, its catalytic
performance.

It has been suggested [24-26] that HDO reaction of phenolics may
occur with two limiting mechanisms depending on nature of the metal
catalyst: deoxygenation-through-hydrogenation, HYD, according to
which the first steps involved concern the hydrogenation of the benzene
ring, and direct deoxygenation mechanism, DDO, meaning that the
saturation of benzene ring occurs after removal of oxigen-containing
groups. The present work is the first of a series aimed to elucidating,
by means of an atomistic approach based on density functional theory,
the whole mechanism of HDO of phenolics on noble and non-noble
subnanometric metal clusters, in order to reveal how the reduced size
of the catalyst may affect the outcomes of the reaction. Here the HDO
reaction of isoeugenol catalyzed by a small platinum cluster is pre-
sented. Isoeugenol and platinum are, in fact, considered as models for
compounds of biomass origin and for hydrogenation catalyst [27,28],
respectively. Among the many foreseeable pathways, it was decided to
follow the DDO mechanims on a platinum cluster in order to create a
reference for future investigations with other, possibly non-noble, cat-
alytic systems and to find key points for possible branches of the
mechanism which could lead to significant differences in catalytic ac-
tivity and selectivity between noble and non-noble metals. Further, a
reference mechanism reported for an unsupported cluster can be used to
identify the effects that various kind of supports could have on impor-
tant stages of the hydrodeoxygenation process.

After a short section concerning the preliminary study on H; frag-
mentation and H diffusion on the platinum cluster, the computational
data collected on the elementary processes characterizing the surface
species involved in the hydrogenation are reported and analyzed to
detail one of the possible mechanisms for the reaction that converts
isoeugenol into propylcyclohexane.

2. Computational details and models

All the calculations were performed in the framework of density
functional theory (DFT), using the Gaussian 16 package [29]. The B3LYP
hybrid exchange-correlation functional [30] was used and the D3
correction scheme developed by Grimme (GD3), which allows one to
take into account dispersion interactions [31], was added to the func-
tional. For the conformational study of isoeugenol, the correlation
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consistent polarized valence double zeta (cc-pVDZ) basis set by Dunning
and coworkers [32] was used. The study of isoeugenol HDO reaction on
the platinum cluster was instead carried out with the LANL2DZ basis set
[33,34]; this, developed by Hay and Wadt, uses Dunning’s basis set
(D95) [35] for light atoms (H, C, O) and, for platinum, a double-zeta
valence basis set associated to an effective core potential. Polarization
functions consisting of primitive Gaussians having angular momentum
and exponents in accordance with the following scheme have been
added to the D95 set: H (s: 0.049, p: 0.587), C (p: 0.0311, d: 0.587), O (p:
0.0673, d: 0.961). These functions were retrieved from the EMSL Basis
Set Exchange website [36]. Minima and transition state (TS) species on
the reaction paths were revealed by inspection of the harmonic vibra-
tional frequencies, checking that imaginary frequencies were not pre-
sent in the structures corresponding to potential energy surface minima
and only one imaginary frequency (corresponding to the one related to
the eigenmode transforming reactant to the product) was present in the
TS structures. In one case, due to the difficulty of finding the transition
state for a whole molecule rearrangement (see Section 3.4), the nudged
elastic band approach was used, as implemented in the Empathes code
[37,38].

The energetics of the reaction paths will be given in terms of vibra-
tional zero-point corrected energies (Ezpy); the desorption energies of
intermediates and final product has been corrected for the basis set su-
perposition error (BSSE) by using the counterpoise method of Boys and
Bernardi [39]. Since BSSE was calculated as correction to the SCF en-
ergy, it will be reported in parenthesis along with the uncorrected Ezpy
energies.

A magic number [40] corresponding to a regular tetracapped octa-
hedron [41] platinum cluster shaped by ten atoms, having T; symmetry
and spin multiplicity equal to 9, was chosen as the subnanometric cat-
alytic model [42]. Its structure shows the presence of atoms with
different coordination. The four cap atoms have actually coordination
three, while the remaining six atoms have coordination number six.
These determine the octahedron cage, on whose triangular faces the cap
atoms are arranged. In particular, two platinum cap atoms with coor-
dination three are found in the upper portion of the octahedron, while
the other two in the lower portion, arranged on a plane perpendicular to
that where the first two lie. The geometry of Pty cluster is represented in
Fig. 1, along with the numbering used throughout for the carbon atom
centers in the isoeugenol molecule and all its derivatives up to
propylbenzene.

3. Results and discussion

The simultaneous presence, in the isoeugenol molecule, of some of
the most common functional groups characteristic of bio-oils opens up
several possibilities for the HDO reaction study. In this first work, the
HDO mechanism on a platinum cluster was investigated according to the
four consecutive stages

Fig. 1. (a) Ptyo cluster, model of the subnanometric catalyst; the Pt atoms with
different coordination numbers are distiguished by different colors (yellow and
light blue for coordination number three and six, respectively). (b) Molecular
structure of trans-isoeugenol with the IUPAC numbering of carbon atoms. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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. saturation of allyl double bond;
. removal of metoxy group;

. removal of hydroxy group;

. saturation of benzene ring.

AWM

which, apart from the first process, represent a typical DDO mechanism.
This follows one of the experimental hypotheses put forth by the
research group of D.-Yu. Murzin, which, in the aim to employ low cost
catalysts, conducted their experiments using nickel [2,43]. The
computational results obtained will be reported in the next sections,
starting from the preliminary investigation on the H; fragmentation and
H diffusion on the Pt;q cluster and the interaction of isoeugenol with the
catalytic system.

3.1. Fragmentation of Hy on Ptq

As evidenced by other studies [42], the Pt;o cluster has nonect spin
multiplicity and tetrahedral geometry. The Pt-Pt bond lengths in the
optimized structure are in the range 2.60-2.82 A, with an average value
of 2.71 A. The longest linear dimension of the cluster is therefore slightly
less than 6 A. The binding energy of the cluster with respect to ten
isolated Pt atoms in the d’s! electronic configuration is equal to
2754.0kJ mol™~!; therefore the cohesive energy, calculated as E.= (E
[Pt1o] — 10E[Pt])/10, is equal to 275.4 kJ mol .

It has been already claimed that H, molecule, once chemisorbed on a
given metal cluster, undergoes bond cleavage leading to the formation
of hydrogen-species/metal-cluster systems in which the hydrogen atoms
diffuse freely. In this case, the model catalyst, therefore, can be
considered as a reservoir of hydrogen, ensuring a continuous availability
of H atoms where necessary. This because, in addition to the ease of
hydrogen fragmentation on the cluster, free diffusion of the hydrogen
atoms through the catalyst could be hypothesized. To corroborate these
inferences, demonstrated for most of metal systems [44,45], fragmen-
tation and diffusion tests were carried out considering one Hy molecule
on the Pt;( cluster, in the following represented as Pt;oH; species.

As far as fragmentation is concerned, the chemisorption of the Hy
molecule on the platinum cap atom, showing coordination three, was
considered. Adsorption, characterized by an energy release equal to
80.5 kJ mol~!, led to the formation of a transient species with multi-
plicity of spin 9 (Fig. 2a), in which a considerable weakening of the H---H
bond (length of 0.88 A against 0.74 A in the free H, molecule) is
observed. The latter rapidly evolves into a species of 32.5 kJ mol~! more
stable (Fig. 2b), in a septet spin multiplicity state, that undergoes
transformation by cluster distortion, paralleled by the total fragmenta-
tion of Hy. In this species, it has been found that the migration of a
hydrogen atom from the top position on a cap site to a bridge

spin state
rearrangement
-

Fig. 2. Fragmentation of the H, molecule on the Pt;( cluster and relative en-
ergies of the species involved (in kJ mol ). Structure (a) is a transient species
in nonect state in which there is a weakening of the H---H bond, (b) is the most
stable species, with septet spin multiplicity and (c) is the final structure (always
a septet) in which the total fragmentation of the Hy molecule occurs, through
the migration of one hydrogen atom from its initial top position towards a
bridge arrangement on the cluster. White, yellow and light blue balls identify
hydrogen and platinum with coordination number three and six, respectively.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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arrangement involving the same cap atom and one neighboring atom
belonging to the octahedron cage (Fig. 2c¢) has an activation barrier
equal to 6.8 kJ mol 1, i.e. an almost negligible low energy value.

For the diffusion process, the geometries of five Pt;p2H arrange-
ments, characterized by different hydrogen constellations were consid-
ered. A further verification in support of the easy diffusion of the
hydrogen atoms through the cluster was performed by considering the
two most stable species, indicated in Fig. 3 with the letters (a) and (c),
and the process of H atom migration converting one into the other. The
estimated activation barrier of this elementary event, equal to 14.3 kJ
mol~!, clearly demonstrates the validity of the assumptions made above.

In view of these results, it can be stated that in the conditions needed
to overcome the activation barriers occurring in the isoeugenol HDO,
which will be discussed later, the barriers characterizing the hydrogen
atom diffusion on the Pt;o2H fragments are negligible. This implies that
the hydrogen atoms can be arranged in any configuration on the cluster.
It is finally to be underlined that, as it happens in the case of a large
number of metal clusters [44,46,47], the fragmentation of Hj is the
cause of the decrease of one unit of the spin quantum number observed
in the Pt;¢2H systems, being this occurrence correlated to electron spin
coupling phenomena.

3.2. Adsorption of isoeugenol on Pt;o2H

There are six conformations for the trans isomer of isoeugenol, three
of which are obtained by keeping the dihedral angle 7,(C5C4C1'C2")
fixed at 180° and fixing, alternatively, the value of the 73(C2C10H) and
73(C1C20C1") angles to 0° and 180°; the other three conformations can
be obtained by keeping the dihedral angle 7; fixed at 0° and imposing,
alternatively, the values 0° and 180" for the 75 and 73 angles. An equal
number of conformations obvioulsy exist for the cis isomer. In it, how-
ever, the dihedral angle 7; has been set to 150°, because of the steric
repulsion between the CHj group of the allyl chain (outside the plane
identified by the aromatic ring) and the hydrogen atom of the C3 of the
ring.

The twelve starting structures thus generated were subjected to ge-
ometry optimization. Not surprisingly, the most stable conformations for
both stereoisomers are those where an intramolecular hydrogen bond
occurs between the hydroxyl hydrogen and the metoxy oxygen, i.e. 7, =
180 and 73 = 0°. In these conformations there is flexibililty as regard

(b)

Fig. 3. Pt;o2H fragments: The five structures, labeled with the letters (a)-(e),
differ from each other for the positions of the H atoms in the cluster; they were
used to evaluate the H-diffusion energetics. The values below each figure
indicate the relative energy (in kJ mol~!) with respect to the most stable (c)
configuration (up), and the Hy chemisorption energy (down), calculated as
Eqds=E[Pt1oH2]-(E[Pt19]+E[H2]1). White, yellow and light blue balls identify
hydrogen and platinum with coordination number three and six, respectively.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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the rotation of the allyl chain, resulting in Boltzmann populations of
62.8% (1 = 180°) and 37.1% (7; = 0°) for the trans isomer, and of
55.2% (r; = 152°) and 44.8% (r; = — 33°) for the cis isomer. The trans
stereoisomer of isoeugenol was calculated to be ca. 10 kJ mol~! more
stable than the cis one.

The adsorption of the most stable conformation of trans-isoeugenol
on the lowest energy configuration of Pt;o2H was therefore investigated.
The various tests performed to find the adsorption geometry of iso-
eugenol on the cluster allowed to conclude that, in the most stable
structure, the compound interacts with a cap platinum by means of the
carbon atoms, C1' and C2/, of the allyl chain as well as through the
benzene ring with the lower portion of a cluster edge, involving a site of
the octahedron cage. The adsorption of isoeugenol does not affect the
spin multiplicity of the system, which remains in the septet state, but
causes the two H atoms to shift from top to edge positions in the cluster,
likely due to electron donation from the benzene ring to the metal
centers [48]: the H — Pt bond length increases (from 1.54 to 1.64 1°\) and
the H atoms do interact also with another metal center (at distance equal
to 1.82 A), thus stabilizing configurations like the one showed in Fig. 3
(b). The adsorption energy of isoeugenol is equal to -237.7 (BSSE =
28.3) kJ mol~!. This value, which is quite high if one looks at adsorption
studies of simple alkenes on metal clusters [49], is indeed justified by the
presence of the aromatic component which strongly interacts with the
cluster. By calculating, with the same computational methods, the
adsorption energy of propene on Pt;o2H, it was possible to roughly es-
timate that the energetic contribution of the aromatic portion to the
adsorption of isoeugenol is about 140 kJ mol~!, thus representing more
than half of the total interaction energy.

In the optimized trans-isoeugenol/Pt;(2H system a hydrogen atom is
neighboring to the site where the first catalytic hydrogenation could
take place, corresponding to the saturation of the allyl chain.

3.3. Hydrogenation of allyl group

The elementary steps involved in the catalytic hydrogenation of the
isoeugenol double bond on the Pt cluster are reported in Fig. 4. The
process is formed by two elementary steps: the first one leads to the
formation of a semi-hydrogenated intermediate, intl/Pt;oH?, by trans-
ferring the H atom from the cluster to the C2 carbon atom of the allyl
group; in the second one the migration of one H atom from the cluster to
the C1' atom of the chain with the formation of dihydroeugenol/Pt; is
conversely involved. In this and in all the other cases discussed below,
the letter 6 inside a circle indicates the diffusion of a hydrogen atom

isoeugenol/Pt,,2 H

Molecular Catalysis 529 (2022) 112541

through the cluster towards the reactive center; here the already sup-
posed barrier-free H-diffusion transforms int1/Pt;oH? into intl/Pt;oHP.
On the basis of the activation energies of the two elementary steps, it can
be noticed that the hydrogenation of the double bond should not be a
fast process: energies barriers are indeed slightly higher than those
calculated for the reaction converting butene to butane on a sub-
nanometric palladium cluster [45].

The double bond saturation leads to a system, which is 106.3 kJ
mol~! less stable than the isoeugenol/Pt;o2H reactant. This is not un-
expected, since the dihydroeugenol interacts with the metal cluster only
by means of the benzene ring. The desorption energy of dihydroeugenol
from the cluster is calculated as 154.7 (BSSE = 25.7) kJ mol 1.

3.4. Formation of 4-propylphenol

The next stage of the reaction should be the removal of the OCH3
group from the adsorbed dihydroeugenol and the subsequent formation
of 4-propylphenol. To investigate this reaction, two major channels can
be hypotesized: (i) the direct cleavage of the methoxy group, with the
final formation of methanol and 4-propylphenol, or (ii) the cleavage of
the methyl group, giving rise to methane, water and 4-propylphenol as
products and a cathecol derivative as intermediate. One or two
hydrogen molecules are needed for the first and second case, respec-
tively. It has been reported that the route involving the production of
methane is the one actually preferred when platinum or even non noble
metals are used as catalysts for the HDO reaction of phenolics [50-52];
nonetheless, since details of cluster catalysis still have to be discovered,
both the hypotesized mechanisms were taken into consideration hence
investigated.

Following the methanol channel it must be considered that, ac-
cording to preliminary calculations, the H atom residing on the platinum
cluster is not able to protonate the oxygen atom of the methoxy group,
meaning that this mechanism should involve the breaking of the C2-O
bond with the migration of the OCHj fragment toward a platinum
atom (that, as a consequence, become hexacoordinated in an octahedral
environment), its protonation and subsequent desorption. In order to
trigger the C-O bond breaking it was necessary to rearrange the dihy-
droeugenol adsorbed on the cluster; in Fig. 5 and in the following a
structural rearrangement is indicated by the symbol p inside a circle. The
new form of dihydroeugenol /Pty is ca. 25 kJ mol~? less stable than the
one produced by the allyl group saturation, but it shows the methoxy
group correctly aligned with a platinum cluster edge. In order to verify
the ease with which this rearrangement takes place, the minimum

J 106.3

Fig. 4. Reaction profile of the steps involved in the isoeugenol catalytic hydrogenation to dihydroeugenol on the Pt;, cluster. The § symbol inside a circle indicates an
elementary step characterized by an assumed barrier-less diffusion of the H atom across the cluster toward the catalytic site.
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131.3
dihydroeugenol/Pt,
(int24+CH3;0)/Pt,, 82.1
(int3-+CH,OH) /Pt

Fig. 5. Reaction profile related to the C 2-O bond cleavage and the subsequent formation of CH3OH on the Pty cluster. The whole process takes place on the same
potential energy surface of the first catalytic hydrogenation, implying that the energies of the intermediates refer to the isoeugenol/Pt;oH; system. The Greek letter p
inside the circle indicates a structural rearrangement of dihydroeugenol on the cluster.

energy path connecting the two adsorption geometries of dihy-
droeugenol on the cluster was searched by using a nudged elastic band
approach. The maximum along the path revealed an energy barrier of
34 kJ mol~!, a value suggesting a good mobility of the adsorbed species.
The rearrangement of dihydroeugenol prompts the shift of the OCHj
moiety toward the cluster, with an energy barrier of 107.1 kJ mol 1. It is
interesting to note that in the resulting (int2+CH30)/Pt;( intermediate,
the hydrogen bond, already observed in the most stable conformations
of isoeugenol and dihydroeugenol and taking place between the hy-
droxyl H and the methoxy O centers, does not break. On the contrary, it
is shortened from 2.13 to 1.63 A. This allows the formation of methanol
to occur almost instantly by H-shift from the hydroxyl group, without
the intervention of catalyst activated hydrogen. Finally, a stabilizing H-
bond (with length 1.47 A) is present in the (int3-+CH3OH)/Pt;( product.
As usual, this highlights a sharing of the H atom between the two oxygen
atoms connected. The phenomen, presumably originated by the limited
size of the Pty cluster and connected to its relatively high flexibility, was
not taken into account before by experimental hypotheses, related to
HDO reactions involving either isoeugenol or related compounds [53,
54]. This remark deserves to be underlined since implicitly emphasizes
how catalytic processes on subnanometric clusters do not always follow
the established rules of heterogeneous catalysis and conversely do
represent a case by case chemistry to be investigated.

