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Abstract:

In the quest for a viable renewable source of energy, biomass energy has emerged as a strong
contender primarily because of the abundance of flora on the planet, a resource which is
renewable in nature. However, bio-oil obtained from the thermal treatment of biomass contains
oxygen carrying compounds like guaiacol, phenol, and ferulic acid; and these oxy-compounds
need to be reduced before being suitable as fuel. The reduction of the oxy-compounds can be
achieved through a process called hydrodeoxygenation (HDO), Unfortunately, the conditions
required for HDO are economically prohibitive for scale-up, and so, catalysts and solvents are
actively being sought to facilitate the reaction at milder conditions. The presence of solvent
facilitates better heat and mass transfer resulting in better reaction kinetics. Introduction of
solvents like water is also shown to promote hydrolysis of guaiacol to catechol and methanol
which led to reduction in char and increase in single ringed aromatics. Several different classes
of metals have also been tested as catalysts for the HDO process. While most of the transition
give low yield and high rates of char formation, the noble metals Ru, Pt and Pd have shown
good performance; however, their low earth abundance and subsequent high cost makes

catalyst price a limiting factor for application towards HDO.

In this dissertation, the hydrodeoxygenation of bio-oil model compounds like xylose,
dibenzofuran, guaiacol and formic acid is studied in the solvent environment, as well as over
carbon-based catalyst using the density functional theory. First, the upgrading of xylose is
studied using B3LYP and M06-2X functional to establish a comparison between the two
functionals for thermochemistry calculations. For incorporating the solvation effect, an implicit
solvation model — SMD, was used. Next, the upgrading of dibenzofuran is studied in the gas
phase, in water solvent and in methanol solvent. The reaction scheme converting dibenzofuran
to benzene and cyclohexane was proposed and the thermochemistry was calculated for the

proposed mechanism. Further, the upgrading of guaiacol is also studies in an implicit water
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solvent environment to produce benzene, toluene and o-cresol via important intermediates like
phenol and anisole. The subsequent chapter highlights the adsorption characteristics of
guaiacol and phenol over nitrogen doped graphene. Non-defective and defective graphene
sheets were considered for this study, and the adsorption is conducted for different orientations
and arrangements of the adsorbate. Finally, the kinetics and thermochemistry of the upgrading
of formic acid and guaiacol is studied over -Mo.C (100) surface to gain insight into the HDO

mechanism of carboxylic group and phenols present in the crude bio-oil.

It is found that both B3LYP and M06-2X are equally good/bad in predicting the
thermochemistry of the system of interest. Xylose hydrodeoxygenation showed that saturation
of furan ring is most favourable reaction in the entire reaction scheme, and the presence of
solvent improved the thermochemistry when compared to the gas phase. Dibenzofuran also
showed similar trends where the presence of water solvent was found to be most suitable
medium over methanol and gas phase, and the conversion to cyclohexane was preferred. The
saturation of oxygenated intermediates was more favourable over non-oxygenated
intermediates. The guaiacol upgrading showed formation of benzene to be thermochemically
most favourable upgraded product, and solvent environment to be equal or better than gas
phase. In the adsorption of phenol and guaiacol over nitrogen doped graphene, it was observed
that the presence of nitrogen increased the adsorption energy, when compared to pristine
graphene by more than double. However, the adsorption was still not strong enough to facilitate
hydrodeoxygenation on the surface. Upgrading studies of HCOOH and guaiacol over
molybdenum carbide show that the surface is susceptible to poisoning by carbon containing
species like CO and CH2 due to high carburization potential. The surface is also found to be
selective towards the dehydrogenation over dehydration reactions. Lower temperatures are

favourable for high yield, but the conversion is faster at higher temperatures.
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CHAPTER 1

INTRODUCTION

1.1 Background

The energy demand of the world has risen at very rapid pace in last two decades. The rise in
the world population and the emergence of technology in our day to day lives has contributed
to this demand [11]. According to the international energy agency, the world energy demand
increased by 2.1% in 2017 and is rising at an exponential rate [12]. The trend has been no
different in India. As per the Indian energy statistics 2018 released by the government of India,
the country consumed about 1 million GWh of electricity in 2016-17 [13]. And this
consumption is rising at a rate of 7.82% per year. With such high rate of energy consumption,
the known national reserves of conventional sources of energy like coal and petroleum are
projected to run out in next 40 years.

The conventional sources of energy are also not very eco-friendly. Coal, petroleum and
natural gas emit harmful greenhouse gases like carbon dioxide and carbon monoxide on
combustion into the atmosphere. They are also responsible for the emission of other pollutants
like NOx and SOx in the environment which, among other hazards, cause acid rain and damage
crops and deplete ground water table [14].

Thus the world is looking at alternative resources to sustain its energy demand. The
search is on for a resource which is abundant, easily obtainable and non-polluting in nature.
Several different alternatives have emerged in this quest for clean energy. Few of them like
wind energy, solar energy, tidal energy, hydro power energy and biomass energy have emerged
as the promising source [15]. These resources are abundant and freely available and do not
cause any harm to the environment. But among all these, biomass energy has been of particular
interest to researchers and industry. Biomass energy provides sustainable carbon fuel which is

compatible with the current energy infrastructure of the world. The transportation fuel obtained
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from biomass can be used in the current power systems without any modifications [16].
Biomass energy is also non-polluting since the net carbon release to the environment is zero
[17]. The sources of biomass are also abundant such as agricultural residue, municipal wastes,
forest timber, etc. These factors make it a strong contender as a replacement of conventional
sources. However, if biomass is such a good alternative, it bodes an important question - why
has the world not shifted to this energy source yet?

Biomass energy is tapped in the form of bio-oil and syngas which are obtained through
treatment of biomass via different methods like thermochemical conversion method,
biochemical conversion method and others [18]. The obtained bio-fuel contain over 400
compounds; from linear alkanes to highly complex aromatics [19]. These compounds contain
oxy-functionals like aldehyde, carboxylic, hydroxyl groups which degrades the quality of the
fuel. The oxy rich bio-oil has low pour point, poor viscosity, low calorific value, low pH and
low energy density [20]. Thus the obtained bio-fuel has to be upgraded by different methods
like zeolite upgrading, emulsification with diesel, Hydrodeoxygenation, etc. before being used
as a transport fuel [21]. The thermochemical treatment of biomass and its subsequent upgrading
is a complex phenomenon and several reactions occur simultaneously during the process. In
order to have a better control on the product distribution and to obtain higher yield, it is
desirable to know the exact mechanism of the reactions and the kinetic parameters influencing
the output. Catalysts and solvents are being employed to make the upgrading process more
economical, but without the knowledge of true mechanism and kinetics of the upgrading
process, it is very difficult to design an appropriate catalyst and choose the best solvent.

Determination of kinetic parameters of a reaction is a two pronged approach in the
modern science. While the conventional way is to determine the Kkinetics by fitting
experimental data into the mathematical models, the emergence of higher computational power

has given rise to superior computational tools which can predict the thermochemistry of the
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system accurately by studying the system at quantum level. The study at the micro level can be
used to describe the macro level thermochemical properties with the help of statistical
thermodynamics. These computational tools can be classified broadly into two types based on
the approach they take to determine the properties. These are - molecular mechanics and
quantum mechanics [22]. The molecular mechanics approach uses the laws of classical physics
to determine observable properties of the system. A set of equations are used to determine the
potential energy of molecules with respect to its constituent atoms, which are then
parameterized against experimental data to obtain force fields. The force fields are then used
on the system of interest to determine the unknown observable properties. Molecular
mechanics do not consider electrons individually and hence they cannot accurately describe
chemical process such as bond breaking and bond formations where the electronic effects play
major role [23]. On the other hand, in quantum mechanics, the solution of Schrodinger’s
equation (HY=EW¥) can provide a better approximation for the energy of the system. It can
potentially predict the bond breaking and formation energies accurately. But unfortunately, the
true form of wavefunction () is unknown. Hence approximations are made and the equation
is solved iteratively to obtain desirably accurate results.

In this study, the kinetics of hydrodeoxygenation of bio-oil compounds along with the
thermochemical parameters of the reaction is determined using quantum mechanics under the
density functional framework with suitable solvents and catalysts.

It is practically impossible to determine the kinetics of bio-oil upgrading by considering
bio-oil as a single entity because of the large number of compounds present in any
pyrolysis/liquefaction reactant and product. Thus model compounds like guaiacol, xylose,
dibenzofuran, etc. are selected based on their occurrence in feed. The molecular structure of
few model compounds have been shown in Figure 1.1.1. The possible upgrading routes in gas

as well as solvents are proposed and the upgrading is discussed in the subsequent sections.
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Figure 1.1.1. Schematic representation of the molecular structure of bio-oil model compounds

(A) anisole (B) guaiacol (C) vanillin (D) phenol.

1.2 Bio-oil and its challenges

The plant derived biomass (trunks, barks, etc.), among other sources of biomass like municipal
waste, crop residue, etc., are the major source of biomass energy. This biomass, also called the
lignocellulosic biomass, contains three major components — cellulose, hemi-cellulose and
lignin, of which, lignin forms about 15-30 wt% of total biomass [24]. Lignin, which forms the
outer layer of plants, protects the plants by being rigid and resistant to permeation. It has a three
dimensional polymeric structure made up of three different types of monomers namely p-
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol [25-27]. These polymeric
hydrocarbons (lignin, cellulose and hemicellulose), when treated under suitable conditions,
break down to produce biofuel in the form of liquid bio-oil and syngas.

The breakdown of lignocellulosic biomass to bio-oil can be primarily achieved by
thermochemical conversion or biochemical conversion [26]. The thermochemical conversion
process employs gasification, liquefaction and pyrolysis to convert biomass to biofuel whereas
the biochemical conversion methods use acid/enzyme hydrolysis or fermentation to produce
bio-ethanol and bio-diesel. Biochemical conversion processes are expensive and time
consuming, and the products obtained are very specific from the application point of view.
Thermochemical conversion methods, on the other hand, are cheaper and produce a variety of
fuels like syngas and bio-oil [28] . In liquefaction, the biomass is subjected to moderate

4
TH-2850 166107102



temperature and pressure (550-600 K, 5-20 MPa) condition in the presence of a catalysts and
a solvent. This causes the macromolecules present in the biomass to decompose into lighter
compounds, which further re-polymerizes to form molecules of appropriate size. On the other
hand, pyrolysis occurs at extreme conditions (650-800 K, 0.1-0.5 MPa) where the
macromolecules directly decompose into stable hydrocarbons in the absence of air and catalyst.
But the bio-oil obtained after thermochemical treatment contain high amount of oxy-
compounds (50-80 wt%) which compromise the quality of the fuel by providing it high
viscosity (125 mm?/s), low pH (2-3), poor flash point (70-110 °C) and low energy density (13—
18 MJ/kg wet basis) [29-31]. Also, the biofuel which contain large number of oxy-compounds,
forms large deposits on exposure to air making the mixture unstable [32]. Thus the obtained
bio-oil compounds are upgraded before being used as fuel. Several methods such as zeolite
upgrading, emulsion treatment, hydrodeoxygenation, catalytic hydro-treatment and others are
used for this purpose [29]. Of the several ways of upgrading, hydrodeoxygenation (HDO) has
emerged as the leading and most promising method due to its efficiency and cost effectiveness.
HDO involves the introduction of hydrogen into the oxy-compound and simultaneous removal
of water molecule. HDO has been studied by researchers with different catalysts and solvents
for a long time now. The review article by Furimsky [33] published in 1983 was one of the first
articles to outline the catalytic HDO of fuel oil and its implications in the energy industry.
Furimsky proposed that just as hydrodesulfurization (HDS) and hydrodenitrogenation (HDN)
are performed over crude oil to remove sulphur and nitrogen impurities, it is possible to
eliminate oxygen and upgrade the crude oil by HDO to increase the stability of the fuel.
However, from the time of industrial revolution to the late 1980’s, fossil fuel was the only
major source of energy; a fuel with less oxygen content in it. Due to this, HDO was not given
much importance by early researcher. Though the formation of oil from carbonaceous matter

was already demonstrated in the works of Fischer and Schrader in 1921 [34] , it was only in
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the late 1980’s and early 1990’s that the world acknowledged the polluting nature and the
limited reserves of the fossil fuel, and the search for alternative energy lead to interest in

biomass energy. Since then, a lot of work has been done on synthesis and upgrading of biofuels.

1.3 Emergence of Hydrodeoxygenation

In the early days, Furimsky [35] performed a qualitative comparison of HDS, HDN and HDO
of heavy gas oil over Ni/MoO3z and Co/MoOs catalyst and found that the removal of S, N and
O was proportional to the bond strength of C-S, C-N and C-O in the heterocyclic compounds.
He reported the breaking of C-O bond to be least energy demanding. He also reported that the
formation of char had no measurable effect on the relative rates of HDS, HDN & HDO, and
thereby, on the catalyst activity. When comparing the two catalysts, an insignificant promoting
effect was observed between Ni and Co for HDN and HDO by Furimsky. In another work,
liquefaction of wood was attempted by Elliot & Baker [36] followed by hydrogenation at 300
— 350 °C and 136 atm pressure with Ni/MoOs and CoS/MoOs catalyst. They reported 80 wt%
conversion of oxygenated compounds to non-oxygenated compounds and 90% removal of
oxygen from the feed mixture. In the year 2000, Furimsky published another review article on
the catalytic HDO of bio-oil [37] with the perspective of kinetics of the reactions. In this article,
he discussed the effect of HDO on bio-oil by considering model compounds. He reported the
general reaction for HDO to be CH20 + H2 — CH2 + H20. Since then, HDO reaction and its
mechanism has been extensively studied in detail. And so we now know that other than the one
reaction proposed by Furimsky, there can be several more reactions occurring during the HDO,
such as the dehydration reaction arising due to the polymerization of the smaller compounds
[38], the decarboxylation reaction with the elimination of water molecule [39] , the
hydrocracking reaction resulting in breaking of high molecular weight compounds into the
lighter ones [40], saturation of unsaturation compounds by hydrogenation [41] and

hydrogenolysis causing the breakage of C-O bonds [42].
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1.4 Role of catalyst in hydrodeoxyegantion

1.4.1 Transition metal catalysts - CoMo and NiMo:

With consideration of knowledge of reactions occurring during HDO, many other studies were
conducted to study the effect of catalysts. In a study conducted by Rollman [43], the formation
of benzene and cyclohexane from dibenzofuran and benzofuran on sulphided CoMo catalyst at
344 K temperature and 5 MPa pressure was reported. It was also observed that unsaturated
bonds of oxygen atom connected to the aromatic ring needed to undergo saturation before HDO
of the compound. The effect of CoMo and NiMo catalyst supported on y-alumina support for
the removal of carbonyl, carboxylic and guaiacyl type oxygenated groups during the HDO was
also studied by Laurent & Delmon [44]. They reported that while ketonic group showed 100%
conversion to methylene group at 200°C, the conversions of carboxylic and guaiacyl to methyl
groups and decarboxylation were possible only above 300 °C with NiMo catalyst. The
adsorption of phenol over CoMo and sulphided CoMo catalysts supported over oxides of silica
and alumina was studied by Popov et al. [45] where they reported that the phenol dissociates
on the catalyst surface and gets chemisorbed on acid-base pair catalyst like CoMo over alumina
oxide. Thus, they proposed that by decreasing the acid-base strength of the catalyst and its
support, functionality of the catalyst could be enhanced. Massoth et al. [46] also carried out
HDO of methyl substituted phenol over sulphided CoMo at 300°C and 2.85 MPa pressure in a
microreactor. They obtained methyl substituted benzene and cyclohexanes as the end product.
To determine the reaction pathway, they further conducted a computational study and reported
two major possible routes of upgrading; one leading to aromatic end products and the other
leading to saturated cyclohydrocarbons. The HDO of phenol and methyl heptanoate was also
conducted by Ryymin et al. [47] over sulphided NiMo/y-Al>Oz at 250 °C and 7.5 MPa where
they reported that the hydrogenation occurred at coordination unsaturated sites for aromatic as

well as aliphatic hydrocarbons. While the CoMo and NiMo catalysts provided 88-99.9%
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deoxygenation, they were not ideal for upgrading as they were susceptible to high poisoning
and lead to formation of coke [48]. While Co, Mo and Ni were the most favoured catalyst in
the industry in general due to their cost, it was not giving very good results due to quick
poisoning and char formation. This led the researchers to study the prospects of noble metals

as catalyst for HDO.

1.4.2 Noble metal catalyst — Pt, Pd, Rh and Ru:

Sheu et al. conducted a study [49] to compare the upgrading of pine pyrolytic oil using
Pt/Al203/SiO2 and sulphided CoMo/y-Al20s, Ni-W/y-Al>03 and Ni-Mo/y-Al2Os at 623 K —
673 K from 750 psig to 1500 psig. The experiment was conducted in a trickle bed reactor with
varying space velocity. They reported that the Pt/Al>03/SiO, gave the best hydrotreated product
with an activation energy of 45.5 + 3.2 kJ/mol. They also reported that the oxygen removal
from the pine oil was not dependent on the space velocity. In another study, Gutierrez et al.
[50] performed the HDO of bio-oil by considering guaiacol as model compound over ZrO>
supported noble metals. They studied Pd, Pt, Rh and Ru as a catalyst individually, as well as
in combination of two noble metals. They reported that with Rh and RhPt catalyst, HDO at
100 °C yielded hydrocarbons with H/C ratio identical to gasoline (~2.0). The major products
obtained were cyclohexanol, cyclohexane and 1-methyl-1,2-cyclohexandiol. Taking acetic
acid as model compound, HDO of hydrocarbons was also studied by Ying et al. [51] where
they report upto 30.98 % conversion with the CoRu/y-Al>O3 catalyst. In a different study by
Gagnon & Kaliaguine [52], the effect of hydrogen pre-treatment of vacuum pyrolysis oil along
with the support of Ru catalyst was analysed. The pre-treatment was followed by HDO of the
oil with NiO, Ru and Cu.Cr20s catalysts supported on alumina in a batch slurry reactor. They
reported the inhibition of polymerization/coking during HDO due to the pre-treatment of the
feed. In the study conducted by Payormhorm et al. [53], the bio-oil obtained from the trunk of

Leucaena Leucocephala was deoxygenated over Pt/Al>Oz catalyst. It was reported that the O/C
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ratio decreased from 0.43 to 0.14 at 340 °C and 2 bar pressure. The reactions occurring during
the HDO were C-C cleavage, reforming, water—gas shift and methanation to produce methane
and water. The HDO of guaiacol was also studied with Pd catalyst supported over tungsten and
alumina by Lee et al. [54] . It was reported that 100% guaiacol conversion was achieved at 32
wt% Pd to produce cyclohexane as major product. In a computational study conducted by Chiu
et al. [55], DFT was used to determine the energetics of the conversion of guaiacol to different
specialty chemicals like catechol, phenol and benzene on Ru (0001) surface. They reported the
activation energy to be around 69 kJ/mol for the bond scission of the aliphatic side of guaiacol.
However, scission of other bonds like oxy bonds in phenolate were reported to have as high as
189 kJ/mol of activation barrier. The full kinetic modelling done by Lu and Heyden [56] for
guaiacol dissociation over Ru (0001) suggested that the dehydrogenation of H atoms from the
hydroxyl group and the methoxy group are the most favourable initiation step. Another
computational study conducted by Verma and Kishore [57] over Pd (111) surface of guaiacol
reported the activation energy of 23.06 kcal/mol for the formation of catechol. The cleavage of
CH: bond from the 2-methylene-oxy-phenol was determined to be the rate limiting step. The
thermochemical parameters were reported to be favourable even for temperatures as low as
473 K. The formation of catechol from guaiacol over Pt (111) followed by conversion to phenol
was also been reported by Vlachos et al. [58]. They reported that direct demethylation and
demethoxylation of catechol to phenol was not feasible due to high energy barrier (> 4.5 eV)
and should be further explored. The HDO of phenol was also been studied by Li et al. [59] over
Pt (111) and Pd (111) where they reported the formation of phenoxy to be favourable only over
Pd (Ea = 0.20 eV). Formation of cyclohexanol from phenol was reported to be the dominant
pathway over Pt whereas cyclohexanone was reported as the major product over Pd catalyst.

Though the noble metals have shown good potential as a standard catalyst for HDO of bio-oil,
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the high cost of these metals due to limited availability has rendered them uneconomical for

(a) (b)

the industrial application.

Figure 1.4.2. Schematic representation of (a) pristine graphene (b) M doped graphene where

M is Pt or Pd

1.4.3 Carbon based catalyst — Chemically Modified Graphene

With the synthesis of carbon based catalyst, its application in the bio-fuel field has gained
interest of researchers due to less char formation and high temperature resistance to
deformation (up to 800 °C) [60]. Though pristine graphene has not shown good catalyst
characteristics like electron density distortion, charge distortion, etc., the chemically modified
graphene like Ni doped [61], noble metal doped [62,63], Al doped and Fe doped graphene have
found wide application as catalyst in different fields. In a study conducted by Xu et al. [64], Ni
doped graphene was used to determine the kinetics of CO oxidation between 400-800 K using
DFT. They reported a high metal binding energy (-7.57 eV) for the Ni on a single defect site
in graphene suggesting high stability of the chemically modified graphene (CMG). They
investigated the Eley-Rideal and Langmuir-Hinshelwood mechanism for CO oxidation and
reported 0.63 eV and 0.77 eV as the activation barrier, respectively. Wanno and Tabtimsai [65]
also studied CO adsorption over a range of CMG including Fe, Ru, Os, Co, Rh, Ir, Ni, Pd and

Pt-doped. They reported that at different orientation of CO, Fe and Os doped graphene showed
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most stable configuration (Eags = -10.96 kcal/mol). The metal adsorption characteristics on the
graphene sheet was studied by Lopez et al. [66] where they reported the binding energy of
different metal over graphene. From the bio-oil perspective, Verma and Kishore [67] studied
the adsorption characteristics of different model compounds like guaiacol, vanillin, anisole and
others over Pt and Pd doped graphene. Figure 1.4.2 shows the schematic representation of
pristine and noble metal doped graphene. They also reported that while both the CMG are
stable, the adsorption of compounds are selective and orientation dependent on Pt or Pd doping.
While Pt doped graphene showed better stability with aromatic ring adsorption of
salicylaldehyde, the Pd doped graphene showed better stability of adsorption of hydroxyl
group. In another study conducted by Kunaseth et al. [68] , transition metal deposited over
graphite was used as catalyst to study the adsorption behaviour of volatile organic compounds
like benzene, furan, pyrrole, pyridine and thiophene. They reported that among Pt, Pd, Ag and
Au metal deposits, the most negative binding energy for pyridine was observed with Pt (-2.11
eV). Due to the several advantages like high surface area, tuneable properties, resistance to
structural deformation at high temperatures and increased electronic activity, chemically
modified graphene has a lot of potential as a catalyst in bio-oil upgrading. Thus, in this study
we are looking at nitrogen doped graphene which has recently been successfully synthesized
by different research groups [69-74] as a catalyst towards upgrading of model bio-oil
compounds into value added products.

1.4.4 Carbon based catalyst — Carbides

While transition metals like platinum, palladium and ruthenium are good HDO catalysts [20],
their high cost due to their scarcity, hinders their industrial implementation; however, the
beneficial properties of the active catalysts can be used to design new catalysts composed of
earth-abundant elements. For precious metals, the positioning of their d-band electronic states
correlates significantly with the catalytic activity [75]. The importance of the d-band can be
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rationalised thus: as an adsorbate approaches the catalytic surface, the s and d orbitals of the
metal catalyst interact with the frontier orbitals of the adsorbate, forming both bonding and anti-
bonding states; the relative energy of the anti-bonding state, compared to the centre of the d-
band, then determine the strength of the bond between the surface and the adsorbate. Therefore,
the d-band centre correlates with reactivity [76]. Although the high Pt like reactivity of metal
carbides were know for a long time [77], it is only recently that molybdenum carbide and
Tungsten carbide has been identified to have similar d-band characteristics to that of noble
metals [78]. This, together with their thermal stability, offer an exciting opportunity for
application of these lower cost material in domains that have previously been limited to precious
metals. The nature of the d-band centre in metal carbides (W and Mo), and specifically its
contraction to favour catalytic applications, arises due to the increase in the interatomic bond
length of the Mo/W lattice as it is carburized [79]. As a result of the d-band contraction, the d-
electron states are increased at the Fermi level, akin to the density of states observed for noble

metals [80].
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CHAPTER 2

LITERATURE REVIEW

2.1 Xylose

Lignocellulose biomass contains three major building blocks— cellulose, hemicellulose and
lignin [24]. Hemicellulose, which is the second most abundant fraction present in the
lignocellulose, forms about 25-30% of the total lignocellulose [26,81]. Xylose is one of the
several compounds present in the hemicellulose fraction of the lignocellulose. It has a cyclic
structure containing 5 carbon atoms with chemical formula CsH10Os and forms about 10-35%
of the hemicellulose [82]. This represents a potential of xylose for conversion into value-added
products by appropriate upgrading routes. In general, this upgrading is done in a two-step
process. First, the xylose is converted into C4-C6 compounds with less number of oxy groups,
for instance, furan, furfural, etc. Then these compounds are converted into the desired high-
value products like methyl-hydrofuran, butanol, butane, etc. by further deoxygenation and bond
saturation reactions. These conversion steps have been studied by several researchers, for
instance, conversion of xylose to furfural by Choudhary et al. [83], conversion of xylose to
furan by Zhang [84], conversion of xylose to 5-hydroxymethylfurfural by Agirrezabal-Telleria
et al. [85].

In a study conducted by Pholjaroen et al. [86], xylose is converted into jet fuel grade
branched alkanes over Ru based catalyst. The process involved three steps: in the first step,
xylose is dehydrated to furfural in a biphasic solvent; in the second step furfural undergoes
aldol condensation with methyl isobutyl ketone; and in the third step hydrodeoxygenation of
aldol condensate occurs over Ru/H-ZSM-5 catalyst to yield branched C10 and C11 alkanes. A
similar study has been conducted by Xing et al. [87] where C12 and C13 alkanes are

synthesized in a four-step process. Xylose is first subjected to acid-catalyzed biphasic
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dehydration to produce furfural which is then extracted into tetrahydrofuran phase and fed into
aldol condensation. The reaction of furfural with acetone yields difurfurylideneacetone (F-Ac-
F) dimer. This dimer (F-Ac-F) is then hydrogenated to produce H-FAF (2-(2-(tetrahydrofuran-
2-yl)ethyl)-1,6-dioxaspiro[4.4]nonane or AHD) dimers over Ru/C catalyst. Finally, H-FAF is
hydrodeoxygenated to produce target alkanes. Several other researchers [88-90] have
numerically studied the conversion of cellulose derived chemicals into valuable alkanes. For
instance, Liu et al. [91] and Verma & Kishore [92] have studied thermochemical aspects of
conversion of furan/furfural and glucose to alkanes, respectively. Liu et al. [91] have
determined the energy requirements of the conversion of furan to ethers by Diels-Alder type
reaction using low molecular weight compounds. They have also studied the conversion of
furfural transformation to linear alkanes. Verma and Kishore [92] have also investigated
thermochemical parameters, eg., Gibbs free energy change (AG), enthalpy change (AH) and
rate constant at equilibrium (Keg) for the conversion of glucose to linear alkanes (C9, C12 and

C15) computationally.

2.2 Dibenzofuran

Dibenzofuran has been considered as a model compound in several biomass HDO study to
represent high molecular weight oxy-compounds and the effect of various catalysts has been
studied for upgrading the compound. For example, Shah et al. [93] studied the effect of
NiMo/y-Al03 catalyst on the HDO of DBF at 616-649 K temperature and 6.89-13.78 MPa
hydrogen pressure. They reported that the HDO proceeds via two routes: one with the direct
elimination of oxygen without any ring saturation, and the other with hydrogenation of the
aromatics followed by oxygen removal. The later route was found to be energetically
preferrable with catalyst. The C-O bond scission was also found to be preceded by ring
saturation. Similarly, Liang et al. [94] also studied the HDO of DBF with platinum loaded over

modified mesoporous silica with zirconia and alumina oxide catalyst and reported
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bicyclohexane as the major product. They observed close to 80% conversion of DBF with
aluminium oxide added to the silica. The hydrogenation of the aromatic ring and the cleavage
of saturated C-O bond was promoted with the same catalyst. Upgrading DBF and 2-methoxy
phenol at 40 bar and 250 °C temperature with two different zeolites- Pt/mesoporous-Y and
Pt/mesoporous-MFI was studied by Park et al. [95]. It was reported that the acidity of the
catalyst was an important factor in determining product distribution during HDO. In another
study by Jiménez-Lopez et al. [96], the conversion of DBF was studied over silica-supported
nickel phosphide catalysts with varying P/Ni atomic ratios. It was reported that close to 100%
conversion was achieved with 7.5 wt % nickel phosphide loading. While bicyclohexane was
obtained as a major product, water was reported as an undesirable side product. In a
computational study [97], degradation of DBF was reported in the presence of OH radicals in
atmospheric conditions using density functional theory. One of the prime findings of the study
was the possible fragmentation of the aromatic ring due to the OH attack.

However, the effect of solvent has not been properly explored. In one of the studies
conducted by Cai et al.[98], bimetallic nickel/platinum (Ni/Pt) catalyst was used at 200 °C and
1.2 MPa with water as a solvent. The most energetically favoured mechanism for the upgrading
was found to initiate with hydrogenation of the aromatic rings, followed by the cleavage of the
C-O ether bond. Finally, the cyclohexanol was deoxygenated to produce cyclohexylbenzene.
But no further experimental or computational study has been conducted explicitly to study

solvent behaviour in upgrading heavy bio-oil compounds.

2.3 Guaiacol
Guaiacol is one of the important components of pyrolytic bio-oil which comprise of two oxy-
functional groups in it- the hydroxyl group and the methoxy group. This makes it a suitable

representative compound to study deoxygenation for the production of several platform
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chemicals. Thus, extensive study has been conducted towards guaiacol deoxygenation; both
experimentally and computationally [2, 10-26]. Some of them are detailed below.
Experimentally, a number of researchers report the formation of anisole, catechol, phenol and
cyclohexane as major products [10-17] of hydrodeoxygenation (HDO) of guaiacol. In a study
conducted by Zhou et al. [99], guaiacol is converted to cyclohexane, cyclohexanol and
cyclohexanone over NiCo/CNT catalyst. They report a conversion rate of 93% with
cyclohexanol as major product. Bykova et al. also report the formation of cyclic products like
cyclohexanol and cyclohexane from guaiacol in the presence of Ni [100] and Ni—Cu/SiO2—
ZrO»>—-La»03 [101], while phenol and catechol are reported as intermediates. Further, Bykova
et al. [101] report the formation of 1-methylcyclohexane-1,2-diol as major product at relatively
low temperature (280 °C) along with cyclohexane and cyclohexanone; and show that with
increase in temperature to 360 °C, guaiacol conversion decreases from 96.8% to 50%. In a two
stage study by Van et al. [102,103], HDO of guaiacol over Co-Mo and sulphided Co-Mo
catalyst is shown to yield benzene as major product with catechol and phenol as major
intermediates. HDO of guaiacol over bimetallic catalyst PtPd supported over mesoporous
aluminosilicate with methanol as solvent was studied by Roldugina et al. [104] and they report
the formation of anisole with 17% selectivity at 200 °C. With the increase in temperature,
selectivity of phenol increases till 350 °C and selectivity of catechol reach 42% at 300 °C.
Wahyudiono et al. studied the effect of water as solvent and they report catechol as major
derivative among other products [105]. In a study by Ma et al. [106], the effect of alcohol as
solvent is studied to upgrade guaiacol using activated carbon supported a-molybdenum carbide
catalyst (MoC1«/AC). Their study report high selectivity (85%) towards the formation of
mono-oxygenated phenols such as o-cresol and others with catechol as intermediate.
Similarly, the kinetics of guaiacol deoxygenation was also studied using computational

tools. Lu et al. [56,107] studied the reaction kinetics of guaiacol over Pt catalyst and reported
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phenol and catechol to be the major products in gaseous phases. Similarly, Chiu et al. [55] used
Ru catalyst to study gaseous phase guaiacol HDO and reported similar product formation. Gao
et al. [108] conducted an experimental as well as a computational HDO study and they report
the formation of cyclopentanone as major end product in gas phase. Lee et al. [58] and Verma
and Kishore [57] show catechol as major product in studies conducted over Pt catalyst and Pd
catalyst respectively.