171.6

int3/Pt o2 H

int4/Pt, H"

10.3

In order to proceed with the HDO reaction, the methanol molecule
was desorbed from the cluster (desorption energy equal to 100.7 kJ
mol~!, with BSSE = 11.6 kJ mol~!) and a new H, molecule was frag-
mented on it; the int3/Pt;(2H system so originated was used as starting
point for the formation of an adsorbed 4-propylphenol species. In the
optimized geometry, the int3 species interacts through the dangling O
atom and the C2 of the benzene ring with the upper portion of one edge
of the cluster, including one cap and one octahedron cage atom; there-
fore the aromatic portion, placed almost perpendicular to the cluster,
does not interact significantly with it except for the single carbon atom
indicated above. The migration of a H atom from the cluster to the ox-
ygen atom of int3 (see Fig. 6) leads to the int4/Pt;oH* intermediate,
which, after hydrogen diffusion, forms int4/Pt;oH’. In the second
elementary step, 4-propylphenol/Pt; is finally formed. The interaction
energy of this compound with the platinum cluster is 159.2 (BSSE = 9.3)
kJ mol 1.

The first elementary step of the reaction highlights that the hydro-
genation of the oxygen atom is not a simple process because various
factors, connected to each other, concur to the stabilization of the
reacting system. Oxygen and, in particular, the radical C2 carbon atom
give rise to strong bonds with platinum that have to be weakened for
hydrogenation to take place. In fact, the energy barrier (171.6 kJ mol 1)
for this elementary event would be the highest of the whole process. This

62,0
" int4/Pt, H"

4-propylphenol/Pt,

Fig. 6. Reaction profile showing the restoration of the -OH fragment and the formation of the adsorbed 4-propylphenol species. Energies of the reaction in-
termediates refer to the catalytic hydrogenation system obtained following the desorption of methanol and the placement of two new H atoms on the cluster. The

letter 6 indicates the rapid diffusion of one H atom through the cluster.



F. Ferrante et al.

indeed seems to be the point in which significant bifurcations of the
mechanism could occur: the hydrogen atom could migrate from the
cluster towards the oxygen or the carbon atom. In the second case, the
reduction of the benzene ring would be triggered, with oxygen main-
taining the interaction of the fragment with the cluster. The hydroge-
nation of oxygen could take place subsequently, with the formation of 4-
propylcyclohexanol. The investigation of this mechanism, along with
possible parasite reactions and undesired products, will be the subject of
future investigations.

In the present work, the purpose of which, as already said, is to detail
the “direct” deoxygenation of isoeugenol, it was considered that the
formation of the int4 intermediate could actually occur before the
desorption of CH3OH. Indeed, the hydrogen bond in (int3+CH3OH)/
Pty could maintain the position of the dangling oxygen atom, inhibiting
its interaction with platinum and making it available for hydrogenation.
This is actually the case, since as can be seen from Fig. 7, the energy
barrier to trasform (int3-+CH3OH)/Pt;02H to (int4+CH3OH)/Pt;oH is
129.6 kJ mol ™!, i.e. more than 40 kJ mol~! lower than that occurring in
the int3/Pt;92H to int4/Pt;oH conversion. Moreover, the hydrogenation
of the oxygen atom in (int3+CH3O0H)/Pt;902H occurs with an energy
release of 57 kJ mol~!, to be compared to the 10.3 kJ mol~! of energy
required for the same process in the absence of coadsorbed methanol.
Since the hydrogen bond is weakened, methanol could desorb more
easily from (int4+CH3OH)/Pt;oH (desorption energy of 76.1 kJ mol !,
with BSSE equal to 9.7 kJ mol 1), giving rise to int4/Pt;oH* (after a
rearrangement releasing 7 kJ mol~! of energy), which in turn can be
hydrogenated to 4-propylphenol following the same path already
depicted in Fig. 6. It is worth to note that the energy barrier for the first
hydrogenation step sensibly decreases, due to the presence of coad-
sorbed methanol, but it still shows the highest barrier that was found
along the DDO mechanism.

Let’s now take into consideration the second channel for the for-
mation of 4-propylphenol, the one resulting in the production of
methane. Starting again from adsorbed and rearranged dihydroeugenol
on Pt;o, the O — CH;3 bond breaking involves a energy barrier of 123.4
mol~?! (Fig. 8a), which is slightly higher than the one calculated for the
methoxy group cleavage and gives a int2' intermediate coadsorbed with
a methyl group. When two H atoms are inserted in the system, the
methyl group, located atop a three-coordinated Pt atom, is easily hy-
drogenated to methane (Fig. 8b), which in turn easily desorbs. The int2
intermediate and one hydrogen atom are therefore left on the metal
cluster; H-diffusion could let the two species react to form the O-H bond
of a cathecol derivative, the 4-propylbenzene-1,2-diol, whose desorp-
tion would require 133.9 kJ mol~! (BSSE = 27.1 kJ mol~!) of energy. As
reported in Fig. 8c, the cleavage of the OH group from this intermediate

0
(int3+CH4OH) /Pt,,2 H

-57.0
(int4+CH,OH)/Pt, H

Fig. 7. The direct formation of the int4 intermediate from (int3+CH3OH)/
Pt102H occurring by an elementary step where two hydrogen atoms are inserted
in the cluster before methanol desorbs.
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occur by overcoming an energy barrier of 114.1 mol~!, which is roughly
the same as the one for the methoxy counterpart. The road to 4-propyl-
phenol continues in Fig. 9, after that two further hydrogen atoms were
added: water is promptly formed and, following H diffusion, the int3’
intermediate is saturated to the phenol derivative.

Based on the energy barriers involved, it can be concluded that the
two reaction paths leading from dihydroeugenol to 4-propylphenol on
the Pt;o cluster can be considered essentialy competitive. However it
must be taken into account that one more hydrogen molecule is
consumed in the methane path, where the formation of CH4 + HyO
instead of CH3OH occurs.

3.5. Formation of propylbenzene

The hydroxyl elimination process from 4-propylphenol consists of
two elementary steps: the first involves the cleavage of the C1-O bond
and the adsorption of the OH fragment on one face of the cluster; the
second step is the hydrogenation of the OH and the desorption of a water
molecule from the cluster. The reaction profile reported in Fig. 10a
shows that the breaking of the C-O bond, with an energy barrier of
115.6 kJ mol !, is almost as easy as the hydrogenation reaction of the
double bond, and that it leads to the formation of a slightly more stable
system, here labelled as (int5+OH)Pt;p. On the other hand, from
Fig. 10b it is evident that the passage of the H atom from the cluster to
the OH is an easy process, being its energy barrier equal to 73.3 kJ
mol~!. The water molecule thus formed has a calculated desorption
energy equal to 97.2 (BSSE = 18.9) kJ mol~!. The last elementary
process (Fig. 10c), showing an energy barrier of 92.7 kJ mol~!, is the
transfer of one H atom from the cluster to the phenyl C atom, which
leads to the formation of the stable propylbenzene. The desorption en-
ergy of this species from the cluster is 152.9 (BSSE = 30.3) kJ mol~!.

3.6. Total reduction of propylbenzene to propylcyclohexane

The reduction of the aromatic ring has attracted renewed attention in
the chemical and petroleum industries, thanks to its application in the
synthesis of a variety of useful chemical intermediates [55]. However,
from an experimental point of view the development of highly efficient
hydrogenation processes under mild and, hopefully, solvent-free con-
ditions is still a challenge. From the computational side, however, a
number of studies have made it possible to obtain a detailed description
of the hydrogenation mechanism of benzene; the results have shown
that it likely follows a Horiuti-Polanyi scheme [56], which involves the
consecutive addition of hydrogen adatoms. Although there is a modest
literature on benzene hydrogenation, nothing seems to be reported for
propylbenzene; it can be easily argued, however, that its reduction to
propylcyclohexane could occur through simple successive additions of
hydrogen atoms, similarly to the benzene case. As a matter of fact, this
mechanism must, in fact, be adapted to the specific hydrogenation
process of phenyl, belonging to the propylbenzene adsorbed on Pt;.
This presents some difficulties, associated with various factors, the most
evident of which is the impossibility of being able to discriminate, a
priori, the most reactive carbon atoms of the ring on the basis of the
electronic effects of the substituent (propyl chain). Furthermore, the
addition of hydrogen, which can be defined as a “ghost” atom due to its
size, does not allow one to confidently exploit the information that could
be acquired by considering things in terms of steric hindrance. There-
fore, not having firm theoretical or practical support, it was necessary to
proceed with consecutive hydrogenations, taking into consideration
every single carbon atom of the ring as a potential reactive site.

The results of our analysis regarding the total hydrogenation of
propylbenzene on Pt;o are collected schematically in Scheme 1. In
reading this scheme it must be noted that (i) the H atoms of pro-
pylbenzene are not showed; (ii) the circled numbers near a figure refer to
the position of benzene ring where catalytic hydrogen will attach; (iii)
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30.9 232
l (int2'4+CH,) /Pt H?

(int2'+CH,)/Pt,,2H

114.1

(int3'4+OH) /Pt

Fig. 8. DFT calculated reaction profile related to the O — CH; bond cleavage (a) and the formation of CH4 (b) on the Pty cluster. The C2-O bond breaking occurs

after the formation of a cathecol derivative as intermediate (c).

yellow circles represent carbon site directly interacting with the plat-
inum atoms of the cluster; (iv) on the right of each figure the energy
barrier and the energy of the product (relative to the reactant of the
corresponding elementary step, the former, and to the starting reactant,
the latter) are reported, separated by a semicolon; (v) two new H atoms
are inserted in the system when needed for consecutive hydrogenations;
(vi) the energetics of what is considered the kinetically and thermodi-
namically preferred hydrogenation path is reported inside a box and the
corresponding structure is the reactant of the subsequent elementary
step.

On the basis of the considerations above, for the first catalytic hy-
drogenation the passage of one H atom from the cluster to four chemi-
cally different C atoms of the propylbenzene ring was investigated, i.e.
the carbon bearing the propyl group and the carbon atoms in ortho-,
meta- and para- position to it. Therefore, four elementary steps were
considered, and for each of them the structures of reagent, product and
transition state were calculated. The results obtained show that the
passage of the H atom from the cluster to the C of the ring occurs
preferentially in position 2. This elementary step is favored, with respect
to the other three, both at the kinetic and thermodynamic level since its
activation barrier is equal to 94.3 kJ mol~! and the intermediate ob-
tained is the most stable. Then we proceeded, starting from intermediate
I, with the second elementary step. In order to identify the second most
reactive site, the hydrogenation of the residual unsaturated carbon
atoms of the ring was investigated one at a time. It can be observed that
the second elementary hydrogenation, for the same reasons as the pre-
vious one, takes place preferentially on C1. It has an energy barrier of

41.8 kJ mol !, much lower than the others obtained and it leads to the
most stable product. It can be noted that the first catalytic hydrogena-
tion on propylbenzene occurs in a similar way to hydrogenation of a
double bond. It leads to the formation of a stable species, the 5-propyl-
1,3-cyclohexadiene (II), whose desorption energy is 244.6 (BSSE =
26.2) kJ mol 1.

The first elementary step of the second catalytic hydrogenation
involved all the unsaturated carbon atoms of II. For each hypothetical
reactive site, similarly to what was done previously, the reagent, product
and transition state were estimated and optimized. The reaction scheme
for the second catalytic hydrogenation highlights that the transfer of the
first H atom preferentially takes place on the carbon in position 4. The
resulting intermediate III, in which the electron density is delocalized on
the remaining three carbon atoms of the ring, shows a thermodynamic
stability similar to that found for the intermediate obtained by attaching
one H atom in position 3; for the latter, however, there is a much higher
energy barrier to overcome.

Starting from the semi-hydrogenated intermediate III, the passage of
the second H atom from the cluster to carbon atoms 1, 2 and 3 of the
ring, respectively, was investigated. The energies of the products and the
energy barriers for each stage, however, do not allow us to discriminate
which of the three elementary steps should occur preferentially, in
either kinetic or thermodynamic terms. For this reason, the carbon
atoms in position 1, 2 and 3 were considered equally reactive sites and,
therefore, it was considered appropriate to continue with the third
catalytic hydrogenation on each of them. This leads to the competing
formation of two stable products, 3-propylcyclohexene IV and 4-
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(int3'+OH) /Pt,,2H

-99.3

-15.8
4-propylphenol/Pt,

int3'/Pt, ,HP

Fig. 9. The easy formation of the water molecule (a) and the saturation of int3’
to 4-propylphenol in the methane channel.

propylcyclohexene VI, which can desorb from the cluster with 196.8
(BSSE = 9.3) and 173.6 (BSSE = 26.3) kJ mol~', respectively. On the
other hand, the intermediate V, which due to its diradicalic character
has a stability comparable to that of IV and VI, evidently due to favor-
able interactions with platinum, cannot desorb from the cluster.

The first step of the third catalytic hydrogenation, involving 3-pro-
pylcyclohexene IV, shows that the transfer of the atom H from the
cluster occurs preferentially on the C2 site of the ring. The activation
barrier of path 2 is much lower than that of the alternative path; this
allows us to indicate this as the favored path not only on a kinetic level,
because the corresponding barrier is the lowest, but also from a ther-
modynamic point of view. The semi-hydrogenated intermediate VII, in
fact, is more stable, by 17.1 kJ mol~?, than the equivalent intermediate
derived from path 1. The second H atom was therefore added on the last
unsaturated carbon atom of intermediate VII, thus leading to the for-
mation of propylcyclohexane VIII in the chair conformation. Its
desorption energy from the cluster is 140.4 (BSSE = 19.6) kJ mol 1.

The first elementary step of the third catalytic hydrogenation,
involving intermediate V shows that the semi-hydrogenated interme-
diate IX, not only should form more rapidly because it has an activation
barrier of about 24.7 kJ mol~! lower than that pinpointed along the
formation of the semi-hydrogenated intermediate resulting from the
other path but it is also the most thermodynamically stable. Therefore, it
was considered just the transfer of the second hydrogen atom on this
intermediate. In this way propylcyclohexane X was obtained in a dis-
torted boat conformation, the second more stable form of cyclohexane
(desorption energy equal to 130.7 kJ mol~! with BSSE = 22.4 kJ mol1).

Finally, as regards 4-propylcyclohexene VI, the preferred first
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53 11.5

4-propylphenol /Pt (int5+OH) /Pt,,

(int54+O0H) /Pt,,2 H (int6+H,0) /Pt H

propylbenzene/Pt,

int6/Pt, H

Fig. 10. Reaction profiles related to (a) the cleavage of the C1-OH bond, (b) the
hydrogenation of the OH fragment adsorbed on one face of the cluster and (c)
the passage of a H atom from the cluster to C1. In (c) the highlighted & indicates
the diffusion, following the desorption of the H;O molecule, of the H atom
through the cluster.

elementary step of the third catalytic hydrogenation has an energy
barrier of 55.9 kJ mol~! and gives the intermediate XI, even if it must be
noticed that the species resulting from the other path is certainly more
stable. The hydrogenation of XI create a distorted boat conformation of
propylcyclohexane XII, whose desorption energy from the cluster is
108.1 (BSSE = 21.0) kJ mol~!. Incidentally, at the level of theory used in
this work, the chair and distorted boat conformations of propylcyclo-
hexane differ by 25 kJ mol~!, a value in agreement with the 21 kJ mol !
reported in the literature for cyclohexane [57].

4. Conclusions and future directions

The present investigation, which is part of a more ambitious project,
does not aim at rigorously compare theoretical and experimental data
but to elucidate the HDO reaction mechanism on a standard metal,
namely platinum, cluster (Pt;() in order to identify the elementary steps
and intermediate reaction routes, hence to outline the possible ramifi-
cations and parallel processes of greatest interst.

The investigated sequence of steps for isoeugenol HDO was the one
experimental hypotesized for non-noble catalysts, according to which
the first molecular fragment that undergoes catalytic hydrogenation is
the double bond on the allyl chain, leading to dihydroeugenol, then the
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Scheme 1. Representation of the whole saturation of the benzene ring present
in propylbenzene on the Ptjo cluster. The latter is represented by the small
rectangle under the sketched molecular species; adsorbed hydrogen atoms are
depicted as red and blue circles inside the rectangle, the not adsorbed ones are
conversely not shown; yellow circles represent the interaction sites of the
molecule with the cluster. In each entry, the first number is the position where
catalytic hydrogen attaches, the second is the energy barrier of the corre-
sponding elementary step, the third is the energy of the product, always
referred to the reactant with two H atoms still on Pt;o. All energy values are
expressed in kJ mol~!. The first catalytic hydrogenation starts from pro-
pylbenzene, the second one from II (5-propyl-1,3-cyclohexadiene), the last one
from IV (3-propylcyclohexene), V and VI (4-propylcyclohexene).
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reaction proceeds through a direct deoxygenation mechanism. Accord-
ing to the reported results based on DFT calculations, the removal of the
OCHj3; moiety following the route leading to the formation of methanol
(which resulted essentially competitive to the one producing methane
and water) would not take place by simple transfer of one hydrogen
atom from the cluster to the methoxy group, but by cleavage of the C-O
bond and subsequent hydrogenation of the chemisorbed fragment by the
hydroxy group of the same substrate molecule. This would generate an
intermediate where a dangling oxygen atom is stabilized by a very
strong hydrogen bond with the coadsorbed methanol. If atomic
hydrogen is available at this stage on the cluster, the hydrogenation of
the intermediate above would first restore the hydroxyl group and
subsequently form 4-propylphenol. On the contrary, if methanol desorbs
before the hydrogenation of the dangling oxygen atom occurs, the in-
termediate would rearrange on the cluster to give a geometry where the
interactions with the cluster would hamper the formation of 4-propyl-
phenol, due to a very high energy barrier along the path. This point of
the mechanism seems therefore to be crucial for the whole HDO to
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propylcyclohexane and could constitute one of the step where the most
significant bifurcations of the mechanism occur. Once formed, 4-propyl-
phenol loses the OH group by cleavage of the C-OH bond and the sub-
sequent hydrogenation of the fragment, which desorbs as water. When
the aromaticity of the system is restored by transferring one hydrogen
atom from the cluster to the unsaturated carbon, propylbenzene is
formed. This, after three consecutive catalytic hydrogenations, leads
finally to propylcyclohexane, in its distorted boat conformation. The
whole process producing propylcyclohexane starting from isoeugenol:

C10H1205 + 6Hy — CgHy3 + CH30H + H50 is ﬁnally characterized
by a calculated Gibbs free energy difference equal to —309.6 kJ mol .

The present work can be considered as the starting point to investi-
gate the possible different reaction paths characterizing HDO reactions
on different metal clusters, in order to provide experimental chemists
with useful tools (such as the identification of the largest number of
secondary and/or parasitic products) for the optimization of the process
conducted on a large scale.

Future perspectives are precisely (i) investigating the HYD channel
for isoeugenol conversion to propylcyclohexane, (ii) investigating re-
action paths potentially involved that lead to other products, such as
propylcyclohexanol or benzene and cyclohexene derivatives originating
by disproportionation of cyclohexadiene derivatives, as well as (iii)
conducting the same reaction using non-noble and inexpensive metal
catalysts, such as nickel, in order to determine their activity and selec-
tivity with respect to those shown by the platinum clusters.
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HDO DELLISOEUGENOLO
SU CLUSTER DI PLATINO

L’attivita di ricerca legata al “Premio Pier Luigi Nordio 2022” della Divisione di Chimica Teorica
e Computazionale della Societa Chimica Italiana ha riguardato lo studio meccanicistico -

con i metodi della chimica computazionale supportati da analisi cinetiche - della reazione

di idrodeossigenazione, HDO, dell’isoeugenolo su cluster di platino. Il processo HDO é
attualmente una delle vie piu promettenti per I'ottenimento di biocarburanti.

Ciclo di vita, produzione ed utilizzo, di un biocarburante

a ricerca per la quale ho ricevuto il “Premio Pier
Ll uigi Nordio 2022” riguarda la conversione ca-
talitica della biomassa in idrocarburi saturi, com-
posti aventi caratteristiche termodinamiche idonee
a sostituire i combustibili convenzionali derivanti
da fonti fossili. Il mio lavoro si & focalizzato sull’in-
vestigazione, mediante un approccio atomistico
basato sulla teoria del funzionale della densita,
DFT, del meccanismo della reazione di idrodeos-
sigenazione, HDO, dell’isoeugenolo - composto
presente nella biomassa lignocellulosica - su un
cluster subnanometrico di platino. Tale studio &
stato oggetto della mia tesi di laurea magistrale,
che ho svolto presso il Centro di Chimica Com-
putazionale dell’Universita degli Studi di Palermo,

CCCP, sotto la supervisione dei proff. Francesco
Ferrante e Dario Duca, da decenni impegnati nel-
lo studio di processi catalitici con approcci teorico
computazionali.

La reazione HDO di bio-oli & centrale nell’attuale
panorama globale segnato dalla crisi energetica,
che ha determinato un aumento della domanda di
alternative rinnovabili e sostenibili nella produzio-
ne di prodotti chimici ed energia. Sebbene I'ener-
gia solare, idroelettrica, eolica e geotermica siano
fonti di energia rinnovabile, la biomassa costituisce
'unica fonte rinnovabile che sia simultaneamente
di facile accesso e ricca di derivati del carbonio e
che, in ultima analisi, sia quindi in grado di offrire
una facile e graduale transizione nell'impiego delle
attuali tecnologie energetiche, basate sull’utilizzo di
derivati carboniosi. Negli ultimi anni 'utilizzo della
biomassa e dei biocombustibili - questi ultimi iden-
tificabili quali vettori di energia ottenuti dalla tra-
sformazione delle biomasse - ha avuto un riscontro
considerevole a livello ambientale, portando ad una
significativa riduzione dell’emissione di gas serra,
prodotti dallo sfruttamento massivo e prolungato
dei combustibili fossili e/o di loro derivati.

Le biomasse, analogamente alle fonti fossili, pro-
ducono energia grazie alla loro combustione, ma
I’anidride carbonica che emettono €& quella cat-
turata in atmosfera dalle piante, usate nella pro-
duzione della biomassa, e successivamente tra-
sformata dalle stesse, mediante il processo di
fotosintesi clorofilliana, nella materia organica di
cui si compongono. Cio significa che nella fase di
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combustione si emette tanta CO, quanta & stata
assorbita dalle piante nella fase di crescita e il bi-
lancio emissivo netto & potenzialmente pari a zero,
Carbon Neutrality.

Le strutture polimeriche che costituiscono la bio-
massa pero devono essere degradate e scompo-
ste, depolimerizzate, per essere successivamente
lavorate e usate come prodotti chimici e combu-
stibili. A questo scopo, si effettua la pirolisi della
biomassa che conduce alla formazione dei bio-oli,
che perd non possono essere usati direttamente
come combustibili; cio, a causa della loro acidita,
dell’elevato contenuto di ossigeno e di un’intrinse-
ca instabilita che li caratterizza. ’elevato contenu-
to di ossigeno, in particolare, li penalizza rispetto
ai distillati del petrolio quali carburanti d’uso per i
mezzi di trasporto. Tuttavia, la loro naturale forma
liquida (in condizioni SATP) ne facilita I'ulteriore la-
vorazione, rendendo la raffinazione del biopetrolio
in idrocarburi liquidi un processo importante da
realizzare. Negli ultimi decenni sono stati ampia-
mente studiati diversi percorsi catalitici di idroge-
nazione e deossigenazione dei bio-oli, ma tra que-
sti i processi HDO sono considerati gli approcci piu
efficaci per la conversione di biopetrolio in biocar-
burante.

Sebbene esistano molti studi su HDO di bio-oli, al
fine di facilitare I’analisi del meccanismo di reazione,
si preferisce, in genere, sostituire i bio-oli, estrema-
mente complessi, con modelli piu semplici, costi-
tuiti da composti ligninici monomerici. Tra questi,
un composto di rilievo & I'isoeugenolo (Fig. 1b),
componente base dell’olio essenziale dei chiodi di
garofano, della noce moscata e dello ylang-ylang.
La scelta di tale modello come substrato per la re-
azione € stata suggerita dal fatto che i suoi gruppi
funzionali sono quelli pit comuni nei bio-oli derivati
dalla lignina. E stato inoltre dimostrato che I'uso
di metalli, in particolare di metalli del gruppo del
Pt, in reazioni HDO di composti fenolici fornisce
alte rese in idrocarburi. Per tale ragione, ho scelto
come modello di catalizzatore un cluster di platino
(Fig. 1a), nell'intento di unire le qualita riconosciute
di standard in processi di idrogenazione del Pt con
la forma molecolare di cluster subnanometrico, au-
spicabilmente di elevata efficienza catalitica.

Uno degli aspetti piu rilevanti nello studio della rea-
zione HDO riguarda I'ordine in cui avvengono le

Fig. 1 - a) Cluster Pt10, modello di catalizzatore
subnanometrico. La struttura evidenzia la presenza di atomi

di platino con differente numero di coordinazione: i quattro
atomi (in giallo) ai vertici del tetraedro hanno numero di
coordinazione tre, i restanti sei atomi (in blu) hanno numero di
coordinazione sei; b) struttura molecolare della conformazione
piu stabile del trans-isoeugenolo. Adattato da F. Ferrante et al.,
Mol. Catal., 2022, 529, 112541, DOI: https://doi.org/10.1016/j.
mcat.2022.112541

fasi di idrogenazione e deossigenazione. Entrambe
sono necessarie per ottenere biocarburanti, ma la
deossigenazione assume un ruolo primario. Essa
comporta la rimozione dei gruppi ossigenati, -OH,
-OCH,, nell'isoeugenolo che sono responsabili
dell’instabilita dei bio-oli. Sono stati proposti due
percorsi per i meccanismi di idrodeossigenazione:
a) idrogenazione-attraverso-deossigenazione (Hy-
drodeoxygenation through Deoxygenation, HYD),
in cui avviene dapprima I'idrogenazione dell’anello
aromatico e poi la rimozione dei componenti ossi-
genati mediante scissione dei legami C-O dall’a-
nello idrocarburico saturo; b) deossigenazione di-
retta (Direct Deoxygenation, DDO) che comporta
la scissione del legame Ar-O tramite idrogenolisi
senza saturazione del gruppo arilico, Ar.

Diversi studi sperimentali e computazionali sugge-
riscono la predominanza di un meccanismo piut-
tosto che un altro a seconda del metallo conside-
rato. Indipendentemente da questa variabile, I'uso
di cluster introduce ulteriori potenziali modifiche
nell’attivita catalitica in quanto i processi su cluster
non sempre si allineano ai corrispondenti processi
catalitici su superficie estesa e, al contrario, pre-
sentano una chimica da indagare caso per caso,
nell’ambito di un dato metallo. Per questo moti-
vo, e stata effettuata una mappatura di entrambi i
meccanismi per la reazione HDO dell’isoeugenolo
su Pt .. In ciascun meccanismo, come illustrato
dalla Fig. 2, la presenza di due gruppi ossigenati e
I’ordine, cosi come la forma chimica, con cuila loro
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Fig. 2 - Meccanismo DDO e HYD per la conversione catalitica dell’isoeugenolo a propilcicloesano

rimozione dall’anello saturo (meccanismo HYD) o
insaturo (meccanismo DDO) avviene, suggerisco-
no differenti percorsi di reazione per I’ottenimento
del propilcicloesano. L'energetica dei quattro per-
corsi nei due meccanismi alternativi suggerisce,
sulla base esclusiva delle barriere energetiche, che
nei primi stadi elementari, in seguito alla formazio-
ne del diidroeugenolo, non vi & alcuna predomi-
nanza di un meccanismo rispetto all’altro. Tuttavia,
nel meccanismo HYD gli stadi di deossigenazione
sembrerebbero piu difficili, in quanto presentano
barriere energetiche piu elevate di circa 40-50 kJ
mol' rispetto ai corrispettivi stadi del meccanismo
DDO. Linformazione DFT é& stata usata per un’a-
nalisi microcinetica all’equilibrio che impiegava un
nuovo approccio, Simplified Christiansen Method
(SCM), ispirato allo schema algebrico di Christian-
sen, gia applicato per analisi cinetiche di risulta-
ti catalitici sperimentali, e sviluppato dal gruppo
CCCP dell’Universita di Palermo. Usando come
input i valori DFT delle barriere energetiche dirette
ed inverse caratterizzanti la formazione delle diver-
se specie di superficie e I’energia di adsorbimento
e desorbimento di reagenti e prodotti, I'approccio
SCM ha restituito le costanti cinetiche dei diver-
si percorsi alle temperature selezionate. L’anali-
si ha quindi rivelato che le quattro vie di reazione
nel meccanismo DDO sono significativamente piu
veloci delle corrispettive nel meccanismo HYD in

un range di temperatura 477-873 K. In particolare,
all'interno del meccanismo DDO, il percorso che
conduce al propilcicloesano attraverso il 4-propil-
fenolo & quello favorito. L'analisi SCM ha cosi per-
messo di concretizzare le preliminari indicazioni,
ricavabili sulla base della valutazione dell’energe-
tica dei processi di superficie, che identificavano il
DDO come meccanismo piu probabile per la rea-
zione HDO dell’isoeugenolo su Pt, .
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HDO of Isoeugenol on Platinum Cluster

The research activity related to the “Pier Luigi Nor-
dio 2022 Prize” of the Theoretical and Computa-
tional Chemistry Division of the Italian Chemical
Society involved the mechanistic investigation -
using the methods of computational chemistry
supported by kinetic analysis - of the isoeugenol
hydrodeoxygenation, HDO, reaction on a plati-
num cluster, which is currently one of the most
promising routes for obtaining biofuels.
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In a scenario of declining fossil resources and increasing demand for renewable and sustainable
alternatives, biomass is the only source able to offer an easy and gradual transition in the use of current
energy technologies based on the exploitation of carbon derivatives. Its conversion to liquid fuels has
oriented our study towards the computational mechanistic analysis of the guaiacol catalytic
hydrodeoxygenation, which is currently considered one of the most challenging routes for upgrading
biomass-derived bio-oils. For this purpose, a subnanometric Ptjo platinum cluster was chosen as the
catalyst model, with Pt as a computational reference element for catalytic hydrogenation, and guaiacol
as a model compound of bio-oils. DFT calculations revealed that the energy barriers related to the
cleavage of C(sp?)—O bonds in the direct deoxygenation mechanism are significantly lower (by an aver-
age of 60 kJ mol™) than those in the deoxygenation-through-hydrogenation mechanism in which
C(sp®)-O bond breaking from a saturated ring occurs. Even if the ring hydrogenation is easier in the

oxygenated compound, the analysis reveals that the direct deoxygenation mechanism is favoured at all
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DOI: 10.1039/d2cp06077a temperatures. Furthermore, the results obtained highlight that, from a thermodynamic perspective, the

removal of oxygen groups preferentially occurs by the elimination of the —OCH3 fragment as methanol
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1 Introduction

Currently, fossil fuels are the main source of energy because of
their good anti-knocking properties, and high calorific and
heating values; however, reserves are limited."”” In this sce-
nario, renewable energy sources offer great potential to com-
plement the depleting energy reserves and to significantly
decrease the anthropogenic greenhouse gas (GHG) emissions
into the atmosphere."® Among alternative energy sources,
lignocellulosic biomass (LC) has received amplified attention
during the last decade because it represents the most abundant
reservoir of renewable carbon that is easily accessible on earth.*
It could provide a viable means of reducing the GHG impact of
fossil fuels in the transportation sector.”” Fast pyrolysis is a
promising method to convert solid biomass into liquid bio-oils

Dipartimento di Fisica e Chimica, Universita degli Studi di Palermo, Viale delle
Scienze Ed. 17, 90128 Palermo, Italy. E-mail: francesco.ferrante@unipa.it;

Fax: +39 091 590015; Tel: +39 091 23897979

i Electronic supplementary information (ESI) available: Additional figures report-
ing elementary steps for HYD and DDO mechanisms (S1-S4). Gibbs free energy
variations for all elementary steps; and Gibbs free energy variations for molecule
desorption. Detailed results from the application of a modified Christiansen
method. See DOI: https://doi.org/10.1039/d2cp06077a

10460 | Phys. Chem. Chem. Phys., 2023, 25,10460-10471

and then of the —OH fragment as a water molecule.

in the absence of oxygen.®” However, the bio-oils produced by
pyrolysis are a complex mixture of oxygenated components and,
as such, have neither the chemical nor physical properties to
compete with petroleum distillates as a transportation fuel.®
However, their liquid form facilitates further processing mak-
ing bio-oils key intermediates in the conversion of biomass to
hydrocarbon products. Although these exhibit mainly cyclic
structures, rather than linear chains as in petroleum, their
use should not be limited by this characteristic.’

In this context, catalytic hydrodeoxygenation (HDO) is con-
sidered to be one of the most challenging processes for
upgrading LC biomass-derived bio-oils.’® Although a number
of bio-oil HDO processes have been studied,>"" bio-oils derived
from different feedstocks typically consist of more than 400
different organic compounds, which significantly complicates
the study of catalytic activities and reaction pathways of the
involved processes. Hence, it is important to select model
compounds that represent the raw bio-oils for providing basic
insight into the HDO process.

One of the most relevant aspects in the study of HDO
concerns the order in which the hydrogenation and deoxygena-
tion steps occur. Both of them are necessary to obtain biofuels,
but deoxygenation has a primary role, actually involving the

This journal is © the Owner Societies 2023
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removal of oxygenated groups (such as -OH and -OCHj;) which
are responsible for the instability of the bio-oils. Generally, two
paths have been proposed for the hydrodeoxygenation mechan-
isms: (a) deoxygenation-through-hydrogenation (HYD) in which
aromatic ring hydrogenation occurs first, followed by the
removal of oxygen via C-O hydrogenolysis from the saturated
hydrocarbon ring; (b) direct deoxygenation (DDO) which
involves cleavage of the Ar-O bond via hydrogenolysis before
ring saturation." '

Several catalysts have been applied for HDO of phenolic
compounds,'®® e.g. metals supported on carbon nanostructures,
zeolites, carbides, oxides, and even bifunctional catalysts'®>* in
which the synergic effect between the metal and acid sites seems to
have a crucial role.

Regarding metal selection, it has been shown that the use of
noble metals (e.g Pt, Ru, and Ir) provides high yields of hydro-
carbons. However, owing to their high cost, there is growing interest
in non-noble metals, such as Ni and Co.'*'**% Murzin and
coworkers actually claim that Ni-based catalysts can be considered
an effective alternative to noble metals due to their low cost and
dual functionality towards hydrogenation and hydrogenolysis.”” >
Many studies suggest that the reaction pathway over noble metals is
different from those occurring on other transition metal catalysts,
and propose a HYD mechanism as the predominant reaction
pathway rather than DDO."**!

Cluster catalysis, performed through metal or metal-
containing systems with a definite number of atoms, is a
research area that requires high synergy between experimental
and computational approaches.>**** The great variety of
possible cluster structures, and their fluxionality, can be
exploited to design new systems with tunable catalytic proper-
ties, defined by the appropriate choice of their sizes, shapes
and dispersion degrees on a support.'®>"*** In this broad
context, the present work aims to study both the HYD and DDO
mechanisms proposed for the hydrodeoxygenation of guaiacol
on a subnanometric ten-atom platinum cluster. This was in
order to create a reference study for these kinds of catalyzed
reactions, showing data and descriptors that can be employed
to evaluate the effects of customizing the catalytic model, for
example changing either the metal or the shape of the cluster,
or fixing the latter on a given support.