It is evident that presence of solvent during the catalytic HDO of guaiacol affects the
reaction mechanism. However, the role of solvent in non-catalytic system, and the kinetics of
solvated reactions have not been studied in detail. In fact, literatures report solution phase
reactions as beneficial in terms of high selectivity, high yield and low temperature required
systems compared to their gas phase counterparts. In the gas phase, the free radical mechanism
dominates the reaction progress whereas ionic hydrolysis pathways are favoured in the aqueous
medium [109]. This pathway may lead to formation of acidic entities which can catalyse the
reaction homogeneously. In a study conducted by Zhou et al. [110], demethoxylation of
guaiacol is reported as the route to phenol formation in aqueous medium over NiCo/y-Al203
catalyst giving 96.1 % conversion. In another experimental study conducted by a Lawson and
Klein [111], catechol is reported as major product in gas phase pyrolysis along with phenol and
methanol. Introduction of water solvent is shown to promote hydrolysis of guaiacol to catechol

and methanol which led to reduction in char and increase in single ringed aromatics.

2.4 Nitrogen doped graphene

Recently, due to the successful synthesis of N doped graphene by various methods like arc
discharge [69,70], chemical vapour deposition [71], segregation growth approach [72] and
others [73,74], N doped graphene has found applications in different fields like fuel cell, field

effect transistor, Li-ion batteries and ultracapacitors [112]. Zhufeng et al. conducted a study to
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determine the stability and formation of N doped graphene[113]. They reported that the doping
of N on a graphene with defects leads to lower formation energy of the graphene, suggesting
higher stability. They also reported that in a monovacancy defect, pyridinlike defect is more
stable whereas in multivacancy defects, pyrrholiclike defects show better stability. Figure 2.4.1
shows various types of defects and the corresponding N doped graphene. In a study conducted
by Siburian et al. [114], N doped graphene has been used as support for Pt catalyst for half-cell
cathode reaction in hydrogen fuel cell towards oxygen reduction reaction (ORR) and have
reported that N doped graphene can potentially replace Pt. In another study, Fiorentin et al. [2]
studied the adsorption of CO> over different N doped graphene sheets like graphiticlike,
pyridiniclike and pyrroliclike defect, computationally. They reported high stability of the N
doped graphene and thermodynamically feasible adsorption of CO2 on pyrroliclike defect.
However, they studied CO- adsorption only at N doped sites and proposed the possibility of
better adsorption at neighbouring sites for pyridiniclike and graphiticlike defects. In order to
understand the effect of N doping on neighbouring atoms, Zhang and Xia [115] studied the

active sites of the N doped graphene with the help of atomic charge density and atomic

Figure 2.4.1: Schematic representation of (a)quaternary (b)pyridinelike (c)pyrrholiclike N-

doped graphene
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spin density. They reported that the neighbouring atoms of the defect site had significant
potential to act as an adsorption site due to large positive atomic charge/spin density. A study
conducted by Gao et. al [116] concurred with this finding where they tried to determine the
role of N doped graphene as catalyst for C-H bond activation. They reported that the N doped
site itself, when compared with pristine graphene, did not enhance the rate of reaction.
However, it influenced the ortho carbons in the graphitic doping, which acted as a strong
activator for C-H oxidation reaction. They achieved 98.6% conversion of ethyl benzene with
acetophenone yield of 91.3% using N doped graphene as catalyst at 373 K, which was better
than some transition metals and metal complex catalysts. They also reported that increasing the
doping did not have any effect on the C-H oxidation reaction kinetics. Lai et al. [117] have
also reported that the electrocatalytic activity of the N doped graphene was highly dependent
on the graphitic N content of the graphene sheet. The synthesis of N doped graphene has
recently been possible due to different novel synthesis techniques. Thus, its potential as catalyst

in bio-oil upgrading is yet to be explored.

2.5 Molybdenum Carbide

Mo-C has been applied as a catalyst in the HDO process in several experimental investigations.
Mai et al. [118] studied the conversion of levulinic acid to y-valerolactone catalysed by carbon
nanotube (CNT) supported molybdenum carbide, identifying that the CNT support is crucial to
prevent catalyst deactivation; at operating conditions of 30 bar H> and 200 °C, the conversion
and selectivity with this system is >90%, which is similar to the performance of noble metals.
Han et al. [119] upgraded a range of different vegetable oils (soybean oil, rapeseed oil, maize
oil, sunflower oil) to transport-grade fuel over a molybdenum carbide catalyst, reporting an
ability to recycle the catalyst 16 times for the upgrading process with no leaching observed;

however, the product distribution with the Mo.C catalyst differed from when using a palladium
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catalyst, due to different acyl-to-alkyl rearrangement on the surfaces. McManus and VVohs [120]
investigated the deoxygenation of glycoldehyde and furfural with a Mo2C catalyst on a Mo
(100) support. The catalyst was prepared as per the method described by Farkas and Solymosi
[121] by which an orthorhombic structure of the molybdenum carbide is obtained with a
molybdenum like facet. They observed an initial interaction with the surface through the
aldehyde groups, and also noticed the weakening of the carbonyl C-O bond at temperatures of
200-300 K, which facilitates its dissociation. Bhan et al. also extensively studied the
appropriateness of molybdenum carbide towards the HDO of hydrocarbons [122-126]. For the
HDO of acetone over acidified molybdenum carbide [126], sequential hydrogenation led to
formation of isopropyl alcohol, which was then followed by dehydration to form propylene and
finally propane. For a similar investigation of the HDO of anisole in gas phase over the Mo,C
catalyst surface [125], desirable high selectivity and efficiency was observed towards the
cleavage of C-O bond, and high stability of the catalyst, at conditions of 420-520 K and 1 atm

of pressure.

To understand the fundamental aspects of the reaction mechanism, computational
studies provide important insights. Shi et al. [127] investigated, using density functional theory
(DFT), the Mo.C (101) surface for catalytic conversion of butyric acid to butane, considering
the reaction as representative of conversions of fatty acids to long-chain alkanes. The highest
energy barrier in the reaction profile is observed for the dissociation of butanol. In
complementary calculations, they also showed that the Mo.C (001) surface was able to adsorb
water, OH, and O, more strongly than the (101) surface. Shi et al. [128] also investigated the
conversion of furfural to 2-methylfuran on the Mo.C (101) surface, comparing bare surfaces
with those pre-saturated with H atoms. At the elevated hydrogen coverage, the selectivity of
the products could be tuned: at “high” H> pressure, the formation of 2-methylfuran was

promoted whereas the furan formation was suppressed. Luo et al. [129] studied the formic acid
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decomposition over 5-Mo.C (101) surface using DFT and report the cleavage of HCO-OH to

be thermochemically most favourable route for formic acid decomposition.
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CHAPTER 3

OBJECTIVE

It is quite evident from the literature survey that the potential of biomass as an alternative fuel
is very high. A lot of work has already been done to improve the quality of the fuel by both —
experimental and computational approaches. However, the synthesis and upgrading studies
have still not solved the problems associated with the commercialization of the process. This
is because a good catalyst which is cheap, recyclable and resistant to poisoning has not been
found for the biomass application yet. Most of the research is focussed on transition and noble
metal catalysts like nickel, platinum, ruthenium, etc. which either provide low vyield and
selectivity, or are prohibitively expensive. Carbon based catalyst like CMG and carbides, on
the other hand, could potentially provide high yield at a cheaper price, due to them having
superior properties than pure transition metals.

The use of solvent in the liquefaction has also been very limited and not found much
importance in the research and industrial community in the biomass context. With the
development of universal solvation model methods like SMD and CPCM, the effect of solvent
on the kinetics of HDO can be now calculated with more reliability than before. Also, the
modern catalyst synthesis methods and tools are opening up new possibilities for better and
commercially viable carbon-based catalyst. Thus, this study highlights the kinetics and
thermochemical parameters of HDO of bio-oil model compounds in the presence of solvents

and over carbon-based catalyst using the density functional theory framework.

Aim:

To study the thermochemical and kinetic parameters of upgrading of bio-oil model compounds
in the presence of solvents, and over carbon-based catalyst using the density functional theory.

Objectives:
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1. To study the effect of solvent on the hydrodeoxygenation of bio-oil model compounds.

1.1 To decide on the simulation parameters by standardizing the functionals to be used for
system of interest.
Article(s) published:
(i) DFT Investigation on Thermochemical Analyses of Conversion of Xylose to Linear
Alkanes in Aqueous Phase

1.2 To study the effect of solvents on the HDO of bio-oil model compounds
Article(s) published:
(i) DFT Study on Dibenzofuran Conversion to Cyclohexane and Benzene in Gas, Water
and Methanol Solvents
(if) Thermochemical Conversion of Guaiacol in Aqueous Phase by Density Functional
Theory

2. To study the performance of carbon-based catalyst on the hydrodeoxygenation of bio-oil

model compounds

2.1 To study the effect of chemically modified graphene as catalyst in the bio-oil upgrading.
Article(s) submitted for publishing:
(i) Computational Study on Adsorption Characteristics of Phenol and Guaiacol Over
Single and Multiple Nitrogen Doped Graphene

2.2 To study the effect of metal-carbides as catalyst in the bio-oil upgrading.
Article(s) submitted for publishing:
(i) Dehydrogenation and Dehydration of Formic Acid over Orthorhombic Molybdenum
Carbide
(i) Hydrodeoxygenation of Guaiacol Over Orthorhombic Molybdenum Carbide: A

DFT and Microkinetic Study
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CHAPTER 4

COMPUTATIONAL DETAILS

One of the early methods of solving the Schrddinger equation, called the Born-Oppenheimer
(BO) approximation, considered the nuclei to be fixed in the space while electrons to be mobile
[130]. This method simplified the Hamiltonian (FI) by neglecting any interaction arising due to
the movement of nucleus, which simplified the mathematics involved with the solution. The
approximation provided a remarkable way of solving Schrédinger’s equation. However,
finding the solution of Schrodinger’s equation for large systems with many electrons was still
very challenging due to the sheer number of variables (spatial coordinates and electron spin for
each electron). To overcome this problem, the observable electron density was proposed to be
used to determine all the necessary information for creating the H like the nucleus position,
atomic number and the number of electrons. This idea of determination of system properties
from the electron density was first put forth by E. Fermi and P. A. M. Dirac independently in
1920s [131]. They considered the atom to be a sphere with nucleus in the centre surrounded by
a uniform electron cloud, and provided approximations for calculating the kinetic energy of the
system. After improvements in calculating different interatomic potentials by Dirac in the
model, it was renamed as Thomas-Fermi-Dirac model [132,133]. Though the model proved to
be highly accurate in predicting energy for atoms, it failed miserably for molecules. Despite
the Thomas-Fermi-Dirac’s model’s inability to predict the molecular properties, it introduced
the idea of electron cloud approximation to the scientific community which later led to the

formulation of density functional theory (DFT).

4.1 Density Functional Theory
In the subsequent years, Hohenberg and Kohn gave two theorems, called the Hohenberg-Kohn

theorems, which later went on to form the basis of the density functional theory. The first
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Hohenberg-Kohn theorem [131] stated that all the properties of a system in a ground electronic
state can be determined by the ground state electron density function po(r) for any point r in
the space. In other words,

Eo=E[po(r)] (4.1)

While the second Hohenberg-Kohn theorem stated that any electron density p(r) will give
energy E, equal to or greater than the true ground state energy of system. In other words
E[p(r)] = E[po(r)] (4.2)

The Hohenberg-Kohn theorem related the ground state energy of the system to ground state
electron density [134]. This reduced the number of variables in the solution of the
Schrodinger’s equation to only three spatial coordinates irrespective of the number of electrons.
But the limitation of these theorems was that though the theorems described the ground state
energy, they did not describe the method to determine the ground state energy. To overcome
this limitation, Kohn and Sham applied the variational approach [135]. The ground state
electronic energy of any system can be expressed as the sum of electron kinetic energies (T),
the electron-nucleus attraction potential (Vne) and the electron-electron repulsion potential
(Vee). Since each of these terms are being considered as a function of electron density, they can
be written as T[po(I)], VNe[po(F)] and Vee[po(F)], respectively. Thus, the ground state energy
Eo can be written as:

Eo = (T[po(N)I) + (Vne[po(N)]) + (Vee[po(r)]) (4.3)
Where the angle brackets ( ) describe the quantum-mechanical average values, commonly
referred to as expectation value, of the term contained within.
Calculating the quantum-mechanical average for the nucleus-electron potential (Vne[po(r)]) for

all the electron in the system gives

(Vnelpo(r)]) =1 po(r) v (r)dr (4.4)
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Where the v (r) describe the external potential due to the attraction of electrons to all the nuclei
within the system.
Hence equation (4.3) becomes
Eo = (T[po(N]) + [ po(r) v (r)dr + (Vee[po(r)]) (4.5)
Kohn and Sham proposed to write the kinetic term (T[po(r)]) and the electron-electron
potential term (Vee[po(r)]) in terms of a fictitious reference system of non-interacting electrons.
(Tlpo(NI) = (T[po(r)I)ret + A (T[po(N)]) (4.6)

and
(Vee[po(N)]) = (Vee[po(r)rer + A (Vee[po(N)]) = %f J % drydry+ A (Vee[po(r)]) (4.7)

Where (T[po(r)])refand (Vee[po(r)])ref is the kinetic energy and electron-electron potential
energy of the non-interacting system, respectively, and A (T[po(r)]) and A (Vee[po(r)]) are
the respective deviations in the two terms due to interactions between electrons.

As the electron- electron potential can be described by the classical electrostatic repulsion

correlation of electron density between any two points r1 and rzin the space, the (Vee[ po(r)])ret

dr;dr,where ri2 is the distance between r1 and r.

can be formulated as % [f M
12

Therefore, Eo can be written as:
pO r pO T
Eo=[ po()v (1)dr + (Tlpo(D)ees +3 [ | =22 drydr, + Beelpo(r)]  (4.8)

Where Exc[po(r)] is the exchange correlation energy containing the unknows:

Exc[po(r)] = A(T[po()]) + A(Vee[po(r)]) (4.9)
When the attraction potential of all the nucleus of system A with atomic number Za and a small

fraction of charge cloud is summed, the first term in equation (4.8) becomes

Ipo)v@dr= [ [po(r)E— Z|dr, = = $2,) 2% ar,  (410)
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Expanding the second term in equation (4.8) in terms of Dirac notation for integrals [136], and

by Slater-Condon rule [137] for a four electron system

(TEpo(N)Drer = (Wrer [£ =3 VE|[Wrep) = =TS O|VIpES1)y (@12

Where y,. is the wavefunction of the reference system, PES (1) is the first slater

determinant of the Kohn-Sham orbital.

Putting equation (4.9), (4.10) and (4.11) in energy equation (4.8):

Bo = = $2,J B0 dry — I3 (pfS O|VEEE (D)
1 Po(r)po(rz)
+5J [ = drdry + Exe[po(1)] (4.12)

The term Exc[p(r)] constitutes all the unknowns and is called exchange correlation potential
whose exact mathematical form is unknown [138]. Different functionals have been developed
by various researchers over time to provide approximate solution for this exchange-correlation
(XC) potential. The accuracy of the DFT results depends largely on the choice of the functional.
Functionals which considers only electron density at each point and do not account for
interactions between the particles, like the local density approximation (LDA), is
computationally cheap; but they come at the expense of accuracy [134]. Thus, they are not
employed in the study where more accurate (error < 10 kcal/mol) results are desired. As of
now, meta-generalized gradient approximation (GGA) and hybrid meta-GGA class of
functionals are a popular choice among chemists. These class of functionals considers the
Kohn-Sham kinetic energy density along with the electron density and gradient of electron
density [139]. They provide a good trade-off between accuracy and computational time and are
suitable for specific systems. Some of the most commonly employed functionals are PBE,
BEEF, B3LYP, ®B97XD, M05, M06-2X.

The electron density can be expressed as
2
Po = Pr = lzillllpf(s(l)l (4.13)
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Where X5 is the KS spatial orbital. When the energy equation (4.12) is differentiated with

respect to XS with the orthonormal condition, the KS equation is obtained which is:

1 z (r2)
__Viz - ZnucleiAﬁ + fp :22 drz + 17XC(1) lpf(s(l) = EiKSlpg(S(l) (4-14)

2 T

Where £X5 are the Kohn-Sham energy levels. The vi(r) is a functional derivative of the

exchange correlation energy (Exc[p(r)]) and is expressed as

SExclp()]
o (4.15)

Vxc(r) =
In simple notations, the KS equation can also be written as;
RS WP = 59 (D) (4.16)

Where the Kohn-Sham operator hX® is defined by comparing equation 4.14 with 4.16

4.2 Solvation model with DFT

The Schrodinger’s equation contains Hamiltonian operator whose solution provides the ground
state energy of any molecule in the gas phase. However, not all reactions occur in gas phase.
Sometimes the temperature conditions of reactions are not sufficient to vaporise the reactants.
Also, often the reactions are purposely conducted in solvents to enhance yield and selectivity
[140] of the product mixture. In such cases, solvation effect plays a major role in the kinetics
of reaction. One way to include these effects in the simulation environment could be to surround
a solute molecule with several solvent molecules. But whether the number of solvent molecules
considered are sufficient to accurately describe the solution system, can’t be said with certainty.
Also, the interaction of solute molecule with the distant solvent molecules cannot be accounted
in such case [22]. Thus a need to define the solvent implicitly led to the development of solvent
models like polarizable continuum model (PCM) [141], Onsager model [142] and SMx [143]
models. These models consider the solute molecule to be present in a cavity created by
superimposing vacuum spheres of particular radii over the atoms of the molecule, which is

surrounded by a dielectric medium. The medium is defined by the solvent polarity strength; and
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the electrostatic interactions between the continuum and the solute are accounted during the
energy calculation. The way the models define the radii of the solute cavity and the continuum
strength to determine all interactions between the solute and the solvent varies for each model.
For instance, the Onsager model [142] considers the van der Waals radius for the cavity and
only the dielectric constant of the solvent for the continuum. In the polarized continuum (PCM)
model [141,144], van der Waals radius is used for cavity radius but apart from the electrostatic
interaction, the dispersion-repulsion and the cavitation energy are also accounted by defining
dielectric constant, molar volume, thermal expansion coefficient, etc. The SMD model,
developed by Truhler et al. [145], uses seven different descriptors for defining the medium such
as dielectric constant, refractive index, Abraham’s hydrogen bond acidity, Abraham’s hydrogen
bond basicity, etc. and defines the cavity by superposition of nuclear-centred spheres. The SMD
model, a universal solvation model based on the solute electron density, has two components:
a) the electrostatic component and b) a non-electrostatic component. The components can be
expressed in terms of free energy as:
AGS = AGgyp + AGeps + AGcone (4.17)
Where AG? is standard state free energy of solvation, AGgyp denotes the electrostatic
component of the energy of solvation which includes electronic, nuclear and polarization
contributions. AGpg is the cavity-dispersion-solvent structure contribution to the solvation free
energy. AG2,,. 1S the change in the free energy due to change of concentration between gas
phase standard state and liquid phase standard state.
The electrostatic component is largely based on the integral equation formalism
polarizable continuum model (IEFPCM) [146] but with a new set of parameterized atomic
radii. The electrostatic effect is incorporated by solving the non-homogenous Poisson’s

equation (NPE) which relates the solute charge density (o) to the dielectric constant (g) with

total potential ¢ as
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V- (eVd) = —4mpy (4.18)
The NPE when solved for the solute (in terms of quantum descriptors) provides electric
potential called reaction field (¢). The free energy change can then be calculated using the

reaction field as

AGgp = (¥ [H® — S| ¥) + S S Zigy — (PO |HO |9 ) (4.19)
Where e is the unit atomic charge, Z; and ¢, are atomic number and reaction field of atom k
and H® and ¥ © are Hamiltonian and electronic wavefunction of solute in gas phase and ¥ is

the polarized electronic wavefunction of solute in the solution. The reaction field inside the

molecular cavity for the solute can be defined for any location r as

Q@) =X,

- | (4.20)

|r
Where rn is the position of any part of surface are on the solute-solvent boundary and gm is the
corresponding charge. The non-electrostatic part, which can also be called cavity-dispersion-

solvent structure (CDS) term is the sum of following descriptors:

Geps = 2™ oA (R {Rz, + 1)) + oM 3™ 4, (R {Rz, + 7:}) (4.21)
Where R is the geometry parameter for solvent accessible surface area (SASA) which is
dependent on set {Rz, } of atomic van der Waal’s radii and the solvent radius fs. ok, o™ and

A are the atomic surface tension, molecular surface tension and SASA of any atom k

respectively. The atomic surface tension can be further calculated as:

o= 0 O-Zk + T 6 5-Zkzk\Tk({Zk‘kak‘}) (4.22)
Where 6 6, and ¢ ¢, represents the specific parameter for atomic number k and K,
T ({Z):, Ryi}) is called cut off tan and is the switching function dependent of the molecular

geometry. ¢ & , and 6o 4, €an be further calculated using a set of solvent parameters

described as
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~ o~ ~ ~ [ ~ ~la] ~ ~[B]
60,=00, n+ 00, a+00,

B (4.23)

Where ¢ ¢ iseither 6 6 ,or 6 6 ,, nisthe refractive index of solvent at room temperature,
a is the Abraham’s hydrogen bond acidity and f is the Abraham’s hydrogen bond basicity with
corresponding empirical parameters. The molecular surface tension o™ is also dependent on
a set of descriptors and is calculated as:

[#2] [¥?]

o2 +66" s 567

. -] .~

Yo

Where y is the macroscopic surface tension of the solvent at air-solvent interface at room
temperature, ¢ is fraction of solvent atoms which are aromatic carbon, 1 is the fraction of
solvent atoms which are halogens (F, Cl and Br) and f is the Abraham’s hydrogen bond basicity
with corresponding empirical constants. Altogether, a total of seven independent descriptors
are used to define any solvent using SMD solvation model. The descriptors have been
parametrized against the experimental data to yield mean unsigned error as low as 0.60
kcal/mol in the optimal conditions. This makes it one of the most accurate and comprehensive

models to include solvation effect in the simulation environment.

4.3 DFT Algorithm

The density functional theory employed for this study is based upon the Kohn-Sham method

for finding the ground state energy of a system. The computational package used for

implementing DFT will be Gaussian [147]. The procedure and the algorithm used for solving

the Kohn-Sham equation in the Gaussian package are as follows [148].

First the ith K-S orbitals are expanded in terms of basis function for the ith orbital (¢i) as:
KS=3ym cupi;i=123...,m (4.25)

Where csiis the basis function coefficient of the sth basis function of the ith orbital.
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Putting this basis function in KS equation (4.16) gives

Z Csi ﬁKs¢s = giKS chi¢s (426)
s=1 s=1
Multiplying equation (4.2) with ¢i gives

S S 4.27)
CSi hés = CsiSrsgiKS (
Where
he =[ghgdv  and S, =[ggdv (4.28)

The hKS and Srs assumes the matrix form when r varies from 1 to m, and i varies from 1 to m.
Thus, in the matrix notation, equation 4.27 can be written as:

HC=SC¢ (4.29)
Where H, C and S are m x m matrix and € is an m x m diagonal matrix with non-zero elements.
Gaussian package uses statistical thermodynamics to calculate the thermochemical parameters
of the structures. The equations which govern the thermochemical parameter calculations in

the package are [149,150]:

S=R(In(q) +T ("’;%)V) (4.30)
E = NkgT? (";%)V (4.31)

Where S is the entropy of the system, E is the internal energy of the system, T is the
temperature, ks is the Boltzmann constant, q is the partition function and comprise of
Qetectr Qeransi, Gror ANd qyip; Which are the electronic, translation, rotational and the
vibrational contribution to the partition function respectively.

Each molecular partition function can be calculated as:

4.3.1 Electronic energy contribution

_Ee ec,groun
eiec = exp(%) (4-32)
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Where kg is the Boltzmann constant and T is temperature. This equation is valid for cases where
the spin multiplicity is one. For all other spin multiplicities, a degeneracy factory (2s+1) is
added, where s is the total spin.

4.3.2 Translational motion contribution

3

.
Qtrans = (211'1\’/112 BT)Z 4 (433)

Where V is the volume of a very large cube with side a such that a>> molecule size, h is planck’s
constant and M is the molecular weight
4.3.3 Rotational motion contribution

a. Linear molecules:
1 /(T
ar==(7) (4.34)
Where or represents the symmetry number which tells the number of indistinguishable

orientations of the molecule and &, = h?/8 721ks where | is the moment of inertia.

b. Non-linear molecules:

1/2 T3/2
qr == ( 1,2> (4.35)

Or (er,x er,y er,z)

Where 6rx, Ory and 6r, describes the rotational temperature associated with the moment of

inertia in x, y and z directions.

4.3.4 Vibrational motion contribution

e—BU'K/ZT

qv = Ik 1—o-Ouvk/T (4.36)

Where 6,k is the characteristic vibrational temperature defined as —6vx = hv;/ ks

The total partition function g can be calculated as:

0 = Yetect * Qtranst " Qrot * Quib (4-37)
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The total partition functions are then used to calculate the entropy contributions from the
individual partition functions using equation (4.30) and (4.37). The energy contributions are
also calculated using equation (4.31). Once the entropy and energy has been calculated, the

following equations are used to calculate the overall enthalpy (H) and Gibbs free energy (G):

H=E+keT (4.38)
G=H-TS (4.39)
34
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CHAPTER S

RESULTS AND DISCUSSION

5.1 DFT Investigation on Thermochemical Analyses of Conversion of Xylose to Linear

Alkanes in Aqueous Phase

The xylose is converted to butane, pentane, tridecane and octane by five major pathways shown
in schemes 1-5 as detailed below.

In RS 1, xylose (XYL) is dehydrated to produce furfural (FF) which upon
decarbonylation gives rise to furan (FRN). FRN then undergoes hydrogenation to obtain
butanol (BOL) with tetrahydrofuran (THF) as intermediate. BOL upon subsequent

hydrogenation and deoxygenation produce butane (BAN).

In RS 2, XYL is dehydrated to produce FF which upon hydrogenation yield furfuryl
alcohol (FOL). FOL is further hydrodeoxygenated to produce 2-methylfuran (2MF). Further
hydrogenation of 2MF yields 2-methyltetrahydrofuran (MTHF). Ring opening of MTHF yields
pentaldehyde (PAD) via RS 2a which upon further hydrogenation produce propanol (POL).
Also, direct hydrogenation of MTHF yields POL which upon hydrogenation and

deoxygenation gives rise to pentane (PAN) via RS 2b.

RS 3a/3b initiates with ring and formyl hydrogenation of FF resulting in saturation of
all C=C bonds and a C=0 bond to produce hydroxymethyl tetrahydrofuran (THFOL). Then
ring opening of THFOL occurs by hydrogenation which leads to the possibility of formations
of pentane-1,5-diol (PDOL) and pentane-1,2-diol (PAOL) via RS 3a and 3b, respectively.

PDOL and PAOL upon simultaneous hydrodeoxygenation yield PAN.

RS 4 produce tridecane (TDC) via two sub-pathways, i.e., RS 4a and RS 4b. XYL is

first dehydrated to produce FF which is then subjected to aldol condensation with acetone to
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Reaction Scheme: All reaction scheme describing the conversion of xylose to linear C4, C5,

C8 and C13
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Figure 5.1.1. Optimized geometrical structure of few compounds using B3LYP functional in

aqueous phase.

produce furfural acetone (FAC). Further aldol condensation of FF with FAC vyields
difurfurylideneacetone (FACF) and a water molecule via RS 4a. The FACF is then
hydrogenated to saturate the C=C chain bonds to produce 1,5-di(furan-2-yl)pentan-3-one
(MFK) which is then hydrogenated to yield 1,5-di(furan-2-yl)pentan-3-ol (FA). Further
addition of 3 hydrogen molecules to FA vyields 2-(2-(tetrahydrofuran-2-yl)ethyl)-1,6-
dioxaspiro[4.4]nonane (SHD) via RS 4a which upon simultaneous hydrodeoxygenation gives
rise to TDC. Alternatively, hydrogenation of the furan rings of MFK produces 1,5-

bis(tetrahydrofuran-2-yl)pentan-3-one (KHD). The hydrogenation of C=0O group of KHD
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occurs to produce 1,5-bis(tetrahydrofuran-2-yl)pentan-3-ol (AHD) via RS 4b. Further,

hydrodeoxygenation of AHD gives rise to TDC.

i ™ @
. [
XYL FF
¢ «
€y ¢ ) >

et o e ?*

g o¢c ¢ ("

BOL BAN

.

e

MTHF *“{*NM wﬂﬁb k?s‘e‘ &

F? 3 u.*i v - wﬁa&w

THFOL o o
‘J‘ 1‘0 «;’ ¢ % “x P 2
w RS 2
FAC SHD

Figure 5.1.2: optimized geometrical structure of remaining few compounds using B3LYP

functional
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Figure 5.1.3: optimized geometrical structure of remaining few compounds using M06-2X

functional in aqueous phase.

In RS 5, hydrogenation of all unsaturated carbon of FAC is performed in two steps to
produce 4-(tetrahydrofuran-2-yl)butan-2-ol (STHF) followed by hydrodeoxygenation to
produce 2-butyltetrahydrofuran (BTHF). Direct hydrogenation of BTHF yields octanol (OOL)
in RS 5a, whereas in RS 5b, BTHF first undergoes ring opening to produce octaldehyde (OAL)
followed by hydrogenation of OAL to produce OOL. Finally, hydrodeoxygenation of OOL

yields octane (OCT).
All structures are first optimized using B3LYP functional with Pople’s split valence

basis set [151] with diffuse function on non-hydrogen atoms and polarization function on all

39
TH-2850_166107102



W9 %at,, ‘@ Co

9 (™ (™
XYL FF
e b « ¢
¢ (N !
Yol ¢ ¢
BOL BAN
¢ . ¢ _ & i
a ‘. 3 & TOTE
f‘ o POL
MTHF .
c®L P f’*{-" ®
e €
POL
¢ : ¢ o o /" i‘ 'Y
s“\ ‘b\\‘ ‘,&\‘, ¢* “/" : h ‘ "A.
¢« e y : A
&€ S€ ot ﬁﬂ‘
FACF MFK
J . [ 5 { '
. «¢
J‘/“/“/‘?) . o€ 1/“’\‘“ Jéf./ 3’; /.3‘3
o o E¥E < o g ®
FAC FA SHD

Figure 5.1.4: optimized geometrical structure of remaining few compounds using M06-2X

functional in aqueous phase.

atoms, 6-31+g(d,p) in the gas phase. The resultant molecule structure is again optimized in
aqueous phase using SMD [145] solvation model and the thermochemical parameters are
derived at a varying temperature at the same level of theory. The optimized structures of all the

molecules by both functionals are provided in Figure 5.1.1 and 5.1.2. Further, in the study
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conducted by Simon & Goodman [152], it is reported that the single point energy (SPE)
calculation conducted using M05-2X functional [153] can be more accurate than some of the
more computationally expensive methods. Thus, the single point energetics of the optimized
structures of the aqueous phase is then calculated at M05-2X/6-311++g(3df,2p) level of theory
in aqueous phase using SMD solvation model. Sample Gaussian input codes are provided in

Annexure 2 for reference.

Alternatively, molecules are also optimized in the gas phase at M06-2X/6-31+g(d,p)
level of theory. The resultant structure is then re-optimized in the aqueous phase using SMD
solvation model at the same level of theory and are given in Figure 5.1.3 and Figure 5.1.4.

Thermochemical parameters are also calculated at the same level of theory.

All simulations are performed using Gaussian 09 software package [147] with the aid of

GaussView 5 visualization tool [154].

5.1.1 Thermochemistry
The thermochemical parameters- AG, AH and Keq Of all the conversions for all the reaction

M
schemes have been discussed in this section. The M and C values of the equation In Keq= T +

Cisalso provided in Table 5.1.1 for all conversions. The conversion of XYL to FF is common

in all reaction schemes and is discussed below.

M
Table 5.1.1: M and C values for the equation In Keq= T + C where Keq is the rate constant in

st at equilibrium and T is the temperature in Kelvin.