2 Models and computational details
2.1 Models

A cluster of platinum with ten atoms, with tetrahedral symme-
try and a spin multiplicity of 9,>**” was chosen as a represen-
tative of catalytic species consisting of subnanometer-sized
clusters. Its structure, represented in Fig. 1, shows the presence
of atoms with different coordination: the four atoms at the top
of the cluster have coordination number three, the remaining
six atoms have coordination number six. Pt;q is topologically
relatable to a tetracapped octahedron: six atoms form an
octahedron whose triangular faces alternately show a cap, i.e.
they have an additional atom arranged perpendicular to the
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(b)

(@)
Fig. 1 (a) The Pty cluster used as a subnanometric catalyst model; (b) the
guaiacol molecule, whose atoms are numbered according to IUPAC rules.
In the cluster, the orange and aquamarine colors indicate the coordination
sites 3 and 6, respectively.

center of the face itself. This geometry is the result of global
optimization of Pt clusters up to ten atoms, as reported by
Demiroglu et al®’ Among the subnanometer clusters, Pto
exhibits large stability due to the number of its valence elec-
trons that allow it to be filled with multiple electronic shells
(magic number).*® In its optimized structure Pt,, has average Pt-Pt
bond lengths of 2.71 A and a cohesive energy of 275.4 k] mol ™. The
hypotheses that both the hydrogen molecule fragmentation and
H-atom diffusion among the catalyst sites are very easy processes
were already tested in other investigations.”*** As a matter of fact,
DFT calculations revealed that hydrogen atoms can reach any
configuration in the cluster and that the diffusion phenomena have
to be considered essentially barrier-free when compared with the
activation barriers typical of the HDO reaction.*®

Guaiacol (2-methoxyphenol), a component of celery seed,
tobacco leaf, orange leaf and lemon peel essential oils, was
chosen as a catalytic substrate.*! It is an interesting compound
for HDO mechanism studies since the -OH and -OCH; groups
are representative of a large number of oxygen-containing
components in lignin-derived bio-oils, such as eugenol and
vanillin.**"*

2.2 Computational details

All calculations were performed in the framework of DFT, using
the Gaussian 16 package.*® DFT calculations were carried out
using the B3LYP hybrid exchange correlation functional,®” to
which the D3 correction scheme, developed by Grimme, was
added to account for dispersion interactions.*® The lanl2dz
basis set of Hay and Wadt*®*° was used for each calculation. It
employs Dunning’s basis set (D95)°" for light atoms (H, C, and
0) and, for platinum, a double-zeta valence basis set associated
to a pseudopotential. Polarization functions consisting of pri-
mitive Gaussians having angular momentum and exponents in
accordance with the following scheme were added to the D95
basis set: H (s: 0.049, p: 0.587), C (p: 0.0311, d: 0.587), and O (p:
0.0673, d: 0.961). These functions were retrieved from the EMSL
Basis Set Exchange website.>”

The nature of minima and transition states on the reaction
paths was revealed by inspection of the harmonic vibrational
frequencies, checking that no imaginary frequencies are
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present in structures corresponding to minima in the potential
energy surfaces, and only one imaginary frequency is present in
transition state structures. The energetics of the reaction will be
given in terms of vibrational zero-point corrected energy (Ezpy);
the desorption energies of stable products have been corrected
for the basis set superposition error (BSSE) by using the
counterpoise method of Boys and Bernardi.”® Since BSSE was
calculated as a correction to the SCF energy, it will be reported
in parenthesis along with the uncorrected Ezpy.

3 Results and discussion

In the present investigation both the proposed mechanisms for
the guaiacol HDO process were studied in order to evaluate
whether deoxygenation occurs more readily from guaiacol, by
breaking a C(sp®)-OH/OCH; bond (DDO), or from 2-
methoxycyclohexanol, through the cleavage of a C(sp*)-OH/
OCHj; bond (HYD). In addition, it was aimed at investigating
the formation of secondary products, which might deactivate
the catalyst by consequently reducing its activity and selectivity,
or whose formation could be considered of special interest in
other production processes. Ultimately, the mapping of the
HDO process of guaiacol allows us to compare the same process
on the isoeugenol species, which was studied at the same
computational level and with the same catalyst, in order to
understand whether structurally similar molecules may have
correspondingly similar reactive patterns.*’

It is worth noting that other pathways could connect guaia-
col to cyclohexane, including those where intermediates origi-
nating from dehydrogenation reactions (of the methyl or
hydroxyl group) are involved.>* To these could be added the
high number of transformations a molecule such as guaiacol
can undergo.">*® Here we actually considered only the direct
defunctionalization reactions, from both the guaiacol (fully
unsaturated phenyl ring) and 2-methoxycyclohexan-1-ol (fully
saturated ring) molecules.

The selected HYD and DDO mechanisms of guaiacol on Pt;,
will be discussed in detail below, presenting the reaction
profiles of the elementary stages and providing the energetics
associated with each process (such as energy barriers and
desorption energies).

3.1 HYD mechanism

The HYD mechanism of guaiacol involves hydrogenation of the
benzene ring with the formation of 2-methoxycyclohexan-1-ol
and the subsequent removal of the oxygenated groups (-OCHj;
and -OH); from 2-methoxycyclohexan-1-ol, depending on the
order and chemical form whereby the oxygenated components
are removed, three different pathways arise (Scheme 1): (1)
removal of the -OCH; group as CH3;0H, leading to cyclohex-
anol, whence cyclohexane is obtained by loss of H,O; (2)
removal of the -OH group as water and subsequent formation
of methoxycyclohexane from which, by removal of CH;OH or
CH, and water, the cyclohexane is obtained; and (3) removal of
the methyl group as CH, from the OCH; fragment with the
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Scheme 1 Guaiacol conversion to cyclohexane according to the HYD
mechanism: schematic routes.

formation of cyclohexane-1,2-diol, finally yielding cyclohexane
through the elimination of two water molecules.

Hydrogenation of the benzene ring follows a Horiuti-Pola-
nyi>® scheme involving the consecutive addition of hydrogen
adatoms. Since the carbon atoms of the ring are not equivalent
due to electronic effects of substituents and metal/substrate
interactions that sometimes generate metastable geometries
with increased reactivity, each carbon atom of the ring was
considered, at least for the addition of the first hydrogen atom,
to be a potentially reactive hence hydrogenable site. Based on
kinetic and thermodynamic criteria, respectively governed by a
lower energy barrier and higher relative stability of the inter-
mediate in the involved stage, the first hydrogen atom was
shown to be preferentially added on C6 (Fig. 2). For the
addition of subsequent hydrogen atoms, we considered as
potential sites for hydrogen attachment only the carbon atoms
in ortho to the progressively added hydrogen atoms. As a matter
of fact, as evidenced in experimental studies conducted on the
hydrogenation of benzene®®*™® and in our previous computa-
tional work,*® these carbon atoms appear to be activated by the
vicinal presence of a hydrogen atom. On this basis, from
intermediate I, the addition of a second H atom on the C1
and C5 centers was considered. The species preferentially
obtained is 2-methoxycyclohexa-2,4-dien-1-ol (II; energy barrier
of 88.2 k] mol " for hydrogenation of C1 and desorption energy
of 273.2 k] mol™" with BSSE = 28.0 k] mol '), which, by
addition of a third H atom to C5 of the ring, leads to
intermediate III. By virtue of a lower energy barrier of about
16 kJ mol !, addition of the fourth hydrogen atom occurs
preferentially on C2 leading to the 2-methoxycyclohex-3-en-1-
ol (IV; desorption energy of 158.2 (BSSE = 22.4) k] mol ). From
this one, the last carbon atoms of the ring (C3 and C4) were
considered as potential sites available for hydrogenation. Both
the energy barrier (26.2 vs. 34.3 k] mol ') and the relative
stability of the resulting intermediate (—18.5 vs. 24.2 kJ mol ")
suggest that the addition of the fifth hydrogen occurs prefer-
entially on C4 leading, by successive addition of the last H atom
to C3, to the 2-methoxycyclohexan-1-ol species (VI), whose
desorption energy is 102.3 (BSSE = 19.0) k] mol .
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Fig. 2 Representation of the complete saturation of the aromatic ring of
the guaiacol species adsorbed on the Ptjo cluster. In the molecular
species, the yellow circles indicate the interaction sites of the molecule
itself with the cluster, which is instead represented by a small rectangle
containing the adsorbed hydrogen atoms (green circles). To the right of
each species, the first number indicates the position where the catalytic
hydrogen is added, the second is the energy barrier and the third is the
reaction energy, both referring to the reactant of the elementary step. All
energy values are expressed in kJ mol™. The first catalytic hydrogenation
starts from guaiacol, the second from Il + 2H (2-methoxycyclohexa-2,4-
dien-1-ol), and the last from IV + 2H (2-methoxycycloes-3-en-1-ol).

Once the benzene ring was fully hydrogenated, the investi-
gation of the final HYD paths, in order to get the whole
conversion product, could be taken into account.

The first route (pathway 1) involves the formation of cyclo-
hexane through the removal of -OCH; as methanol and the
subsequent removal of -OH as water. Therefore, the first
elementary step entails cleavage of the C2-O bond and adsorp-
tion of the OCH; fragment on the upper portion of a side edge
of the cluster. The cleavage is characterized by an energy barrier

0 -CH;0H
2-methoxy-
cyclohexan-1-o0l/Pt,
-66.5
(int14+OCH,) /Pt

PCCP

of 137.7 k] mol™" and leads to the (int1 + CH30)/Pty, species
with an energy release of 66.5 kJ mol ™" (Fig. 3).

In order to proceed with the HDO reaction, a new H,
molecule was fragmented on the cluster (Fig. S1 of the ESIt);
thus the resulting (int1 + CH30)/Pt;(2H species was used as a
reactant for the formation of chemisorbed methanol, whose
desorption energy was calculated to be equal to 91.9 k] mol ™%,
with BSSE = 8.8 k] mol . Following the desorption of metha-
nol, there is the diffusion of an H atom through the cluster sites
towards the unsaturated C2 atom of the ring. From the result-
ing species, (int1 + CH3;0)/Pt; H, there is a shift of an H atom to
C2 of the ring (energy barrier of 106.5 k] mol™') with the
formation of the adsorbed cyclohexanol, which is less stable
than the reactant species of 43.3 k] mol '. Cyclohexanol
could desorb from the cluster with an energy of 117.8
(BSSE = 16.9) k] mol™ ', representing a secondary reaction
product. In the main reaction pathway, however, cyclohexa-
nol/Pt;, undergoes C1-O bond cleavage. The elementary stage
involved is characterized by a very high energy barrier of
192.1 kJ] mol™" and leads to a species, (int2 + OH)/Ptyq, in
which the OH fragment is adsorbed on the upper portion and
between the two metal centers of a cluster edge.

For the removal of the OH species as water, a second H,
molecule was fragmented on the cluster. The resulting species,
(int2 + OH)/Pt;2H, is characterized by the presence of an H
atom on an edge adjacent to the OH fragment and a second H
atom on a far site of the cluster. The elementary stage in which
this species becomes the reactant involves the transfer of an H
atom to the O atom of the adsorbed fragment (energy barrier of
89.3 kJ mol ") with the formation of chemisorbed H,O (Fig. S2a
of ESIt). In order to proceed with the reaction, the H,O
molecule was desorbed from the cluster — desorption energy
of 66.5 (BSSE = 5.4) k] mol ' - and the H atom, adsorbed and
shared between two Pt atoms, diffused near the unsaturated

¥ 8
192.1
1065 *. T
43.3 . '
int24+OH) /Pt
cyclohexanol/Pt, ( )/Pto

int1/Pt,oH

Fig. 3 Reaction profile showing C2-OCH3 bond cleavage together with the shift of the CHzO fragment on an edge of the cluster (HYD pathway 1). After
addiction of the H, molecule (which fragments on the cluster) and desorption of the methanol molecule, the formation of cyclohexanol with subsequent

cleavage of the C1-OH bond occur.
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Fig. 4 Elementary steps related to the transformation on the platinum cluster of 2-methoxycyclohexan-1-ol to methoxycyclohexane and the OCHs loss
from the latter (HYD pathway 2). The first step illustrates the breaking of the C1-OH bond. After fragmentation of a new H, molecule on the cluster and
the formation and desorption of water, the formation of methoxycyclohexane occurs through hydrogenation on C1. In the following steps the breaking
of the C2—-OCH3 bond with the subsequent formation of methanol adsorbate (shown in blue), or the cleavage of the O-CHsz bond in the methoxyl group

to obtain methane (in green), is shown.

C1. From the int2/Pt;oH intermediate so obtained, the
cyclohexane/Pt;, species forms (9.2 k] mol~' more stable than
its reactant) through the crossing of a low energy barrier,
equal to 54.7 k] mol™" (Fig. S2b of the ESIf). The resulting
cyclohexane can desorb from the cluster with an energy of 89.6
(BSSE = 16.6) k] mol .

Pathway 2 suggests firstly the elimination of the ~-OH group
as water and then the removal of the remaining oxygenated
group as methanol, if C2-O bond breaking occurs, or methane,
if O-CH; bond cleavage happens instead. In the latter case
cyclohexane is obtained by the removal of two water molecules.
The early two elementary stages common to both bifurcations
involve C1-O bond cleavage and methoxycyclohexane for-
mation, respectively. Particularly, in the first elementary stage
(Fig. 4), there is, through the overcoming of an energy barrier of
157.7 k] mol™', the breaking of the C1-O bond from 2-
methoxycyclohexan-1-ol leading to a remarkable stabilization
of the (int3 + OH)/Pt;, system; the latter is characterized by the
OH fragment adsorbed as a bridge between two metal centers
on an upper edge of the cluster, and the int3 showing O-Pt
(bond length 2.22 A) and C1-Pt (bond length 2.06 A) interac-
tions. The adsorbed OH, after fragmentation of an H, molecule
on the cluster, can undergo hydrogenation hence desorption
as water.

In the second elementary step, from the int3/Pt;oH species,
there is the transfer, characterized by an energy barrier of
102.7 k] mol ", of an H atom to the unsaturated C1 of the ring
with the formation of methoxycyclohexane/Pt;,, with a
desorption energy of 128.8 (BSSE = 18.9) k] mol ', which is less
stable than the intermediate that preceeds it by 48.4 k] mol .
Methoxycyclohexane/Pt;, represents the species from which two
alternative paths leading to cyclohexane are branched. Accord-
ing to one ramification (depicted in blue in Fig. 4), the first
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elementary step includes, by crossing an energy barrier of
185.9 kJ mol ™", the breakage of the C2-O bond with formation
of the (int4 + CH30)/Pt, species, featuring the OCH; fragment
adsorbed on the upper portion of the cluster edge. Following
fragmentation of a new H, molecule on the cluster, the CH;0
could be hydrogenated to methanol and desorb. The resulting
species, traceable to int2/Pt;oH from pathway 1, is hydrogenated
on the unsaturated C2, giving cyclohexane. In the alternative
bifurcation (shown in green in Fig. 4), on the other hand, a
slightly higher energy barrier (206.3 k] mol ') is in the way for
the O-CH; bond breaking. The (int5 + CH;)/Pt;, species, less
stable by ca. 50 k] mol~' than the methoxycyclohexane/Pt;o
species, exhibits a dangling oxygen atom interacting with the Pt
atom at the apical position (O-Pt bond length of 1.89 A) of the
cluster and the adsorbed CH; fragment.

The last investigated route (pathway 3) involves the
early elimination of methane (desorption energy equal to
23.4 kJ mol " with BSSE = 4.5 k] mol '), which would lead to
cyclohexane and two water molecules through the following
formation of cyclohexane-1,2-diol and cyclohexanol. Overcom-
ing an energy barrier of 161.0 k] mol ', from the 2-
methoxycyclohexan-1-ol there is an O-CH; bond scission lead-
ing to the (int6 + CH;)/Pt;, species (Fig. 5). The latter, in
addition to the CH; fragment being adsorbed on the Pt atom
at the apical position, is characterized by two interactions, at
the level of the oxygen atoms, with the adjacent metal centers of
the upper portion of the cluster edge.

In the next elementary stage, due to fragmentation of an H,
molecule on the cluster, methane generation occurs by transfer
of an H atom to the C of the fragment. The subsequent
desorption of methane and diffusion of the hydrogen atom
through the cluster in the closeness of the dangling oxygen
leads to the int6/Pt, HP species, from which there is the
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Fig. 5 The reaction profile according to the HYD pathway 3: after the O—CH3z bond breaking in the methoxyl group, with the formation of the inté and
CHs species coadsorbed on Pt;g, methane desorbs following a H, molecule fragmentation. The formation of cyclohexan-1,2-diol/Pt;o occurs by
hydrogenation of the dangling oxygen and is followed by cleavage of the C2-OH bond.

formation of cyclohexane-1,2-diol/Pt,,. For this process,
which requires oxygen atom hydrogenation, an energy
barrier of 175.0 k] mol™' and a desorption energy of 94.3
(BSSE = 19.6) k] mol " for cyclohexane-1,2-diol was calculated.
From this, there is C2-O bond breakage (energy barrier
157.3 kJ mol ") with a considerable stabilization of the result-
ing species, (int7 + OH)/Ptyo, in which the OH fragment is
shared between two Pt atoms, and int7 interacts via O and the
unsaturated C2 with two differently coordinated Pt atoms. As
discussed for pathway 2, through the breaking of the C1-O
bond (energy barrier: 192.1 k] mol "), the removal of water and
the saturation of C1 (energy barrier: 54.7 k] mol ' in Fig. S2,
ESIT), cyclohexane is formed on Pt;, from cyclohexanol.

3.2 DDO mechanism

The direct deoxygenation (DDO) mechanism of guaiacol
involves firstly the removal of the oxygenated groups and then
the hydrogenation of benzene to cyclohexane. Regarding deox-
ygenation, the order in which group removal can occur opens
up different pathways, reported schematically in Scheme 2.
If the first removed group is the -OH one the formation of
anisole occurs (desorption energy 126.0 k] mol ', with
BSSE = 22.6 k] mol™ '), from which two ramifications branch
off to form benzene: one involves demethoxylation and the
other a process of demethanation; in the latter case phenol can
be formed. On the other hand, if the first group removed from
guaiacol is the -OCH3, phenol forms directly, which evolves to
benzene. Alternatively, guaiacol could undergo demethanation
to form catechol, which through the removal of two water
molecules leads to the formation of benzene. The latter,
generated from either one or more of the three proposed
pathways, is subsequently hydrogenated to cyclohexane.

The first reaction pathway involves the elimination of the
-OCHj; group to obtain phenol which, through the removal of a
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Scheme 2 Guaiacol conversion to cyclohexane according to the DDO
mechanism: schematic routes.

water molecule, gives benzene. The initial elementary step of
this channel (Fig. 6) involves cleavage of the C2-O bond (energy
barrier of 129.2 k] mol ") along with the migration of the OCH;
fragment to a platinum atom, its hydrogenation and subse-
quent desorption. If a comparison is done with the demethox-
ylation energy barrier calculated by Lee et al.>® for guaiacol on
Pt(111), it turns out that when the platinum is reduced to
subnanometric size the involved energy barrier can be sensibly
lower. This occurrence, as well as other significant differences,
can tentatively be explained taking into account the higher
susceptibility to distortion of a cluster®® with respect to the
platinum surface.

It is now interesting to note that in the (intl’ + OCHj3)/Pty,
species, the hydrogen bond, which is established between the
hydroxyl H and methoxyl O centers, is reduced from 2.16 A, (the
length of the hydrogen bond in the guaiacol), to 1.60 A. This
means that methanol formation occurs almost instantaneously
by displacement of the hydroxyl H atom and without the
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Fig. 6 The reaction profile corresponding to the DDO pathway 1: at first the cleavage of the C2—-OCH=z bond with the formation of the (intl’ + OCH3)/
Pt1o species occurs along with intramolecular hydrogenation of the OCHj3 fragment. The hydrogenation, by catalyst-activated hydrogen, of the dangling
O of int2’ in the presence of adsorbed CH3OH follows. Afterwards, the desorption of methanol with the restoration of aromaticity gives phenol/Pt;q,
while the subsequent cleavage of the C1-OH bond results in the (int4’ + OH)/Pt;o species formation.

intervention of hydrogen activated by the catalyst. In addition,
the hydrogen bond length of 1.47 A in the (int2’ + CH;OH)/Pt;,
product suggests a near-sharing of the hydrogen atom between
two oxygen atoms, probably favored by the small size of the
metal cluster.

Starting from the (int2’ + CH;OH)/Pt, species, after frag-
mentation of a H, molecule on the cluster, the reaction con-
tinues with the restoration of the -OH group in the int2’. In
order to deepen this aspect, it was decided to test to what extent
the presence of methanol is able to influence this elementary
stage by investigating the hydrogenation of dangling oxygen
both with and without adsorbed methanol. In the former case,
the energy barrier required for the conversion of (int2’ +
CH,OH)/Pt;o2H to (int3’ + CH;OH)/Pt,oH is 49.9 kJ mol !,
which is three times lower than that needed for the conversion
of int2//Pt;o2H to int3'/Pt;oH (167.1 k] mol '), as illustrated in
Fig. S3 of the ESL{ Furthermore, the hydrogenation of the O
atom in (int2’ + CH3;0H)/Pt;,2H occurs with an energy release
of 28.4 kJ mol ", to be compared with the 11.4 k] mol " energy
required for the same process in the absence of coadsorbed
methanol. It is interesting here to observe the upshots related
to the presence of the adsorbed methanol which apparently
could be, at first glance, thought of as a spectator species and
which instead might locally act either electronically or sterically
by inductive or proximity effects, respectively. The following
hydrogen bond weakening, due to the restoration of the -OH
group, facilitates methanol desorption. The resulting species,
int3'/Pt;oH, undergoes hydrogenation on C2 (energy barrier of
63.3 k] mol™') and the process is characterized by an
energy release of 34.4 k] mol ' related to phenol/Pt,, for-
mation. The calculated energy for phenol desorption is
132.8 (BSSE = 24.1) k] mol~". However, for benzene to form,
water must be removed. This requires overcoming an activation
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barrier of 96.4 k] mol™" for cleavage of the C1-O bond and
obtaining the (int4’ + OH)/Pt,, species that is more stable than
phenol by about 30 kJ mol™". The adsorbed OH fragment is
subsequently hydrogenated and removed as water; the
adsorbed int4 species, on the other hand, is converted to
benzene following hydrogenation of the unsaturated C1 car-
bon, a process characterized by a negligible energy barrier of
10.4 k] mol ! (Fig. S4 of the ESIY).

The second pathway proposed for the DDO mechanism
involves the removal of the -OH group with the formation of
anisole from which, either by loss of the -OCH; or of the -CH;
fragment (in this case passing through phenol), benzene is
obtained. We note here that the C-OCH; bond cleavage in
anisole would be, again, a relatively easy step, opposite to the
same process as it would occur for anisole in the Pt(111)
surface.>® It also seems that in this case the flexibility of the
subnanometric cluster plays a fundamental role. In the transi-
tion state of this elementary process it can indeed be argued
that the incipient phenyl radical which originates from the
cleavage is stabilized by strong interactions with a distorted
cluster. From benzene, by the addition of three catalytically
activated hydrogen molecules, cyclohexane is achieved. The
first elementary stage of this pathway occurs by crossing an
energy barrier of 163.9 k] mol™", which is actually needed to
break the C1-OH bond and thus obtain the (int5’ + OH)/Pt;,
species with the OH fragment adsorbed on a three-coordinate
metal center of the cluster (Fig. 7).

The subsequent fragmentation of a new H, molecule triggers
the formation and desorption of water, as well as the restoration
of the system aromaticity. This process takes place in the second
elementary stage in which, starting with the int5’/Pt; H species,
there is the transfer of an H atom to the unsaturated C1 of the
ring with the formation of anisole/Pt,,, which is more stable by
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Fig. 7 Elementary steps for the second DDO pathway: the cleavage of the C1-OH bond from guaiacol/Pt;q gives the (int5’ + OH)/Pt; species that, after
a H, molecule intervention and water desorption, is transformed to anisole/Pt;o through the restoration of the phenyl ring. The latter can follow two
paths: the C—OCH3 bond breaking, which ultimately results in methanol and benzene (blue lines) or OC-CH3z bond breaking, which instead produces
methane, benzene and water (green lines), through phenol as the intermediate species.

about 29 k] mol ™' than the intermediate reactant and for which
overcoming a relatively low energy barrier of 65.4 k] mol™ " is
required. Starting from the anisole/Pt;, species two mechan-
isms can take place. The C2-O bond breaking, characterized by
an energy barrier of 70.2 kJ mol ™, results in the formation of
the (int6’ + OCHj;)/Pt,, species. This, which is more stable than
the chemisorbed anisole by 41 k] mol ™, has the OCH;, fragment
shared between two differently coordinated Pt atoms in the
upper portion of an edge of the cluster. The fragment, following
the dissociation of a H, molecule on the cluster, is hydroge-
nated to CH;OH and desorbs. The resulting species, as already
stated, readily undergoes hydrogenation on C2 giving a benzene
molecule. Alternatively, there is the cleavage of the O-C bond in
the ~OCHj group, for which an energy barrier of 138.2 kJ mol !
must be overcome; the obtained (int7’ + CHj;)/Pt;, species is
characterized by the CH; fragment on the Pt atom at the apical
position and the presence of a dangling oxygen atom of the
intermediate that interacts only via the ring carbons with the
cluster. A hydrogen molecule dissociated on the cluster and
hydrogenates the chemisorbed fragment to methane. This,
following the desorption of the latter and the diffusion of the
second H atom, leads to the int7'/Pt;H species. From the latter,
by the transfer of one H atom to the dangling O of the ring
(energy barrier of 83.2 k] mol '), chemisorbed phenol is
formed, which, reconnecting with the first proposed pathway,
leads to benzene/Pty,.

This journal is © the Owner Societies 2023

The third pathway, finally, includes the removal of the
methyl group as methane at the early stage with formation of
the adsorbed catechol, from which by leakage of two water
molecules benzene is obtained. The first elementary step of this
proposed pathway involves cleavage of the O-CH; bond in the
guaiacol/Pt,, with adsorption of the methyl fragment on a Pt
atom of the cluster. For this species there is an energy release of
55.0 k] mol ™. This step is followed by hydrogenation of the
chemisorbed fragment with the formation of methane and its
subsequent desorption. As a result of H atom diffusion through
the cluster, there is hydrogenation of the dangling O atom in
the int8'/Pt;oH (energy barrier of 155.8 k] mol™') with the
formation of catechol/Pt;,, which is 69.1 k] mol ™" less stable
than the reactant. From the catechol (whose desorption energy
is 160.6 k] mol !, with BSSE = 23.3 k] mol ') there is cleavage of
the C2-OH bond with the formation of the (int3’ + OH)/Pt;,
intermediate, where the -OH fragment is shared between two
metal centers of a cluster edge (Fig. 8). Subsequent removal of
H,O0 leads to the int3'/Pt;oH species, which leads to phenol/
Pt;o, hence to benzene, as already discussed in the case of the
first DDO pathway.

The benzene molecule obtained in the three DDO pathways
(which could desorb with an energy of 167.5 kJ mol
BSSE = 26.4 k] mol™') must be transformed, by consecutive
hydrogenations, to cyclohexane. Whereas in the HYD mecha-
nism there is the combination of two factors (the electronic

Phys. Chem. Chem. Phys., 2023, 25,10460-10471 | 10467



PCCP

+H,

Paper

206.3

69.1
catechol /Pt

(int3'4+OH) /Pt

-CH, * 0

guaiacol /Pt Y
-55.0
(int8'4CHj3) /Pt

int8' /Pt H

Fig. 8 DDO pathway 3: methane and catechol formation from guaiacol. Catechol/Pt;o will then lose water and transform to a phenol precursor through

C2-0OH bond cleavage.

effects of substituents and the metal/substrate interactions)
complicating the choice of the favorite site for hydrogenation,
in this case the addition of the first hydrogen atom is governed
only by the presence of the metal/substrate interactions. On
this basis, the only carbon atoms available to hydrogenation are
those for which interaction with Pt atoms in the cluster occurs.
In view of this, the addition of the first hydrogen atom was only
considered on four carbon atoms of the ring, numbered 1, 2, 5
and 6 in Fig. 9. C6 is the carbon atom that preferentially
undergoes hydrogenation by virtue of its lower energy barrier

Ia
1
O Q
@ 2.205.7; 117 @ 1. 103.4; 653 "?
OYFPD 5.99.3;37.7 OV (5.836.635) X
@ 6.82.4;-29.5

1. 120.4; 69.5

QAN
!.P 1.138.1; 14.5
D (4.24.9; -22.1 3. 65.6; 58.0

1. 85.9; 40.1

Fig. 9 Representation of the complete saturation of benzene on the Ptq
cluster. The yellow circles indicate the interaction sites of the molecule
with the cluster, which is instead represented by a small rectangle contain-
ing the adsorbed hydrogen atoms (green circles). To the right of each
species, the first number indicates the position where the catalytic hydro-
gen is added, the second is the energy barrier of the corresponding
elementary step, and the third is the energy of the product referred to
its reactant. All energy values are expressed in kJ mol™. The first catalytic
hydrogenation starts from benzene, the second from lla + 2H (cyclohexa-
1,3-diene), the last from IVa + 2H (cyclohexene).
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(82.4 k] mol™") with respect to the alternative sites and the
higher stability of the obtained intermediate. For subsequent
hydrogenations, as mentioned above, carbon atoms in the
ortho-position with respect to the pre-existing H atom(s) are
identified as potential sites for hydrogenation. The carbon
atoms, ortho to C6, on which the addition of the second H
atom was considered are thus 1 and 5. The lower energy barrier
(83.6 vs. 103.4 k] mol ") suggests that hydrogenation takes place
preferentially on C5, leading to cyclohexa-1,3-diene (desorption
energy of 190.9 k] mol ™" with BSSE = 24.1 k] mol ). From it, the
addition of a third H atom to C4 (very low energy barrier of
24.9 kJ mol ") results in an energy release of 22.1 k] mol " due
to the formation of the intermediate species Illa. Then, follow-
ing the transfer of an H atom to C3, there is the formation of a
stable cyclohexene species, for which a desorption energy of
154.2 k] mol * with BSSE = 21.6 k] mol * was calculated. On the
basis of a lower activation energy (35.4 vs. 85.9 k] mol ") and
higher relative stability of the intermediate involved (17.6 vs.
40.1 k] mol™"), the C2 is considered the favored site for the
addition of the fifth H atom and, finally, the Va intermediate
undergoes hydrogenation on C1 leading to the formation
of the adsorbed cyclohexane. The calculated desorption energy
for cyclohexane was finally equal to 85.0 k] mol™ " with BSSE =
17.6 kJ mol .

3.3 Kinetic analysis

In the previous sections we discussed eight possible mechan-
isms for the conversion of guaiacol to cyclohexane on the Pt;,
cluster, which are summarized in Schemes 1 and 2. The results
of DFT calculations comprise energy barriers and relative
energies of minima on the potential energy surface. These
results would indicate that, in the early stage of the reaction,
the hydrogenation of the phenyl ring would be kinetically
favored with respect to deoxygenation, but this latter would
have a higher probability of occuring just from guaiacol instead

This journal is © the Owner Societies 2023
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of the full hydrogenated product, methoxycyclohexanol. In
order to better discriminate the fastest mechanism we used
microkinetic analysis instead of basing our conclusions on the
inspection of energy barriers. In particular, the Simplified
Christiansen Method (SCM) recently developed and described
in ref. 23 and 61 was employed. Since the desorption of the
final product, cyclohexane, is significantly affected by entropy
variation and, in turn, affects the rate of the whole reaction,
SCM analysis was performed in terms of Gibbs free energies as
a function of the temperature. It can be concluded from Tables
S1-S3 of the ESI,f that the use of AG instead of E,py has a
negligible effect on the barriers and intermediate energy differ-
ences, but has a major influence on the desorption energies of
all stable intermediates.

The results of the SCM analysis, whose details are reported
in Tables S4-S7 of ESI,} indicated that the DDO channels are
always at least two orders of magnitude faster than those
present in the HYD pathways. In particular, the DDO routes
involving the formation of anisole and phenol share the same
reaction rate in the lowest part of the temperature range, with
the benzene hydrogenation being the slowest process. At higher
temperatures the HDO reaction on Pt;, seems to proceed
essentially through the first DDO pathway, the one involving
the formation of intermediate phenol originating from early
demethoxylation. The DDO channel passing through catechol
has lower reaction rates since it involves the high reaction barrier
corresponding to the C-OH bond cleavage. Since the fastest
mechanisms are of DDO type and benzene reduction is slow, the
benzene molecule is the one showing the higher surface molar ratio
O at all the considered temperatures (from 473 to 1073 K).

The HYD channel passing through methoxycyclohexane,
which directly transforms to cyclohexane, is slightly preferred
over the other HYD pathways. The analysis indicated that the
C-OH cleavage in 2-methoxycyclohexa-1-ol (product of the
phenyl ring hydrogenation of guaiacol) is slightly favored with
respect to the C-OCH; one and that, conversely, the O-CH;,
bond breaking, to ultimately form methane, is always the less
favored process. However, all HYD routes but the one involving
methane production have essentially the same reaction rate.
According to what was anticipated on the basis of energy
barriers (for the sake of comparison, the SCM-calculated reac-
tion rates at various temperatures in terms of E,py are reported
in Table S7, ESIt), the full reduction of the phenyl ring in
guaiacol is a kinetically easy process, but the rate of the HYD
mechanisms are negatively affected by the slow process corres-
ponding to the C-O cleavage.

4 Conclusions

The present investigation, framed in the context of the constant
demand for renewable and eco-sustainable alternatives,
aims to provide an atomistic-level analysis of the “direct deox-
ygenation” (DDO) and ‘“‘deoxygenation-through-hydrogenation”
(HYD) mechanisms for the hydrodeoxygenation reaction of guaia-
col catalyzed by a subnanometric platinum cluster. Although
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several experimental and computational studies suggest the pre-
dominance of one mechanism rather than another depending on
the metal used (as an example, noble or non-noble), this may not
be true in the investigated catalytic model since processes on
subnanometer clusters do not necessarily follow the established
rules of heterogeneous catalysis and, conversely, represent a
chemistry to be investigated case by case. For this reason, both
mechanisms have been studied and the observations deduced
from the DFT calculations and the SCM analysis of the results are
summarized below.

Even if the early hydrogenation of the phenyl ring in
guaiacol would be faster than the homolytic cleavage of
C(sp?)-0 bonds, on Pt;, the DDO mechanism is favored with
respect to the HYD one. This is because the energy barriers for
the breaking of both the C(sp®)~OCH; bond from guaiacol and
the C(sp®)-OH bond from phenol results are substantially lower
than for the breaking of the C(sp’)-OCH; bonds in 2-
methoxycyclohexan-1-ol and C(sp*)-OH bonds in cyclohexanol.
In addition, the energy barrier related to the cleavage of the
C(sp*)~OCH; bond of anisole is lower than the corresponding
barrier in the fully hydrogenated equivalent occurring in the
HYD mechanism. At 0 K, the desorption energies related to the
molecular species cyclohexanol and methoxycyclohexane are
lower than the amount of energy required to overcome the
energy barriers for the elementary stages of C(sp®)-OH and
C(sp*)-OCH; bond cleavage, which are necessary for the reac-
tion to proceed. In contrast, in the DDO mechanism the
desorption of molecular species is more difficult; the amount
of energy calculated for the species desorption is always greater
than the energy barrier for the following elementary stage of the
reaction. This evidence can be attributed to the interaction of
the substrate with Pt: in the DDO mechanism, the aromatic
species shows considerable interactions with the cluster
through the phenyl ring, which makes it easier to break the
C-0O bonds. In the HYD mechanism, on the other hand, the
hydrogenated species are weakly adsorbed. Consequently, it
can be inferred that in the HYD mechanism only a negligible
percentage of molecules will be able to cross the energy barriers
necessary for the reaction progress and thus only a very small
fraction of it will succeed in yielding the desired cyclohexane as
a final product. For the HYD channels the same conclusions
hold true at low temperatures if the reaction energetic is
formulated in terms of Gibbs free energies, while in the DDO
cases desorptions and transformations become competitive. At
higher temperatures desorption phenomena occur more easily
but, according to the microkinetic analysis, the net effect is
always a preference for the DDO mechanism. In particular, in
the preferred pathway the elimination of the -OCH; group as
methanol is followed by the elimination of the -OH group
as water.