M06-2X B3LYP
M C M C
XYL — FF -2425.60 | 56.50 | 6478.10 | 57.39
FF — FRN -7193.20 | 18.35 | -8846.70 | 18.10

FRN — THF 22342.00 | -30.11 | 20097.00 | -28.32
THF — BOL 12974.00 | -10.85 | 12651.00 | -10.17
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BOL — BAN 12068.00 | 1.99 | 13046.00 | 1.51
FF — FOL 10210.00 | -14.13 | 6933.60 | -13.16
FOL — 2MF 13531.00 | 2.86 | 14335.00 | 3.09
2MF — MTHF | 22129.00 | -30.72 | 19358.00 | -29.86
MTHF — POL | 10592.00 | -11.49 | 10724.00 | -10.86
MTHF — PAD -634.02 | 4.37 | 1919.80 | 4.45
PAD — POL 11226.00 | -15.87 | 8803.80 | -15.31
POL —PAN 11876.00 | 2.41 | 12870.00 | 2.49
FF — THFOL 33525.00 | -45.43 | 27126.00 | -43.72
THFOL — PDOL | 10884.00 | -11.22 | 11232.00 | -10.84
PDOL — PAN | 23920.00 | 5.58 | 25862.00 | 5.96
THFOL — PAOL | 12834.00 | -12.14 | 12510.00 | -11.17
PAOL — PAN 21971.00 | 6.50 | 24584.00 | 6.28
FF — FAC 2827.00 | -291 | 2182.10 | -1.98
FAC — FACF 3171.80 | -2.12 | 2296.70 | -2.59
FACF — MFK | 29327.00 | -30.22 | 22188.00 | -28.54
MFK — FA 8808.90 | -15.35| 6142.20 | -13.47
FA — SHD 37626.00 | -50.39 | 31790.00 | -51.87
SHD — TDC 62126.00 | -22.58 | 69645.00 | -35.13
MFK — KHD 44534.00 | -62.23 | 39371.00 | -62.96
KHD — AHD 8455.50 | -16.41 | 5364.00 | -13.26
AHD — TDC 55572.00 | -9.67 | 62843.00 | -24.25
FAC — DHF 8164.00 | -15.37 | 5078.40 | -15.20
DHF — STHF 37565.00 | -46.35 | 32007.00 | -44.77
STHF — BTHF 9899.60 | 2.79 | 11291.00 | 3.99
BTHF — OOL | 10770.00 | -10.02 | 11146.00 | -11.34
OOL — OCT 11991.00 | 3.25 | 12932.00 | 3.68
BTHF — OAL 121.09 423 | 2688.00 | 2.84
OAL — OOL 10649.00 | -14.25 | 8458.50 | -14.18

5.1.1.1 Formation of Furfural

The conversion of XYL to FF is achieved by the dehydration of XYL molecule by eliminating
three molecules of water. The associated enthalpy change is -14.32 kcal/mol using B3LYP
functional at 298 K which decreases to -16.32 kcal/mol at 698 K (Table 5.1.2). However, M06-
2X calculation for the same conversion shows the associated enthalpy change of 4.59 kcal/mol

at 298 K which decreases to 4.25 kcal/mol at 698 K. AH difference of 18.91 kcal/mol between

42
TH-2850_166107102



both functionals at 298 K is the largest difference calculated across all the reaction schemes.
To determine the actual error between the two functionals, XYL to FF conversion step is
simulated with two very high accuracy methods — MP2/aug-ccPVDZ and G4MP2 in the
aqueous phase with SMD solvation model [155,156]. AH is found to be -5.52 kcal/mol and -
4.89 kcal/mol for MP2 and G4AMP2 at 298 K respectively. At 698 K, the enthalpy change is
found to be -5.82 kcal/mol and -5.55 kcal/mol for MP2 and G4MP2 respectively. This suggests
that while the reaction step is exothermic in nature, the error in both the functionals (B3LYP

and M06-2X) is almost of the same magnitude but in opposite direction.

The free energy change (AG) of the XYL to FF conversion is calculated to be -46.45
kcal/mol using B3LYP functional in the aqueous phase. The gas phase study conducted by Luo
et al. [157] with the same functional report AG = -69.8 kcal/mol making the reaction more
favorable in the gas phase. Using M06-2X functional, AG of the conversion is found to be -
28.63 kcal/mol at 298 K. While the low free energy shows the reaction step to be favorable in
nature, the actual spontaneity of the reaction is confirmed by the MP2/aug-ccPVDZ and
G4MP2 methods, which estimate AG to be -38.01 kcal/mol and -37.62 kcal/mol at 298 K
respectively. At 698 K, the AG for B3LYP and M06-2X is -91.68 kcal/mol and -73.48 kcal/mol
respectively. Luo et al. [157] report AG of -119.5 kcal/mol for gas phase at this temperature.
Calculations with MP2 and G4MP2 in aqueous phase show AG equal to -82.14 kcal/mol and -
81.67 kcal/mol respectively. Thus, here too, the error associated with B3LYP and M06-2X is
of the same magnitude. The spontaneity is found to increase with an increase in temperature
from 298 K to 698 K for both B3LYP and M06-2X by the same magnitude of 45.00+1 kcal/mol
(Figure 5.1.5(a)). This in accordance with the findings of Xu et al. [158] which reports the
activation energy of this conversion to be quite high. Thus, a high temperature can be favorable

for this conversion step.
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Table 5.1.2. Enthalpy change (AH) in Kcal/mol using B3LYP and M06-2X functional for all conversion steps at varying temperature.

298 K 398 K 498 K 598 K 698 K

MO06-2X | B3LYP | M06-2X | B3LYP | M06-2X | B3LYP | M06-2X | B3LYP | MO06-2X | B3LYP

XYL — FF 4.59 -14.32 4.95 -15.57 4.98 -15.58 4.73 -15.84 4.26 -16.32
FF — FRN 14.32 17.78 14.34 17.91 14.29 17.86 14.17 17.75 14.01 17.60
FRN — THF -43.16 -39.49 -44.14 -41.48 -44.95 -42.24 -45.57 -42.82 -46.02 -43.21
THF — BOL -25.72 -25.43 -25.76 -25.91 -25.80 -25.97 -25.82 -26.01 -25.82 -26.02
BOL — BAN -23.59 -25.38 -23.85 -25.55 -24.14 -25.86 -24.44 -26.18 -24.74 -26.49
FF — FOL -19.87 -13.70 -20.22 -14.37 -20.47 -14.58 -20.65 -14.72 -20.75 -14.78
FOL — 2MF -26.48 -28.09 -26.75 -28.51 -27.04 -28.82 -27.35 -29.15 -27.66 -29.46
2MF — MTHF -42.76 -37.73 -43.74 -39.26 -44.52 -40.01 -45.11 -40.56 -45.51 -40.93
MTHF — POL -20.86 -21.36 -21.00 -21.72 -21.13 -21.84 -21.22 -21.93 -21.27 -21.98

MTHF — PAD 0.96 -4.08 1.22 -3.78 1.40 -3.62 1.52 -3.52 1.61 -3.45
PAD — POL -21.82 -17.28 -22.22 -17.94 -22.52 -18.22 -22.74 -18.41 -22.87 -18.53
POL —PAN -23.16 -25.17 -23.44 -25.60 -23.75 -25.92 -24.07 -26.25 -24.39 -26.57
FF — THFOL -64.99 -53.09 -66.31 -55.29 -67.35 -56.25 -68.10 -56.93 -68.61 -57.37
THFOL — PDOL -21.46 -22.37 -21.58 -22.73 -21.70 -22.86 -21.79 -22.95 -21.84 -23.01
PDOL — PAN -46.70 -50.58 -47.26 -51.44 -47.86 -52.07 -48.49 -52.71 -49.12 -53.35
THFOL — PAOL -25.41 -25.00 -25.48 -25.26 -25.54 -25.32 -25.57 -25.36 -25.58 -25.36
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PAOL — PAN -42.75 -47.96 -43.36 -48.91 -44.03 -49.61 -44.71 -50.31 -45.38 -50.99

FF — FAC -6.02 -5.32 -5.70 -4.80 -5.43 -4.54 -5.20 -4.34 -5.03 -4.18

FAC — FACF -6.70 -4.56 -6.39 -4.54 -6.12 -4.24 -5.89 -3.99 -5.72 -3.80
FACF — MFK -57.12 -43.43 -58.05 -44.88 -58.78 -45.56 -59.32 -46.06 -59.69 -46.39
MFK — FA -17.03 -11.98 -17.42 -12.65 -17.72 -12.93 -17.93 -13.12 -18.06 -13.24
FA — SHD -72.60 -61.74 -74.35 -64.34 -15.74 -65.65 -76.79 -66.61 -17.52 -67.26
SHD — TDC -121.54 | -130.65 | -122.89 | -124.94 | -12425 | -126.37 | -125.52 | -127.69 | -126.66 | -128.85
MFK — KHD -86.05 -76.45 -88.02 -719.71 -89.60 -81.42 -90.78 -82.72 -91.60 -83.66
KHD — AHD -16.31 -10.73 -16.72 -11.22 -17.03 -11.31 -17.24 -11.31 -17.38 -11.23
AHD — TDC -108.81 | -117.20 | -109.92 | -110.99 | -111.08 | -112.23 | -112.21 | -113.40 | -113.25 | -114.47
FAC — DHF -15.78 -9.42 -16.15 -10.29 -16.43 -10.51 -16.62 -10.66 -16.74 -10.73
DHF — STHF -72.80 -62.49 -74.29 -64.79 -15.47 -65.91 -76.35 -66.74 -76.96 -67.28
STHF — BTHF -19.17 -21.93 -19.51 -22.47 -19.88 -22.86 -20.26 -23.24 -20.62 -23.61
BTHF — OOL -21.25 -22.21 -21.36 -22.55 -21.47 -22.67 -21.54 -22.75 -21.57 -22.79
OOL — OCT -23.42 -25.32 -23.69 -25.73 -23.99 -26.03 -24.29 -26.34 -24.60 -26.65

BTHF — OAL -0.56 -5.60 -0.29 -5.29 -0.09 -5.13 0.05 -5.02 0.15 -4.94
OAL — OOL -20.69 -16.61 -21.08 -17.26 -21.37 -17.54 -21.58 -17.73 -21.72 -17.84
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Table 5.1.3. Equilibrium rate constant (Keq) values using B3LYP and M06-2X functional for all conversion steps at varying temperature.

298 K 398 K 498 K 598 K 698 K

MO06-2X | B3LYP | M06-2X | B3LYP | M06-2X | B3LYP | M06-2X | B3LYP | M06-2X | B3LYP
XYL — FF 1.01E+21 | 1.22E+34 | 7.50E+21 | 2.73E+32 | 2.66E+22 | 5.22E+30 | 6.08E+22 | 3.67E+29 | 1.05E+23 | 5.28E+28
FF — FRN 3.03E-03 | 9.87E-06 | 1.32E+00 | 1.46E-02 | 5.02E+01 | 1.37E+00 | 5.58E+02 | 2.79E+01 | 3.06E+03 | 2.36E+02
FRN — THF 2.64E+19 | 5.69E+16 | 2.43E+11 | 9.70E+09 | 2.97E+06 | 2.35E+05 | 1.41E+03 | 1.77E+02 | 5.61E+00 | 9.88E-01
THF — BOL 1.56E+14 | 8.66E+13 | 2.81E+09 | 3.31E+09 | 4.02E+06 | 4.56E+06 | 5.12E+04 | 5.63E+04 | 2.27E+03 | 2.44E+03
BOL — BAN 2.70E+18 | 4.65E+19 | 1.15E+14 | 7.73E+14 | 2.60E+11 | 1.12E+12 | 4.29E+09 | 1.38E+10 | 2.21E+08 | 5.74E+08
FF — FOL 5.27E+08 | 1.51E+04 | 1.07E+05 | 6.95E+01 | 6.11E+02 | 1.76E+00 | 1.89E+01 | 1.49E-01 | 1.55E+00 | 2.51E-02
FOL — 2MF 8.69E+20 | 1.56E+22 | 1.08E+16 | 1.10E+17 | 1.17E+13 | 7.58E+13 | 1.18E+11 | 5.65E+11 | 4.26E+09 | 1.65E+10
2MF — MTHF 7.03E+18 | 1.21E+15 | 7.67E+10 | 2.44E+08 | 1.04E+06 | 1.04E+04 | 5.33E+02 | 1.14E+01 | 2.25E+00 | 8.40E-02
MTHF — POL 2.72E+10 | 7.19E+10 | 3.79E+06 | 1.17E+07 | 1.80E+04 | 4.62E+04 | 5.02E+02 | 1.14E+03 | 3.87E+01 | 8.09E+01
MTHF — PAD 9.79E+00 | 5.63E+04 | 1.55E+01 | 1.00E+04 | 2.16E+01 | 3.91E+03 | 2.76E+01 | 2.14E+03 | 3.33E+01 | 1.41E+03
PAD — POL 2.78E+09 | 1.28E+06 | 2.45E+05 | 1.17E+03 | 8.34E+02 | 1.18E+01 | 1.82E+01 | 5.34E-01 | 1.16E+00 | 5.76E-02
POL —PAN 2.09E+18 | 6.24E+19 | 1.06E+14 | 1.51E+15 | 2.66E+11 | 2.18E+12 | 4.67E+09 | 2.66E+10 | 2.51E+08 | 1.10E+09
FF — THFOL 1.11E+29 | 2.02E+20 | 9.09E+16 | 9.26E+10 | 3.87E+09 | 6.57E+04 | 4.11E+04 | 4.61E+00 | 1.08E+01 | 4.69E-03
THFOL — PDOL | 9.56E+10 | 4.04E+11 | 1.04E+07 | 4.30E+07 | 4.25E+04 | 1.31E+05 | 1.08E+03 | 2.73E+03 | 7.74E+01 | 1.71E+02
PDOL — PAN 1.72E+37 | 1.57E+40 | 3.79E+28 | 8.28E+30 | 2.16E+23 | 1.62E+25 | 6.28E+19 | 2.31E+21 | 1.74E+17 | 3.86E+18
THFOL — PAOL | 2.67E+13 | 2.16E+13 | 5.47E+08 | 7.48E+08 | 8.38E+05 | 1.21E+06 | 1.11E+04 | 1.67E+04 | 5.09E+02 | 7.86E+02
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PAOL — PAN 6.17E+34 | 2.93E+38 | 7.18E+26 | 4.76E+29 | 1.09E+22 | 1.76E+24 | 6.05E+18 | 3.78E+20 | 2.65E+16 | 8.39E+17
FF — FAC 7.49E+02 | 2.00E+02 | 6.20E+01 | 3.61E+01 | 1.51E+01 | 1.10E+01 | 6.12E+00 | 5.18E+00 | 3.30E+00 | 3.10E+00
FAC — FACF 5.27E+03 | 1.82E+02 | 3.26E+02 | 2.15E+01 | 6.66E+01 | 7.05E+00 | 2.41E+01 | 3.53E+00 | 1.20E+01 | 2.21E+00
FACF — MFK 3.60E+29 | 6.15E+19 | 8.91E+18 | 1.09E+12 | 3.21E+12 | 1.13E+07 | 1.48E+08 | 4.89E+03 | 1.13E+05 | 1.85E+01
MFK — FA 1.41E+06 | 1.07E+03 | 9.52E+02 | 9.20E+00 | 1.10E+01 | 3.58E-01 | 5.38E-01 | 3.95E-02 | 6.14E-02 | 8.06E-03
FA — SHD 6.92E+32 | 3.54E+23 | 2.06E+19 | 3.45E+12 | 1.09E+11 | 2.35E+05 | 2.73E+05 | 3.28E+00 | 2.48E+01 | 1.02E-03
SHD — TDC 4.26E+80 | 2.52E+87 | 1.29E+58 | 7.12E+58 | 3.06E+44 | 9.80E+44 | 2.07E+35 | 4.61E+35 | 5.14E+28 | 8.77E+28
MFK — KHD 5.62E+37 | 5.06E+29 | 5.33E+21 | 1.26E+16 | 8.56E+11 | 1.65E+07 | 2.04E+05 | 1.56E+01 | 3.40E+00 | 6.85E-04
KHD — AHD 1.48E+05 | 9.87E+01 | 1.35E+02 | 1.55E+00 | 1.86E+00 | 8.88E-02 | 1.02E-01 | 1.31E-02 | 1.27E-02 | 3.37E-03
AHD — TDC 5.01E+76 | 1.91E+82 | 3.53E+56 | 1.15E+56 | 2.30E+44 | 5.61E+43 | 1.46E+36 | 2.92E+35 | 1.82E+30 | 3.13E+29
FAC — DHF 1.58E+05 | 5.73E+00 | 1.83E+02 | 9.97E-02 | 2.91E+00 | 7.14E-03 | 1.78E-01 | 1.20E-03 | 2.38E-02 | 3.30E-04
DHF — STHF 3.33E+34 | 9.19E+26 | 9.56E+20 | 6.80E+15 | 5.27E+12 | 4.22E+08 | 1.41E+07 | 5.71E+03 | 1.35E+03 | 1.76E+00
STHF — BTHF 4.08E+15 | 1.37E+18 | 1.12E+12 | 1.32E+14 | 7.52E+09 | 4.18E+11 | 2.53E+08 | 8.50E+09 | 2.15E+07 | 5.04E+08
BTHF — OOL 2.16E+11 | 1.84E+11 | 2.57E+07 | 2.08E+07 | 1.11E+05 | 6.66E+04 | 2.94E+03 | 1.43E+03 | 2.18E+02 | 9.19E+01
OOL — OCT 7.30E+18 | 2.54E+20 | 3.33E+14 | 5.88E+15 | 7.82E+11 | 8.19E+12 | 1.32E+10 | 9.76E+10 | 6.93E+08 | 3.98E+09
BTHF — OAL 1.07E+02 | 1.49E+05 | 8.88E+01 | 1.37E+04 | 8.46E+01 | 3.65E+03 | 8.41E+01 | 1.55E+03 | 8.51E+01 | 8.47E+02
OAL — OOL 2.03E+09 | 1.24E+06 | 2.89E+05 | 1.51E+03 | 1.32E+03 | 1.82E+01 | 3.49E+01 | 9.27E-01 | 2.56E+00 | 1.08E-01
47
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Figure 5.1.5. AG vs T plot with B3LYP and M06-2X functional for (a) all conversions of RS

1 (b) all conversions of RS 2

5.1.1.2 Formation of Butane

The conversion of FF to BAN starts with the decarbonylation of FF. With AG of 6.82 kcal/mol

and 3.43 kcal/mol using B3LYP and M06-2X respectively at 298 K (Figure 5.1.5(a)), this step

is observed to

conversion is unfavorable even in the gas phase as reported by Banerjee & Mushrif [159]. The

equilibrium constant for the reaction is also found to be almost zero suggesting minimum

TH-2850_166107102

be the most unfavorable reaction step in RS 1. With AG = 9.56 kcal/mol, this




conversion (Table 5.1.3). But with an increase in temperature, the spontaneity increases and at
698 K, AG is found to be -7.57 kcal/mol and -11.12 kcal/mol for B3SLYP and M06-2X
respectively. The enthalpy change for FF to FRN is calculated to be 17.78 kcal/mol and 14.32
kcal/mol for B3LYP and M06-2X at 298 K respectively (Table 5.1.2). The increase in
temperature does not seem to have any significant effect on its reaction enthalpy. Further
conversion of FRN to THF is highly spontancous at 298 K with AG as -22.83 kcal/mol and -
26.47 kcal/mol for B3LYP and M06-2X respectively. However, the spontaneity decreases with
increase in the temperature and reaches almost 0.02 kcal/mol for B3LYP and -2.39 kcal/mol
for M06-2X at 698 K. The enthalpy change for the reaction step suggest exothermic reaction
with resistance to the temperature change and show only a deviation of +3 kcal/mol with the
increase in temperature. Similarly, the conversion of THF to BOL and BOL to BAN is
exothermic and does not change significantly with the increase in temperature. However, the
reaction free energy change of THF to BOL increases from -18.99 kcal/mol to -10.81 kcal/mol
as per B3LYP functional and -19.34 kcal/mol to -10.71 kcal/mol as per M06-2X functional
from 298 K to 698 K temperature. On the contrary, the free energy change for BOL to BAN
decreases from -26.80 kcal/mol to -27.96 kcal/mol as per B3LYP functional and -25.12
kcal/mol to —26.63 kcal/mol as per M06-2X functional suggesting minimal temperature effect

on the spontaneity of the conversion.

5.1.1.3 Formation of Pentane

In RS 2, the conversion of FF to FOL is spontancous with AG equal to -5.70 kcal/mol and -
11.89 kcal/mol at 298 K using B3LYP and M06-2X functional respectively. When this is
compared to the gas phase AG of ~14 kcal/mol reported by Banarjee & Mushrif [159], the
conversion in the aqueous phase is more likely to occur. However, the same does not hold true
at a higher temperature. As the temperature increase, AG increases to 5.11 kcal/mol and -0.61

kcal/mol at 698 K with B3LYP and M06-2X functional respectively, suggesting an unfavorable

49
TH-2850_166107102



15 -
5 -
A -
s |
_E_'h
q-25 ¢
=
(9-35 -
|
45+
55 -
-65 : - -
48 298 348 398 48 498 S48 598 o480 698 748
Temperature (K)
O FF — THFOL ¢ THFOL — PDOL O PDOL — PAN
X THFOL — PAOL A PAOL — PAN
20 [ | — MO6-2X (b)
== B3LYP
w - —
~ 0
Q
Eqo
m
o
.20 -
]
<30
40 -
_m | 1
248 298 348 398 M8 498 S48 M98 48 698 748
Temperature (K)
= FAC — DHF < DHF — STHF O STHF — BTHF X BTHF — OOL
A QOL— OCT O BTHF — OAL X 0OAL — O0L

Figure 5.1.6: AG vs T plot with B3LYP and M06-2X functional for (a) all conversions of RS
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environment at high temperature. Further, Keqalso reduces to less than zero at 698 K suggesting

no likelihood of the conversion to proceed. A similar trend is observed in conversion of 2MF
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to MTHF, MTHF to POL and PAD to POL as well (Figure 5.1.5(b)). In RS 2a/2b, all reactions
are exothermic by nature and an increase in temperature is favorable, except for MTHF to PAD
conversion steps. The predicted AH by both functionals suggests that this step is not very
exothermic and may require energy to proceed. Also, AH is observed to increase with an
increase in temperature suggesting an unfavorable condition at a higher temperature.

In RS 3, the reaction free energy for the conversion of FF to THFOL is calculated to be
-27.67 kcal/mol and -39.58 kcal/mol for B3LYP and M06-2X functionals, respectively. This
suggests that the reaction step is spontaneous. It is also observed that with an increase in
temperature, the spontaneity decreases and reaches 7.43 kcal/mol at B3LYP and -3.29 kcal/mol
at M06-2X level of theories signifying an unfavorable condition. Conversion of THFOL to
PDOL and THFOL to PAOL show similar trend where AG increases with increase in
temperature (Figure 5.1.6(a)). However, the enthalpy change for the conversion of FF to
THFOL decrease from -53.09 kcal/mol at 298 K to -57.37 kcal/mol at 698 K for B3LYP
functional showing increase in the exothermicity. Similarly, for M06-2X, enthalpy change
decreases from -64.99 kcal/mol at 298 K to -68.61 kcal/mol at 689 K. No significant change is
observed in AH of THFOL to PDOL and THFOL to PAOL conversion. A decrease in the
enthalpy change of less than 2 kcal/mol is observed for the PDOL to PAN and PAOL to PAN
conversion step at each interval of 100 K temperature for both functionals. Also, Gibbs energy
change decreases with temperature from 298 K to 698 K for PDOL to PAN and PAOL to PAN
for both functionals, signifying increasing feasibility of the conversion with an increase in

temperature.

5.1.1.4 Formation of Tridecane

In RS 4, FF to FAC conversion is an exothermic step with AH2gs value of -5.32 kcal/mol at

B3LYP and -6.02 kcal/mol at M06-2X at 298 K. As reported by Liu et el. [91] this reaction
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Figure 5.1.7: AG vs T plot with B3LYP and M06-2X functional for conversions of RS 4

has an enthalpy change of 1.4 kcal/mol in the gas phase. This makes the aqueous phase
energetically favorable for FF to FAC conversion. Increase in temperature does not have much

influence as AH increase to -4.18 kcal/mol and -5.02 kcal/mol at 698 K for respective
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functionals. Also, AG remains mostly unaffected by rising temperature and increase by less
than 2 kcal/mol; from -3.14 kcal/mol at 298 K to -1.57 kcal/mol at 698 K for B3LYP and -3.92
kcal/mol to -1.66 kcal/mol for M06-2X (Figure 5.1.7(a)). In RS 4a, FAC to FACF conversion
exhibit AH = -4.55 kcal/mol and -6.70 kcal/mol with B3LYP and MO06-2X functionals
respectively. Liu et al. [91] report enthalpy change as 2.8 kcal/mol for this reaction in gas phase
making the reaction more favorable in the aqueous phase. The AG and AH are not much
influenced by temperature increment for this reaction either. However, FACF to MFK
conversion exhibit strong temperature dependence which leads to increase in AG from -26.97
kcal/mol at 298 K to -4.05 kcal/mol at 698 K for B3LYP and -40.28 kcal/mol to -16.13 kcal/mol
for M06-2X at respective temperatures. With AG =-15.7 kcal/mol, the reaction is less favorable
in the gas phase as reported by Liu et al. [91]. AH for this conversion is found to be -43.43
kcal/mol with B3LYP and -57.12 kcal/mol with M06-2X functional whereas the gas phase
enthalpy change reported by Liu et al. [91] is -23.5 kcal/mol. This again shows that aqueous
medium can be preferred phase for the conversion to occur. With the difference of less than 3
kcal/mol between 298 K and 698 K for both the functionals, enthalpy change does not seem to
be affected much by rise in temperature. With the increase in temperature, AG is found to
increase in most of the reaction steps in RS 4a. As a consequence, conversion of MFK to FA
and FA to SHD reach positive or close to zero AG at a higher temperature, showing the
conversion to be not very feasible at extreme conditions. However, SHD to TDC and AHD to
TDC show very high spontaneity at all temperatures. They have been depicted on the secondary
y-axis (see Figure 5.1.7(b)). The enthalpy change for the conversion of AHD to TDC is reported
by Liu et al. [91] as -71.9 kcal/mol whereas this study found it to be -108.81 kcal/mol with
MO06-2X and -117.19 kcal/mol with B3LYP functional. This is significantly lower than the gas
phase AH suggesting high enthalpy change favorability in the aqueous phase. Similarly, in RS

4b, MFK to KHD and KHD to AHD show positive or close to zero AG at higher temperatures.
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Table 5.1.4: Entropy change (AS) in Kcal mol™K for all conversion steps at varying temperature using B3LYP and M06-2X functional.

298 K 398 K 498 K 598 K 698 K

MO06-2X | B3LYP | MO06-2X | B3LYP | M06-2X | B3LYP | MO06-2X | B3LYP | M06-2X | B3LYP
XYL — FF 0.45 0.45 0.46 0.46 0.46 0.46 0.45 0.45 0.45 0.45
FF — FRN 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15
FRN — THF -0.23 -0.23 -0.24 -0.24 -0.25 -0.25 -0.26 -0.26 -0.26 -0.26
THF — BOL -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09
BOL — BAN 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01
FF — FOL -0.11 -0.11 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12
FOL — 2MF 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02
2MF — MTHF -0.24 -0.24 -0.25 -0.25 -0.26 -0.26 -0.26 -0.26 -0.27 -0.27
MTHF — POL -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.10 -0.10
MTHF — PAD 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04
PAD — POL -0.13 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13
POL —PAN 0.03 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01
FF — THFOL -0.36 -0.36 -0.37 -0.37 -0.38 -0.38 -0.39 -0.39 -0.39 -0.39
THFOL — PDOL -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.09 -0.10 -0.10
PDOL — PAN 0.06 0.06 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04
THFOL — PAOL -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10
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PAOL — PAN 0.06 0.06 0.05 0.05 0.05 0.05 0.04 0.04 0.04 0.04
FF — FAC -0.03 -0.03 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02
FAC — FACF -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02
FACF — MFK -0.23 -0.23 -0.24 -0.24 -0.25 -0.25 -0.25 -0.25 -0.25 -0.25
MFK — FA -0.11 -0.11 -0.11 -0.11 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12
FA — SHD -0.42 -0.42 -0.44 -0.44 -0.45 -0.45 -0.46 -0.46 -0.46 -0.46
SHD — TDC -0.16 -0.16 -0.19 -0.19 -0.20 -0.20 -0.21 -0.21 -0.22 -0.22
MFK — KHD -0.50 -0.50 -0.53 -0.53 -0.55 -0.55 -0.56 -0.56 -0.56 -0.56
KHD — AHD -0.11 -0.11 -0.11 -0.11 -0.12 -0.12 -0.12 -0.12 -0.11 -0.11
AHD — TDC -0.07 -0.07 -0.09 -0.09 -0.11 -0.11 -0.11 -0.11 -0.12 -0.12
FAC — DHF -0.12 -0.12 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13 -0.13
DHF — STHF -0.36 -0.36 -0.38 -0.38 -0.39 -0.39 -0.40 -0.40 -0.40 -0.40
STHF — BTHF 0.04 0.04 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02
BTHF — OOL -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10 -0.10
OOL — OCT 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.02 0.02
BTHF — OAL 0.02 0.02 0.02 0.02 0.03 0.03 0.03 0.03 0.03 0.03
OAL — OOL -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 -0.12 -0.13 -0.13
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It is worth noting here that in MFK - KHD conversion, the entropy change is found to be
highly negative (Table 5.1.4), suggesting that the increase in the enthalpy change is being offset
by the entropy. As a result the free energy change is close to zero. Though not substantially but
AH of both pathways, i.e., RS 4a and RS 4b, decrease with increase in temperature except for
final conversion step, i.e., SHD to TDC and AHD to TDC. The reaction steps SHD to TDC
and AHD to TDC show an increase in enthalpy change with the increase in temperature. With
AHzgg 0f -130.65 kcal/mol at B3LYP and -121.54 kcal/mol at M06-2X at 298 K, SHD to TDC

is the most exothermic step in RS 4a.

5.1.1.5 Formation of Octane

In RS 5, FAC to 4-(furan-2-yl)but-3-en-2-ol (DHF) conversion is barely spontaneous at 298 K
with AG value of -1.03 kcal/mol at B3LYP and -7.04 kcal/mol at M06-2X. However, with an
increase in temperature, AG becomes positive at 698 K making it non-spontaneous (Figure
5.1.6(b)). A similar trend is observed for Gibb’s free energy change in conversion of OAL to
OOL where conversion is slightly spontaneous at 298 K but becomes unfavorable with an
increase in temperature. Conversion of DHF to STHF and BTHF to OOL also show a similar
trend; however, the conversion remains almost spontaneous even at high temperature. On the
contrary, AG reduces by about 3 kcal/mol for STHF to BTHF, OOL to OCT and BTHF to OAL
conversions at 698 K temperature resulting in an increase in the feasibility of the reaction. The
change in AH is found to be favorable with the increase in temperature for all conversion steps
of RS 5 except BTHF to OAL. The increment in AH with the increase in temperature decreases

the exothermicity of conversion.

5.1.2 Single Point Energetics (SPE)

Single point energy change (AE) of each step of all pathways (RS 1- RS 5) is calculated in the

aqueous phase and shown in Figure 5.1.8 at M05-2X/6-311++g(3df,2p) level of theory. As
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shown by Dahlke et al. [160], the M05-2X functional is better at predicting single point
energetics than its counterpart functionals reported in the study. Thus in this study, SPE
simulations have been performed using M05-2X functional. The dehydration of XYL to FF is
common in all the reaction schemes and has a AE value of 11.36 kcal/mol. In RS 1, the
decarbonylation of FF to produce FRN appears to be the most energy-intensive step requiring
15.85 kcal/mol of energy change making the conversion less preferred than its predecessor.
Further, when FRN is hydrogenated to THF, the energy requirement is calculated to be -80
kcal/mol making it the most exothermic conversion step in RS 1 (Figure 5.1.8(a)). The reaction
energy for this conversion has been reported by Vlachos et al.[161] in the gas phase to be -
48.88 kcal/mol. This makes it the most favorable step of RS 1. The energy change of further
hydrogenation of THF to form BOL is calculated to be -42.10 kcal/mol. Finally, hydrogenation
of BOL yielding BAN and a water molecule is calculated to have AE of -38.96 kcal/mol which
is slightly less energetically favorable than THF to BOL conversion.

In RS 2, FF to FOL conversion requires -38.36 kcal/mol of energy change. The FOL is
then hydrogenated to produce 2MF and a water molecule, a step which has AE of -42.39
kcal/mol. Further, hydrogenation of 2MF to produce MTHF is calculated to be the most
negative energy change reaction step in RS 2 with AE of -79.25 kcal/mol making it highly
favorable over other conversions. This can be further understood by the corresponding AG (see
Figure 5.1.5(b)) and AH (Table 5.1.2) values. The high negative enthalpy change suggests an
exothermic reaction, and the AG values increase with the increase in temperature suggesting
lower temperature conditions are better for the reaction to proceed. Further, energy difference
of MTHF to PAD conversion is calculated to be -15.82 kcal/mol and the same for MTHF to
POL conversion is calculated to be -38.41 kcal/mol which is almost similar to AE of conversion

of POL to PAN, i.e., -38.79 kcal/mol.

57
TH-2850_166107102



25
XYL —+FF (a)
(4]
I AMTHF ~+PAD
= B
O -25 ;
£ CMTHF—+POL . THF—BOL POL~+PAN
- 4 THF —+BOI S e— s a ?
g 50 | "o PAD—POL
— MY
>
o
a" —=-Pathway 1
o <75
w | PR— —_ +- Pathway 2a
“THE IMF -+ MTHF - =~ pathway 2b
4100 | -+~ Pathway 3a
-+~ Pathway 3b
FF— Reaction progress =——s
-128
50 |
XYL-FF (b)
—a BTHF ~OAl
o b o—e
I SR KHD-+AHD OAL-+OO1 00L -+OC1T
P - ==4fl...... & - >
o -50 - % SIMFK-FA, BIHF 00
g 5 LFACFMFK 7/
= -100 ¥
S— S [ 4 .
Q DHF —~STHI : FA--SHD " .
c 150 . 3 °
w I
MFK—KHD > 3
. % AHD-TDC
-200 %
Reaction progress = x X
SHD - TD(
-250 =*Pathway 4a -8-Pathway 4b -=Pathway Sa -©-Pathway 5b

Figure 5.1.8: Single Point Energy difference (AE) diagram with M05-2X for (a) RS 1, 2 and

3 (b) RS 4 and RS 5.

In RS 3, AE for hydrogenation of FF to produce THFOL is calculated to be very high

(-120.19 kcal/mol). Further in RS 3a, while reaction energy of hydrogenation of THFOL to

produce PDOL is highly favorable with AE equal to -39.21 kcal/mol, it is slightly more

favorable when compared to the conversion of THFOL to PAOL in RS 3b with AE of -42.33

kcal/mol. This favorability for pentane-1,5-diol is also reported by Chen et al. [162] in the

energy profile of conversion of THFOL to PAN over Rh (111) catalyst in the gas phase.
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Table 5.1.5: Gibbs free energy change (AG) in Kcal/mol for all conversion steps at varying temperature using B3LYP and M06-2X functional.

298 K 398 K 498 K 598 K 698 K
MO06-2X | B3LYP | M06-2X | B3LYP | MO06-2X | B3LYP | MO06-2X | B3LYP | MO06-2X | B3LYP
XYL — FF -28.63 -46.45 -39.81 -59.03 -51.07 -69.95 -62.31 -80.85 -73.48 -91.68
FF — FRN 3.43 6.82 -0.22 3.34 ~e -0.31 -1.51 -3.96 -11.12 -1.57
FRN — THF -26.47 -22.83 -20.72 -18.18 -14.74 -12.23 -8.61 -6.15 -2.39 0.02
THF — BOL -19.34 -18.99 -17.20 -17.33 -15.04 -15.16 -12.88 -12.99 -10.71 -10.81
BOL — BAN -25.12 -26.80 -25.59 -27.10 -26.00 -27.44 -26.34 -27.73 -26.63 -27.96
FF — FOL -11.89 -5.70 -9.15 -3.35 -6.34 -0.56 -3.49 2.26 -0.61 5.11
FOL — 2MF -28.53 -30.24 -29.18 -31.02 -29.76 -31.61 -30.27 -32.14 -30.74 -32.61
2MF — MTHF | -25.68 -20.55 -19.81 -15.26 -13.70 -9.15 -7.46 -2.89 -1.13 3.43
MTHF — POL | -14.22 -14.79 -11.97 -12.86 -9.69 -10.62 -7.39 -8.36 -5.07 -6.09
MTHF — PAD | -1.35 -6.47 -2.17 -7.28 -3.04 -8.18 -3.94 -9.11 -4.86 -10.05
PAD — POL -12.87 -8.32 -9.81 -5.58 -6.65 -2.44 -3.44 0.74 -0.21 3.96
POL —PAN -24.97 -26.98 -25.53 -27.63 -26.02 -28.10 -26.44 -28.51 -26.81 -28.86
FF — THFOL | -39.58 -27.67 -30.86 -19.96 -21.83 -10.97 -12.62 -1.82 -3.29 7.43
THFOL — PDOL | -14.96 -15.82 -12.77 -13.89 -10.54 -11.66 -8.29 -9.40 -6.03 -7.13
PDOL — PAN | -50.74 -54.78 -52.01 -56.27 -53.14 -57.41 -54.14 -58.42 -55.03 -59.33
THFOL — PAOL | -18.30 -18.17 -15.90 -16.15 -13.49 -13.86 -11.07 -11.55 -8.64 -9.24
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PAOL — PAN | -4741 -52.42 -48.88 -54.01 -50.19 -55.21 -51.36 -56.27 -52.42 -57.21
FF — FAC -3.92 -3.14 -3.26 -2.83 -2.68 -2.37 -2.15 -1.95 -1.66 -1.57
FAC — FACF | -5.07 -3.08 -4.58 -2.42 -4.15 -1.93 -3.78 -1.50 -3.44 -1.10
FACF — MFK | -40.28 -26.97 -34.49 -21.91 -28.48 -16.06 -22.34 -10.09 -16.13 -4.05
MFK — FA -8.38 -4.13 -5.42 -1.485 -2.37 1.02 0.74 3.84 3.87 6.68
FA — SHD -44.75 -32.09 -35.15 -22.82 -25.13 -12.23 -14.87 -1.41 -4.45 9.55
SHD — TDC -109.88 | -110.23 |-105.77 |-107.11 -101.31 -102.46 -96.58 -97.53 -91.64 -92.38
MFK — KHD | -51.44 -40.48 -39.54 -29.30 =2717 -16.44 -14.52 -3.26 -1.70 10.10
KHD — AHD -7.04 -2.72 -3.88 -0.35 -0.61 2.40 2.71 5.15 6.06 7.89
AHD — TDC -10452 | -103.25 |-102.92 |-102.03 -101.02 -99.63 -98.90 -96.98 -96.59 -94.15
FAC — DHF -7.09 -1.03 -4.12 1.82 -1.06 4.89 2.05 7.99 5.18 1111
DHF — STHF | -47.05 -36.74 -38.19 -28.82 -28.97 -19.64 -19.55 -10.27 -10.00 -0.79
STHF — BTHF | -21.27 -24.72 -21.93 -25.70 -22.49 -26.47 -22.98 -27.15 -23.41 -27.78
BTHF — OOL | -15.45 -15.35 -13.49 -13.32 -11.49 -10.98 -9.48 -8.63 -7.46 -6.27
OOL — OCT -25.71 -27.81 -26.43 -28.70 -27.08 -29.41 -27.68 -30.05 -28.22 -30.64
BTHF — OAL | -2.76 -7.05 -3.55 -7.53 -4.39 -8.11 -5.26 -8.72 -6.16 -9.35
OAL — OOL -12.68 -8.30 -9.94 -5.79 -7.11 -2.87 -4.22 0.09 -1.30 3.08
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Similarly, with AE of -77.82 kcal/mol, the energetics of conversion of PDOL to PAN in RS 3a
is only slightly less energy intensive than the conversion of PAOL to PAN in RS 3b (AE = -
74.69 kcal).

AE of all reaction steps of RS 4 and RS 5 is shown in Figure 5.1.8(b). The reaction
energy of the conversion of XYL to FF is again 11.36 kcal/mol. The FF is then converted to
FAC with the addition of acetone and removal of water which requires AE of -6.35 kcal/mol
making it slightly more energetically favorable. Again, conversion of FAC to FACF, which
includes the addition of FF and removal of water in RS 4, has comparable AE of -7.10 kcal/mol
with FF to FAC conversion, while reaction energy for hydrogenation of FACF to produce MFK
is calculated as -93.45 kcal/mol suggesting highly favorable energetics. MFK is then
hydrogenated via RS 4a in two steps to produce FA followed by SHD with reaction energies
of -35.63 kcal/mol and -127.18 kcal/mol respectively. The formation of FA to SHD is highly
favorable and from AG value of -44.75 kcal/mol, it can be seen that this step is fairly
spontaneous as well. Similarly, in RS 4b, MFK is hydrogenated in two steps to produce KHD
followed by AHD with AE of -159.07 kcal/mol and -34.93 kcal/mol respectively. In the last
reaction step of both schemes (RS 4a and RS 4b), the conversion of SHD to TDC has AE of -
221.98 kcal/mol and energy change of -190.79 kcal/mol is calculated in conversion AHD to
TDC. This suggests that the final conversion step of both reaction schemes are highly favorable.
This is also in agreement with the spontaneity of both conversions (Table 5.1.5). In RS 5, while
energy change during hydrogenation of FAC to produce DHF is -34.56 kcal/mol, further
hydrogenation to obtain STHF has calculated energy difference of -127.09 kcal/mol making
DHF to STHF highly preferred reaction. Subsequent hydrogenation and dehydration of STHF
yield BTHF which has AE of -35.45 kcal/mol. BTHF can be further directly hydrogenated via
RS 5a to obtain OOL with AE of -38.72 kcal/mol. BTHF can also be converted into OAL but

with AE equal to 0.74 kcal/mol, it is not the most favorable conversion. OAL can be further
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hydrogenated to obtain OOL with an energy difference of -39.46 kcal/mol. Finally, the energy
difference for the conversion of OOL to OCT is calculated to be -38.86 kcal/mol.

The conversion of XYL to four different alkanes- butane, pentane, tridecane, and octane
has been studied using five different pathways using B3LYP and M06-2X functional. It is
observed that the conversion of FF to FRN is not very spontaneous at low temperature which
makes the scheme RS 1 not very feasible at 298 K. At high temperature (698 K), except RS 1,
no other pathway can proceed to completion due to the fact that several intermediate reaction
steps, such as FF to FOL, MFK to FA, etc. are not feasible at high temperature. The single
point energy calculation of all reaction steps also concur with this observation. In the
comparison between B3LYP and M06-2X functionals, the absolute difference went as. high as
20.57 kcal/mol for AH of conversion of XYL to FF. But at the same time, it was as low as 0.10
kcal/mol for AG of conversion of THF to BOL. The average absolute error is found to be in

the acceptable range of errors (x 5 kcal/mol) for specific systems.
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5.2 DFT Study on Dibenzofuran Conversion to Cyclohexane and Benzene in Gas, Water

and Methanol Solvents

In this study, dibenzofuran (DBF) is converted to cyclohexane and benzene via a network of
pathways. All the structures are given a number whereas all the reactions are identified by
alphabets for easy reference. The individual reaction pathways are described using all the
reactions labels that appear in the pathway in a sequence. For example, pathway -h-I-m
describes the conversion of structure 1 to structure 7 with structure 9 and 11 as intermediates

via reactions —h—, —I— and —m—.

Satterfield et al. [163] report that the upgrading proceeds via two major routes — one via
saturation of phenyl ring to form 2-cyclohexylphenol, which further disintegrates into single-
ring hydrocarbons. And the other where direct hydrogenolysis of DBF occurs to form 2-
phenylphenol followed by saturation to form cyclohexyl benzene and biphenyl. Thus the
reaction network here initiates with two major pathways -a-b-c-d-e- and -h-I-m. In pathway -
a-b-c-d-e-, dibenzofuran  (structure 1) is first converted to 1,2,3,4,4a,9b-
hexahydrodibenzo[b,d]furan (structure 2) by saturation of one aromatic ring. Then, structure 2
is converted to 2-cyclohexylphenol (structure 3) by the opening of the furan ring of structure 2.
Saturation of structure 3 produces bi(cyclohexan)-2-ol (structure 4). In addition, structure 2 can
be converted to structure 12 in reaction —p— by hydrogenation of the ring, which is further
converted to structure 4 in reaction —g—. Structure 4 is then dehydrogenated to produce
bicyclohexane (structure 5) which is further hydrogenated to yield two molecules of
cyclohexane (structure 8). Alternatively, in pathway -a-b-f-g-, production of
cyclohexylbenzene (structure 6) can also be achieved by dehydroxylation of structure 3. Further
hydrogenolysis of structure 6 produces benzene (structure 7) and cyclohexane (structure 8) via
the same pathway structure 6 can also be hydrogenated to produce structure 5 via reaction -o-

to subsequently yield 2 molecules of structure 8.
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Reaction Scheme: All reactions describing the conversion of dibenzofuran to cyclohexane and

benzene.

In pathway -h-I-m, dibenzofuran is converted to 2-phenylphenol (Structure 9)
by hydrogenolysis of C-O bond of structure 1 in reaction —h—. Structure 9 is then
dehydroxylated to produce biphenyl (structure 11) in reaction —l-, which is further
hydrogenated to produce benzene. Structure 11 can also be saturated to form structure 6 through

reaction —n—.
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In pathways -h-i-c-d-e- and -h-i-f-g-, structure 9 undergoes saturation of one
aromatic ring to produce structure 3 via reaction —i—. Dehydroxylation of structure 3 produce

structure 6

10 1 12

Figure 5.2.1: Molecular structure of all the reactants, intermediates and products optimized in

gas phase.
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in reaction —f— to further produce benzene and cyclohexane. Whereas, the saturation of structure
3 in reaction —c— produces structure 4 to yield cyclohexane as discussed in pathway -a-b-c-d-

e-.

Finally, in pathway -h-j-k-g-, saturation of the phenol ring of structure 9 produce 2-
phenylcyclohexan-1-ol (structure 10) in reaction —j— Dehydroxylation of structure 10 in

reaction —k— yields structure 6 to produce structure 7 and 8.

Density functional theory (DFT) is used to conduct all the simulations in this study.
MO06-2X functional [164] along with split-valence triple-zeta basis set with diffuse functions
for all heavy atoms and polarization functions on non-hydrogen atom (6-311+g(d)) is used to
conduct geometry optimization and frequency calculation in the gas phase. SMD solvation
model [145] is used to incorporate the solvent effect with methanol and water as solvents..
Geometry optimization and frequency calculation are performed for all structures with SMD
solvation model. Thermochemical parameters namely Gibbs free energy change (AG) and
enthalpy change (AH) are calculated at 298 K to 598 K temperature at 1 atm pressure. Water
and hydrogen molecules are also optimized at the above described level of theory in respective
mediums and accounted for in the thermochemistry calculations. Finally, solvation free energy

is calculated as:

AGsolv = Gsolvent — Ggas (5.1)

Where AGson is the solvation free energy, Gsowent is the sum of electronic and thermal free
energies in the liquid phase, and Ggas is the sum of electronic and thermal free energies in the

gas phase.

Single point energy is also calculated in the gas phase at MO05-2X/6-

31+g(3df,2p)//IM06-2X/6-311+g(d) level of the theory under the DFT framework. All
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simulations in this study are conducted with Gaussian 09 [147] using the ultrafine grid as
recommended by the software manual for M05-2X and M06-2X functionals. Visualization of
all structures is performed by GaussView 05 [154] software. The optimized molecular

geometry of all structures in gas phase are presented in Figures 5.2.1

Table 5.2.1: Enthalpy change (AH) in kcal/mol of all the reactions from 298-598 K in the gas

phase, as well as in water and methanol.

Reactions AH (kcal/mol)
Temperature 298 398 498 598

gas -44.31 -45.77 -46.93 -47.79

a water -50.27 -51.71 -52.85 -53.69
methanol -46.82 -48.26 -49.40 -50.24

gas -20.40 -20.57 -20.71 -20.80

b water -24.26 -24.45 -24.60 -24.69
methanol -23.36 -23.55 -23.69 -23.78

gas -45.87 -47.33 -48.49 -49.36

c water -50.03 -51.48 -52.64 -53.49
methanol -46.20 -47.64 -48.79 -49.65

gas -12.12 -12.46 -12.82 -13.19

d water -18.02 -18.34 -18.69 -19.04
methanol -17.50 -17.82 -18.17 -18.52

gas -14.53 -15.15 -15.73 -16.26

e water -15.54 -16.19 -16.79 -17.34
methanol -15.94 -16.56 -17.14 -17.66

gas -9.59 -9.97 -10.35 -10.73

f water -17.09 -17.46 -17.84 -18.23
methanol -16.25 -16.61 -16.99 -17.37

gas -6.39 -7.03 -7.61 -8.13

g water -7.43 -8.08 -8.67 -9.20
methanol -7.40 -8.04 -8.63 -9.15

gas -9.10 -9.31 -9.46 -9.55

h water -15.97 -16.19 -16.35 -16.46
methanol -15.00 -15.22 -15.38 -15.49

gas -55.60 -57.04 -58.18 -59.03

i water -58.56 -59.97 -61.09 -61.92
methanol -55.18 -56.59 -57.71 -58.53

gas -52.22 -53.65 -54.79 -55.64

j water -58.29 -59.71 -60.83 -61.67
methanol -54.44 -55.86 -56.99 -57.83

gas -12.97 -13.35 -13.74 -14.12

k water -17.37 -17.73 -18.10 -18.48
methanol -16.99 -17.34 -17.71 -18.08
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gas -11.05 -11.42 -11.81 -12.19

I water -17.91 -18.29 -18.69 -19.08

methanol -17.05 -17.42 -17.81 -18.19

gas -4.01 -4.67 -5.25 -5.77

m water -6.10 -6.75 -71.32 -7.83
methanol -5.78 -6.44 -7.03 -7.55

gas -54.15 -55.58 -56.72 -57.58

n water -57.75 -59.14 -60.25 -61.07
methanol -54.38 -55.78 -56.89 -57.71

5.2.1 Thermochemistry

The thermochemical parameters (AG, AH and Keq) of all reactions presented in the scheme 1
are calculated at M06-2X/6-311+g(d) level of theory in the gas phase and with water and
methanol as solvents using SMD implicit solvation model. The effect of temperature on all
parameters is calculated from 298 K to 598 K temperature at 1 atm pressure. The pathways
propose two routes of upgrading of DBF- via ring saturation in reaction —a— and via opening of
the furan ring in —h—. The hydrogenation of structure 1 in reaction —a— is found to be more
spontaneous in all phases over reaction —h—. Based on the intermediates obtained in the
experimental works [96,98,163,165], The preference of reaction —a— over reaction —h— is
extensively documented. However, the presence of structure 2 has been reported in the literature
[166] with low selectivity. The high formation rate and low decomposition rate of structure 2
observed in this study could explain the reason for the same. Water is found to be most suitable
solvent for reaction —a— with AG = -23.92 kcal/mol at 298 K among the three phases (Figure
5.2.2). In addition, the increase in temperature is found to be unfavourable with free energy
becoming non-spontaneous (AG = 4.12 kcal/mol for water) at 598 K in all phases. This
observation is in line with the works of Dong et al. [98] who report lower temperatures to be
favourable for better conversion of DBF; as the temperature was reduced from 200 °C to 150
°C, the conversion of DBF dropped from 99% to 79%. However, the enthalpy change is not
much affected by the temperature change and remains almost steady over the studied

temperature range for both the reactions (—a— and —h-) in all phases as can be seen in Table
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5.2.1. Thus, water appears to be a better choice for upgrading along the route of reaction —a-—.
But in order to be more certain of the solvent choice, one could look at the free energy of
solvation (AGsolv) data which shows the ease of separation of compounds from the solvents.
Here, structure 1 appears to be easier to separate from the solvents than structure 9 as can be
seen in Table 5.2.2 with water being more favourable than methanol for separation. Further
discussion on the upgrading is broken into two subsections. The first section discusses the
upgrading along the ring saturation route and the second subsection discusses the upgrading

route along the opening of furan ring of DBF.

Table 5.2.2: Free energy of solvation (AGsov) values for all the structures described in the
reaction scheme

Structure AGsolv (kcal/mol)
number Water solvent Methanol solvent
1 -3.95 -8.19
2 -4.74 -9.98
3 -6.89 -12.71
4 -5.60 -12.19
5 0.92 -6.71
6 -1.99 -8.62
7 -1.91 -5.19
8 0.80 -3.96
9 -9.19 -13.92
10 -9.77 -15.03
11 -3.37 -8.82
12 -4.36 -10.35

5.2.1.1 Ring saturation upgrading route of DBF

The formation of structure 2 from the DBF is proceeded by reaction —b— and —p— where
structure 2 is further subjected to hydrogenolysis and hydrogenation respectively. In reaction -
p-, structure 2 is hydrogenated, which is spontaneous in all the phases. The experimental works
do not report the presence of structure 2 with high selectivity due to its quick subsequent
conversion [98]. AG for this reaction is most negative for water and least negative for gas at all
temperatures. The difference between the water and methanol spontaneity is ~5 kcal/mol at all
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temperature. The increase in temperature is found to be unfavourable as the In K reduce from
34.56 at 298 K to become —6.63 at 598 K in gas phase. Methanol solvent offers slight advantage
over gas phase with difference of less than 1.5 kcal/mol in the AG of gas and methanol phase
being at all temperatures. But the solvation free energy of structure 12 is found to be 2.37 times
more negative for methanol than in water. This suggests that the separation of structure 12 will
be more difficult from methanol than from water. The enthalpy change of reaction —p— is found

to be exothermic in all mediums with water showing maximum favourability and gas phase
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Figure 5.2.2: Gibbs free energy change (AG) plot for all reactions in gas, water and methanol

at 298 K and 1 atm are shown in (a), (b) and (c).
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showing the least (Figure 5.2.3). The difference in AH between the two mediums is found to be
less than 5 kcal/mol at all temperatures. On the other hand, the conversion of structure 2 to
structure 3 in reaction -b- shows the highest spontaneity of -17.31 kcal/mol in aqueous phase
at 298 K. Thus, the reaction -p- is more likely to proceed to completion over reaction -b- at
room temperature in aqueous phase. The observation of the formation of structure 3 via reaction
-p- is consistent with several of the experimental reports [46,167,168]. However, this trend
changes as the temperature is increased because reaction -p- becomes non-spontaneous at 598
K in all mediums. Subsequent conversion of structure 3 to structure 4 in reaction -c- is 1.79

kcal/mol more spontaneous than
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Figure 5.2.3: Free enthalpy change (AH) plot of all the reactions in gas, water and methanol

solvent at 298 K temperature.

reaction -g- in all mediums at 298 K. This means that although reaction -p- will attain
equilibrium faster than reaction -b-, reaction -c- would yield structure 4 quicker. The increase
in temperature is found to be detrimental to reaction -b- as the In K reduces to 8.55 at 598 K
from 29.26 at 298 K. However, the enthalpy change is not affected and stays at constantly
exothermicity throughout the studied temperature range in all mediums. With AGso Of water
being nearly half of methanol for structure 3, it is again found to be better solvent for this
reaction. The hydrogenation of structure 3 in reaction —c— is also very spontaneous in all

mediums at 298 K. However, increase in temperature causes the spontaneity to decrease. The

Table 5.2.3: Entropy change (AS) in Kcal mol*K™ of all the reactions from 298-598 K in the

gas phase, as well as in water and methanol

AS (keal mol* K1)
Reactions | 1o nerature 208 398 498 508
gas -0.37 -0.52 -0.67 -0.81
a water -0.37 -0.52 -0.67 -0.81
methanol -0.37 -0.52 -0.67 -0.81
gas -0.10 -0.13 -0.17 -0.20
b water -0.10 -0.13 -0.17 -0.20
methanol -0.10 -0.13 -0.17 -0.20
gas -0.37 -0.52 -0.66 -0.81
c water -0.37 -0.52 -0.67 -0.82
methanol -0.37 -0.52 -0.67 -0.81
gas 0.04 0.05 0.05 0.06
d water 0.04 0.05 0.05 0.06
methanol 0.04 0.05 0.06 0.06
gas 0.06 0.07 0.08 0.08
e water 0.06 0.07 0.08 0.08
methanol 0.06 0.07 0.08 0.08
gas 0.04 0.05 0.06 0.06
f water 0.04 0.05 0.06 0.06
methanol 0.04 0.05 0.06 0.07
gas 0.05 0.06 0.07 0.08
g water 0.05 0.06 0.06 0.07
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methanol 0.05 0.06 0.06 0.07

gas -0.10 -0.13 -0.17 -0.21

h water -0.10 -0.13 -0.17 -0.20
methanol -0.10 -0.13 -0.17 -0.20

gas -0.37 -0.52 -0.67 -0.81

i water -0.37 -0.52 -0.67 -0.81
methanol -0.37 -0.52 -0.67 -0.81

gas -0.36 -0.51 -0.65 -0.80

j water -0.37 -0.51 -0.66 -0.80
methanol -0.37 -0.51 -0.66 -0.80

gas 0.03 0.04 0.04 0.04

k water 0.04 0.04 0.05 0.05
methanol 0.04 0.05 0.05 0.06

gas 0.03 0.03 0.03 0.03

I water 0.02 0.02 0.02 0.02
methanol 0.02 0.03 0.03 0.02

gas 0.07 0.08 0.09 0.10

m water 0.07 0.08 0.09 0.11
methanol 0.07 0.08 0.09 0.10

gas -0.35 -0.50 -0.64 -0.78

n water -0.35 -0.49 -0.63 -0.77
methanol -0.35 -0.49 -0.63 -0.77

gas -0.37 -0.52 -0.67 -0.81

0 water -0.37 -0.52 -0.67 -0.82
methanol -0.37 -0.52 -0.67 -0.82

gas -0.37 -0.52 -0.67 -0.82

p water -0.37 -0.52 -0.67 -0.82
methanol -0.37 -0.52 -0.67 -0.82

gas -0.09 -0.13 -0.16 -0.20

q water -0.10 -0.13 -0.17 -0.20
methanol -0.09 -0.13 -0.16 -0.20

In K shows non-spontaneous reaction at 598 K. While the spontaneity of reaction is comparable
in gas and methanol solvent, aqueous phase is better by about 4 kcal/mol than gas phase. Further
conversion of structure 3 to structure 5 can proceed in two ways — via pathway -c-d- and via
pathway -f-o-. The conversion via pathway -f-o- is discussed later in the section. From structure
4, further conversion into structure 5 in reaction —d—is found to be equally spontaneous in water
(AG = -20.85 kcal/mol) and methanol (AG = -20.38 kcal/mol) and is about 6 kcal/mol higher
than gas phase (AG =-14.90 kcal/mol) at 298 K temperature. The enthalpy change is also found

to be comparable between methanol and water solvent for this reaction (Figure 5.2.3). The
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increase in temperature does not seem to have much effect on the equilibrium constant as can
be seen in Figure 5.2.4. However, it may be worth noting here that the AGsoy indicate better
separation of structure 5 from water solvent over methanol. Thus if the readers are interested in
obtaining structure 5 as end product, it is recommended that water solvent be preferred over
methanol. Further conversion of bicyclohexane to cyclohexane in reaction —e— is found to be
spontaneous and exothermic in all three mediums. The free energy change difference between
the least spontaneous gas phase and most spontaneous methanol solvent is less than 3 kcal/mol
at all temperatures. However, the increase in temperature is not favourable as seen in the In K
plot in Figure 5.2.4. Thus, lower temperatures are favourable for this reaction. the solvation free
energy for product structure 8 again suggests water to be favourable medium with respect to

separation from the solvent.

In pathway -a-b-f-0-e-, the conversion of DBF to structure 3 has already been described
above. Conversion of structure 3 to structure 6 in reaction —f— is also found to be more
spontaneous by 7.57 kcal/mol in water solvent, and 6.87 kcal/mol in methanol solvent than in
gas phase at 298 K. The enthalpy change for the same reaction is also found to be more
favourable with water and methanol solvent over gas phase by the same margin as free energy.
Although the increase in temperature increases the spontaneity for this reaction, the In K is
found to decrease from 33.98 at 298 K to 19.17 at 598 K in water solvent. Similarly, In K for
methanol solvent also decrease from 32.80 kcal/mol at 298 K to 18.70 kcal/mol at 598 K
suggesting slower reaction at high temperature. The enthalpy change for reaction —f— is found
to be highest for water solvent, and increases by less than 1.5 kcal/mol from 298 K to 598 K.
But among the two solvents, the free energy of solvation shows water to be better medium for
separation of structure 6. Further hydrogenation of the phenyl ring of cyclohexylbenzene
(structure 6) yields structure 5 in reaction —o— which is again found to be most spontaneous in

water solvent at 298 K. However, the difference between the three phases is less than 3.48

74
TH-2850_166107102



kcal/mol at 298 K making them comparable in all phases. The increase in temperature decreases
the In K in all phases and the free energy change is found to be positive at 598 K in all phases
showing no possibility of reaction at high temperature. The enthalpy change for the same

reaction is found to be exothermic at all temperatures in all mediums.
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Figure 5.2.4: Equilibrium rate constant as a function of temperature for all the reactions in

(a),(d) gas phase, (b,),(e) water solvent and (c),(f) methanol solvent.

In conversion of structure 3 to 5, among the two pathway— -c-d- and -f-o-, it is
observed that pathway -c-d- is less energy intensive and more spontaneous than pathway -f-
0-. Thus, the reaction is more likely to proceed to completion via former pathway than the

latter. The preference route -c-d- is also documented in the literature [96,165] over the NioP
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catalyst, and more deoxygenated products are obtained as the temperature is increased from

200 °C to 300 °C.

5.2.1.2 Furan-ring opening route of DBF upgrading

The less preferred upgrading route of DBF via reaction —h— initiates with the opening of furan
ring of DBF to yield structure 9. The reaction is found to be most spontaneous in water phase,
followed by methanol and finally in water at all temperatures. The increase in temperature is
also found to negatively influence the reaction thermochemistry which In K reaching 0 or less
at 598 K in all phases. Structure 9 is also found to be difficult to separate from either of the

solvents in comparison to other structures discussed so far.

Further conversion of structure 9 to structure 6 can proceed via three different routes-
pathway -i-f-, pathway -j-k- and pathway -1-n-. the conversion of structure 9 in reaction —j— is
found to be most spontaneous, closely followed by reaction —i— and significantly more
spontaneous than reaction —I— in all medium. Among different mediums, reaction —j— is
calculated to have highest spontaneity in water (AG = -32.27 kcal/mol) at 298 K which
decreases to -4.59 kcal/mol at 598 K. The In K for other mediums also reach close to 0 at 598
K suggesting lower temperatures to be better for this conversion. The enthalpy change for this
reaction is found to be exothermic for all mediums at all conditions. However, the solvation
free energy suggests the product to be least separable among all other structures of this study in
both the solvents. In the next step, conversion of structure 10 to structure 6 in reaction —k— is
found to be equally spontaneous in water and methanol solvent with comparable enthalpy
change in the two phases. Reaction —k— has been found to be dominant in catalytic works with
Pt supported over mesoporous zeolite [95]. However, solvation free energy for structure 6 is
more favourable in water than methanol for separation as mentioned in the previous section.

Structure 6 can be converted to 2 molecules of cyclohexane via pathway -0-e- as discussed in
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the section. Alternatively, it can be converted into benzene and cyclohexane via reaction —g—
which is equally spontaneous in all phases with comparable free energy. The enthalpy change
is also found to be comparable in all phases at all temperatures. Water can be a preferred solvent
in this reaction due to its higher AGsov Suggesting better separation of products at infinite
dilution. Although the increase in temperature increases the free energy of the reaction, it does
not affect In K much suggesting no advantage in reaching equilibrium with increase in

temperature.

Very similar to the thermochemistry of reaction —j—, reaction —i— is also favourable in
water medium at 298 K with AG = -32.14 kcal/mol. For this reaction, methanol is found to be
the least favourable medium with AG = -28.75 kcal/mol at the same temperature. The enthalpy
change is found be highly negative and shows water as the most favourable medium and
methanol as least favourable for this reaction. Increase in temperature is found to be
unfavourable as In K reaches close to 0 at 598 K in all mediums. Further upgrading of structure

3 has already been discussed via pathway -f-g- , -f-o- and -c-d-e- .