Author contributions

Chiara Nania: investigation, data curation, writing - original
draft; Marco Bertini: investigation, data curation, methodology;

Phys. Chem. Chem. Phys., 2023, 25,10460-10471 | 10469



PCCP

Laura Gueci: investigation, data curation; Francesco Ferrante:
conceptualization, methodology, data curation, writing, super-
vision; Dario Duca: supervision, project administration.

Conflicts of interest

There are no conflicts to declare.

References

1

10

11

12

13

14

15
16

17

18

19

20

21

22

D. C. Elliott, Advances in Bioenergy, John Wiley & Sons, Ltd,
2016, pp. 65-72.

R. Ahorsu, F. Medina and M. Constanti, Energies, 2018, 11,
1-19.

M. N. Uddin, K. Techato, J. Taweekun, M. M. Rahman,
M. G. Rasul, T. M. I. Mahlia and S. M. Ashrafur, Energies,
2018, 11, 3115.

A. Bjelic, M. Grilc, M. Hus and B. Likozar, Chem. Eng. J.,
2019, 359, 305-320.

A. Bridgwater, Biomass Bioenergy, 2012, 38, 68-94.

G. Boyle, Renewable Energy: Power for a Sustainable Future,
Oxford University Press, Oxford in association with The Open
University, Milton Keynes, 3rd edn, 2012.

A. Bridgwater, Chem. Eng. J., 2003, 91, 87-102.

D. C. Elliott, Curr. Opin. Chem. Eng., 2015, 9, 59-65.

M. Bertero, G. de la Puente and U. Sedran, Fuel, 2012, 95,
263-271.

J. Feng, C.-y Hse, Z. Yang, K. Wang, J. Jiang and J. Xu, Appl.
Catal.,, A, 2017, 542, 163-173.

D. Mohan, C. U. Pittman and P. H. Steele, Energy Fuels,
2006, 20, 848-889.

D. Gao, Y. Xiao and A. Varma, Ind. Eng. Chem. Res., 2015, 54,
10638-10644.

F. E. Massoth, P. Politzer, M. C. Concha, J. S. Murray, J. Jakowski
and J. Simons, J. Phys. Chem. B, 2006, 110, 14283-14291.

L. Bomont, M. Alda-Onggar, V. Fedorov, A. Aho, J. Peltonen,
K. Erdnen, M. Peurla, N. Kumar, J. WirnA, V. Russo, P. Maki-
Arvela, H. Grénman, M. Lindblad and D. Y. Murzin, Eur.
J. Inorg. Chem., 2018, 2841-2854.

L. Nie and D. E. Resasco, J. Catal., 2014, 317, 22-29.

M. Hellinger, H. W. Carvalho, S. Baier, D. Wang, W. Kleist
and J.-D. Grunwaldt, Appl. Catal., A, 2015, 490, 181-192.
H. Lee, H. Kim, M. Yu, C. H. Ko, J.-K. Jeon, J. Jae, S. Park,
S.-C. Jung and Y.-K. Park, Sci. Rep., 2016, 6, 28765.

A. Bjeli¢, M. Grile and B. Likozar, Chem. Eng. J., 2018, 333,
240-259.

A. Prestianni, F. Ferrante, E. M. Sulman and D. Duca,
J. Phys. Chem. C, 2014, 118, 21006-21013.

F. Ferrante, A. Prestianni, M. Bertini and D. Duca, Catalysts,
2020, 10, 1306.

F. Ferrante, A. Prestianni, R. Cortese, R. Schimmenti and
D. Duca, J. Phys. Chem. C, 2016, 120, 12022-12031.

K. Koichumanova, A. K. K. Vikla, R. Cortese, F. Ferrante,
K. Seshan, D. Duca and L. Lefferts, Appl. Catal., B, 2018, 232,
454-463.

10470 | Phys. Chem. Chem. Phys., 2023, 25, 10460-10471

23

24

25

26

27
28

29

30

31

32

33

34

35

36

37

38
39

40

41

42

43

44

45

46

Paper

L. Gueci, F. Ferrante, A. Prestianni, F. Arena and D. Duca,
Mol. Catal., 2021, 513, 111735.

C. Gonzalez, P. Marin, F. V. Diez and S. Ordofiez, Ind. Eng.
Chem. Res., 2016, 55, 2319-2327.

C. Liu, H. Tao, C. Lian and H. Liu, J. Phys. Chem. C, 2022,
126, 9724-9735.

S. Tieuli, P. Miki-Arvela, M. Peurla, K. Erdnen, J. Wirna,
G. Cruciani, F. Menegazzo, D. Y. Murzin and M. Signoretto,
Appl. Catal., A, 2019, 580, 1-10.

P. Miki-Arvela and D. Y. Murzin, Catalysts, 2017, 7, 265.

C. Lindfors, P. Miki-Arvela, P. Paturi, A. Aho, K. Erinen,
J. Hemming, M. Peurla, D. Kubicka, I. L. Simakova and
D. Y. Murzin, ACS Sustainable Chem. Eng., 2019, 7, 14545-14560.
M. Alda-Onggar, P. Méki-Arvela, K. Erdnen, A. Aho, J. Hemming,
P. Paturii M. Peurla, M. Lindblad, I. L. Simakova and
D. Y. Murzin, ACS Sustainable Chem. Eng., 2018, 6, 16205-16218.
M. Alda-Onggar, P. Miki-Arvela, A. Aho, I. Simakova and
D. Murzin, React. Kinet., Mech. Catal., 2019, 126, 737-759.
C. Zhao, S. Kasakov, J. He and J. A. Lercher, J. Catal., 2012,
296, 12-23.

L. Gueci, F. Ferrante, A. Prestianni, R. Di Chio, A. F. Patti,
D. Duca and F. Arena, Inorg. Chim. Acta, 2020, 511, 119812.
F. Arena, F. Ferrante, R. Di Chio, G. Bonura, F. Frusteri,
L. Frusteri, A. Prestianni, S. Morandi, G. Martra and
D. Duca, Appl. Catal., B, 2022, 300, 120715.

V. D’Anna, D. Duca, F. Ferrante and G. La Manna, Phys.
Chem. Chem. Phys., 2010, 12, 1323-1330.

R. Schimmenti, R. Cortese, F. Ferrante, A. Prestianni and
D. Duca, Phys. Chem. Chem. Phys., 2016, 18, 1750-1757.

R. B. King, Applications of graph theory and topology in
inorganic cluster and coordination chemistry, CRC Press,
1993.

I. Demiroglu, K. Yao, H. A. Hussein and R. L. Johnston,
J. Phys. Chem. C, 2017, 121, 10773-10780.

M. Brack, Sci. Am., 1997, 277, 50-55.

G. Barone, D. Duca, F. Ferrante and G. La Manna, Int.
J. Quantum Chem., 2010, 110, 558-562.

F. Ferrante, C. Nania and D. Duca, Mol Catal., 2022,
529, 112541.

J. A. Maga and I. Katz, Crit. Rev. Food Sci. Nutr., 1978, 10,
323-372.

A. M. Verma and N. Kishore, R Soc. Open Sci., 2017,
4, 170650.

J. Lu, S. Behtash, O. Mamun and A. Heyden, ACS Catal.,
2015, 5, 2423-2435.

K. Lee, G. H. Gu, C. A. Mullen, A. A. Boateng and
D. G. Vlachos, ChemSusChem, 2015, 8, 315-322.

D. Gao, C. Schweitzer, H. T. Hwang and A. Varma, Ind. Eng.
Chem. Res., 2014, 53, 18658-18667.

M. ]. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato,
A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, J. Goings, B. Peng, A. Petrone, T. Henderson,

This journal is © the Owner Societies 2023



Paper

47
48

49
50
51

D. Ranasinghe, V. G. Zakrzewski, ]J. Gao, N. Rega, G. Zheng,
W. Liang, M. Hada, M. Ehara, K. Toyota, R. Fukuda,
J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,
H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, ]r.,
J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd,
E. N. Brothers, K. N. Kudin, V. N. Staroverov, T. A. Keith,
R. Kobayashi, ]J. Normand, K. Raghavachari, A. P. Rendell,
J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam,
M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin,
K. Morokuma, O. Farkas, J. B. Foresman and D. J. Fox, Gaussian
16, Revision C.01, 2016.

A. D. Becke, J. Chem. Phys., 1993, 98, 1372-1377.

S. Grimme, J. Antony, S. Ehrlich and H. Krieg, J. Chem. Phys.,
2010, 132, 154104.

P.]J. Hay and W. R. Wadyt, J. Chem. Phys., 1985, 82, 270-283.
P. J. Hay and W. R. Wadt, J. Chem. Phys., 1985, 82, 299-310.
T. H. Dunning and P. J. Hay, in Methods of Electronic
Structure Theory, ed. H. F. Schaefer, Springer, US, 1977,
pp.- 1-27.

This journal is © the Owner Societies 2023

52

53
54

55

56

57

58

59

60

61

PCCP

B. P. Pritchard, D. Altarawy, B. Didier, T. D. Gibson and
T. L. Windus, J. Chem. Inf. Model., 2019, 59, 4814-4820.

S. F. Boys and F. Bernardi, Mol. Phys., 1970, 19, 553-566.
R. Réocreux, C. A. Ould Hamou, C. Michel, J. B. Giorgi and
P. Sautet, ACS Catal., 2016, 6, 8166-8178.

A. M. Verma and N. Kishore, Chem. Select, 2016, 1,
6196-6205.

M. Saeys, M.-F. Reyniers, M. Neurock and G. B. Marin,
J. Phys. Chem. B, 2005, 109, 2064-2073.

T. Bera, J. W. Thybaut and G. B. Marin, Ind. Eng. Chem. Res.,
2011, 50, 12933-12945.

L. Lozano, G. B. Marin and J. W. Thybaut, Ind. Eng. Chem.
Res., 2017, 56, 12953-12962.

K. Lee, G. H. Gu, C. A. Mullen, A. A. Boateng and
D. G. Vlachos, ChemSusChem, 2015, 8, 315-322.

H. Zhai and A. N. Alexandrova, ACS Catal, 2017, 7,
1905-1911.

L. Gueci, F. Ferrante, A. Prestianni, F. Arena and D. Duca,
Data Brief, 2021, 38, 107369.

Phys. Chem. Chem. Phys., 2023, 25, 10460-10471 | 10471



Molecular Catalysis 564 (2024) 114298

Contents lists available at ScienceDirect

MOLECULAR

CATALYSIS

Molecular Catalysis O )

[

ELSEVIER

journal homepage: www.journals.elsevier.com/molecular-catalysis

Computational investigation of isoeugenol transformations on a platinum
cluster—II: Deoxygenation through hydrogenation to propylcyclohexane

Chiara Nania, Francesco Ferrante , Marco Bertini, Laura Gueci, Dario Duca

Dipartimento di Fisica e Chimica “Emilio Segre” - Universita degli Studi di Palermo, Viale delle Scienze Ed. 17, 1-90128 Palermo, Italy

ARTICLE INFO ABSTRACT

Keywords: The debate on climate change and the future of our Planet has brought to general attention the problem of fossil
DFT fuels (coal, oil and natural gas), among the main causes of pollution on Earth. At the same time, the necessity to
Biomass encourage research and development of alternative and renewable energy resources has become increasingly
Catalytic reaction mechanisms . . . . . . . .
; relevant. In this context, biomass is an attractive option to produce biofuels and chemicals currently derived from
Hydrodeoxygenation . s . . . .
petroleum. The hydrodeoxygenation process of bio-oils, produced by the rapid pyrolysis of biomass, is the most
effective strategy for obtaining biofuels, hence the reason for the investigation of its mechanism on model
biomass compounds. Having investigated the direct deoxygenation (DDO) mechanims in the first paper of this
series, the present work aims to illustrate the deoxygenation-through-hydrogenation (HYD) mechanism, by
which isoeugenol, a compound chosen as a model of bio-oils, is converted into propylcyclohexane on a ten-atom
platinum cluster. DFT calculations highlight, from kinetic and thermodynamic perspectives, how the formation
of propylcyclohexane takes place through 4-propyl-2-methoxycyclohexane-1-ol, the removal of ~-OCHj; as
methanol and then of the ~-OH group as water. Microkinetic analysis, performed by joining findings on both DDO

and HYD routes, reveals that the isoeugenol DDO mechanism is favored at any selected temperatures.

1. Introduction

The impending depletion of fossil fuels, joined to the growing con-
cerns for environmental protection, increases the global demand for
renewable energy [1,2]. Lignocellulosic biomass has been identified as
an attractive feedstock for the production of biofuels and chemicals
because the involved energy can be harnessed directly by combustion or
indirectly by conversion to gas or liquid fuel [3,4]. Among the several
biomass conversion technologies, rapid pyrolysis followed by hydro-
deoxygenation (HDO) has received the most attention because it is
capable of transforming the solid and low-density biomass into a vehicle
fuel that is COy-neutral and not affected by SOy emissions, in virtue of its
negligible sulfur content [5,6]. Through pyrolysis, essentially any
biomass source can be converted into bio-oil. Although remarkably
more energy dense than the original biomass, bio-oils have a low calo-
rific value compared to crude oils and a low shelf life; morevover, being
viscous and polar they are unsuitable as motor fuels [7,8]. These char-
acteristics are associated with their high water and oxygen content.
However, since bio-oils have a higher volumetric energy density and are
easier to handle than biomass, they would be more suitable for
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transportation and further processing [9,10]. The purpose of upgrading
bio-oils is therefore to remove oxygenated groups so as to increase
thermal and chemical stability, heating value and volatility [11-13].
Among the suitable methods to achieve these goals, the HDO process,
which involves the challenging C-O bond cleavage reaction, is consid-
ered the most efficient technology [14-16]. Since the mixtures of several
hundred compounds can be extracted from biomass, the only possible
strategy to better understand the catalytic upgrading process involves
mechanistic investigation of model compounds representative of ligno-
cellulosic biomass. The simplest of such models are phenolic monomers,
like phenol, anisole, guaiacol, eugenol and isoeugenol. Their HDO re-
actions have all been extensively studied, as demonstrated by the
comprehensive review work conducted by Gollakota and coworkers
[17], both from the experimental and modeling perspective [5,18-21].
For example, the hydrodeoxygenation mechanism of anisole was
recently investigated on clean and H-covered Ni(111) surfaces by using
computational techniques [22]. Based on calculated energies, a micro-
kinetic modeling was built, which approximately simulated the real
catalytic system under different conditions of temperature and Hpy
pressure. It predicted outcome distributions with phenol and
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methylcyclohexane as the main products for the clean and hydrogenated
surfaces, respectively, providing a mechanistic understanding for ani-
sole conversion under different experimental conditions. Saleheen et al.
[23] investigated the solvent effect on the hydrodeoxygenation mech-
anism of guaiacol catalyzed by Pt terrace sites, employing DFT calcu-
lations and microkinetic modeling. Their study revealed that the most
favorable pathway involved dehydrogenation at the hydroxyl and
methoxy groups of guaiacol, resulting in catechol as the major reaction
product in all environments. Despite observing higher hydro-
deoxygenation rates in less protic solvents, the persistent lack of deox-
ygenation activity of Pt terrace sites suggested that Pt(111) is not the
active site for guaiacol deoxygenation. Nonetheless, the reported find-
ings are interesting as they offer insights into the reaction chemistry
under realistic process scenarios.

By containing the most important functional groups present in
lignin-derived bio-oils, namely the hydroxyl, methoxyl, and allyl ones,
isoeugenol emerges as a suitable and representative molecular model for
atomistic studies of reactions involved in the biomass conversion, hence
the reason for its choice in the present work. Isoeugenol [24,25] can be
extracted from natural sources (cloves, nutmeg and ylang-ylang, of
which it is the main component) or synthesized in laboratory. It is
commonly used in food industries as antioxidant and flavoring agent, as
well as in medicine as local antiseptic, analgesic, anti-inflammatory and
anti-arthritic. It is also the starting material for the synthesis of vanillin
and vanillic acid. Several reaction pathways have been proposed in the
literature for the HDO of isoeugenol and phenolic derivatives: (i) hy-
drogenation followed by deoxygenation (HYD), which is based on
sequential hydrogenation of the aromatic ring followed by removal of
the oxygenated groups [26,27]; (ii) direct deoxygenation (DDO) in
which there is first dissociation of the C-O bonds and then hydrogena-
tion of the benzene ring [28,29]; and (iii) tautomerization [30,31]. In
our previous study, hencefort indicated as paper I [32], a computational
mechanistic analysis of the HDO reaction of isoeugenol on a Pt; 0 plat-
inum cluster was carried out following the DDO mechanism mentioned
above. In the present study the investigation of the branching reaction
pathways that ponder the HYD-type mechanisms is reported, as part of a
broader project which has the purpose to completely elucidate the entire
reaction path, characterizing the HDO process on a subnanometric
platinum catalyst in the presence of molecular hydrogen. The knowl-
edge of the HDO atomistically-detailed mechanism as occurring on the
isolated cluster allows one to discriminate the most important elemen-
tary steps, thus creating a reference for computational investigations on
clusters in the subnanometric size regime. This could pave the way to
corresponding, more cumbersome, studies on supported -clusters
[33-36] under molecular hydrogen. By exploring the most recent liter-
ature, it can be considered that the experimental countepart of the
catalytic model employed in the present study could be atomically
precise platinum clusters such as the Pt, (n = 5-13) species obtained on
carbon black by Imaoka et al. [37] through low-temperature calcination
of platinum organothiolate complexes under hydrogen stream, or those
realized by Schmitt et al. [38] by using a continuous-flow approach
(commonly applied to organic synthesis) that has both the advantages of
being reproducible and providing high yields, thus making it appealing
for industrial-scale development. The synthesis of subnanometric Pt
clusters proposed by Xiang et al. [39], on the other hand, was performed
with solvothermal and deposition-precipitation methods, using HyPtCyg
as precursor and CeFeO, as support; it was followed by catalyst char-
acterization revealing the presence of single Pt atoms on the oxyde
surface as well as small Pt clusters. Zhang et al. [40], finally, use zeolite
with different topologies as support for metal (Pt, Pd, and Rh) clusters.
They observed that the introduction of Sn into the zeolite framework
generates anchoring sites for the metal clusters, thus preventing sin-
tering during the high-temperature oxidation-reduction treatments.
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2. Computational details and models

All the calculations were performed using density functional theory
(DFT) as implemented in the Gaussian 16 package [41]. The B3LYP
hybrid exchange-correlation functional [42] was used joined with the
D3 correction scheme developed by Grimme [43], which allows to
empirically correct for the contribution of dispersion interactions. The
study of HDO reaction on the platinum cluster was carried out by using
the LANL2DZ basis set [44,45]; this employs Dunning’s basis set (D95)
[46] for light atoms and a double-zeta valence basis set associated to an
effective core potential for platinum. Primitive gaussians with the role of
polarization functions were added to light atoms in accordance with the
following scheme: H (s: 0.049, p: 0.587), C (p: 0.0311, d: 0.587), O (p:
0.0673, d: 0.961). The values of the exponents were taken from the
EMSL Basis Set Exchange website [47]. Minima and transition state (TS)
species on the reaction pathways were checked by inspection of the
harmonic vibrational frequencies. The energetics of the investigated
reaction pathways are accordingly reported in terms of vibrational
zero-point corrected energies (Ezpy). Desorption energies were corrected
for the basis set superposition error (BSSE) by using the counterpoise
method of Boys and Bernardi [48]; given that BSSE values were calcu-
lated as correction to the SCF energies, they are reported in parentheses
together with the uncorrected Ezpy energies.