Conversion of structure 9 to structure 11 in reaction —|— is spontaneous and exothermic
in all mediums at all temperatures. The aqueous medium is found to be most favourable for free
energy at all temperatures closely followed by the methanol solvent. AG at 298 K in water is
found to be -19.49 kcal/mol whereas for methanol, AG =-18.71 kcal/mol. Spontaneity increases
with temperature and at 598, AG = -20.64 kcal/mol and —19.93 kcal/mol in water and methanol
respectively, but the In K value stays relatively constant with increase in temperature. Thus
increase in the temperature may not be cost effective for this reaction since the enthalpy change
for water and methanol also show the decrease by mere 1.5 kcal/mol. From structure 11,
reaction —m- and —n— produce structure 7 and 6 respectively. The hydrogenation of structure

11 to produce structure 6 in reaction —n—is more spontaneous and exothermic in all phases over
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reaction —m-— to produce structure 7. The AG of reaction —n— in least favourable gas phase is -
28.90 kcal/mol at 298 K whereas the AG of reaction —m-— is -8.89 kcal/mol at the same
temperature. The most favourable is the aqueous phase for both the reactions with AG=32.75
kcal/mol for reaction —n— and -11.08 kcal/mol for reaction —m-. The enthalpy change is also
found to have similar trend with highest AH = -57.75 kcal/mol for reaction —n— in aqueous
phase and -6.10 kcal/mol for reaction —m~— in the same phase at 298 K. However, with increase
in temperature In K is found to decrease from 55.36 at 298 K to 5.16 at 598 K for reaction —n—
sharply whereas it remains relatively flat (A = 3.99) from 298 K to 598 K for reaction -m- for
all phases. Thus depending on desirable product, temperature can be tuned to obtained optimum
product distribution. The solvation free energy is similar for structure 6 and 7 for both the
solvents, with better AGsolv in Water for separation. Further upgrading of structure 6 obtained in

reaction —n— has already been discussed above.

5.2.2 Single point energetics (SPE)

The single point energy of all the reactions is calculated in the gas phase using M05-2X/6-
31+g(3df,2p)//IM06-2X/6-311+g(d) level of theory. Figure 5.2.5 describes the AE plot of all

reactions of scheme 1.

In pathway -a-b-c-d-e-, the SPE analysis of the conversion of dibenzofuran to structure
2 via reaction —a— has AE = -61.72 kcal/mol which increases to -28.17 in the conversion of
structure 2 to structure 3 in reaction —b—. Conversion of structure 3 to structure 4 is similar to
reaction —a— with AE = -63.57 kcal/mol in reaction —c—. This is in accordance with the literature
[163] which report the saturation of ring to be a more favourable step over the breaking of C-O
bond. Further dehydroxylation of structure 4 in reaction —d— is energetically less favourable
with AE = -20.74 kcal/mol. Finally, in reaction —e—, structure 5 is converted to cyclohexane
with AE = -18.99 kcal/mol.
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In pathway -a-b-f-g-, the energetics of conversion of reaction —a— and —b— are identical
to pathway -a-b-c-d-e-. After reaction —b—, AE of reaction —f— is calculated as -18.75 kcal/mol
to produce structure 6 from structure 3. Further conversion of structure 6 to cyclohexane and

benzene are also energetically less favoured with AE = -11.03 kcal/mol.

In pathway -h-i-c-d-e-, the conversion of structure 1 to structure 9 by hydrogenolysis of
furan ring is found to have AE = -17.12 kcal/mol. Further conversion of structure 9 to structure
3 in reaction —i— is found to be highly favourable with AE = -72.77 kcal/mol. Thus, reaction —
i- is found to be energetically more favourable by 44.6 kcal/mol over reaction -b which reflects
the preference of hydrogenation over hydrogenolysis during the HDO. The energetics of further

conversion of structure 3 into cyclohexane has already been discussed above via reaction —c—,

—d-and —e—.
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Figure 5.2.5: Single point energy change (AE) plot of all reactions of scheme 1.
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In pathway -h-j-k-g-, the energetics of conversion of structure 9 to structure 10 in
reaction —j— is highly favourable with AE = -69.74 kcal/mol. However, dehydroxylation of
structure 10 to yield structure 6 has AE = -21.77 kcal/mol, which makes the formation of
structure 6 energetically more favourable by reaction —k— than by reaction —f—. However,
saturation of structure 11 to structure 6 in reaction —n— is found to be energetically most
favourable with AE = -71.27 kcal/mol in pathway -h-I-n-g-. Finally, in pathway -h-j-k-g-,
structure 6 is converted into cyclohexane and benzene in reaction —g—. In pathway -h-l-m,
reaction —I— converts structure 9 to structure 11 with AE = -20.24 kcal/mol, which is 3.12
kcal/mol energetically more favourable than reaction —h—. Further breaking of biphenyl
(structure 11) to yield benzene is the least energy favourable reaction in the scheme with AE =
-8.77 kcal/mol. Reaction —n— can further proceed to produce structure 5, as proposed in the
work of Hamid et al. [167]. Energetically, this step would require a change in AE of 50.53

kcal/mol.

It is observed that the reactions such as —j—, —i—, —¢— and —n—, which involve saturation
of the phenyl ring of the compounds were energetically more favourable than the rest of the
reactions. These reactions are also found to be fairly spontaneous, which could be attributed to
their highly negative entropy change (Table 5.2.3). On the other hand, reactions such as —g—
and —m-—, which involve breaking of dimer ring to produce smaller cyclic compounds are

energetically less favourable.
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5.3 Thermochemical Conversion of Guaiacol in Aqueous Phase by Density Functional

Theory

Several reaction pathways to convert guaiacol to value added chemicals are proposed here. The
general notation of these pathways used in this study is X_Y, where Y represents the reactant
structure of the X reaction scheme. For transition state structures, TSY notation is used to
denote Y™ transition state structure of the study. For example, structure 2_b1 denotes structure
b1l structure of reaction scheme 2. Similarly, A3_d denotes reaction structure d of reaction
scheme A3. Abbreviations used for important components involved in this study are G

(quaiacol) and P (phenol).

All the simulations in this study are conducted using M06-2X functional with 6-
311g+(d,p) basis set under DFT framework. SMD model [145] is used for implicit solvent
effect with water as solvent in all the simulations. All associated molecular structures are first
geometrically optimized in aqueous phase, then the frequency calculations are performed at the
same level in the same aqueous phase and the corresponding zero-point energy (ZPE) is added.
In case of a presence of an imaginary frequency, the transition state is determined which is
further confirmed through intrinsic reaction coordinate (IRC) calculation. The IRC analysis
confirms the saddle points to be reactants and products of the transition states. The bond
dissociation energy (BDE) of various possible bond scissions of compounds of interest are also
calculated. The BDE provides information about the energy requirement of the scission of
bonds in the molecule. This helps in proposing possible reaction routes (irrespective of their

favourability) of the model compound. The BDE is calculated as:
BDERr-A = HrR + HA — Hr-a (5.2)

Where H refers to the enthalpy whereas subscript R and A represent species and R-A referred

as molecule at 298 K.
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The effects of temperature change on the thermochemical parameters such as Gibb’s free
energy change (AG) and enthalpy change (AH) of the reactions are also studied in the range of
298-598 K at each interval of 100 K at atmospheric pressure condition. Free energy landscape
of best pathways are also calculated at 1-20 atm pressure from 298 K to 598 K temperature.
All the simulations are performed using Gaussian 09 package [169] with the help of GaussView

5 visualization tool [170].
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All the pathways present in scheme 1 are described here. In reaction scheme 1, guaiacol
(structure G) is converted into phenol by the elimination of methoxy group. In the first step,
H" from hydroxyl group migrates to ortho position of G to produce structure 1_a. Further,
cleavage of methoxy group from structure 1_a yields structure 1_b which upon hydrogenation
yields phenol (structure 1_c). In a similar reaction scheme 3, the hydrogenation of the guaiacol
at its ortho position yields structure 3_a followed by cleavage of methoxy group to produce

phenol. Alternatively, guaiacol can first be subjected to demethoxylation followed by
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hydrogenation in reaction scheme 4. In reaction scheme 2 and 2a, guaiacol is first subjected to
demethylation of methoxy group to produce structure 2_a which is then followed by
hydrogenation to produce pyrocatechol (structure 2_b). Hydrogenation of structure 2_b
followed by dehydroxygenation gives phenol via RS 2a. Alternatively, dehydroxygenation of

structure 2_b followed by hydrogenation also yields phenol via reaction scheme 2.

/ P1_a1

(j ﬁ’ @ &'» © RS P1/P1a
‘OH

P P1_a P1 b

In reaction scheme P1, phenol is first dehydroxygenated and then protonated to produce

benzene (structure P1_b). On the other hand, in RS P1la, removal of H* from hydroxyl group
of phenol produces structure 1j which is then cleaved of 6 to produce structure P1_a which is

further hydrogenated to produce benzene.

OH

N
ij Ao

Pathways included in reaction scheme 5 and 5a are described here. In reaction scheme

5 and 5a, guaiacol is converted to anisole (structure 5_al). Guaiacol is first protonated, which
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is followed by dehydroxylation via reaction scheme 5a to yield anisole. Alternatively, guaiacol
is first dehydroxylated, which is followed by protonation to yield anisole via reaction scheme

5.

Sed
<8 a
e

'OCH, A2_a A2 b

(i
b B

Anisole is then converted into toluene, phenol and benzene by three different pathways.
In reaction scheme A1, the cleaving of methyl from methoxy group yields structure Al_a
which is further protonated to produce phenol. Also, direct cleaving of methoxy group from
anisole followed by protonation produces benzene via reaction scheme A2. In reaction scheme
A3, the hydrogen atom of phenolic group is cleaved to form structure A3_a, which is further
converted to structure A3 c in a two-step radical rearrangement. Structure A3 _c is then
protonated to produce phenylmethanol (structure A3_d) which upon dehydroxylation yields

structure A3_e which is further protonated to produce toluene (structure A3_f).
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Similarly, reaction scheme 6, 6a and 6b include pathways as described ahead. Reaction
scheme 6a and 6b also propose the formation of phenol from guaiacol. First, methoxy group
of guaiacol is deprotonated to produce structure 6_a. Then, a two-step radical rearrangement
produce structure 6_c, which is further protonated to produce 2-hydroxybenzaldehyde
(structure 6_d1a). Finally, carbonyl group is cleaved from structure 6_dl1a to produce phenol
via reaction scheme 6a. Alternatively, protonation of structure 6_dla followed by cleaving of
CHO also yields phenol via reaction scheme 6b. Reaction scheme 6 proposes formation of o-
cresol from guaiacol. In this trail, deprotonation of methoxy group of guaiacol followed by a
two-step radical rearrangement yields structure 6_c which upon further protonation produce
salicyl alcohol (structure 6_d). Further dehydration of structure 6 d vyields 5,6-
dimethylenecyclohexa-1,3-diene (structure 6_e) which upon protonation produce structure 6_f.
Finally, radical rearrangement of structure 6_f followed by protonation produce o-cresol

(structure 6_h).
The conversion of guaiacol to three end products, namely benzene, toluene and o-cresol
proceeds with the formation of several important intermediates such as anisole, catechol,
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phenol, etc. Once the optimized structures of guaiacol, anisole and phenol are obtained, their
BDE is calculated. Then on the basis of BDE analysis, further pathways are designed (as

presented in reaction schemes 1-6) to produce platform chemicals.

5.3.1 Bond dissociation energy (BDE)

Bond dissociation energies for bond scission of guaiacol, anisole and phenol are calculated at
MO06-2X/6-311+g(d,p) level of theory in the aqueous phase using SMD solvation model.
5.3.1.1 Guaiacol

In BDE calculation of guaiacol, it is seen that the cleavage of ‘CHs radical (D2) from the
methoxy group is the least energy demanding breakage with 60.88 kcal/mol of energy
requirement (see Table 5.3.1). This is similar to the gas phase BDE of 59.40 kcal/mol for the
same bond scission. With energy requirement of 85.22 kcal/mol, the breaking of H' from
hydroxyl group (D9) of guaiacol is the second least energy demanding bond breakage. This
energy requirement in aqueous phase is slightly better than the gas phase BDE of 87.86
kcal/mol. Then the cleavage of methoxy group (D3) and breaking of H' from methoxy group
(D1) is found to have almost similar BDE of 99.84 kcal/mol and 100.42 kcal/mol respectively.
D1 and D3 bond breaking are again better in gas aqueous phase by 3.24 kcal/mol and 2.62
kcal/mol respectively. The rest of the bonds have BDE above 111.00 kcal/mol which is quite
high for the reaction to occur at low to moderate temperatures. The order of BDE is
D2<D9<D3<D1<D8<D4<D5<D6<D7. On comparison with studies conducted in gas phase
with B3LYP functional by Huang et al. [171] and Verma and Kishore [172] indicate that the
BDE requirement for guaiacol increases in the aqueous medium. But since the functional used
in their studies is different than this study, any quantitative comparison cannot be concluded

with certainty.
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Table 5.3.1. Bond Dissociation Energy (BDE) of Guaiacol

_ Bond BDE gaBstEh;nse
O}?: H Cleavage | (kcal/mol) (keal/mol)

be | D1 100.42 97.18

H\; ke oL VL{H D2 60.88 59.40
SN i T D3 99.83 | 102.45
D3 D2 D4 113.29 110.81

D5 113.37 111.74

H}DZZ Dsf\H D6 113.46 111.65
o ™ D7 114.90 113.34

H D8 111.26 114.67

D9 85.22 87.86

5.3.1.2 Phenol

BDE calculation of phenol shows that the scission of H* of hydroxyl group (D1) is least energy
demanding (see Table 5.3.2). When compared to gas phase BDE, several works, like that of
Lucarini et al. [173] and Chandra & Uchimaru [174], report this BDE between 85.00 kcal/mol
- 88 kcal/mol. The higher BDE of the PhO-H bond in aqueous phase is also reported by
Bakalbassis et al. [175] . They report an increase of upto 8 kcal/mol in aqueous phase over gas
phase. After D1, cleavage of hydroxyl group (D2) requires least BDE of 110.69 kcal/mol. The
BDE of rest of the bonds are very competitive and high with cleavage of H* from ortho position
(D7) being the highest at 114.70 kcal/mol. The order of bond dissociation energy for phenol
molecule is D1<D2<D4<D6<D5<D3<D?7. This could mean that D1 bond breaking can produce
the most stable radical while D7 bond scission may produce the least stable radical.

5.3.1.3 Anisole

Bond dissociation energy analysis of anisole shows that the cleavage of “CH3s from methoxy
group (D2) is the least energy demanding bond scission amongst all (see Table 5.3.3). D2 bond
breaking requires 67.19 kcal/mol of energy. This BDE is reported as 65.3 kcal/mol in the work
of Pratt et al. [176] in gas phase suggesting similar energy requirement in both phases. The
second lowest BDE (D3) requires 99.36 kcal/mol of energy to break H* from methoxy group
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Table 5.3.2: Bond Dissociation Energy (BDE) of Phenol

T Wy D2
\55)\
D6
H/
S
DS |
H

SS’\H
D4

Bond BDE
Cleavage (kcal/mol)
D1 90.15
D2 110.69
D3 114.46
D4 112.49
D5 113.68
D6 112.64
D7 114.70

of anisole. The cleavage of methoxy group (D3) is almost of the same magnitude as the scission

of H* from methoxy group (D1) with BDE of 100.20 kcal/mol. BDE of scission of rest of the

bonds of anisole is quite high and almost of the same magnitude. The breaking of H* from ortho

position (D8) is calculated to be 114.57 kcal/mol which is highest amongst all BDEs of anisole.

The trend for BDE of anisole is D2<D3<D1<D5<D7<D4<D6<D8.

In summary it is observed that the breakage of bonds at the ortho position of the ring have high

BDE whereas the cleavage of bonds from the functional groups attached to the rings have low

BDE.

Table 5.3.3: Bond Dissociation Energy (BDE) of Anisole

Bond Cleavage (kc;l;fion
D1 100.20
D2 67.19
D3 99.36
D4 113.02
DS 112.46
D6 113.71
D7 112.64
DS 114.57
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5.3.2 Reaction Energy

5.3.2.1 Guaiacol to Phenol Conversion

The formation of phenol from guaiacol proceeds via several different pathways as described in
the reaction schemes. As can be seen from BDE analysis, the direct cleavage of methyl group
from guaiacol is the least energy demanding step requiring only 60.88 kcal/mol. Thus reaction
scheme 2 and 2a initiates with cleavage of “CH3 from methoxy group to produce structure 2_a
which is then hydrogenated to produce catechol (structure 2_b) exothermally as seen from its
PES shown in Figure 5.3.1. The hydrogenation of structure 2_a to catechol releases 83.34
kcal/mol of energy in aqueous phase which is about 8 kcal/mol higher than gas phase [172].
The cleavage of hydroxyl group from catechol to produce structure 2_c requires a very high
activation energy of 116.07 kcal/mol which makes this conversion feasible at high temperature
conditions only. Further hydrogenation of structure 2_c release 119.88 kcal/mol of energy to
produce phenol. Alternatively, hydrogenation of catechol requires 6.83 kcal/mol of activation
energy to produce structure 2_b1. The gas phase activation energy for this conversion is almost
equal with 8.1 kcal/mol [177]. Structure 2_b1 then undergoes dehydroxygenation to produce
phenol releasing 17.32 kcal/mol of energy in aqueous phase as compared to 19.7 kcal/mol in
gas phase [177]. Reaction scheme 2a is more likely to proceed over reaction scheme 2 due to
the lower activation energy of formation of structure 2_b1. From Table 5.3.1 it can be seen that
the cleavage of methoxy group is second most energy demanding BDE of any functional group
from guaiacol. Cleavage of methoxy group from guaiacol require 99.83 kcal/mol and yield
structure 4_a which is further hydrogenated to produce phenol with a release of 119.88
kcal/mol of energy in RS 4. BDE analysis shows that the direct cleavage of any other functional
group will require high energy. Thus in reaction scheme 3, guaiacol is first hydrogenated to

produce structure 3_a which is energetically similar in gas phase [177]. Then the methoxy
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Figure 5.3.1: Potential energy surface (PES) of guaiacol to phenol conversion pathways with added zero-point energy.
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group is cleaved from structure 3_a which requires 6.93 kcal/mol of energy to produce phenol.
By comparing with literature results, this reaction step is 5.86 kcal/mol more favourable in
aqueous phase than in gas phase [177]. This reaction step is also significantly lower in energy
requirement than direct BDE of methoxy group to yield phenol as discussed in reaction scheme
4. Also, reaction scheme 1 initiates with rearrangement of H* from hydroxyl group to the ortho
carbon position and requires 72.26 kcal/mol of energy to produce structure 1_a. This step is
again energetically more favourable in aqueous phase by about 15 kcal/mol [177]. This is
important because the rearrangement step is the rate determining step of reaction scheme 1.
Further, the cleavage of methoxy group produce structure 1_b which requires 48.02 kcal/mol
of energy. Then, structure 1 b is hydrogenated to produce phenol with the release of 90.15
kcal/mol of energy. From Table 5.3.1 it can be seen that the cleavage of H* from methoxy
group of guaiacol requires 100.42 kcal/mol to produce structure 6 _a. The reaction further
requiresl7.48 kcal/mol to overcome activation barrier and produce structure 6 c.
Dehydrogenation of structure 6_c requires 17.59 kcal/mol to produce salicylaldehyde(structure
6_dl1a). Decarbonylation of salicylaldehyde in single step via reaction scheme 6a to produce
phenol require 10.55 kcal/mol. Alternatively, hydrogenation of salicylaldehyde followed by
cleavage of CHO via reaction scheme 6b require an activation barrier of 5.72 kcal/mol. From
PES (Figure 5.3.1) it is evident that hydrogenation of salicylaldehyde is a preferred reaction
step over decarbonylation. The phenol is further converted into benzene which is discussed
below.

5.3.2.2 Phenol to Benzene Conversion

The conversion of phenol to benzene is proposed by two pathways — reaction scheme P1 and
Plaas per the BDE analysis (see Table 5.3.2). The cleavage of H* from hydroxyl group require

90.15 kcal/mol to yield structure P1_al in RS Pla. As discussed in BDE section, the energy

requirement for this scission in gas phase is almost of similar magnitude. Further scission of &
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added zero-point energy.
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requires 185.09 kcal/mol of energy which is very high, and less likely to occur. Finally,
structure P1_a is hydrogenated to produce benzene. In reaction scheme P1, the direct cleavage
of hydroxyl group from phenol requires 110.69 kcal/mol to produce structure P1_a. Since the
rate determining step for reaction scheme Pla requires 185.09 kcal/mol, the formation of
benzene is more likely to proceed via reaction scheme P1.

5.3.2.3 Guaiacol to Anisole

The formation of anisole from guaiacol can occur via RS 5 and RS 5a. The cleavage of
hydroxyl group from guaiacol to produce structure 5 a requires 111.26 kcal/mol which is
slightly higher than in gas phase [172]. This is followed by hydrogenation to liberate 114.57
kcal/mol producing anisole via reaction scheme 5, whereas in reaction scheme 5a, guaiacol is
hydrogenated with only 6.67 kcal/mol of energy to produce structure 5 al. The
dehydroxygenation of structure 5_al further requires 18.59 kcal/mol. Thus anisole formation
is more likely to proceed via reaction scheme 5a over reaction scheme 5 due to its lower energy
barrier.

5.3.2.4 Anisole to Phenol, Benzene and Toluene Conversion

The cleavage of “CHs from methoxy group requires 67.19 kcal/mol of energy to produce
structure Al a which is then hydrogenated to produce phenol via reaction scheme Al. The
cleavage of ‘OCHps is the second least energy demanding bond breakage from anisole which
requires 99.36 kcal/mol to produce structure A2_a in reaction scheme A2 which is further
hydrogenated to produce benzene. The cleavage of H* from methoxy group of anisole requires
100.20 kcal/mol of energy to produce structure A3 _a. The radical rearrangement of structure
A3_ato produce structure A3_c require 18.59 kcal/mol of energy to cross its activation barrier.
Further hydrogenation of structure A3 _c liberate 107.95 kcal/mol to produce benzyl alcohol
(structure A3_d). Dehydroxygenation of benzyl alcohol require activation energy of 82.24

kcal/mol to produce structure A3_e which upon further hydrogenation produce toluene. From
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PES (see Figure 5.3.2), itis clear that guaiacol will most likely yield phenol via reaction scheme
Al.

5.3.2.5 Guaiacol to o-cresol Conversion

The production of structure 6_c from guaiacol has already been discussed in previous sub-
section on “Guaiacol to phenol conversion”. The hydrogenation of structure 6_c produce
salicyl alcohol liberating 105.99 kcal/mol of energy. Huang et al. [171] reported this energy
liberation to be 100.0 kcal/mol in gas phase. The dehydration of salicyl alcohol require 23.46
kcal/mol in aqueous phase whereas 20.84 kcal./mol in gas phase [171] to produce structure
6_e. Further successive hydrogenation of structure 6_e produce o-cresol exothermally (Figure
5.3.3) liberating -88.07 kcal/mol. Huang et al. [171] report this step to be less favourable in gas
phase by 9.19 kcal/mol.

5.3.3 Thermochemistry

Thermochemistry of all reaction pathways is studied at varying temperature (298 K - 598 K)
and at atmospheric pressure and presented in Table 5.3.4 along with activation barrier and pre-
exponential factor. Gibb’s free energy change (AG) and reaction enthalpy change (AH) is
calculated for all pathways. For pathways with same reactant and products (such as reaction
scheme 3 and 1), the thermochemical parameters are identical. However, in case of different
side products (such as in reaction 1 and 2), there is a change in thermochemical parameters
which is also reported here. For the formation of phenol from guaiacol via RS 1, RS 3 and RS
4, the thermochemistry is identical. The Gibb’s free energy change suggest favourable
condition for these pathways and is calculated to be -19.32 kcal/mol at 298 K. Increase in
temperature is also favourable as AG reduces to -23.58 kcal/mol at 598 K. The enthalpy change
of the reaction also decreases from -14.63 kcal/mol at 298 K to -15.83 kcal/mol at 598 K.

However, AG for RS 2 and RS 2a are found to be more favourable (AG=-32.79 kcal/mol) at
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298 K. The spontaneity increases to -38.95 kcal/mol with increase in temperature at 598 K.
The AH also decreases with increase in temperature. On the other hand, reaction scheme 6a
and 6b show very high free energy change (98.08 kcal/mol and 83.87 kcal/mol respectively) at
298 K suggesting less likelihood of reaction progress. With increase in temperature, the
spontaneity increases to 61.75 kcal/mol and 63.44 kcal/mol at 598 K for the respective
pathways i.e., RS 6a and RS 6b. The enthalpy change is also observed to be very high at 298
K for reaction scheme 6a (124 kcal/mol) as well as for reaction scheme 6b (103.84 kcal/mol)
and does not show much sensitivity to the increase in temperature. Further conversion of phenol
to benzene via reaction scheme Pla has very high AG = 154.11 kcal/mol and AH =162.66
kcal/mol at 298 K. On the other hand, conversion via reaction scheme P1 shows AG = -4.76
kcal/mol and AH = -1.89 kcal/mol at298 K. Though the increase in temperature decreases
Gibb’s free energy change and reaction enthalpy change for both pathways, the conversion can
only occur via reaction scheme P1. For the formation of anisole via reaction scheme 5 and 5a,
AG is found to be -6.82 kcal/mol and AH is found to be -3.31 kcal/mol which decreases to -
10.01 kcal/mol and -4.24 kcal/mol respectively at 598 K. Formation of phenol from anisole has
AG = -25.97 kcal/mol and AH =-22.96 kcal/mol at 298K and increase in temperature shows
increase in spontaneity and decrease in reaction enthalpy suggesting favourability. Formation
of benzene and toluene from anisole show similar trend. At 298 K, AG for the formation of
benzene is -17.26 kcal/mol and for the formation of toluene is -19.83 kcal/mol. At 298 K, AH
for the same conversions are -13.21 kcal/mol and -17.19 kcal/mol respectively. Further increase
in temperature increases the spontaneity and decreases the reaction enthalpy of both the
reactions. The formation of o-cresol from guaiacol is found to be very spontaneous. AG at 298
K is -134.74 kcal/mol and AH at 298 K is -139.60 kcal/mol for this conversion of guaiacol to

o-cresol. However, the spontaneity decreases with increase in temperature and AG increases to
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-129.21 kcal/mol at 598 K. But AH decreases with increasing temperature and falls to -141.25
kcal/mol showing favourable condition.

Finally, in summary, the conversion of benzene from guaiacol will most likely proceed
via reaction scheme 3 to form phenol followed by the formation of benzene via reaction scheme
P1. The most favourable pathway for the formation of toluene will proceed via reaction scheme
5a to form anisole followed by conversion of anisole to toluene via reaction scheme A3. The
formation of o-cresol from guaiacol will most favourably proceed via RS 6. The formation of
o-cresol is the most favourable product in this study. This is in agreement with the work of
Lawson & Klein [111] who also reported the selectivity of o-cresol during guaiacol pyrolysis
in water. The schematic representation of these favourable reactions along with their overall
AG and AH at 298 K in aqueous phase are shown in Figure 5.3.4.

Table 5.3.4: Overall Free energy change (AG), enthalpy change (AH), activation energy (Ea)

in kcal/mol; and pre-exponential factor (A) in s of all reaction pathways.

Temperature (K)
Pathway(s) | Parameters 208 303 203 03
AG -19.32 -20.84 -22.25 -23.58
RS 1 Ea 74.73 74.73 74.73 74.73
A 2.57E+22 | 2.34E+22 | 2.07E+22 1.80E+22
AH -14.63 -15.03 -15.42 -15.83
AG -32.79 -34.93 -36.99 -38.95
RS 2 Ea 92.15 92.15 92.15 92.15
A 7.18E+23 | 1.10E+24 | 1.30E+24 1.30E+24
AH -26.27 -26.59 -27 -27.5
AG -32.79 -34.93 -36.99 -38.95
RS 22 Ea 59.55 59.55 59.55 59.55
A 2.74E+21 | 5.18E+21 | 7.57E+21 9.42E+21
AH -26.27 -26.59 -27 -27.5
AG -19.32 -20.84 -22.25 -23.58
RS 3 Ea 5.88 5.88 5.88 5.88
A 8.98E+06 | 8.34E+06 | 8.32E+06 8.56E+06
AH -14.63 -15.03 -15.42 -15.83
RS 4 AG -19.32 -20.84 -22.25 -23.58
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Ea 104.34 104.34 104.34 104.34
A 3.24E+22 | 4.46E+22 | 5.32E+22 5.82E+22
AH -14.63 -15.03 -15.42 -15.83
AG -6.82 -7.95 -9.01 -10.01
RS 5 Ea 109.9 109.9 109.9 109.9
A 3.72E+21 | 6.02E+21 | 7.96E+21 9.39E+21
AH -3.31 -3.59 -3.91 -4.24
AG -6.82 -7.95 -9.01 -10.01
RS 54 Ea 6.37 6.37 6.37 6.37
A 2.58E+07 | 2.52E+07 | 2.57E+07 2.69E+07
AH -3.31 -3.59 -3.91 -4.24
AG -134.74 -133.03 -131.18 -129.21
RS 6 Ea 116.45 116.45 116.45 116.45
A 9.68E+17 | 2.04E+18 | 3.50E+18 5.15E+18
AH -139.6 -140.13 -140.68 -141.25
AG 98.08 89.19 80.12 70.96
RS 64 Ea 120.95 120.95 120.95 120.95
A 1.09E+32 | 3.91E+32 | 8.89E+32 1.52E+33
AH 124.33 125.01 125.54 125.92
AG 83.87 77.12 70.3 63.44
RS 6b Ea 116.97 116.97 116.97 116.97
A 457E+18 | 1.26E+19 | 2.62E+19 4.47E+19
AH 103.84 104.18 104.4 104.51
AG -4.76 -5.67 -6.51 -7.28
RS P Ea 109.33 109.33 109.33 109.33
A 6.78E+20 | 1.12E+21 | 1.48E+21 1.75E+21
AH -1.89 -2.19 -2.52 -2.86
AG 154.11 151.25 148.38 145.52
RS Pa Ea 272.99 272.99 272.99 272.99
A 1.00E+25 | 2.54E+25 | 4.71E+25 7.27E+25
AH 162.66 162.66 162.63 162.58
AG -25.97 -26.98 -27.97 -28.94
RS A1 Ea 98.46 98.46 98.46 98.46
A 7.61E+20 | 1.57E+21 | 2.44E+21 3.15E+21
AH -22.96 -22.99 -23.09 -23.26
AG -17.26 -18.55 -19.75 -20.85
RS A2 Ea 65.73 65.73 65.73 65.73
A 4.97E+21 | 7.02E+21 | 8.43E+21 9.27E+21
AH -13.21 -13.62 -14.03 -14.45
AG -19.83 -20.7 -21.52 -22.3
RS A3 Ea 117.07 117.07 117.07 117.07
A 5.06E+17 | 1.10E+18 | 1.92E+18 2.86E+18
AH -17.19 -17.34 -17.53 -17.76
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Figure 5.3.4: Most favourable paths for guaiacol to benzene, toluene and o-cresol production

with overall AG and AH for each pathway.

In figure 5.3.5, the free energy plot of guaiacol to phenol conversion is described at 298 K and
598 K temperature and at 1atm and 20 atm pressure. It is seen that the conversion of structure
P to P1_a is the least spontaneous reaction with AG as high as 82.17 kcal/mol at 298 K and 20
atm pressure. Whereas the conversion of structure P1_a to structure P1_b is the most
spontaneous step with AG = -30.86 kcal/mol at 598 K at all pressures. The AG of conversion
of guaiacol to structure 3_a is most favourable at 298 K temperature and 20 atm pressure
whereas it is least favourable at 598 K temperature and 1 atm pressure. However, this trend
reverses and formation of structure P is found to be more favourable at 598 K at all pressures

and least favourable at 298 K at all pressures.

Similarly, in figure 5.3.6, the AG plot for the conversion of guaiacol to toluene is shown.
The free energy change plot shows 298 K, 20 atm condition to be most favourable till the

formation of anisole (structure 5_b) whereas 598 K, latm condition to be least spontaneous.
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Figure 5.3.5: Free energy change landscape for conversion of guaiacol to benzene as described

in figure 5.3.4.

Thereafter the trend is reversed and the formation of o-cresol is found to be most
favourable at 598 K, 1atm condition. The rate controlling kinetics is observed in the conversion
of structure A3 _a to structure A3 b which proceeds via TS6. The AG for TS6 formation is
most spontaneous at 598 K, latm condition with AG = 94.28 kcal/mol while the conversion is

least spontaneous at 298 K , 20 atm with AG = 106.35 kcal/mol.

Figure 5.3.7 describes the free energy change plot of guaicol to o-cresol conversion.
The AG for the conversion of structure 6 _a to 6 b, which proceeds via transition state TS7 is
the rate controlling step for this pathway and is most spontaneous at 598 K, 1 atm condition.
AG for conversion of structure 6_ato TS7 is found to be 102.86 kcal/mol as the most favourable
condition whereas AG is found to be 112.11 kcal/mol at 298 K, 20 atm condition which is least
spontaneous. The formation of structure 6_d is not much affected by any change in parameters

whereas significant change in AG of formation of structure 6_f and 6_g is observed only with
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Figure 5.3.6: Free energy change landscape for conversion of guaiacol to toluene as described

in figure 5.3.4.

change in temperature. From guaicol to formation of structure 6 _g, 298 K temperature and 20
atm is least favourable condition; but thereafter, this condition becomes most favourable to

yield structure 6 _h with AG = -136.51 kcal/mol.
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Figure 5.3.7: Free energy change landscape for conversion of guaiacol to o-cresol as described

in figure 5.3.4.
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5.4 Computational Study on Adsorption Characteristics of Phenol and Guaiacol Over

Single and Multiple Nitrogen Doped Graphene

Density functional theory has emerged as a promising ab initio method in the past two decades
for calculating the energies of molecular systems [134]. While most of the other first principle
methods are computationally expensive, DFT considers all the electrons of the system as one
entity - the electron density; and defines them with only three spatial variables [131]. This
assumption simplifies the mathematics of energy calculation by reducing the total number of
variables in the system and makes fairly accurate predictions at a reasonable computational cost
[131]. Thus, it has emerged as the most suitable tool for studies where experimental
observations are not feasible due to the scale of the system. In this study, the authors also
employ the DFT to study the surface adsorption phenomenon over the N-doped graphene. To
approximate the exchange-correlation potential of the DFT method, the M06-2X functional
[164] from the meta-hybrid GGA class of functionals [139] is considered. This is because the
MO06-2X functional is reported to predict energies with less than 0.5 kcal/mol of error for
organic systems [160]. All the structure optimization is performed using Pople’s double zeta
potential basis set with diffuse function for all non-hydrogen atoms and polarization functional
for all atoms (6-31+g(d,p)) [151]. First, a 14 ring pure graphene sheet is prepared whose edges
are closed with the dangling hydrogen atoms; and is optimized using the described functional
and basis set. A doping site is then created in the central ring of the pure graphene by replacing
a carbon atom with a nitrogen atom (Figure 5.4.1 (a)). A second graphene sheet is also
considered with a pyridinic-like defect in a similar manner and is doped with one nitrogen atom,
as shown in Figure 5.4.1 (b). To study multi-doping nitrogen effects, a third surface is also
prepared by doping pristine graphene with 3 nitrogen atoms (Figure 5.4.1 (c)). The doped

graphene sheets are then re-optimized at M06-2X/6-31+g(d,p) level of theory to obtain the
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catalyst surface. The adsorption of model compounds is then carried out at different orientations

on the optimized surfaces.
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Figure 5.4.1: Optimized geometry of doped graphene sheets with (a) single doping on pristine

53'

graphene, (b) single nitrogen atom doping in pyridinic-like defective graphene and, (c) multi-
doped graphene with three nitrogen atoms; where blue coloured atoms represent nitrogen, grey

coloured atoms represent the carbon and white coloured atoms represent the hydrogen.

Once the geometries are optimized, the single point energy calculations are performed
using Pople’s triple zeta potential with diffuse and polarization function with M06-2X
functional, i.e., M06-2X/6-311+g(d,p) with dispersion correction (D3) [178]. The adsorption

energy (Eads) is calculated as:

Eads = Ecatalyst+substrate - (Ecatalyst + Esubstrate) (5.3)

where Ecatalyst+substrate IS the energy of the system where the substrate is adsorbed over the catalyst

surface. Ecatalyst and Esubstrate are individual energies of the catalyst and substrate, respectively.

To validate the prepared system, the authors reproduced the works of Fiorentine et al.[2]
and studied the adsorption of CO2 over N-doped graphene. For this, the catalyst surface was
frozen, and the adsorption of CO> was conducted by keeping it relaxed. The adsorption energy
was found to be -5.13 kcal/mol with dispersion correction, which is in excellent agreement with
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the reported value of -5.65 kcal/mol. Similarly, the adsorption energy over pyridinic defect N-

doped graphene was found to be -6.01 kcal/mol, similar to the reported value of -6.13 kcal/mol.

The orientation and the location of the adsorption of CO> over the catalyst surface were also

found to be identical to the reported results (Table 5.4.1 of the supplementary information).

This “frozen catalyst surface and relaxed adsorbate” model is used throughout this study for

determining the adsorption characteristics of bio-oil model compounds.

Table 5.4.1: Comparison of the present work with the literature work [2]

Literature This work
Adsorption
P 5.65 kcal/mol 5.13 kcal/mol
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An important parameter to computationally characterize the adsorption over a catalyst is to
study the distance between the adsorbate and the surface. The distance between the adsorbate
and the surface is generally used to describe the strength of the two's interaction. However, in
cases where the catalyst surface is not uniform or where the adsorbate molecule has multiple
atoms interacting with the surface, the distance between the substrate and adsorbate's closest
atoms does not accurately depict these interactions. To overcome this challenge, the authors
devised a ‘dipole moment change’ method. In this method, the dipole moment change is
measured to quantify the approaching adsorbate's influence on the surface. The change in dipole

moment (AW) is calculated as:

— — —
AH = MHcatalyst+substrate — Hcatalyst (5-4)

Where [catalyst+substrate 1S the dipole moment vector of the system where the substrate is
adsorbed over the catalyst surface, and Jicatalyst is the dipole moment vector of the bare catalyst.

The magnitude (Ap) of the Ap” provides a comparative analysis of adsorption of a species and
their orientation on any surface. The ‘dipole moment change’ method has an advantage in
comparing the cases where the species are adsorbing on the catalyst in different orientations at
a near-same distance from the surface. The orientation with a higher charge region of the
adsorbate facing the surface will influence the surface more, and therefore the surface dipole
more. Information about the influence of approaching charge on the surface can provide a better
understanding of the adsorption characteristics than information on the closest distance between

the surface and adsorbate.
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All the calculations are performed using Gaussian 09 [169] with ultrafine grid setting,
and the geometry management is done with the help of GaussView 05 [170]. For the density of
state (DOS) and Fermi level calculations, GaussSum [179] and multiwfn [180] softwares are
employed, respectively. Other properties like chemical potential (v), chemical hardness (1),

electrophilicity index (w) and chemical softness (S) [181] are calculated as:

v=-(1+A)2, (5.5)
n=(-A)/2 (5.6)
® = (1*2n), (5.7)
S=1/2n (5.8)

where I is the ionization potential, and A is the electron affinity. By Koopman’s approximation
[182], I is considered the negative of HOMO energy and A is considered the negative of LUMO

energy.

First, the properties of pristine graphene and N-doped graphene are discussed to analyse
the effect of nitrogen doping on the graphene. Thereafter, the adsorption characteristics of
phenol and guaiacol are discussed over single atom doped graphene. Finally, the effect of multi-

doped graphene is discussed to draw a comparison with single nitrogen-doped graphene.
5.4.1 Catalyst properties

A 14-ring pristine graphene catalyst surface is prepared by optimizing the structure at the given
level of theory. The average bond length of the C-C bond in the ring is 1.42 A which is in a
perfect agreement with the experimental data [183]. The bond length for the single nitrogen-
doped graphene (Q1) varies insignificantly from the pristine graphene near the doping site as
the covalent radius of nitrogen is similar to carbon. A decrease of about 0.01 A is observed in
the length of C-N bonds. Bond lengths of different bonds in Q3 fluctuate within 0.02 A from

the pristine graphene bond lengths. Variations of such magnitude are reported in the literature
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for nitrogen doping [69,184]; and are not at all uncommon in DFT studies. However, the P1
shows a lot of variation throughout the sheet. The C=N bond length is 1.31 A, similar to the
reported experimental bond length (1.30 A) [185]. This is not uncommon given the five-ring

(pyridine-like) loop in the sheet, which distorts the bond lengths significantly.

Pristine Q1 P1 Q3

HOMO

LUMO

Figure 5.4.2: HOMO (top) and LUMO (bottom) orbitals for pristine, Q1, P1 and Q3 doped

graphene sheets.

The HOMO and LUMO orbitals analysis (Figure 5.4.2) show that introducing nitrogen
in the pristine graphene shifts the molecular orbitals significantly. In Q1, the nitrogen doped
site show a HOMO localization, suggesting the site to be favourable for the transfer of electrons
from the surface to the molecule. The 21% carbon atom adjacent to the nitrogen doping show a
large LUMO localization. Thus, the site is favourable for accepting the electrons. In the P1
sheet, the HOMO is localized to the carbon atoms of the pyridinic-like ring near the defect site.
Thus, the nitrogen site is not very electron donating, but the defect site is favourable for electron
receiving entities. The LUMO orbitals show that the nitrogen has vacant orbitals; which can be
filled by the adsorbing entity. The 21 and 23" carbon atom which are located across the
nitrogen atom towards the defect site, also has localization of LUMO orbitals. Thus the defect
site is ideal for species with HOMO orbitals facing the site. In the Q3 sheet, the HOMO orbitals
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appear in a zip like pattern in the centre. Thus, the adsorption can occur via the LUMO of the
molecules in the central region. The LUMO orbitals of Q3 form a circular pattern around the
centre and covers the nitrogen atoms. Thus, the adsorption via the HOMO orbitals of adsorbate

is highly probable over the nitrogen atoms; however, less likely to occur over 21% carbon atom.

Table 5.4.2: Density of state of Pristine graphene, Q1 surface and Q3 surface near the fermi

level.
Catalyst : .
Y Density of State Fermi Level
surface
47
— DOS spectrum
—— Occupied orbitals
= Virtual orbitals
34
24
Pristine N -6.03 eV
0_ ‘ ‘“
-1
-10 -8 -6 -4
Energy (eV)
= Alpha DOS spectrum
—— Beta DOS spectrum
2.54 — Total DOS spectrum (scaled by 0.5)
= Alpha Occupied orbitals
—— Alpha Virtual orbitals
Beta Occupied Orbitals
2.04 —— Beta Virtual Orbitals
154
Q1 -4.52 eV
0.51
0.0
—-0.51 | H ‘ ‘H
_‘4 o]
Energy (eV)
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P1

3.0

2.5

2.0

15

1.0

0.5

0.0

—0.5

-1.0

—— Alpha DOS spectrum
—— Beta DOS spectrum
= Total DOS spectrum (scaled by 0.5}
= Alpha Occupied orbitals
—— Alpha Virtual orbitals
Beta Occupied Orbitals
= Beta Virtual Orbitals

I

M
i

T
—6

s 4 3 5 1
Energy (eV)

-5.88 eV

Q3

2.0 1

1.5

1.0

0.5

0.0

= Alpha DOS spectrum
—— Beta DOS spectrum
—— Total DOS spectrum (scaled by 0.5)
—— Alpha Occupied orbitals
—— Alpha Virtual orbitals
Beta Occupied Orbitals
—— Beta Virtual Orbitals

-8

J
T N1

Energy (eV)

-4.12 eV

Fermi level (FL) and electron density of state are also used to draw meaningful
conclusions about the catalyst surface. While a higher F_ can denote a higher turnover
frequency for any reaction, more electron density of state near the F is an indication of a better
catalyst as many states are available for occupation [186]. The F for pristine graphene is found
to be -6.03 eV which increases to -5.88 eV in P1, -4.52 eV in Q1 and -4.12 eV in Q3. However,
the density of state (DOS) of all three catalysts is almost identical with Q3 having only one
extra DOS near the F. (Table 5.4.2). Based on Fr analysis, unlike the pristine graphene, P1, Q1
and Q3 catalysts possess some reactive sites on their surface. However, the DOS analysis

suggests that from a single doped sheet of P1 and Q1 to multiple doped sheet Q3, there is no

significant increase in these sites' reactivity.
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Figure 5.4.3: Spin density distribution (colour coded) and Mullikan charge distribution (in

brackets) for Q1 surface.

The literature shows that high spin density and high charge serve as an ideal site for
surface reactivity [115]. Spin density distribution describes the probability distribution of
unpaired electrons over the surface. Therefore, to determine the location of the reactive sites on
Q1, P1 and Q3, spin density analysis and Mullikan charge distribution analysis are conducted.
Figure 5.4.3, 5.4.4 and 5.4.5 show spin density distribution and charge distribution for Q1, P1
and Q3, respectively. A high spin density distribution can be seen over 21% and 36" carbon
atom along with 54" hydrogen atom for the Q1 catalyst. This could be attributed to the
nitrogen's electronegative nature causing the nitrogen to pull electrons from the neighbouring

atoms and giving 21C a high positive charge (0.540 a. u). The high spin density and high charge
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make 21C an ideal site for catalytic activity. The bridge sites 15C-54H and 36C-49H also show
high spin density distribution. However, since the catalytic activity at the boundary is a

reasonably complex process, these sites are not considered for adsorption in the study.

-8.419e-5

8.419e-5

Figure 5.4.4: Spin density distribution (colour coded) and Mullikan charge distribution (in

brackets) for P1 surface.

The spin density distribution for P1 is found to be high at the defect site between 57N and
23C/21C. This is again likely a result of the electronegative nature of the nitrogen atoms. The
charge distribution of the adjacent atoms (23C and 21C) is again positive and high like the Q1
surface. The bridge site of 15C-53H and 35C-48H also shows favourable spin density similar
to Q1 and has not been considered for adsorption in this study. Also, 19C, and 37C likewise
show the fair spin distribution and positive charge, suggesting possible role in the adsorption

process.
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In Q3 (Figure 5.4.5), it can be seen that the number of high spin density sites increase
due to a greater number of nitrogen-doping sites. The spin distribution is also more irregular

and

-8.889e-5

SoH( o D

49H (0 3=

8.889%e-5

Figure 5.4.5: Spin density distribution (colour coded) and Mullikan charge distribution (in

brackets) for Q3 surface.

unevenly distributed over Q3 than Q1 and P1. While the bridge sites 50H-12C and 49H-30C
exhibit low spin density, 40H-9C and 28C-43H are highly deficit in unpaired electrons. The
atoms around the nitrogen atoms - 18", 19" and 20™ carbon atom, has a low spin density with
positive charge distribution making them suitable adsorption sites. In addition, 1C, 14C, 33C
and 36C are also observed to have a spin density on the higher side with positive charge

distribution and may contribute to the adsorption.
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Another critical parameter for surface property determination is the Electrostatic
Potential (ESP), which define the electrophilic and nucleophilic centres on a catalytic surface
[187]. The ESP plots help determine the possible regions of adsorption on the catalyst by

providing information about the nucleophilic and electrophilic regions based on the substrate’s

H 4 @ e
-2.325e-2 2:325e-2

-3.059e-2 3.05%e-2

Figure 5.4.6: Electrostatic potential (ESP) map of (a) pristine graphene, (b) Q1 catalyst surface,
(c) P1 catalyst surface and (d) Q3 catalyst surface showing nucleophilic regions (blue) and

electrophilic regions (red).

charge distribution. Figure 5.4.6(b) shows that the part around 58N is fairly neutral while the

atoms adjacent to the nitrogen atoms, including 21% carbon atom, are mildly rich in electron.
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This contrasts with the pristine graphene (Figure 5.4.6(a)) where all carbon atoms possess the
uniform potential of about -0.015 a.u. Increase in the distance from the nitrogen atom in Q1
increases the nucleophilicity of the carbon atoms making 31C and 12C the most electrophilic
atoms. The nitrogen atom neutralizes the atom in its immediate vicinity. Similarly, the atoms
around the nitrogen atoms in Q3 (Figure 5.4.6(b)) are also either neutral or mildly nucleophilic.
High electron accumulation is observed over 30, 31 and 12 carbon atoms by virtue of them
being farthest from the nitrogen atoms in Q3. However, in P1, the defect site 57N-21C/23C is
highly electrophilic. This makes the region around 57N more favourable for adsorption of

neutral entities and the region around 31C favourable towards electrophilic entities' adsorption.

Table 5.4.3: Ionization potential (I), electron affinity (A), chemical hardness (1), chemical
potential (p), chemical softness (S) and electrophilicity index (w) for pristine graphene, Q1

surface, P1 surface and Q3 surface.

1EeV) | AEV) | nEV) | nEv) | SV | oY)
Pristine 5.98 1.99 2.00 -3.98 0.25 3.97
Q1 4.49 1.24 1.62 -2.87 0.31 2.53
P1 5.84 1.82 2.01 -3.83 0.25 3.65
Q3 4.09 1.65 1.22 -2.87 0.41 3.38

Other global indices like chemical potential (v), chemical hardness (1), electrophilicity
index (w) and chemical softness (S) are also determined for all four surfaces. While n is an
indicator of the surface's resistance to an external electric field, S indicates the ease with each
a surface deforms in the presence of external electric forces. 1 for pristine graphene is calculated
as 2.00 eV, which decreases to 1.62 eV and 1.22 eV for Q1 and Q3, suggesting decreasing
stability and increasing reactivity with an increase in nitrogen doping on the graphene sheets.
On the contrary, n for the P1 surface is similar to the pristine surface with 2.01 eV and is
therefore likely to retain its structure in the presence of an external potential. The chemical

potential is the same for Q1 and Q3 surface (Table 5.4.3) and is higher than P1 and pristine
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surfaces. Interestingly though, the ® of the Q3 is found to be higher than Q1, and o of the P1 is
found to be higher than Q3. Therefore, P1 is the most suitable surface for the adsorption of a

nucleophilic entity among the three surfaces.

5.4.2 Adsorption of phenol

The adsorption of phenol is studied for 3 different configurations on Q1 (Figure 5.4.7). The
phenol is adsorbed on the surface at the high spin density and high charge site (21C) in two
orientations — via the ring (config 2) and the hydroxyl group (config 3). In addition, the third
adsorption is also conducted over the nitrogen atom via the phenyl ring of phenol (config 1) to

check any effect of nitrogen on the adsorption process.

Figure 5.4.7: Adsorption of phenol on Q1 surface over (a) nitrogen atom via phenyl ring (b)

21C via phenyl ring and (c) 21C via OH group

It is observed that the adsorption of phenol over the nitrogen atom has the most
favourable adsorption energy of all three configurations (Table 5.4.4). The change in the charge
over the adjacent 21C atom of nitrogen atoms is the highest for this configuration among all
three. This suggests that a strong charge delocalization occurs on the surface when the
adsorption occurs via the nitrogen atom, which results in the strong adsorption. The charge
transfer and the change in the dipole moment were moderate for this configuration. The weakest

adsorption (Eags = 13.21 kcal/mol) was observed for the third configuration where the
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adsorption occurs by the hydroxyl group over 21C. The charge transfer for this reaction is found
to be very small (0.067 a.u.). Consequently, the change in the highest positive and negative is
also low; hence the weak adsorption. The pre-exponential factor for the adsorption is also

calculated by the Hertz—Knudsen relation [188] as shown in table 5.4.4.

Figure 5.4.8: Adsorption of phenol on P1 surface over (a)nitrogen atom via phenyl ring,
(b)nitrogen atom via hydroxyl group, (c) nitrogen atom with hydroxyl group facing away from

the defect site, (d) defect site via hydroxyl group with phenyl ring facing away from the surface.

The adsorption of phenol is also studied over the P1 surface. Four configurations of
phenol are adsorbed on the P1 surface at different locations (Figure 5.4.8). In the first

configuration, the phenol is positioned so that the phenyl ring is positioned above the nitrogen
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atom and the hydroxyl group is over the defect site. In the second configuration, the phenol is
shifted such that the hydroxyl group is adsorbed over the nitrogen atoms. In the third
configuration, the phenyl group is positioned over the nitrogen while the hydroxyl group faces
away from the defect site. Finally, in the fourth configuration, the hydroxyl group is approached
towards the defect site from above such that there is minimum interaction of the phenyl ring

with the surface.

Table 5.4.4: Comparison of properties of different adsorption configurations of phenol over Q1

and P1 surface.

Q1 P1
Config | Config | Config | Config | Config | Config | Config
1 2 3 1 2 3 4
Eads (kcal/mol) -17.28 | -16.83 | -13.21 | -15.85 | -16.28 | -15.22 | -13.16
Pre-exponential 2.89E+04 2.87E+04
factor (s)
Ap (Debye) 0.93 1.01 0.99 1.19 1.31 1.09 1.58

Chafg(e Tf)ansfef 0.135 | 0182 | 0.067 | 0141 | 0233 | 0.171 | 0.142
a.u.
Highest changein | 0.658 | 0.827 | 0.230 | 0.349 | 0.172 | 0.506 | 0.040

positive charge in
a.u. (atom) (58N) | (58N) (20) (57N) | (67N) | (57N) | (57N)
Highest change in -0.798 | -0.792 | -0.315 | -0.478 | -0.361 | -0.333 | -0.298

negative charge in
a.u. (atom) (21C) | (21C) | (21C) | (23C) | (20C) | (20C) | (20C)

It is observed that the strongest adsorption takes place in the second configuration (Eads
= 16.28 kcal/mol) where the adsorption is occurring from the OH group facing the defect site.
High charge transfer (0.233 a.u.) again plays a significant role in providing strong adsorption
energy among the four configurations. However, large individual positive or negative charge
change is not observed for this configuration. This implies that unlike the Q1 case, the charge
transfer is more distributed and takes place through more than one atom between the surface
and the adsorbate. The weakest adsorption occurs in the 4" configuration (Eags = -13.16
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kcal/mol) where the phenyl ring of phenol is facing away from the surface. The phenol
orientation prohibits the interaction of the ring with the surface, leading to a smaller overall
charge transfer. The most significant positive charge change is mere 0.040 a.u. over the nitrogen
atom. However, the difference in the dipole moment is highest (1.58 D) in this case. Indeed, the
highly polar hydroxyl group influences the surface dipole to a more considerable degree when
facing the surface than being parallel to the surface in other configurations. Config 1 and config
3 also show adsorption on the stronger side; however, the relatively low charge transfer
(0.141a.u. and 0.171 a.u. respectively) and low dipole moment change (1.19 D and 1.09 D

respectively) leads to a lower Eads than config 2.

5.4.3 Adsorption of guaiacol

The adsorption of guaiacol is studied for four different configurations on Q1 and P1 surface
(Figure 5.4.9). Over the Q1 surface, the adsorption is conducted over the 21C atom via the
phenyl ring, the hydroxyl group and the methoxy group in config 2, 3 and 4. In addition, similar
to the phenol adsorption described above, config 1 shows guaiacol's adsorption over the

nitrogen atom via the phenyl ring.

It is observed that the adsorption of guaiacol is strongest in the 1% configuration where
the phenyl ring is adsorbing over nitrogen atom (Table 5.4.5). Although the charge transfer is
not the highest in this case (0.166 a.u.), the negative change in the individual atom is very high
(1.403 a.u.) over the adjacent 21C atom which suggests that a strong delocalization of the charge
is occurring on the surface at the adsorption site. The delocalization of charge explains the
strong adsorption (Eads = -21.45 kcal/mol). Config 2 show moderate adsorption energy and have
moderate charge transfer and dipole moment change. Config 3, on the other hand, has the
weakest adsorption energy (Eass = -18.20 kcal/mol) despite having a high dipole change (2.24
D). As the charge transfer is low, the polar hydroxyl and methoxy group influence the surface
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dipole to a larger extend than in other cases where the charge transfer reduces the molecule's
polarity. The largest charge transfer is observed in config 4. However, the adsorption energy is

not the strongest as the dipole moment change is the lowest in this configuration.

Figure 5.4.9: Adsorption of guaiacol on Q1 surface over (a) nitrogen atom via phenyl ring, (b)

21C atom via phenyl ring, (c) 21C atom via hydroxyl group, (d) 21C atom via methoxy group.

The adsorption of guaiacol over P1 surface was also conducted in four different
configurations (Figure 5.4.10). In the first and second configuration, the methoxy group and the
hydroxyl group were adsorbed over the nitrogen. In the third configuration, the phenyl ring of
the guaiacol molecule was adsorbed over the nitrogen atom. Finally, in the fourth configuration,
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the guaiacol molecules were placed in such a position that the phenyl ring adsorbed over the

surface's defect site.

It was observed that the adsorption of guaiacol over the P1 surface was weaker than the

adsorption over the Q1 surface. The strongest guaiacol adsorption energy over P1 is calculated

Figure 5.4.10: Adsorption of guaiacol on P1 surface over (a) nitrogen atom via the methoxy
group, (b) nitrogen atom via the hydroxyl group, (c) nitrogen atom via the phenyl ring, (d)

defect site via the phenyl ring.

to be -19.59 kcal/mol in 3" configuration, which is 1.86 kcal/mol weaker than the strongest
adsorption energy over Q1 surface. The high adsorption energy for the third configuration is

surprising as neither the charge transfer nor the change in the charge of individual atoms of the
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surface is very high. However, the dipole moment's difference is the highest for this

configuration, indicating a strong interaction between the surface and the adsorbate. The

weakest adsorption energy is observed for config 1 where the charge transfer is the smallest

(0.109 a.u.). The change in the dipole moment is also the lowest in this configuration. The

charge transfer for the second and fourth configuration are moderate, and therefore the Eags is

also found to lie between the Eags of config 2 and config 4.

Figure 5.4.11: Adsorption of phenol on Q3 surface over (a) 21% carbon atom via the phenyl

ring, (b) 21% carbon atom via the hydroxyl group, and (c) nitrogen atom via hydroxyl group.

Table 5.4.5: Comparison of properties of different adsorption configurations of guaiacol over

Q1 and P1 surface

Q1 P1

Config | Config | Config | Config | Config | Config | Config | Config

1 2 3 4 1 2 3 4

Beas -21.45 | -19.97 | -18.20 | -19.28 | -16.49 | -18.31 | -19.59 | -18.58
(kcal/mol)
Pre-

exponential 2.52E+04 2.50E+04

factor (s)

An 175 | 174 | 224 | 160 | 166 | 198 | 207 | 168
(Debye)
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Charge
transfer 0.166 0.208 0.176 | 0.283 | 0.109 0.140 | 0.117 | 0.197

(a.u)

Highest
change in
negative
charge in
a.u. (atom)

-1.403 | -0.630 | -0534 | -0.719 | -0.573 | -0.512 | -0.406 | -0.533
(21C) | (21C) | (24C) | (21C) | (20C) | (20C) | (20C) | (20C)

Highest
change in

positive
charge in
a.u. (atom)

0732 | 0.886 | 0.731 | 0.812 | 0.319 | 0281 | 0.506 | 0.367
(58N) | (58N) | (58N) | (58N) | (57N) | (57N) | (57N) | (57N)

Figure 5.4.12: Adsorption of guaiacol on Q3 surface over (a) 21% carbon atom via phenyl ring,
(b) 21% carbon atom via hydroxyl group, (c) 21% carbon atom via methoxy group, (d) nitrogen

atom via methoxy group
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5.4.4 Multi-site doping adsorption

To determine the effect of multiple nitrogen doping in the sheet, the adsorption of phenol and
guaiacol was also studied on the Q3 surface. The adsorption of phenol was conducted in 3
different configurations (Figure 5.4.11). In the first configuration, the adsorption was conducted
via the phenyl ring over the 21C atom. In the second configuration, the adsorption was
conducted via the hydroxyl group over the same atom of the surface. Since phenol's best
adsorption over Q1 surface was observed when the phenyl ring adsorbed over the nitrogen
atom, a similar arrangement is considered in config 3 for Q3. The phenyl ring is adsorbed over
the 57N atom (Table 5.4.6). The strongest adsorption (Eass = -16.83) is observed for the first
configuration which is a result of the high charge delocalization on the surface. In the third
configuration, the phenyl ring shifted from over the 57" nitrogen atom and the adsorption
occurred over the 56" nitrogen atom via the hydroxyl group. The high dipole moment change
is observed because the polar hydroxyl group is facing the surface, similar to the 4%

configuration of phenol over P1 surface.

The adsorption of guaiacol is also studied over Q3 in four different configurations
(Figure 5.4.12). The first three configurations describe the adsorption over the 21C atom of the
surface via the ring, the hydroxyl group and the methoxy group. In the fourth configuration, the
adsorption is studied over the 57" atom (nitrogen) via the phenyl ring as the similar arrangement
was found most favourable over Q1 surface. The guaiacol molecule was found to shift in the
second configuration such that the oxygen atom of the methoxy group is placed over 18" carbon
atom, which is found to have maximum change in its charge among all atoms (-1.065 a.u.). As
a result, the strongest adsorption is observed for this case. The shifting of molecule was also
observed in the fourth configuration. The guaiacol moved from over the 57" nitrogen atom such

that the oxygen atom of the methoxy group drifted closer to the 58" nitrogen atom. But as the

123
TH-2850_166107102



charge transfer and the change in the charge over individual atoms are also low, this

configuration did not show the strongest adsorption.

Table 5.4.6: Comparison of properties of different adsorption configurations of phenol and

guaiacol over Q3 surface

Phenol adsorption Guaiacol adsorption

Config | Config | Config | Config | Config | Config | Config

1 2 3 1 2 3 4

BasWithD3 |\ fos | 1345 | 1633 | 2124 | 21.53 | -16.94 | -20.65

(Kcal/mol)

Pre-exponafili 2.88E+04 2.51E+04
factor (s™)

Ap (Debye) 070 | 069 | 1.08 | 167 | 178 | 164 1.92
Char%: H‘;”Sfer 0018 | 0074 | 0009 | 0.146 | 0.113 | 0.044 | 0.132
Highest change

in negative 1.038 | -0.852 | -0.773 | -0.958 | -1.065 | -0.786 | -0.355

chargeinau. | (19C) | (19¢) | (18C) | (18C) | (18C) | (24C) | (100)
(atom)
Highest change
in positive 0785 | 0726 | 0.796 | 0.879 | 0.799 | 0570 | 0.288
chargeinau. | (56N) | (58N) | (58N) | (56N) | (58N) | (58N) | (280)
(atom)
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5.5 Dehydrogenation and Dehydration of Formic Acid over Orthorhombic Molybdenum
Carbide

5.5.1 System setup

The decomposition of formic acid proceeds mainly via dehydration or dehydrogenation [189].
In the dehydration mechanism, formic acid decomposes to CO and H2O, whereas in the
dehydrogenation mechanism, CO> and H> are formed. A third mechanism is also reported for
decomposition to formaldehyde (HCHO), which is observed in trace quantities in non-catalytic
reactions [190]; however, since such a mechanism is not reported in catalytic investigations,

the formaldehyde product has not been considered further.

All the elementary reactions considered for the dehydration and dehydrogenation
mechanisms are shown in Figure 5.5.1. For ease of understanding, the reactants, products and
transition states are herein referred to as Xr, Xp and XTS, respectively, where X is the reaction
number in Figure 5.5.1. The surface site is represented by *, with an adsorbed species denoted

by their chemical formula followed by *.

The reaction scheme begins with the adsorption of formic acid (1r) on to the surface to
give 1p. As the cleavage of the C=0 bond is energetically demanding (7.67 eV) [191,192] and
therefore, low probability, the adsorbed formic acid (HCOOH?*) can begin to break down in

three ways:

The H atom can break from the hydroxyl group to give HCOO* and H* (Reaction 2);
Alternatively, the C-H bond can break to give H* and COOH* (Reaction 3);
The entire hydroxyl group can break apart from the C atom to give HCO* and OH* (Reaction

4).[191,192]

The HCOO* formed in reaction 2 can dehydrogenate in two ways to give CO2: in

reaction 5, the HCOO™* breaks down to give CO>* and H*; alternatively, the HCOO* can break
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down to H* and CO2*, and the H* then reacts with another H* on the surface to form Hz in an
associative desorption process. The final products obtained from the reaction are CO2* and H>
in the gas phase. Similarly, the COOH* formed in reaction 3 can produce CO2, CO and H20 in
reaction 7, 8 and 9. In reaction 7, the H from the OH group of COOH* cleaves to form CO>*
and H*, while in reaction 8 the OH group cleaves from COOH* to form CO*; and in reaction
9, the COOH* reacts with H* to form carbon dioxide and water on the surface. Finally, the

HCO formed in reaction 4 can be degraded on the surface in reaction 10 to give CO*.