A regular tetracapped octahedron platinum cluster shaped by ten
atoms (considered as a magic number [49]), having T4 symmetry and
spin multiplicity equal to 9 was chosen as subnanometric catalyst model.
According to DFT calculations reported in the literature [50], this Pt;0
cluster is a global minimum in its potential energy surface. Its structure
shows the presence of atoms with different coordination: the four cap
atoms actually have coordination number (CN) 3, and the remaining six
atoms have CN 6 [18,32]. In passing, it is recalled that, in the work of
Imaoka et al. [37], Pt; 0 resulted to be the most active catalyst for stirene
hydrogenation, supporting the here modeling choice.

Finally, it has to be noted that two assumptions, commonly per-
formed in investigations like the present one, persist: i) the H; molecule
easily breaks on the cluster with minimal activation energy, allowing
atomic hydrogen to diffuse freely and be available where needed; the
validity of this assumption for Pt;0 was, in particular, confirmed in
paper I, and ii) the barriers for overcoming possible geometric rear-
rangements of intermediates and fragments on the cluster are lower than
the energy barriers related with their transformations.

3. Results and discussion

The HYD mechanism of isoeugenol involves, after the formation of
dihydroeugenol by hydrogenation of the double bond on the allyl chain,
the complete hydrogenation of the aromatic ring and next the removal of
the oxygenated groups. As illustrated in Scheme 1, the sequence of the
chemical intermediates from 4-propyl-2-methoxycyclohexan-1-ol in-
dicates four distinct routes for removing the oxygenated groups to
obtain propylcyclohexane. These routes are briefly summarized below:

e HYD-1 involves the removal of the -OCH3 group as methanol and the

subsequent water loss, from 4-propylcyclohexan-1-ol.

HYD-2 involves initially the elimination of -OH as water, resulting in

1-methoxy-3-propylcyclohexane, from which methanol is removed

to form propylcyclohexane.

e HYD-3 involves the formation of 3-propylcyclohexan-1-ol by con-
version of the OCH; fragment to OH due to the elimination of the
CH; fragment as methane and the hydrogenation of the dangling
oxygen in the adsorbed structure.

e HYD-4 involves the formation of 4-propylcyclohexane-1,2-diol,
which leads to propylcyclohexane by subsequent elimination of
two water molecules.

The ring saturation follows a Horiuti-Polanyi scheme, involving the
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Scheme 1. Isoeugenol conversion to propylcyclohexane according to HYD mechanism: schematic representation of the four reaction pathways.

consecutive addition of hydrogen adatoms [51]. It was observed that,
after the first H atom is added, the subsequent addition of atoms always
occurs at the ortho position to the pre-existing one(s), see Fig. 1. For the
addition of the first H atom, all carbon sites in the ring were considered
as potentially hydrogenable. The calculated values for the energy bar-
riers and relative stabilities of the intermediates suggest that the first site
to undergo hydrogenation is C3; an energy barrier of 105.0 kJ mol ! is
required for this process. In agreement with the observation above, the
two ortho positions at C3 were taken into account for the addition of the
second H atom. Following Fig. 1, hydrogenation on C2 appears signifi-
cantly favored because of a lower energy barrier (57.0 vs. 127 kJ mol 1)
and a higher stability of the resulting intermediate II, the 6-methox-
y-4-propylcyclohexa-1,3-dien-1-0l/Pt;0, species (43.6 vs. 57.0 kJ
mol~1). For the latter, a desorption energy from the cluster of 262.5
(BSSE = 31.1) kJ mol ! was calculated. For the addition of the next H
atom, the carbon atoms C1 and C4 were considered as reactive centers to
originate intermediate III. Hydrogenation on C1 however appeared
quite favored by virtue of a larger stability of about 48.0 kJ mol~!. An
activation barrier of 71.9 kJ mol~! governs the formation of interme-
diate IV (6-methoxy-4-propylcyclohex-3-en-1-0l/Pt; 0), from which by
hydrogenation of C4, and crossing an energy barrier of 45.7 kJ mol !,
intermediate V is obtained. Finally, the last H atom added on C5 leads to
the formation of 2-methoxy-4-propylcyclohexan-1-ol/Pt; 0 surface spe-
cies, which is at an energy of 69.9 kJ mol~! with respect to the species
IV+2H. It is worth to note that an activation barrier of 39.3 kJ mol~! is
required for this last step, which is significantly lower than those
calculated for the hydrogenations of the individual carbon atoms of the
ring.

In agreement to what is known about substituents effects in aromatic
reactions, the ring carbon atoms that preferentially undergo hydroge-
nation are those at the ortho and para positions to the oxygenated sub-
stituents. By pushing electronic density, these latters make in fact the

ring more reactive to the attack of a hydrogen atom. It is possible to
conclude, however, that hydrogenation of dihydroeugenol is disadvan-
taged if compared to propylbenzene hydrogenation, which has been
pursued in DDO mechanisms (paper I). This may be due to greater
substrate-cluster interactions when oxygenated groups are present,
resulting, among the other effects, also from the high fluxionality of the
platinum cluster. Furthermore, another effect contributing to the inhi-
bition of the hydrogenation can be also invoked: in isoeugenol, the ortho
position with respect to one oxygenated site corresponds to the meta
position with respect to the other oxygenated one, so partially elimi-
nating the beneficial effect on the fragment reactivity arising from the
electron density donation.

3.1. HYD-1

This mechanism (represented in Fig. 2) first implies the removal of
methanol determining the production of 4-propylcyclohexan-1-ol fol-
lowed by the formation of propylcyclohexane caused by the expulsion of
one Hy0 molecule. The first elementary step involves, by crossing an
energy barrier of 149.2 kJ mol !, the cleavage of the C2-O bond in the
2-methoxy-4-propylcyclohexan-1-ol with chemisorption of the OCHjs
fragment between the two metal centers of the upper portion of a cluster
edge. By comparison, in the loss of OCH3 from dihydroeugenol (paper I),
the energy of the transition state is sensibly higher (by ca. 40 kJ mol~!)
but the reaction is significantly more exothermic (again, by ca. 40 kJ
mol~1). This could be because, in the case of 2-methoxy-4-propylcyclo-
hexan-1-ol, in the TS there is no stabilization due to the hydrogen bonds
interactions, as the OH group is engaged with the metal, while the
product is much more stable than the reactant because the O-Pt inter-
action is replaced by the stronger C-Pt one. The (int1+OCH3)/Pt; 0 in-
termediate, formed following an energy release of 60.5 kJ mol~!,
undergoes the fragmentation of a H, molecule, required to proceed with
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Fig. 1. Schematic depiction of the full saturation of isoeugenol phenyl ring on the Pt; 0 cluster. The latter is represented by the small rectangle below the molecular
species; adatoms are shown as green circles within the rectangle, those not-adsorbed are not shown; the yellow circles represent the interaction sites of the molecule
with the cluster. In each entry, the first number represents the position where the catalytic hydrogen is added, the second is the energy barrier of the corresponding
elementary step, and the third is the energy of the product, always taken with respect to the energy of the reactant with two H atoms still on Pt; 0. All energy values
are expressed in kJ mol~!. The first hydrogenation starts from dihydroeugenol, the second from I14+2H (6-methoxy-4-propylcyclohexa-1,3-dien-1-0l/Pt;¢2H), the last
from IV+2H (6-methoxy-4-propylcyclohex-3-en-1-0l/Pt;2H) and leads to 2-methoxy-4-propylcyclohexan-1-ol/Pt; 0.

the reaction. Thus, in the second elementary step, hydrogenation of the
OCHj fragment occurs with formation of the CH3OH molecule, for
which a desorption energy of 89.7 (BSSE = 8.9) kJ mol~! was calculated.
The int1/Pt;oH species, through the hydrogenation on unsaturated C2,
leads to the formation of the 4-propylcyclohexan-1-ol, for which the
calculated desorption energy is 138.3 kJ mol~! (BSSE = 20.6 kJ mol~1).
The latter is lower than the energy barrier of the next stage (178.0 kJ
mol~1) that, by C1-OH bond breakage, leads to propylcyclohexane. This
would seem to suggest that just a small fraction of molecules should be
able to acquire the sufficient energy for proceeding with the reaction.
The 178 kJ mol~! barrier is in fact much higher than the one relating to
the dehydroxylation of propylphenol (115 kJ mol~', paper I). This may
be due to the fact that, while in the case of propylphenol the molecule
was strongly interacting with the cluster by virtue of the presence of the
phenyl, in this case, due to the steric hindrance along with the weak
interactions between the cyclohexane residue and the cluster — mainly
caused by the lack of the anchoring effect owing to the absence of the
fragment containing the hydroxyl oxygen — the migration of the -OH
group occurs between two terminal fragments well-nigh separated from
each other. The resulting (int2+OH)/Pt; 0 species is characterized by the
presence of the OH fragment placed between two Pt atoms on an edge of

the cluster, and by int2 interacting only via C1 with the platinum atom at
the apical position.

The fragmentation of an additional Hy molecule enables the
desorption of water and the formation of propylcyclohexane. Therefore,
an H atom is added to the oxygen atom of the OH fragment (energy
barrier of 87.7 kJ mol 1) with an energy release of 12.2 kJ mol~! for the
formation of the (int2+H;0)/Pt;0 species. From the latter there is
desorption of the H,O molecule, a process whereby the calculated en-
ergy is 37.8 kJ mol~! with a BSSE of 5.4 kJ mol~!. The other adatom, by
crossing an energy barrier of 47.9 kJ mol~!, is responsible for the for-
mation of propylcyclohexane/Pt;0; the calculated energy for its
desorption was 97.5 (BSSE = 21.1) kJ mol 1.

3.2. HYD-2 and HYD-3

The second reaction pathway involves the elimination of the —-OH
group as water with the formation of 1-methoxy-3-propylcyclohexane,
from which elimination of methanol follows, leading to propylcyclo-
hexane. The first elementary surface transformation, characterized by
an energy barrier of 164.0 kJ mol ™!, concerns the cleavage of the C1-O
bond in the 2-methoxy-4-propylcyclohexane-1-ol and leads, with a
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Fig. 2. Reaction profile for HYD-1 mechanism, showing cleavage of the C-OCHs bond with adsorption of the OCHs fragment on a side edge of the cluster. After
addition of one Hy molecule and desorption of methanol, the formation of 4-propylcyclohexan-1-ol occurs, from which the C-OH bond is broken. The OH fragment,
by addition of another H, molecule, is hydrogenated and desorbed as H,O. Finally, the hydrogenation of the unsaturated carbon, produces propylcyclohexane.
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Fig. 3. Reaction profile corresponding to the HYD-2 mechanism: breakage of the C~-OH bond with adsorption of the OH fragment, hydrogenation of the unsaturated
carbon with formation of 1-methoxy-3-propylcyclohexane, subsequent cleavage of the C--OCH3 bond and hydrogenation of the unsaturated carbon atom to obtain
propylcyclohexane. Fragmentation of two H, molecules is required for these stages.
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considerable energy release of 95.2 kJ mol~!, to the (int3+OH)/Pt;0
species (Fig. 3). On the platinum cluster, in order to proceed with the
reaction, a Hp molecule is fragmented. In the next elementary step, there
is an H-atom migration from the cluster to the unsaturated C1 (energy
barrier of 100.8 kJ mol~!) with formation of the 1-methoxy-3-pro-
pylcyclohexane/Pt; 0, with the molecular species that can desorb from
the cluster clearing an energy barrier of 139.6 (BSSE = 21.9) kJ mol!.

From the 1-methoxy-3-propylcyclohexane/Pt;0 the removal of the
OCHj; fragment might lead to the production of methanol or methane
wherein the oxygen atom remains dangling. In the former case there is
cleavage of the C--OCH3 bond, characterized by an energy barrier of
192.6 kJ mol !, with formation of the (int4+OCH3)/Pt; 0 species. From
this, in turn, by hydrogenation of the OCH3 fragment and subsequent
transfer of one H atom to the unsaturated carbon atom, propylcyclo-
hexane/Pt; 0 is obtained (Fig. 3).

The second case defines the HYD-3 mechanism, reported in Fig. 4,
where the cleavage of the O--CH; bond requires the overcoming of an
energy barrier of 180.5 kJ mol !, leading to the formation of the
(int5+CH3)/Pt; 0 species. This is less stable than the previous interme-
diate by about 52 kJ mol~!. From the species (int5+CHj3)/Pt; 0 thus the
elimination of methane by hydrogenation of the CH3 fragment occurs,
followed by the hydrogenation of the dangling oxygen belonging to the
int5 species. The next step, which is characterized by an energy barrier
of 118.4 kJ mol !, leads to the formation of 3-propylcyclohexane-1-ol/
Pt;0 from which, chemisorbed propylcyclohexane is generated via loss
of a H,O molecule and saturation of C1.

3.3. HYD-4

The HYD-4 mechanism considers the removal of methane from 2-
methoxy-4-propylcyclohexane-1-ol and the formation of 4-propylcyclo-

int5/Pt o H

I 9
+HQTCH4

180.5
99.3
(int54+CHg) /Pt
40.2
1-methoxy-3-propyl-
cyclohexane /Pt

10.6

3-propyl-
cyclohexan-1-0l/Pt,
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hexane-1,2-diol whence, by elimination of two H,O molecules, pro-
pylcyclohexane is obtained. The first elementary step involves, through
crossing an energy barrier of 164.6 kJ mol !, the cleavage of the O--CH3
bond with formation of the (int7+CH3)/Pt; 0 species (Fig. 4). The latter
is characterized by the CH;3 fragment adsorbed on the Pt atom at the
apical position and the int7 species interacting through the two oxygen
atoms with Pt centers showing different coordinations. Methane gen-
eration occurs, after fragmentation of a Hy molecule on the cluster, by
transfer of a single H atom to the carbon of the CH3 fragment. As a result
of CH, desorption, the int7/Pt;oH species marked by the presence of a
dangling O atom is obtained. From int7/Pt;oH there is the hydrogena-
tion of oxygen atom to form the 4-propylcyclohexane-1,2-diol/Pt;0
species, for which the calculated desorption energy is 126.2 kJ mol !
with BSSE = 24.3 kJ mol ! (see Fig. 5).

Breakage of the C-OH bond in para position with respect to the
propyl chain after occurs on the 4-propylcyclohexane-1,2-diol/Pt;0
species, an event for which an energy barrier of 161.0 kJ mol~! must be
overcome. The resulting species, (int1+OH)/Pt; 0 — being int1 the same
residue appearing in the HYD-1 mechanism, Fig. 2, but coadsorbed with
OH — is more stable than 4-propylcyclohexane-1,2-diol/Pt; 0 by ca. 99
kJ mol~!. A new H, molecule is then fragmented on the cluster in order
to remove water thus obtaining propylcyclohexanol.

Hence, after that another hydrogen molecule fragments on the
cluster, there is the H atom transfer to the O atom of the OH fragment
(energy barrier equal to 106.3 kJ mol~!) with the subsequent H,O for-
mation. Following its desorption from the cluster, the remaining int1/
Pt;oH species connects HYD-4 to the already discussed HYD-1 mecha-
nism.