To maintain an overall closed reaction cycle, further reactions are also included for the
formation of small molecules. Reaction 11 and 12 describe the formation of water and hydrogen
from the pseudo-stable moieties present on the surface, and all the formed molecules desorb

from the surface in reactions 13 to 16 (CO», H20, CO and Hz, respectively).

1. HCOOH + * — HCOOH*

0

)J\ -2.20 )‘]\ )
H OH H OH
2. HCOOH* + * — HCOO* + H* —
i ) 0.51 i )
= o
A=
3. HCOOH* + * —» H* + COOH* —< 8. COOH* + * > CO* + OH*

0 " o *
J\ 0.27 M 1.03
. o - | B o 9. COOH* + H* — CO* + H,0*

0.28
4. HCOOH* + * — HCO* + OH* —< 10. HCO* +* - CO* + H*

o]

. | o
o 0.34 16 H2 i H2 +
J\ —_— J +0H
H OH H

244
) 038 1. OH* + H* 55 H,0" + *
5.HCOO" + * — CO,* + H*

1.35 L
6.HCOO* + H* > Hy + CO*+ % 12 H +H = Hy"

r

- 0.74 177
7.COOH* +* — CO,* + H* 13.CO* - CO, +*

1.03
14 H,0* - H,0 +*

5.86
15.CO* - CO+*

Figure 5.5.1: Complete reaction scheme, showing all the reactions considered in this study for
the dehydration and dehydrogenation of HCOOH. The energy barrier (in eV) for each reaction,

as calculated in this work, is presented in red.
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5.5.1.1 Bulk

Density functional theory (DFT) simulations were performed using the “Fritz Haber Institute
ab initio molecular simulations” (FHI-aims) software package [193], coupled with the “Atomic
Simulation Environment” (ASE) Python package [194] for the management of model

geometries.

4.685 A 4.685 A

5.149 A
5.963 A

Top view Side view

Figure 5.5.2: Top view and side view of the bulk p-Mo2C with unit cell lengths, where Mo
atoms are represented by teal colour, carbon atoms by grey colour and the dashed line show the
unit cell.

The orthorhombic () structure of Mo2C (Figure 5.5.2) is stable at a large range of temperatures
[195], and thus, it has been considered as the catalytic form of the material during our
investigation. A converged 5 x 5 x 4 k-grid was chosen for the periodic bulk calculations as,
when performing convergence testing for the k-grid density, subsequent increments in k-grid
sampling altered total energies by < 10 meV (1 kJ mol?) (Table 5.5.1). Relativistic effects were
included using zeroth order regular approximation (ZORA) [193] as a scalar correction, and the
spin and charge for the system were set to zero. Default FHI-aims convergence criteria was
used for the self-consistent field (SCF) energy calculations, such that changes in the charge

density (Ap) for the N atom system were:

Ap<108x (N/6) eao® (5.9)
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To ensure energetic accuracy in a computationally efficient manner, the available basis sets of
the FHI-aims package [193] were compared; the light basis set, which is equivalent to a Pople
6-31+G** basis set [151], was deemed appropriate as it provided converged accuracy in a

tractable timeframe.

Table 5.5.1: Convergence testing of k-grid sampling. The energy change (AE) as a function of
sampling is obtained for a unit cell of x = 4.754 A, y=5.241 A and z= 6.076 A, with the selected
converged settings highlighted in grey.

k-point k-grid k-grid k-grid

density (A9 | (eaxis) | (yaxis) | (z.axi) Energy (eV) AE (eV)
0.01 21 19 16 -894028.7805 :
0.02 11 10 8 -894028.7783 0.0022
0.03 7 6 5 -894028.7875 | _-0.0092
0.04 5 5 2 -894028.7916 | _-0.0040
0.05 4 4 3 -894028.7583 0.0333
0.06 2 3 3 -894028.7466 0.0117
0.07 3 3 2 -894028.6356 0.1110
0.08 3 2 2 -894028.5719 0.0637
0.09 2 2 2 1894028.9971 | -0.4251
0.10 2 2 2 -894028.9971 0.0000

A range of exchange-correlation (XC) density functionals were compared for
appropriateness towards modelling f-Mo2C. For each XC, the bulk model was optimized using
the trust-region method [196] until the force on each atom was less than 0.01 eV A; the unit
cell vectors were also optimized, with the angles between the lattice vectors fixed (i.e.
orthorhombic symmetry preserved). Comparison of the cohesive energy, formation energy, and
unit cell parameters with literature for 5-Mo.C shows the PBE [3] XC functional with the
Tkatchenko-Scheffler van der Waals correction [197] as providing favourable accuracy as well
as computational efficiency (Table 5.5.2). The cohesive energy (Econ) of the optimized S-Mo2C

bulk unit cell is calculated as:

bulk atom_m_Egtom

E —N-E;
Econ = Mo 7 M; (5.10)
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where Eﬁ‘glzkc is the energy of the bulk unit cell, EZ™ and E2*™ are the energy of a gas-phase

molybdenum and carbon atom, respectively, n and m are the number of molybdenum and
carbon atoms, respectively, and b is the number of units of Mo2C in the bulk model [defined
as b = (n+m)/3]. Similarly, the formation energy (Eform) Of the S-Mo2C structure is also
calculated as:

Etorm = Elellé)lzkc - n: EIBIL(I)Ik —-—m: Egu“( (5.11)

where EDukand ERUX are the energy of a bulk Mo (bcc) and carbon atom (graphite),

respectively, both in their respective ground state structures
Table 5.5.2: Comparison of the formation energy (Eform ), COhesive energy (E.op), bulk volume

and lattice parameters calculated in this work for different functionals (PBE [3,4], M06-L [5],
PBEO [6,7] and B3LYP [8] ) (light basis) with literature.

Formation Cohesive  |Bulk VVolume
energy (eV) | energy (eV) (A®) XA YA | ZA)
Computational -
Literature [198] ke i ) . )
Computational -
literature [199] el ALY f 3 )
Experimental
Literature [200] - - 147.46 4.724 | 5.199 | 6.004
PBE+TS -0.74 -23.94 143.84 4.685 | 5.149 | 5.963
PBE -1.74 -21.17 150.43 4.740 | 5.233 | 6.065
MO6-L -1.90 -22.40 149.48 4.769 | 5.192 | 6.037
B3LYP Geometry optimisation unconverged after 8x computational cost
PBEO Geometry optimisation unconverged after 8x computational cost

More extensive and computationally exhaustive functionals did not improve the target
observables significantly. Thus, the PBE+TS XC functional is used for the continuation of this

study.
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(111) (012) (010)

Figure 5.5.3: Top view (i.e. xy plane) of the investigated facets of f-Mo.C with Mo
terminations, where teal and grey circles represent molybdenum and carbon atoms,

respectively, and the unit cell is represented by the dashed lines.

5.5.1.2 Surfaces

Seven different low-index vicinal surface facets (Figure 5.5.3) were created from the optimized
bulk unit cell of 5- M02C: namely the (100), (110), (111), (101), (010), (001), and (011) facets.
The Mo-terminated facets are reported to exhibit similar reactivity as that of Ru, Ni, and Pd
metals [201]; in particular, the dissociation energy for a C-C bond on the - Mo.C surface is
similar, and the dissociation of the C-O bond is thermodynamically more favourable. The
carbon terminations are also known to reduce the C-O bond scission [202]. Therefore, only the
metal terminations for the facets are considered herein. Furthermore, recent experimental and
computational studies report that the (100) facet is highly active for hydrodeoxygenation (HDO)
reactions [203,204]; the same surface has a high affinity towards hydrogen adsorption [205],
which is a favourable characteristic for an HDO catalyst [206]. Furthermore, the Mo terminated
(100) facet has the highest Mo surface density (0.130 atom A-2), providing higher coordination

sites and resulting in better catalytic activity [207]. Experimentally, the surface can be
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synthesized using the chemical vapour deposition technique [208], or through direct
carburization of molybdenum [121] or molybdenum oxide [209]. Therefore, it is important to

identify the relative stability of this surface, as it is used in all later work.

................

10A

Figure 5.5.4: Profile of the (100) slab model, in the xz-plane. Colours are as per Figure 5.5.3,
with fixed atoms noted with crosses. The 10A vacuum above and below the slab (i.e. 20A total)

is also presented.

A 10 A vacuum was introduced perpendicular to the xy plane, meaning that slab surfaces
where separated by 20 A in total (Figure 5.5.4). The large vacuum region eliminates self-
interaction between slabs. In order to determine the relative stability of facets, the surface
energy (Ynx) Of each individual face, with miller indices (hkl), is calculated for a four-layer

slab as:

1
Yhki = 33 Efa%r;c - ElPalcllekc (5.12)
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where Eyy’c and Eyao are the total energy of the surface and bulk models, respectively, s is

the number of bulk units in the slab model, and 2A is the surface area in the xy plane on the top

and bottom of the slab.

6.00 - M This study M Literature
4.89 4.94

4.22 4.34 4.42 4.45 4.48
3.32 3.27
3.18 .
nog “99 h87 “ h || 2.76
T T T T T T

(110) (111) (011) (101) (010) (100) (0O1)

Surface facets

Noowo s
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1
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Figure 5.5.5: The surface energy (yn«) of different surface facets, with Miller indices (hkl).
Results from this study (green) are compared with previous computational studies (red)
conducted using projector augmented wavefunction (PAW) method with the PBE functional

[1].

For the considered surface facets, the lowest surface energy is calculated for y110 (4.22 J m?)
and the highest surface energy is calculated for yoo1 (4.94 J m, Figure 5.5.5), with a total range
of 0.72 J m2. Whilst not the most energetically favourable [206], the Mo-terminated (100) facet
is relatively stable and, therefore, investigated in the continuation of this study. To determine a
chemically accurate thickness for the (100) slab model, y100 Was calculated as a function of slab
thickness; y100 differs by 0.47 J m between two and four layers, and by less than 0.13 J m?,
when comparing four, six and eight layers; thus, for a balance of computational efficiency and

accuracy, subsequent calculations are performed with a four-layer model.
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Table 5.5.3: The surface energy (y100, J m?2) for models of the (100) surface with 2, 4, 6 and 8

layer slab thickness and varying constraints on the atoms furthest from the active surface.

Slab thickness
(layers)
2 4 6 8
Unconstrained
Layers
1 4.42 5.12 5.23 5.28
2 4.42 511 5.22 5.26
3 - 4.92 5.21 5.26
4 - 4.89 5.21 5.26
5 - - 5.04 5.25
6 3 - 5.02 5.25
7 - = 7 5.09
8 = - - 5.08

For the study of chemical reactions, a one-sided model of adsorption is favourable because it
minimises calculation complexity. To compensate for the inhomogeneous electric field that
arises in such one-sided calculations, a dipole correction applied. Furthermore, constraints are
applied to ensure bulk structure at long-range from the adsorption site, i.e. on the side of the
slab without an adsorbate. The model constraints were validated through impact on y100; for a
model with four layers, constraints to the lower two layers alter y100 by only 0.22 J m2 compared

to the fully relaxed slab (Table 5.5.3), and these constraints are applied herein.

Calculations were performed of the adsorption, reaction and desorption of the
molecules, as outlined in the reaction scheme in Figure 5.5.1. The adsorption energy (E,qs) 1S

calculated as:

— surf
Eags = EM02C+Molecu1e - EMOZC — EMolecule (5-13)

where El\sd‘grzfc is the energy of the surface, Eyiecuie 1S the energy of the adsorbate and
EMo,c+Molecule 1S the energy of the combined system. As with any thermodynamic process, the

reverse action (i.e. desorption, Eqdes) can be calculated as Eges = - Eads.
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The adsorption energy of all the molecules was calculated at varying orientations on the
different available surface sites: on-top, bridge, fcc and hcp. Two hep sites (Mo-hcp and C-hcp)
are considered depending on the type of atom present underneath the top layer. The most stable
arrangement (i.e. most negative Eags) are considered for the full reaction pathways, with the
transition states calculated using a climbing image nudged elastic band (CI-NEB) method [210]
with the molecular dynamics based Fast Inertial Relaxation Engine (FIRE) optimization
algorithm [211]. A minimum of seven images (including reactants and products) were used in
the transition state search, and the convergence criteria for the force on atoms was set to 0.06
eV Al To confirm the stability of individual minima and transition states, vibrational
frequencies were calculated; the presence of exactly one imaginary frequency along the reaction
pathway confirmed that transition states were first order saddle points on the potential energy
landscape [22].
5.5.1.3 Microkinetics
Thermochemical analysis and microkinetic modelling of the reactions [212,213] was performed
to determine the system behaviour [214] using our in-house modelling code [215]. The global
partition function was calculated as Q = Quibrational -Qrotational * Qtranslational - electronic. The Vibrational
frequencies for each model were used to calculate the vibrational partition function (Quibrational)-
The rotational (Qrotational) @and translational (Qtransiationar) contributions to Q were derived from the
molecular structures and assume to be unity for adsorbed species as rotations and translations
are frustrated. The electronic (Qerectronic) partition function was set as the electron multiplicity in
the ground state and assuming no excitations in the working temperature range. Subsequently,
thermodynamics parameters (i.e. enthalpy, H, and entropy, S) were calculated at different

temperatures (T) assuming the harmonic approach [214] and with the following relations:

S=kelnQ+ kT(aln Q) (5.14)
oT A4
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Cp= T[Z—ﬂp (5.15)

H = Eper + Ezee + [ C,0T (5.16)
G=H-TS (5.17)

where kg is the Boltzmann constant, V is volume, p is pressure, Eprr is the calculated DFT
electronic energy, Ezee is the vibrational energy correction at 0 K, C; is the heat capacity at
constant pressure, and G is the Gibbs free energy. To validate our approach, the thermochemical
parameters for the gas phase species were compared with literature [9,10], with all values in
very good agreement (Table 5.5.4). The maximum difference in the C, and S for the studied
molecules are less than 7.65 J mol™ K in the studied temperature range, and the maximum
difference in the enthalpy values S less than

3.62 kJ mol™? (Table 5.5.4).

Table 5.5.4: The entropy (S) and heat capacity (Cp) as derived in this work and compared to
the literature [9,10].

Gas phase " 4 Cp (J moltK?) S (J molt K1) H_Fh|i'|8298.15 (kJ mol?)
specles This work Literature | This work | Literature WK Literature
298.00 - 29.15 - - - -
co 300.00 28.95 29.15 196.91 197.84 0.00 0.06
400.00 28.95 29.30 205.24 206.24 1.93 2.97
500.00 28.95 29.82 211.70 212.83 4.05 5.93
298.00 - 28.84 - 130.67 - -
H, 300.00 28.95 28.85 135.68 130.86 0.00 0.05
400.00 28.95 29.18 144.01 139.22 1.33 2.96
500.00 28.95 29.26 150.47 145.74 2.87 5.88
298.00 - 33.59 - 188.82 - -
H,0 300.00 33.31 33.60 193.93 189.04 0.00 0.06
400.00 33.96 34.26 203.59 198.79 1.57 3.45
500.00 34.91 35.22 211.27 206.53 3.77 6.92
298.00 - 37.12 - 213.79 - -
CO; 300.00 33.27 37.22 216.24 214.02 0.74 0.07
400.00 35.30 41.34 226.10 225.31 2.37 4.00
135
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500.00 36.96 44.61 234.16 234.90 4.69 8.31
45.68 +
298.00 - 0.07 - 248.70 - -
HCOOH | 300.00 44.54 45.84 252.30 - - -
400.00 51.66 54.52 266.11 - - -
500.00 57.33 62.63 278.28 - - -

The rate constant (k) of each of the elementary reaction was calculated using the transition-state
theory (TST) approximation of Eyring, Evans and Polanyi [216,217]. For this, the calculations

were carried out using the relation:

_ AT _ Kl Qrs oy (2267
k= Ao exp( P ) P exp kT (5.18)

where Ao is the pre-exponential factor, AG* is the activation free energy of the reaction, and
Qs and Qr are the partition functions of the transition state and reactant, respectively.
Adsorption and desorption processes from the surface were considered barrier-less, but
maintaining consideration of the variable degrees of freedom, e.g. 2D and 3D. Therefore, the

adsorption rate constant (Kadsides) was calculated from the Hertz—Knudsen relation [188] as:

A
Kads/des = AoSo(T) = \/%SO(T) (5.19)
ik

where Acat IS the surface area of catalyst, i.e. the area in the simulation cell, and the sticking
coefficient So(T) is a temperature dependent term calculated from 3D and 2D degrees of
freedom from the global partition function. The energy barrier for the diffusion of molecules
on the surface was considered as negligible. To develop the kinetic model, the rate constants

for the adsorption process were considered as
ri = AoSo(T)Pibi (5.20)

and the rate constants for the surface reactions and desorption processes considered as
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-AG*
ri = Ao exp( kT )Hi (5.21)

Here, Pi is the partial pressure of species i, and 6; is the fractional surface coverage of the same
species such that > 6 = 1 throughout. The differential equations were formulated as:

ax; _

— =Ty (5.22)

where y; is Pi for a gas phase species or 6; for a surface species, and 7y, is the net reaction rate

for the formation of species i. Finally, the system of ordinary differential equations (ODES)

were solved to obtain a steady state solution for the system.

To complement the kinetic rate model, simulations of the temperature programmed
desorption (TPD) technique were also considered. In this model, the temperature of the system
was increased at the rate of 10 K s and the surface was fractionally covered with hydrogen
adatoms along with HCOOH. In line with experiments, where the gases are continuously
removed from the reactor, re-adsorption of the evolved gases to the surface was not included in
the ODEs. Overall, four different scenarios for initial HCOOH coverage on the surface were

considered: 0.1, 0.4, 0.7 and 1.0 ML (monolayer).

5.5.2 Reaction profiles

The conversion of formic acid initiates with adsorption of the molecule on to the -Mo.C
surface. Five non-equivalent sites were examined to determine the most stable adsorption
configuration of formic acid over the surface, namely the atop, bridge, Mo-hcp, C-hcp and fcc
positions, and three different arrangements were considered for the molecule, namely lateral,

C-up and C-down, as shown in Figure 5.5.6(a).
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The adsorption energies were calculated for each optimized configuration. The most stable
adsorption of HCOOH occurs in the lateral configuration over the bridge site (figure 5.5.7),

with an Eags 0f -2.20 eV. On a pure transition metal, usually the C-up position is more

(a) (b) (c)

C-down

C-up

C-down

C-up
y NS,
lateral lateral
X X

Figure 5.5.6: (a) Top view (xy-plane) of the catalyst surface where the possible adsorption sites
are identified as: A, atop; B, bridge; C, Mo-hcp; D, C-hcp site; and E, fcc. Atom colours are as
in Figure 5.5.3. (b) Top view (xy-plane) and (c) side view (xz-plane) of HCOOH in different
arrangements considered for adsorption. Oxygen, carbon and hydrogen atoms are shown in red,

grey and white, respectively.

stable as the oxygen atoms are able to bond with the metal surface with high coordination [218];
however, in carbides, the carbon atom of the adsorbate tends to shift towards the carbon deficit
site [219]. Thus, during the geometry optimization, the molecule repositioned such that the
carbon atom partially covered the fcc site and the oxygen atoms occupy the atop position. For
the next most stable adsorption, which is with the molecule positioned laterally at the C-hcp
site (Eadgs = -2.11 eV), a similar relocation of the formic acid species occurs and the C atom

again partially covers the Mo-hcp site. Initial and optimized structures are presented together
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(b) (c)

Figure 5.5.7: The configuration of HCOOH positioned laterally on the surface bridge site,
which is deemed the most stable. (a) Initial geometry, viewed in the xy-plane; (b) optimized

geometry, viewed in the xy- and (c) xz-plane. Atom colours are same as in Figure 5.5.6.

Starting Final Starting Final
geometry geometry geometry geometry
Lateral C-up
Atop bridge
-2.01 eV -1.44 eV
C-up lateral
Atop C-hcp
-1.23 eV -2.11 eV
C-down C-up
Atop C-hcp
-1.93 eV -1.20 eV
C-down C-down
bridge C-hep
-2.01 eV -1.75 eV

Figure 5.5.8: The initial and optimized configuration of HCOOH when adsorbed on the j-

Mo>C surface in the atop, bridge and C-hcp sites. Eags IS given in each case in blue font. Atom

colours are as in Figure 5.5.6.
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Starting Final Starting Final
geometry geometry geometry geometry
lateral lateral
fec Mo-hcp
-2.10 eV -1.85 eV
C-down C-down
fcc Mo-hcp
-0.92 eV 0.92 eV
C-up C-up
fcc Mo-hcp
-1.39 eV -1.44 eV

Figure 5.5.9: The initial and optimized configuration of HCOOH when adsorbed on the j-
Mo>C surface in the fcc and Mo-hcp sites. Eags IS given in each case in blue font. Atom colours
are as in Figure 5.5.6.

in Figure 5.5.8 and 5.5.9. In general, the lateral configuration of HCOOH is the most stable for
each adsorption site, with Eags between -1.85 and -2.20 eV; furthermore, in several cases for the
C-up and C-down configuration, the molecules optimise to a lateral configuration. Overall, the
adsorption energy is considerably higher on #-Mo.C than on other metal surfaces [218], which
we attribute to the interaction of at least 3 atoms (2 oxygen and 1 carbon atom) interacting with

the surface.

The conversion of formic acid has been considered via three different pathways: 1 (1a
and 1b), 2 (2a, 2b and 2c) and 3a. In pathway 1 (Figure 5.5.10), the HCOOH dehydrogenation
proceeds by cleavage of the O-H bond to produce formate (HCOO*) and hydrogen (H*) on the

surface, with an activation energy of 0.51 eV. The formate (5p) can break down further to form
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130 pathway 1:
0 - S
1. HCOOH + * = HCOOH*
> 05 : 2. HCOOH* + * > HCOO* + H*
— . 177 2
o 1 0 : 5. HCOO* + * > CO,* + H*
2-1.5 . )J\ 2TS 6TS op |- 13p 13.CO,* > CO, +*
© H OH|  comm— : cee, Lo ——
£ . . —
O 2 1p 0.51I ¥
> —. .
S 5 | i35 5TS § Pathway 1a:
@ . 2p ST s |"7 1.HCOOH +* > HCOOH*
T e s et 2. HCOOH* + * > HCOO* + H*
35 - i . " ¥ 6.HCOO*+ H*> H,+CO,*+*
4 H 0 13.COx* > CO, +#

Figure 5.5.10: Potential energy surface (PES) of the dehydrogenation of HCOOH, via the

formation of formate, to produce carbon dioxide via pathway 1a (blue) and 1b (red).

CO2* and H* (Pathway 1a, Eact = 0.38 eV), or react with H* to form CO- on the surface and H>
in the gas phase (Pathway 1b, Eact = 1.35 eV). The greater activation energy for pathway 1b
suggests dehydrogenation via pathway 1a is most likely. The adsorption of CO> on the surface,
calculated by systematically assessing the interaction of CO2 with the five different surface sites
and in lateral and vertical orientations (Figure 5.5.11), identifies that the most stable
arrangement is in the partial bridge site (Eass = -1.77 eV); the vertical configuration over the
fce site also realigns to this configuration during optimization. Interestingly, and contrastingly,
adsorption in the atop, lateral configuration leads to the dissociation to CO and O on the surface
with CO; dissociative adsorption highly favourable with (Eags = -3.75 eV). The dissociation is
unsurprising given Mo.C is reported to be selective towards the cleavage of carbon and oxygen
bonds [220]. For pathways 1a and 1b, the final desorption is considered to proceed as associated

COg, with an Eact of 1.77 eV.

The second dissociative pathway (2) also commences with the adsorption of HCOOH

(Eads= -2.20 eV) and cleavage of the H-COOH bond, leading to the formation of co-adsorbed
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Starting Final Starting Final Starting Final Starting Final Starting Final
geometry geometry geometry geometry geometry geometry geometry geometry geometry geometry

(d)

(b)

(9)

Figure 5.5.11: Configurations of CO2 on the 5-Mo.C surface for each site and molecular configuration: (a) atop, vertical; (b) bridge, lateral; (c)
bridge, vertical; (d) C-hcp, lateral; (e) atop, lateral; (f) fcc, vertical; (g) C-hcp, vertical; (h) Mo-hcp, lateral; (i) Mo-hcp, vertical; (j) fcc, lateral.
Atom colours are as in Figure 5.5.6.
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COOH* and H*. Eqt for the breaking of the H-C bond is 0.27 eV, while the reaction energy is
-0.76 eV, leading to the formation of 3p via a thermodynamically driven step. The COOH* can
break down subsequently to CO. and CO in three different ways. In pathway 2a, the COOH*

breaks down onto CO2* and H* (Eact = 0.74 eV), with the CO>* then desorbed as described in

pathway la (Figure 5.5.12).

4.00

T 15p Pathway 2:
3.00 - e 1. HCOOH + * 3 HCOOH*
. : 3.HCOOH* +*> COOH* + H*
; 2.00 4 : 7.COOH* +*> CO.* + H*
Q s A5p. 13.C0x* > COp+*
S .y
a 1.00 - 5.75 ..
b)) . Pathway 2a:
S 0.00 - 0 i 1.HCOOH + * > HCOOH*
= )J\ 57 3.HCOOH* +*> COOH* + H*
;-1 .00 S y on ' 8. COOH* +*> CO* + OH*
9,00 1p 3TS AL 13p  15.co*> co+*
E =L, 1 —.'5..2? 5 *s . 3p 103‘ TTS : gp ":’
c L % . 1.77  Pathway 2b:
-3.00 - v8TS V. * ;s
L o » 074 0240, TP § 1.HCOOH + * > HCOOH*
| 8o ¢ 3. HCOOH* + * COOM* + H
-4.00 - H+ " Bp . r ‘ * * * *
on — 9. COOH* + H* > CO* + H,0
-5.00 - 15.CO* > CO +*

Figure 5.5.12: Potential energy surface (PES) for the dehydration and dehydrogenation of
HCOOH on the catalyst surface to produce CO and CO?2 in pathway 2a (blue), 2b (red) and 2c

(green).

Alternatively, in pathway 2b, the COOH* dehydrates to CO* and OH* (Eact = 0.24 eV), which
is lower than the reported activation energy on other precious metal surfaces: on the Au (100)
surface, Ea is 0.70 eV [189]; on the Pd (111) surface, Ea = 1.20 eV [221]. On the Pt (111) and
(100) surfaces, the reaction occurs via the formation of cis-COOH with Eat 0f 0.61 eV and 0.57
eV [222], respectively. In our results, the consequential reaction energy for the step is
exothermic (-1.51 eV), which is again more favourable than on precious metal surfaces such as
Au (100) [189], Pd (111) and Pt (111) [221]. For the CO molecule on the surface, a systematic
study was conducted with two different configurations (C-up and C-down) on the five different
sites previously identified (Figure 5.5.13). In general, it was observed that the CO stabilises at
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Figure 5.5.13: Configurations of CO on the f-Mo2C surface for each site and molecular configuration (a) atop, C-down; (b) bridge, C-down; (c)

C-hcp, C-down; (d) Mo-hcp, C-down; (e) fcc, C-down; (f) fce, C-up; (g) C-hep, C-up; (h) bridge, C-up; (i) Mo-hcp, C-up; (j) atop, C-down. Atom

colours are as in Figure 5.5.6
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Figure 5.5.14: Potential energy surface (PES) for the most favourable pathway for the
dehydration of HCOOH producing CO in pathway 3a.

carbon deficient sites with a strong adsorption energy (Eads < -3.49 eV), in agreement with
Nagai et al.[219]. The most stable CO adsorption is the bridge, C-down configuration but
partially covering the fcc site (Eads = -5.75 eV); Thus, the CO desorption energy is considered
herein as requiring 5.75 eV (8p = 15p). The high desorption energy makes the -Mo.C (100)

surface highly susceptible to CO poisoning, which is previously observed [223].

In pathway 2¢c, COOH* reacts with H* via 9TS to give CO and H20 on the surface. The
activation energy for this reaction is 1.03 eV, which is the most energy demanding pathway
calculated for CO production. As discussed above, the CO desorption energy is high (9p =
15p, 5.75 eV) and would be the rate determining step in this reaction pathway; and the surface

would be susceptible to poisoning.

In a third pathway, the HCO-OH bond is cleaved in reaction 4, as shown in pathway 3a
of Figure 5.5.14. The transition state is 0.34 eV above reactants, making it the next most
favourable conversion route after reaction 2. Further, the HCO* is broken down into CO* and

H* on the surface in reaction 10, which is facile (Eat = 0.28 eV) and can be driven by the
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exothermic reaction energy (-0.81 eV). As already highlighted, the subsequent desorption of

CO is a very endothermic process.

Mo-hcp bridge (!) H-down atop

Starting Geometry Starting Geometry Starting Geometry
Optimized Optimized Optimized
Geometry Geometry Geometry

fcc

Starting Geometry

O-down Atop C-hcp

Starting Geometry

Starting Geometry

Optimized Optimized Optimized
Geometry Geometry Geometry

Figure 5.5.15: Configurations of H,O adsorbed on £-Mo.C at different catalyst sites, in
different orientations, as labelled. Atom colours are as in Figure 5.5.6.

In several of the presented reaction schemes, H* and OH* form on the surface and can
react to form either hydrogen or water molecules on the surface (Reaction 11 and 12,
respectively, in Figure 5.5.1). The formation of H,O* proceeds via transition state 11TS with
Eact = 2.44 eV, whereas Hy* proceeds via 12TS with Eat = 1.42 eV. The H; stability on the
surface is reportedly unaffected by the carburization of molybdenum carbide [224], with other
transition metal carbides (TiC, VC, ZrC and NbC) favouring dissociation of hydrogen on the
surface [225]. Here, f-Mo0.C exhibits similar behaviour, with only dissociative adsorption of
H> observed (Eass = -0.77 eV), i.e. the H> molecule is unstable, with the separated H atoms
positioned on the atop position, in agreement with earlier reports [221]. The stability of the

water molecule was confirmed by considering all adsorption sites and O-up and O-down
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!HCOOH*! | 2TS ' HCOO* + H* 3TS H* + COOH* 4TS HCO* + OH*

Al

5TS CO,* + H* H* + HCOO* 6TS H, + CO,* 7TS CO,* + H*

Figure 5.5.16: Optimized models of reactants, transition state and products on the f-Mo.C (100) surface for reactions 1 through 7. Atom colours
are as in Figure 5.5.6.
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H ! ! : i f ! : : :
8TS CO* + OH* 9TS CO* + H,0* 10TS CO* + H*

OH* + H* - NMTS " H,0*  H* + H* 12TS H,
Figure 5.5.17: Optimized models of reactants, transition state and products on the s-Mo2C (100) surface for reactions 8 through 12. Atom colours

are as in Figure 5.5.6.
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configurations (Figure 5.5.15); The most favourable position is clearly in the atop lateral

position (Eads = -1.03 eV), as all models converge to this configuration.

Table 5.5.5: Overall activation energy and pre-exponential factor for each reaction pathway.

Pathway Activation energy (eV) | Pre-exponential factor (s?)
1 0.53 1.26E+12
la 2.22 1.26E+12
2 0.36 1.26E+12
2a 3.61 1.56E+12
2b 534 1.56E+12
3 3.81 1.56E+12
4.00 -
3.00 -
% 2001 15p Pathway 2a:
@ 100 T 1. HCOOH + * - HCOOH*
g 0.00 - i ) 3. HCOOH* + *> COOH* + H*
S 1.00 - { J\ ] 8. COOH* + *> CO* + OH*
B " 1p T 575 15.CO* > CO +*
=200 4 T . —
5 2.00 | 2P BT
o] * . :
-4.00 - [Il | L ] .“B_p:‘ l
_500 i OH

Figure 5.5.18: Most favourable pathway (2b, red) for the conversion of formic acid on f-Mo.C

surface. The crucial competing step that determines selectivity to CO2 or CO is shown with

alternative paths given in blue (pathway 2a) and green (pathway (2c).

The rate limiting step of each pathway decides the overall activation energy after

adsorption of formic acid of the pathways. The activation energy after formic acid adsorption

and the corresponding pre-exponential factor of each pathway is highlighted in Table 5.5.5.