4. Kinetic analysis

In the previous section the four possible routes were discussed, ac-

-

i 106.7 74.7
3 l (int64+OH) /Pt

+H, | -H,0

-12.5

propylcyclo-
hexane/Pt,

int6/Pt,  H

Fig. 4. The reaction profile according with the HYD-3 mechanism, describes: cleavage of the O--CHs bond from the 1-methoxy-3-propylcyclohexane/Pt;0, hy-
drogenation of the CH; fragment with methane formation, and restoration of the —OH functionality ruling the 3-propylcyclohexanol/Pt; 0 formation. From the latter,
after the elimination of one water molecule, propylcyclohexane/Pt;0 is formed by hydrogenation of the unsaturated carbon atom.
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Fig. 5. The reaction profile, which refers to the HYD-4 mechanism, involves the cleavage of the O—CH3 bond in the methoxyl group with adsorption of the CHs
fragment, which desorbs as methane after hydrogenation; a second H-atom is responsible for restoration of the ~OH functionality originating the 4-propylcyclo-
hexane-1,2-diol/Pt; 0 species; this one evolves to 4-propylcyclohexane-1-0l/Pt;0 as a result of the C-OH bond breaking. The 4-propylcyclohexane-1-ol/Pt;0, as

detailed in Fig. 2, leads to propylcyclohexane/Pt; 0.

cording to the HYD mechanism, for the conversion of isoeugenol to
propylcyclohexane on the Pt;0 cluster. In the first part of the series
(paper 1), some of the possible routes within the DDO mechanism were
detailed [32]. One of these pathways, specifically the DDO-2 route, was
further analyzed to ensure comparability and, consequently, discrimi-
nation between the two mechanisms, namely DDO and HYD, in terms of
both kinetic and thermodynamic aspects. The energetics of the eigth
pathways of the two alternative mechanisms, schematized in Fig. 6,
suggest, based exclusively on the relative energetics of minima and
transition states, that in the early elementary phases following dihy-
droeugenol formation, hydrogenation of the phenyl ring would appear
to be kinetically favored with respect to deoxygenation. Conversely, the
latter would seem to be more probable to occur from dihydroeugenol
instead of from 4-propyl-2-methoxyclohexan-1-ol, which is the fully
hydrogenated product. As a matter of fact, the energy barriers for the
elementary steps of deoxygenation in the HYD mechanism are higher by
about 40-50 kJ mol~! than the corresponding ones in the DDO
mechanism.

However, these inferences do not allow us to identify the path and,
on the whole, the fastest mechanism. Therefore, all DFT information was
used for an equilibrium microkinetic analysis that employs a new
approach, called Simplified Christiansen Method (SCM), inspired by
Christiansen’s algebraic scheme [52], already applied for kinetic ana-
lyses of experimental catalytic results [53-56]. Indeed, by using as input
the DFT values of the forward and backward energy barriers charac-
terizing the formation of surface species and the desorption energies of
reactant and product, the SCM approach returns us the kinetic constants
of the different pathways at the selected temperatures.

In order to consider the influence of temperature on reaction rates
and desorption processes, the SCM was carried out in terms of Gibbs free
energy. The comparison between the data reported in Table 1 — where
the Gibbs free energy variations of all the elementary steps occurring on
both the HYD and DDO pathways have been collected — and Table 2,
shows that the use of Gibbs free energies has a more significant effect on
the desorption of stable species than on energy barriers.

The SCM results highlight, as detailed in Table 3, that the pathways

PCHOH
( IE i U7 ~* mPCHOH
/-{MPCHOH s
S HYD-2,3 —_—
HYD-1,2,3,4 » MPCH
S HYD-4 HYD-2
Rl , \JJ PCHDOH
S~ ppH P !
DDO-4 DDO&2,3 / PCH
PB i
DDO-2 o
PBDOH MPB '—4
DDO-3

~— mPPH

Fig. 6. Visual overview of the eight most important pathways found for the isoeugenol hydrodeoxygenation reaction on Pt;0. The DDO mechanisms are those
investigated in paper I. Legend: IE = isoeugenol; DHE = dihydroeugenol; MPCHOH = 2-methoxy-4-propylcyclohexan-1-ol; PCHOH = 4-propylcyclohexan-1-ol;
MPCH = 1-methoxy-3-propylcyclohexane; PCHDOH = 4-propylcyclohexan-1,2-diol; mPCHOH = 3-propylcyclohexan-1-ol; PCH = 4-propylcyclohexane; PPH = 4-
propylphenol; mPPH = 3-propylphenol; PB = 4-propylbenzene; MPB = 1-methoxy-3-propylbenzene; PBDOH = 4-propylbenzen-1,2-diol.
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Table 1

List of the elementary reactions in the HYD and DDO mechanisms with the
corresponding standard free energy barriers, AG*, and standard reaction free
energies, AG, at T = 298.15 K.

Elementary process? AG# /kJ AG/kJ
mol ! mol !
HYD pathways
1 DHE/Pt;o2H — I 105.7 41.2
2 I-11 60.6 -12.6
3 [1+2H — III 109.4 9.9
4 I - IV 72.0 11.2
5 IV42H - V 52.4 40.0
6 V - VI 35.6 - 6.7
7 MPCHOH/Pt;0 — (int1+OCHs)/Pt; 0 148.3 —52.8
8 int1/Pt;oH — PCHOH/Pt; 0 99.7 30.3
9 PCHOH/Pt;0 — (int2+OH)/Pt; 0 180.3 17.3
10  int2/Pt;oH — PCH/Pt;0 49.3 7.9
11  MPCHOH/Pt;0 — (int3+OH)/Pt; 0 167.5 -91.9
12 int3/PtjoH — MPCH/Pt; 0 99.0 40.2
13 MPCH/Pt;0 — (int4+OCH3)/Pt; 0 191.3 18.1
14 int4/Pt;oH — PCH/Pt;0 84.7 30.8
15  MPCH/Pt;0 — (int5+CH3)/Pt; 0 180.5 59.1
16  int5/PtjoH — mPCHOH/Pt; 0 114.6 4.6
17  mPCHOH/Pt;0 — (int6-+OH)/Pt; 0 168.3 65.3
18  int6/Pt;oH — PCH/Pt;0 65.0 —18.4
19  MPCHOH/Pt;0 — (int7+CH3)/Pt;0 167.3 3.9
20  int7/Pt;oH — PCHDOH/Pt; 0 187.1 43.3
21  PCHDOH/Pt;0 — (int1-+OH)/Pt; 0 167.3 —44
DDO pathways®
22 IE/Pt;p2H — intl/Pt;oH? 105.9 88.0
23 int1/Pt;oH® — DHE/Pt; 0 119.3 48.6
24  DHE/Pt; 0 — (int2+OCH3)/Pt;0 116.9 —16.7
25  (int3-+CH30H)/Pt;o2H — (int4-+CH;0H)/ 72.4 - 56.6
Pt;oH
26 int4/Pt;oH® — PPH/Pt; 0 64.1 21.6
27  PPH/Pt;0 — (int5+-OH)Pt; 0 108.0 - 5.7
28  int6/Pt;oH — PB/Pt;0 92.7 18.6
29  DHE/Pt;0 — (int2+CHs)/Pt; 0 121.6 —32.4
30  int2/Pt;oH" — PBDOH/Pt;0 101.8 68.7
31  PBDOH/Pt;0 — (int3'+OH)/Pt; 0 114.4 — 66.6
32 int3'/PtoH" — PPH/Pt;0 70.4 - 143
33 DHE/Pt;0 — (int7+OH)/Pt; 0 123.1¢ 27.1
34 int7/PtjoH — MPB/Pt;0 69.5¢ —15.3
35  MPB/Pt;0 — (int8+OCH3)/Pt; 0 118.9¢ —20.4
36  int8/PtjoH — PB/Pt;0 80.1¢ -10.8
37  MPB/Pt;0 — (int9+CH3)/Pt; 0 198.1¢ —41.2
38  int9/Pt;oH — mPPH/Pt; 0 164.7¢ 105.8
39  mPPH/Pt;0 — (int10+OH)/Pt; 0 156.2¢ 128.0
40  int10/Pt;oH — PB/Pt;0 53.5 ¢ - 15
41 PB/Pt;p2H — I 101.1 53.7
42 I-1 39.2 —11.6
43 11— 11 84.3 36.0
4 M-V 82.4 31.3
45 V- IX 75.6 —54.9
46  IX - x4 110.7 27.6

a See Fig. 6 for the shorthand notation employed for the chemical species.

b The detailed analysis of these pathways is reported in paper 1.

¢ These elementary steps have not been published in paper I, but are reported
here for the first time since they were included in the SCM analysis. They
correspond to two alternative mechanisms leading to PB. Both are triggered by
the C-OH bond breaking, with formation of methoxy-3-propylbenzene (MPB)
and water after that one H, molecule fragments on the cluster. In the first
bifurcation, MBP loses its -OCH3 group and a second H, molecule gives rise to
PB and methanol. In the second bifurcation, characterized by very high energy
barriers, the O--CHs bond breaking occurs, leading to methane and 3-prophy-
Iphenol (mPPH), which then loses the -OH group as water on the way to PB,
so requiring one Hy molecule more than the first pathway.

d This corresponds to the PCH/Pt; 0 species represented in Scheme 1 of paper I.

in the DDO mechanism are at least two orders of magnitude faster than
those in the HYD mechanism. In particular, the HYD-1 pathway, which
involves the formation of propylcyclohexane through 4-propylcyclo-
hexan-1-ol, is the fastest HYD pathway. On the other hand, the HYD-2
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Table 2
Standard Gibbs free energies of desorption (T = 298.15 K) for the stable in-
termediates and products involved in the investigated HYD pathways.

compound®? / AG ges /kJ mol !

IEP 130.2

DHEP 85.3

CpP 28.8

HYD DDO

MPCHDEOH 190.7 PPH 91.1
MPCHEOH 131.9 PB 77.9
MPCHOH 40.4 MPB 105.9
MPCH 70.4 mPPH 80.1
mPCHOH 54.5 PBDOH 60.8
PCHOH 70.4 PCHDE 176.9
PCHDOH 55.8

CH30H¢ 42.5 CH3;0H 23.6
H,0 1.4 H,0 50.4
CHy - 11.8 CHy4 —70.9

a See Fig. 6 for the shorthand notation employed for the chemical species;
further, in this table the notation MPCHDEOH = 6-methoxy-4-propylcyclohexa-
1,3-dien-1-ol; MPCHEOH = 6-methoxy-4-propylcyclohex-3-en-1-ol; PCHDE = 5-
propyl-1,3-cyclohexadiene is used. Each molecule is intended adsorbed on the
Pt; 0 cluster.

b These species are common to all pathways.

¢ AGges of methanol, water and methane are different for HYD and DDO
mechanisms because they desorb leaving different species adsorbed on the
platinum cluster.

d The desorption process of the A species is (A + X)/Ptio — > A+ X/Ptyo, being X
a different species, if any, left adsorbed on the cluster.

Table 3
Reaction rates of the eight isoeugenol HDO mechanisms acording to SCM
analysis at various temperature.

Reaction rate®

473b 573 673 773 873 973
HYD- 1.1(— 1.8(— 1.9(— 2.0(— 2.3(-9) 15(-7)
1 24) 18) 14) 11)
HYD- 6.6(— 1.2(— 2.5(— 3.3(— 4.4(— 3.3(-8)
2 26) 19) 15) 12) 10)
HYD- 7.5(— 3.3(— 1.1(- 1.9(— 2.9(— 2.4(-8)
3 27) 20) 15) 12) 10)
HYD- 4.5(— 8.8(— 1.1(- 4.6(— 1.6(— 2.6(—
4 31) 24) 18) 15) 12) 10)
DDO- 8.1(— 7.2(— 20(-7) 65(-5 31(-3) 9.6(-2)
1 16) 11)
DDO- 1.6(— 1.0(— 9.9(— 7.8(— 7.7(-8) 4.2(-6)
2 22) 16) 13) 10)
DDO- 5.4(— 6.2(— 6.3(— 8.2(— 4.2(— 5.1(—
3 46) 36) 29) 24) 20) 17)
DDO- 1.7(—- 8.6(— 7.4(— 49(-8) 42(-6) 21(-4
4 20) 15) 11)

a Reaction rates are expressed in s~!. The power of 10 of scientific notation is
given in parenthesis. Gibbs free energies (as a function of temperature, at p =1
atm) have been considered for the kinetic analysis.

b Temperatures in Kelvin.

and HYD-3 pathways appear to be competitive with each other since,
except for the temperature range 673-973 K, they always differ by an
order of magnitude. The slowest of the HYD pathways is the fourth,
HYD-4, most likely due to the high energy barriers for the formation of
4-propylcyclohexane-1,2-diol and the C-OH bond cleavage from it. This
pathway, however, exhibits a faster rate compared to DDO-3, which is
the slowest pathway within the DDO mechanism and, consequently, the
slowest overall.

At all investigated temperatures, and especially at the higher ones,
the HDO reaction of isoeugenol on Pt;0 appears to proceed essentially
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via the first DDO pathway, i.e., the one that runs through the 4-propyl-
phenol intermediate in the first deoxygenation step. According to the
SCM results, this pathway is about eight orders of magnitude faster than
the fastest of the HYD mechanisms. Among the pathways involving the
1-methoxy-3-propylbenzene species, DDO-2, where the breaking of the
C--OCH3 bond occurs as an additional deoxygenation step, is signifi-
cantly favored over DDO-3 which, as already anticipated, is the slowest
pathway. The DDO-2 and DDO-4 pathways are somewhat competitive
with each other.

The SCM allows to easily analyze the kinetics of the various mech-
anisms taking into consideration, all at once and in its entirety, the in-
formation obtained from the DFT calculations relating to the elementary
steps of which the mechanisms are composed and to ultimately express
all this information through a single number. Whether this number is
comparable to kinetic constants obtained experimentally is a matter of
accuracy related to the employed theoretical methods, but what is here
important to note is that we can discriminate among different mecha-
nisms on the basis of objective holistic data and not on the basis of mere
analyses of the values of the energy barriers, which could lead to hasty
conclusions. In particular, considering the research reported in this work
and excluding from the analysis the elementary steps common to all
DDO-type mechanisms (see Fig. 6 and Table 1), the following analysis
could be performed. While it is true that DDO-3 can be excluded by
virtue of the very high barriers along the pathway, the evidence that
DDO-1 is the preferential mechanism is not directly attributable to the
fact that it is characterized by the lowest energy barriers along the
corresponding pathway; in fact the highest barriers in DDO-1, DDO-2
and DDO-4 are comparable (116.9, 123.1 and 121.6 kJ mol !, respec-
tively, for stages 24, 33 and 29 of Table 1). It also does not appear to be
due to the fact that DDO-1 has fewer elementary steps, as it actually
features one more step than DDO-2 (processes 24-28 for DDO-1, 33-36
for DDO-2). And finally it does not seem to be due to the fact that
DDO-1 has the highest backward barrier, as this record belongs to DDO-
3(239.3 kJ mol !, for step 37) or to DDO-2 (181.0 kJ mol !, step 31), if
DDO-3 is excluded a priori. However, the SCM analysis indicates that,
taking into account all the forward and backward barriers at a single
glance (which are also a reflection of the stability of the intermediates),
DDO-1 is undoubtedly the fastest mechanism, followed in order by DDO-
4, DDO-2 and DDO-3, being the latter mechanism effectively irrelevant
for the whole reaction kinetics.

Incidentally, information similar to that given by the SCM can be
obtained considering the differences, Arpc, between the total energy
content (TEC, i.e. the sum of all the energy barriers encountered along
the path [57]) of the forward process and the TEC relating to the
backward process for the investigated DDO mechanisms. It is possible to
infer that a negative Argc would indicate a favored “flow” in the forward
direction (from reactants to products) over the backward one, so the rate
of the given mechanism would be higher the more negative the Argc is.
In fact, it is easy to show that:

II
ATEC = RTIn <H73>

F

being I1p and I1f the products of the occurrence probabilities, at a given
temperature T, of all the steps present in the backward and forward
paths of each individual reaction mechanism considered, and R the gas
constant. Hence Argc < O if IT, < Ilf, condition corresponding to our
assumption, as easily shown by the definition of the event occurence
probability [55]. Since Argc is a relative parameter, the steps common to
the four mechanisms were eliminated and, using the data of Table 1, the
following Argc/kJ mol~! values were obtained: A7gc(DDO-1)=— 38.8,
ATE(;(DDO-Z): — 194, ATgc(DDO-3):+2022 and ATEc(DDO-4): —
31.7. This set clearly indicates that DDO-3 is an essentially impossible
pathway (the backward flow is stronger than the forward one), DDO-1 is
the favored mechanism and the DDO-2/DDO-4 pair are arranged in
exactly the same order as that indicated by the SCM.

Molecular Catalysis 564 (2024) 114298

5. Conclusion

In the first paper of this series, we examined Pt; 0, a leading platinum
cluster in hydrogenation reactions, as a catalyst model. Specifically, we
studied its interactions with isoeugenol, its ability to fragment hydrogen
molecules and produce atomic hydrogen, and its efficiency in catalyzing
the conversion of isoeugenol to propylcyclohexane via the direct deox-
ygenation, DDO, pathway. In order to provide a comprehensive map-
ping at the atomistic level of the main mechanisms involved in the HDO
process, in the present work the deoxygenation-through-hydrogenation
pathway is reported, together with a conclusive systematic comparison
between the two alternative mechanisms above.

The detailed energetics of the two studied mechanisms, along with
most of their possible routes, enabled us to conduct a Christiansen-like
microkinetic analysis which, on the basis of the DFT-calculated for-
ward/backward energy barriers and adsorption/desorption energetics,
returned an unbiased guess of the kinetic constants at given tempera-
tures. The kinetic data confirm the thermodynamic hypotheses that the
DDO mechanism is the preferred one into the temperature range
473-973 K. In particular, under molecular hydrogen flux the reaction
would seem to proceed through the formation of the 4-propylphenol
intermediate, by the preferential removal of the methoxy fragment as
methanol, to give the final product, propylcyclohexane. The removal of
the hydroxyl group, which desorbs as water, also occurs. Further, kinetic
data suggest that the route implying the formation of methane could
become competitive at higher temperature, while those channels
involving 1-methoxy-3-propylbenzene as intermediate could be ruled
out, being the one passing through 3-propylphenol the slowest one.

This work provides an almost complete mapping of the HDO mech-
anism of isoeugenol on a representative subnanometric platinum cluster
and can be used as reference for further investigation. In particular,
future works mandatorily must be devoted on one side to evaluate the
effect of supports and of the employment of different, namely non-noble,
metals on the key-point of the reaction, and on another side to ascertain
if under molecular hydrogen, hydrodeoxygenation would actually
become preferred to the many decomposition modes expected on metals
for molecules having several functional groups.
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