Overall, the most suitable pathway for the conversion of the formic acid is via reaction 3 to

form COOH* on the surface, with all the optimized molecular geometries of all the reactants,

transition states and products are given in Figure 5.5.16 and 5.5.17. The reaction requires 0.27

eV as initial activation energy, and subsequently formed COOH* degrades to CO* and OH (via
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8TS*) with an activation energy of 0.24 eV. Whilst the final CO desorption from the surface
requires 5.75 eV (Figure 5.5.18), the feasibility of this step is considered below with
microkinetic modelling. Ideally, conditions would be sought that promote reaction 7, leading
to CO. formation, over reaction 8, as the CO surface bond is extremely strong; alternatively,
the surface could be modified such that the CO desorption energy is reduced, and the active site

recycled, though this approach is not considered further here.

5.5.3 Microkinetics Modelling:

5.5.3.1 Batch reactor model

A batch reactor model with an initial HCOOH pressure:surface ratio of unity was considered in
the temperature range of 300 - 500 K. All elementary steps listed in Table 5.5.6 were considered
in the microkinetics simulations; at each temperature, the concentration of each species was
calculated during the first second of the reaction, i.e. time period from 0 to 1 s in steps of 0.01
s. under the assumption that steady-state is reached within this time. For the adsorption
reactions, the temperature dependent sticking coefficient (So(T)) was also calculated (Table

5.5.).

The rate constant (k) for the HCOOH adsorption process (reaction 1) is very small (of
the order 10s™), and therefore the concentration of formic acid on the surface is tiny (of the
order 1022 ML (monolayer) at 300 K) and remains steady (Figure 5.5.19). With an increase in
temperature, the adsorption rate decreases for HCOOH and its concentration drops further as
conversion increases. At 400 K and 500 K, the HCOOH* concentration at steady-state is of the
order 102* ML and the surface is largely vacant, which agrees with the simulation model of low
coverage. Since all the products are a result of the breakdown of HCOOH, the concentration of

all the species is proportional to HCOOH*. The steady-state concentration of species 2p, 3p
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Table 5.5.6: The energy barrier, reaction energy, sticking coefficient (So), pre-exponential factor (Ao) and rate constant (k) at 300 K, 400 K and

500 K, for all considered reactions. The reaction numbers are of the format X.Y where Y represents all the reactions considered in the microkinetic

model for reaction X of the Figure 5.5.1 in the main article.

Reaction . Energy | Reaction 300K 400 K 500 K
number Reaction barrier | energy S A K (s) S, Ao k (s?) S Ao K (s1)
(eV) (eV) 0 0
11| HCOOH+* — HCOOH -2.20 7'%?3E 6.87E+03 | 5.46E-04 3'%;E 5.95E+03 | 2.30E-04 ZI%EE 5.32E+03 | 1.18E-04
1.2 | HCOOH* — HCOOH + * - 2.20 - | 899E+11 | 1.88E-05 | - |3.20E+11 | 1.29E-03 | - | 1.26E+11 | 9.65E-02
2.1 | HCOOH* — HCOO-H* 051 | -0.80 - | 854E+12 | 8.44E+08 | - |7.78E+12 |550E+08| - | 7.20E+12 | 3.70E+08
2.2 | HCOO-H* — HCOOH* 1.32 0.80 - | 1.38E+13 | 1.41E+00 | - | 145E+13|1.38E+00| - |1.49E+13 | 1.37E+00
2.3 | HCOO-H* + * — HCOO* + H* |  _ 0.27 - | 1.28E+13 |1.03E+16| - |1.33E+13|1.07E+16| - |1.38E+13|1.13E+16
24 | HCOO* + H* - HCOO-H* +* | . 0.27 - | 8.46E+12 | 1.05E+10 | - |8.15E+12|1.02E+10| - |7.88E+12 | 9.64E+09
31 | HCOOH* — H-COOH* 0.27 -0.72 - | 1.08E+13 | 1.19E+11| - |1.13E+13|1.01E+11| - |1.17E+13|9.00E+10
32 | H-COOH* — HCOOH* 0.99 0.72 - | 151E+13 | 2.76E+03| - |1.68E+13 |3.05E+03| - |1.78E+13 | 3.35E+03
3.3 | H-COOH* + * — H* + COOH* | . -0.10 - | 1.06E+13 | 1.49E+14 | - |1.08E+13|148E+14| - |1.10E+13|151E+14
34 H* + COOH* — H-COOH* - 0.10 - 1.03E+13 | 7.28E+11 - 1.01E+13 | 7.32E+11 - 9.85E+12 | 7.20E+11
41 | HCOOH* — HCO-OH* 034 | -1.23 - | 1.36E+13 | 9.58E+09 | - | 1.45E+13|9.36E+09 | - | 1.50E+13 | 9.38E+09
42 | HCO-OH* — HCOOH* 1.58 1.23 - | 1.97E+13 | 3.13E-03 - | 1.91E+13 | 3.11E-03 - | 1.78E+13 | 2.88E-03
43 | HCO-OH* + * — HCO* + OH* | . -0.13 - | 1.17E+13 | 410E+14| - | 120E+13 | 4.18E+14| - |1.21E+13|4.21E+14
44 | HCO* + OH* > HCO-OH*+* | . 0.13 - | 9.25E+12 | 2.65E+11| - | 9.06E+12 | 2.60E+11| - |8.95E+12 | 2.58E+11
51 | HCOO* — H-COO* 0.38 | -0.43 - |9.78E+12 | 755E+09 | - | 1.00E+13 | 6.17E+09 | - | 1.02E+13 | 5.28E+09
52 | H-COO* — HCOO* 0.81 0.43 - | 1.42E+13 | 1.50E+05 | - | 1.50E+13 | 155E+05| - |1.53E+13 | 1.59E+05
53 | H-COO* +* — H* + COx* - -0.13 - | 1.42E+13 | 406E+14 | - | 150E+13|4.43E+14| - |157E+13|4.86E+14
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5.4 H* + CO,* — H-COO* - 0.13 7.65E+12 | 2.67E+11 7.23E+12 | 2.45E+11 6.92E+12 | 2.23E+11
6.1 HCOO*+ H* — HCOO*-H* +

' * - 0.27 8.46E+12 | 1.05E+10 8.15E+12 | 1.02E+10 7.87E+12 | 9.62E+09
6.9 HCOO*-H* + * — HCOO* +

' H* - -0.27 1.28E+13 | 1.03E+16 1.33E+13 | 1.07E+16 1.38E+13 | 1.13E+16
6.3 HCOO*-H* — H2-COO* 1.35 1.25 8.66E+13 | 8.59E+00 1.61E+14 | 2.11E+01 2 58E+14 | 5.48E+01
6.4 H2-COO* — HCOO*-H* 0.09 -1.25 1.12E+13 | 1.34E+12 1.08E+13 | 1.28E+12 1.04E+13 | 1.23E+12
6.5 H2-COO* — Hz + CO2* 3 0.12 1.47E+12 | 7.63E+13 7.07E+11 | 5.00E+14 3.76E+11 | 3.87E+15
6.6 H, + CO,* — H2-COO* L -0.12 3.69E+08 | 7.10E+06 2.80E+08 | 3.96E+05 2.41E+08 | 2.34E+04
71 COOH* — COO-H* 0.74 -0.68 8.59E+12 | 4.77E+06 8.00E+12 | 3.16E+06 7.54E+12 | 2.17E+06
7.2 COO-H* — COOH* 1.43 0.68 1.19E+13 | 9.85E-02 1.22E+13 | 9.19E-02 1.23E+13 | 8.67E-02
7.3 COO-H* +* — CO* + H* - -0.13 1.42E+13 | 4.05E+14 1.50E+13 | 4.42E+14 1.57E+13 | 4.85E+14
7.4 CO,* + H* — COO-H* J 0.13 7.65E+12 | 2.68E+11 7.23E+12 | 2.46E+11 6.92E+12 | 2.24E+11
8.1 COOH* — CO-OH* 0.24 -1.52 1.23E+13 | 7.24E+10 1.25E+13 | 6.79E+10 1.24E+13 | 6.41E+10
8.2 CO-OH* — COOH* 1.76 1.52 1.26E+13 | 2.18E-05 1.14E+13 | 1.87E-05 1.03E+13 | 1.54E-05
8.3 CO-OH* +* — CO* + OH* - -0.07 1.96E+13 | 1.24E+14 2.20E+13 | 1.59E+14 2.39E+13 | 1.99E+14
8.4 CO* + OH* — CO-OH* 3 0.07 5.55E+12 | 8.78E+11 4.93E+12 | 6.83E+11 454E+12 | 5.44E+11
01 H* + COOH* — H*-COOH* +

' * - 0.10 1.03E+13 | 7.28E+11 1.01E+13 | 7.32E+11 9.85E+12 | 7.20E+11
9.9 H*-COOH* + * — H* +

' COOH* - -0.10 1.06E+13 | 1.49E+14 1.08E+13 | 1.48E+14 1.10E+13 | 1.51E+14
9.3 H*-COOH* — CO*-H,0* 1.03 0.23 3.57E+13 | 1.02E+04 4.92E+13 | 1.52E+04 6.23E+13 | 2.32E+04
9.4 CO*-H,0* — H*-COOH* 0.80 -0.23 3.68E+12 | 6.44E+05 3.02E+12 | 2.98E+05 2.64E+12 | 1.54E+05
9.5 CO*-H,0* — CO* + H20* - -0.07 1.96E+13 | 1.24E+14 2.20E+13 | 1.59E+14 2.39E+13 | 1.99E+14
9.6 CO* + H20* — CO*-H.0* - 0.07 5.55E+12 | 8.78E+11 4.93E+12 | 6.83E+11 4.54E+12 | 5.44E+11
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101 | HCO* — H-CO* 028 | -081 | 1.86E+13 | 154E+11 | - | 2.13E+13 | 1.66E+11 | - | 2.32E+13 | 1.78E+11
102 | H-CO* — HCO* 1.08 | 081 ~ | 670E+12 | 1.08E4+02 | - | 6.73E+12 | 9.26E+01| - | 6.70E+12 | 8.03E+01
10.3 | H-CO* + * — H* + CO* ] -0.24 - | 6.40E+12 | 1.48E+15 | - | 6.07E+12 | 1.26E+15| - |5.89E+12 | 1.11E+15
104 | H* + CO* — H-CO* ] 0.24 - | 1.69E+13 | 7356410 | - | 1.79E+13 | 8.61E+10 | - | 1.84E+13 | 9.82E+10
11.1 | OH*-H* — H.0* 2.44 1.94 = 3.13E+13 | 2.53E-11 - 3.61E+13 | 3.19E-11 - 3.88E+13 | 3.83E-11
112 | HiO* — OH*-H* 050 | -1.94 | 240E+12 | 2.62E408 | - | 1.82E+12 | 1.06E+08 | - | 1A9E+12 | 4.69E+07
11.3 | H,0* + * — OH* + H* 4 -0.04 ~ | 112E+13 | 331E+13 | - | 1L14E+13 | 342E+13 | - | 1.16E+13 | 3.53E+13
114 | OH* + H* — H,0* + * [ 0.04 . | 9.72E+12 | 328E+12 | - | 952E+12 | 317E+12| - | 9.37E+12 | 3.07E+12
121 | H*H* — Hp* 142 | 1.42 | 241E+13| 2.00E-01 | - |347E+13| 3.06E-01 | - | 3.82E+13 | 4.55E-01
122 | Ho* — H*H* 001 | -1.42 - | 1.03E+13 | 1.97E+13 | - | 9.68E+12 | 1.57E+13| - | 9.08E+12 | 1.26E+13
123 | Ho* — H* + H* ] 0.02 | 1.04E+13 | 167E+13 | - | 1.05E+13 | 1.67E+13| - | 1.0SE+13 | 1.68E+13
124 | H* + H* — Ho* ] 0.02 = 1.04E+13 | 6.51E+12 = 1.04E+13 | 6.50E+12 - 1.03E+13 | 6.48E+12
131 | CO* — COp + * | 1.76 | 126E+12 | 167E-01 | - |5.03E+11|5.89E+00 | - | 2.17E+11 | 2.22E+02
2.76E- 1.55E- 9.03E-
%k *
132 | COp+* > CO, ) 176 | 06 |544E+03 | 1.50E-02 | 06 |5.44E+03 | 8.45E-03 | 07 |5.44E+03 | 5.41E-03
141 | HiO* — H0 + * ] 0.86 . | 331E+11 | 1.18E+07 | - | 1.19E+11 | 1.60E+08 | - | 4.87E+10 | 2.58E+09
4.06E- 1.93E- 1.13E-
sk *
1421 H0 +* — H0 ) 086 | 05 |851E+03| 3.45E-01| 05 |851E+03| 1.68E-01| 05 |8.51E+03 | 9.63E-02
151 | CO* — CO+* ] 5.75 | 156E+12 | 7.88E-42 | - | 7.33E+11 | 2.21E-40 | - | 3.70E+11 | 6.91E-39
2 13E- 1.20E- 7.68E-
E S %k
152 1CO+*—CO ] 575 | 05 |6.82E+03 | 1.46E-01 | 05 |6.82E+03 | 8.19E-02 | 06 |6.82E+03 | 5.24E-02
161 | Ho* — Hp + * ] 0.77 | 419E+12 | 3.98E407 | - | 2.63E+12 | 3.91E+08 | - | 1.69E+12 | 4.58E+09
9.37E- 5.27E- 3.37E-
3 *
16.2 | Ha+* — Hy ] 077 | 03 |2.54E+04|238E+02| 03 |2.54E+04 | 1.34E+02 | 03 | 2.54E+04 | 8.58E+01
153
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and 4p suggest that the most favourable mechanism of the HCOOH decay is reaction 3 followed
by reaction 4, and finally reaction 2. As the temperature is increased from 300 K to 400 K, the
steady-state concentration of 4p is steady compared to the change in the concentration of 2p
and 3p, both of which decrease by an order of magnitude, which indicates that the path leading
to 4p is mostly unaffected at this range of temperatures. However, from 400 K to 500 K, the
trends reverse, i.e. the change in the concentration of 2p and 3p is minimal while the
concentration of 4p decrease by 10 ML. This dramatic change is because the backward

reaction rate for reaction 4 increases from 400 K, and therefore the concentration of 4p

decreases.
Time (s)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-20 . . . . . . . . L !
-21 A ——— HCOOH* (300 K)
| et HCOOH* (400 K)
_____________________________________________________ — - — HCOOH (500 K)
23 1 —— HCOO-H* (300 K)
—_ e HCOO-H* (400 K)
< — - ~HCOO-H (500K)
§ 2 — H-COOH® (300 K)
- _26 | T T e H_COOH* {400 K}
o (T T oot ook
——— HCO-OH* (300 K)
28 40 L HCO-0OH* (400 K)
29 | — . —~HCO-OH* (500 K)
[

30 e e e e e e e e o — — ——

Figure 5.5.19: Plot of log of steady-state concentration [A] of 1p (HCOOH*), 2p (HCOO-H¥*),
3p (H-COOH*) and 4p(HCO-OH*) on the surface with time at 300 K, 400 K and 500 K.

Further degradation of 2p (HCOO-H¥*), 3p (H-COOH*) and 4p (HCO-OH*) to form
CO and CO: species on the surface occurs as shown in Figure 5.5.20. At 300 K, the
concentration of CO> on the surface rise steadily as the time progresses. This is due to the

continuous formation of CO> on the surface from 2p and 3p via reaction 5, 6 and 7. As the
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surface concentration of CO; increases, desorption of CO2 from the surface into the gas phase
also increases. At elevated temperatures (i.e. 400 K and 500 K), the formation of CO; on the
surface decreases, which is attributed to two factors: (i) the formation of 2p and 3p decrease,
and therefore there is less reactant for the formation of CO,, and (ii), the rate constants of
reaction 5 and 7 also decrease with increase in temperature (Table 5.5.6). Thereafter, whatever
CO: is formed on the surface at 400 K and 500 K is desorbed almost immediately due to the

high rate constant of reaction 13.

13r (CO,*) 15r (CO¥)

Conc. on the surface (arb. unit)
A
A

Conc. On the surface(arb. unit)

T T T T T T T T T 1 T T
o 01 02 03 04 05 06 07 08 03 1 O 01 02 03 04 05 06 07 08 039 1
Time (s) Time (s)

CO: (g) co@ - 300K

Conc. in the gasphase (arb. unit)
AY
Conc. in the gasphase (arb. unit)

T T T T T T T T T T T T 1
0 01 02 03 04 05 06 07 08 0959 1 0 01 02 03 04 05 06 07 08 09 1

Time (s) Time (s)

Figure 5.5.20: Plot of steady-state concentration of 13r and 15r on the surface, and CO and
CO:z in the gas phase, against time, at 300 K, 400 K and 500 K. The plots are showing the ratio
between these gaseous species and the initial HCOOH, and are normalised by: 1072 for 13r, 10-
1 for 15r, 10" for CO,(g) and 10°*° for CO(g).

From 3p and 4p, carbon monoxide is formed on the surface via reactions 8, 9 and 10,
and accumulates on the surface at all the temperatures studied. At 300 K, 100 times more CO

is produced on the surface than CO,, and the k for CO formation increases faster with the
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temperature than for CO.. These, together with the very slow CO desorption, lead to a

difference in the CO and CO; coverage of 10° at 500 K, presenting a ratio of 10°° with the

initial HCOOH at all temperatures. The extremely slow desorption kinetics (7.88x107 s1) of

CO suggests that it could poison the surface at low to moderate temperatures.

5.5.3.2 Temperature Programmed Desorption (TPD) model

In order to see how HCOOH coverage affects the reactions, TPD modelling was conducted.

Four different scenarios were considered with increasing initial formic acid surface coverage:

10 %, 40 %, 70 % and 100 %. The temperature was increased at the rate of 10 K s and the

change in the concentration of all the gas phase species was calculated with increasing

temperature.

AHCOOH(g)

APressure (arb. value)

250 300

ACO(g)

APressure (arb. unit)

350 400
Temperature (K)

250 300

350 400
Temperature (K)

APressure (arb. unit)

A Pressure (arb. unit)

250

AH,(g)
I
!
!
;
£
f‘ f’
I
s /
- " f ,
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TS e 4
1 FI' e HI T - 1
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Figure 5.5.21: Plot of change in ratio of gaseous species (HCOOH, Hz, CO, and CO), with

increasing temperature, for the different initial formic acid surface coverage.
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Formic acid starts to appear in the gas phase after 400 K at all the four initial conditions
(Figure 5.5.21). The change in CO2 concentration begins at 260 K, reaches a peak at 340 K and
falls thereafter for 10% and 40% HCOOH coverage. A tiny peak for CO> is also observed at
100% coverage condition between 300-350K; however, as vacant sites are not available for the
reaction to occur, the peak is very small. The experimental TPD also reports the CO2 desorption
near this temperature for different transition metal at similar coverage [226,227]. On the Pd
surface, CO2 desorption from Zn is reported between 300 K and 400 K for 10% to 50%
concentration [226]. Similarly, CO: is found to evolve at 295 K over oxygen exposed Pd (110)
[227]. The evolution of CO2 from our system suggests that the adsorbed formic acid is
undergoing dehydrogenation from 260 K to 340 K through pathway 1. Above 400 K, CO is
observed in gas phase indicating pathway 2 and 3 to be dominating the conversion route. The
presence of CO at this temperature is in line with the experimental observations for other metals
[226,228]. However, in the work of Flaherty et al.[202], the peak is observed before 400 K for
CO over carbide of molybdenum. It is to be noted though that the species concentration in their
case on the surface was 1.6 ML. Therefore, the molecules from the second layer could be
desorbing into the gas phase at lower temperatures than 400 K. On a Zn loaded Pd surface, CO
appears in the gas phase between 300 K and 520 K, depending on the amount of Zn loading
[226]. Similarly, over a CeO> catalyst, CO appears from 450 K and peaks at 600 K [228].
Contrary to what is generally observed for metal catalysts [226,227], the change in the
concentration of H is not observed before 350 K. For metal catalysts, the electronegative
hydrogen adatoms are stabilised by the electropositive metals as they move away from the
surface [229] for associative desorption, but the presence of carbon in the Mo lattice in Mo2C
decreases the overall electropositivity of the surface and increases the work function [230,231];
Therefore, a higher temperature is required to facilitate the hydrogen atoms’ associative

desorption from the surface. The formation of Hz on the surface (reaction 12) also has slow
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kinetics (10 s). At higher HCOOH coverage (70% and 100%), since very less or no sites are
available for the conversion to proceed, no change in the concentration of CO and H: is
observed in the gas phase. Only after 400 K, when HCOOH desorbs from the surface, does the
concentration of CO, CO2 and H. begin to change in increasing proportion. The rate of change
of HCOOH in the gas phase increases sharply after 450 K, and is steeper for 70% and 100%

coverage than for 10% and 40% coverage.

The selectivity analysis of the system shows that CO; is the preferred end
product obtained in the gas phase, with almost 100% selectivity, which is very close to the

reported experimental result of over 96% for the f-Mo.C [232].
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5.6 Hydrodeoxygenation of Guaiacol Over Orthorhombic Molybdenum Carbide: A DFT
and Microkinetic Study

5.6.1 System Setup

All the simulations in this study were performed under the density functional theory (DFT)

framework using the “Fritz Haber Institute ab initio molecular simulations” (FHI-aims)

software package [193] in combination with the “Atomic Simulation Environment” (ASE)

Python package [194] for geometry handling.; and the microkinetic modelling was conducted

using our in-house code[212].

The orthorhombic (B) structure of molybdenum carbide was chosen as the bulk
geometry due to its excellent thermal stability [195], which makes it suitable for usage in a wide
temperature range. The (100) surface with molybdenum termination was chosen as catalytic
surface because it shows favourable hydrogen adsorption properties [205]. Also, the (100)
surface has been reported to be quite a suitable surface for HDO reactions in experimental works
[203,204]. The Mo terminated (100) surface also has the highest surface metal density (0.130
atom A?) of all terminations of (100) surface, resulting in higher coordination of this site at the
surface. As a result, the electron-state fluctuations, which are involved in the breaking and
formation of chemical bonds during catalytic reactions and are responsible for high turnover,

are the highest at the Mo terminated surface [233].

To simulate the 5-Mo2C (100) surface, a 4-layer slab model was considered in a periodic
environment (Figure 5.6.1). After convergence testing with respect to surface energies, it was
deemed appropriate to constrain the bottom two layers of the slab, whilst the top two layers
were unconstrained. A 10 A vacuum was added above and below the plane of the slab (i.e. total
vacuum of 20 A), which prevent spurious self-interaction errors. To counterbalance any dipole

arising out of the imbalanced electric field at the surface, a dipole correction was also applied.
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A5 x5 x 4 sized k-grid was chosen for the periodic condition calculations. The PBE [3]
functional with the Tkatchenko-Scheffler van der Waals correction [197] was used for
electronic structure calculations, along with the “light” basis set of the FHI-aims package,
which is equivalent to the Pople’s 6-31+G** basis set [151]. In addition, zeroth order regular
approximation (ZORA) [193] scaler corrections were incorporated to account for relativistic
effects. The choice of all these parameters is a result of a systematic study described in our

previous work [234].

Methoxy group

hydroxyl group
Mo-hcp
C-hcp

atop

fec
bridge

Aromatic ring

(c)

(a)

Figure 5.6.1: (a) Top view of the 5-Mo.C (100) slab showing adsorption sites, (b) side view of
the S-Mo2C (100) slab showing the vacuum, and (c) methoxy group, hydroxyl group and the
aromatic ring of guaiacol; where the grey, teal, red and white coloured atoms represent carbon,

molybdenum, oxygen and hydrogen, respectively.

Geometry optimization of all the structures was conducted using the trust region method
[196] until the force on each atom was less than 0.01 eV AL, For the transition state calculations,
aminimum of 7 images were used in the Nudged Elastic Band (NEB) method calculations [210]
with the molecular dynamics based Fast Inertial Relaxation Engine (FIRE) optimization
algorithm [211]. The convergence criteria for the NEB calculations was set to 0.05 eV A of
force on each atom. This was followed by finite-difference frequency calculations for the

transition state structures to confirm the validity of these structures, with one imaginary
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frequency confirming a first-order saddle point. For cases where none or multiple imaginary
frequencies were obtained, a machine learning NEB method [235] was used with 15 images to
determine the correct transition state structure. In specific cases where obtaining the transition
state was challenging, a complementary approach was used: the distance, d, between atom A
(or a group of atoms) which react with the other atom B (a group of atoms) was calculated, and
then divided into n equal parts (n =20 in this case). Atom(/group) A is then placed at a distance
of d/n from atom(/group) B, for all values of n, generating a pathway that contains n different
geometry samples. For each geometry, the distance between A and B is constrain whilst
optimising all other degrees of freedom and, on plotting energy versus d for all the optimized
geometries, the energy profile can be used to identify the transition state structure. Once we
have the transition state structure, finite-difference frequency calculations confirmed the nature

of the first-order saddle point by presenting a single imaginary frequency.

The adsorption energy (E,qs) Of all the reactions describing an adsorption process in the

reaction scheme was calculated as:

Eads & EM02C+Molecule ] EMOZC - EMolecule (5-23)

Where Eyolecule 1S the energy of the adsorbate molecule in the gas phase, Ey,,¢ is the energy
of the bare surface, and Eyio,c+Molecule IS the energy of the system where the adsorbate is

adsorbed on the surface. For the reactions describing the desorption of molecules from the

surface, the desorption energy (Eg4es) Was calculated as Egqes = —Eqaqs-

The microkinetic modelling was conducted in the same manner as elsewhere [212].
Briefly, translations, rotations and vibrations were used to calculate the thermodynamic
parameters, such as entropy, enthalpy and Gibbs free energy, based on a statistical

thermodynamics approach [22]. These energetic quantities were then used to calculate the rate

161
TH-2850_166107102



constants for all the reactions using the transition-state theory (TST) approximation of Eyring,
Evans and Polanyi [216,217]. For adsorption reactions, the rate constants were calculated using
the Hertz—Knudsen relation [188]. Finally, the rate of reaction was described for each individual
step and the system of ordinary differential equations (ODESs) were solved to obtain a steady

state solution.

The mechanism proposed for the study initiates with the adsorption of guaiacol (GUA)
on the surface. Guaiacol was considered interacting with the surface in three different
orientations: via the aromatic ring, via the methoxy group and via the hydroxyl group as show
in Figure 5.6.1(C). The adsorption was conducted on 4 different sites (atop, bridge, fcc, Mo-
hcp and C-hcp) on the surface, as shown in Table 5.6.1-5.6.3 of the supplementary information.
The strongest adsorption is via the aromatic ring over the C-hcp position of the surface, with
an adsorption energy of -4.67 eV, which is at least 2.21 eV stronger compared to the precious
metal surfaces such as Ru (Eads = -2.46 eV)[56], Pd (Eags = -1.43 €V)[236] and Pt (Eags = -2.41
eV) [58]. However, for the carbide of tungsten from the same group, the adsorption energy is
only 1.63 eV weaker than the molybdenum carbide [237]. In several cases, such as interaction
in the atop position with the methoxy group, and in the bridge position via the aromatic ring,
the molecule rearranged during optimizations to position over the C-hcp position via aromatic
ring. The preference of the hollow site (similar to the C-hcp site) for adsorption of aromatic
species, including guaiacol, is well documented [55]. As this was confirmed as the most stable
adsorption site, all the subsequent calculations considering conversion of guaiacol were
conducted at the C-hcp position. Further, kinetic calculations were conducted to obtain the
sticking probability (o) of aromatic compounds. The ¢ of phenol was found to be very close to
unity at 90 K over Pt (111) and at 150 K over Ni (111) [238] and agrees with our calculated
unity value in the similar temperature range. Similarly, over Ag (111) surface, the phenol o is

reported to be 0.56 at 163 K [239], which is 0.20 more than our calculated value at the same
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temperature. For the similar molecule guaiacol, our kinetic calculations highlight the ¢ to be
0.76 at 170 K, which decrease to the order of 10 at 300 K, and to 3.23x10” at 500 K. As a
result, the rate constant for adsorption decreases with increase in temperature; and therefore,

low temperatures are favorable to promote the adsorption processes.

Table 5.6.1: Initial and final geometries of the adsorption of guaiacol via the methoxy group
facing the surface at atop, bridge, C-hcp, Mo-hcp and fcc positions along with their respective
adsorption energies (Eads); the atoms are represented as: grey (Carbon), white (hydrogen), red

(oxygen) and teal (molybdenum)

.- r . - Eads

Position Initial geometry Final geometry (&V)

atop -4.67

bridge -4.49
163
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C-hcp -4.67
Mo-hcp -4.66
fcc -4.60

Table 5.6.2: Initial and final geometries of the adsorption of guaiacol via the hydroxyl group

facing the surface at atop, bridge, C-hcp, Mo-hcp and fcc positions along with their respective

adsorption energies (Eads); the atoms are represented as: grey (Carbon), white (hydrogen), red

(oxygen) and teal (molybdenum)

Initial geometry

Final geometry

Eads
(eV)

TH-2850_166107102
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atop -4.17
bridge -4.50
C-hcp -4.66

Mo-hcp -4.50
165
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fcc

-4.66

Table 5.6.3: Initial and final geometries of the adsorption of guaiacol via the aromatic ring

facing the surface at atop, bridge, C-hcp, Mo-hcp and fcc positions along with their respective

adsorption energies (Eads); the atoms are represented as: grey (Carbon), white (hydrogen), red

(oxygen) and teal (molybdenum)

TH-2850_166107102

Initial geometry Final geometry (E\;)

atop -4.09

bridge el
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C-hcp -4.67
Mo- 4.26
hcp
fce -4.49

5.6.2 Energy profile of the upgrading routes

The proposed mechanism describes the hydrogenation and deoxygenation of guaiacol in a series
of elementary steps. Since the saturation of the aromatic ring are known to be quite endothermic
[107], and therefore, unfeasible in the temperature range considered, it is not included here.
Thus, the upgrading of the adsorbed guaiacol can begin in two different ways: the molecule can

be hydrogenated at the a- or the B-position of the aromatic ring (structures S2 and S3 in
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Figure 5.6.2: Reaction scheme of all the elementary steps for guaiacol upgrading; numbers
given in red are the forward energy barriers of each reaction, in eV, whilst blue and black text
show the structure (denoted in text as S) and reaction numbers, respectively. Equivalent
structures are highlighted with identically coloured backgrounds.

Figure 5.6.2), or the methoxy and hydroxyl groups can dissociate from the molecule.
Considering both options, there are seven routes (R1- R7) by which the upgrading can initiate
(Figure 5.6.2). With respect to kinetic barriers, the dissociation of H from the hydroxyl group

(R7) is the least energy demanding (0.62 eV), whereas thermodynamically, R6 is the most
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favourable reaction (AE =-2.29 eV). The deprotonation of the hydroxyl group was previously
observed as having the lowest energy barrier among R1-R7 on noble metal surfaces [56,107],
showing similarity to our results. While the reported barrier over Pt (111) surface is 0.37 eV
[107], it is 0.29 eV over the Ru (0001) surface [56] for the same reaction. The next most
accessible reaction in our calculations is the cleavage of the methoxy group (R4), which has an
activation energy of 0.90 eV. The kinetic calculations show the rate constant for R7 to be 100
times faster than R4, suggesting faster production of structure 8 (denoted here in as S) over
S5/S20. The direct protonation of the molecule via R1 and R2 are highly energy demanding
with energy barriers of 1.15 eV and 2.59 eV, respectively. Since the hydrogen cannot be
transferred to the a- or B-position atom directly from the surface, due to steric hindrance, a
concerted reaction mechanism is considered; here, a surface hydrogen migrates to the aromatic
ring, and simultaneously a hydrogen from the ring shifts to the a- or B-position. Initially, the
high activation barrier was suspected as arising due to hydrogen diffusion on the surface;
However, reaction 49 or R49 (Table 5.6.4), which describes the diffusion and association of
hydrogen atoms to form molecular hydrogen on the surface, show that the hydrogen diffusion
is barrierless on the A-M0.C(100) surface. Therefore, the activation energy observed is
associated with the second step in the concerted process, i.e. the migration of H from the

aromatic ring to the a- or f-position.

The methoxy group of S8 undergoes further deprotonation in R20, with a reaction
barrier of 0.78 eV, to give S16/S12; however, S16/S12 decomposes rapidly to S23 (R28) in a
barrierless exothermic step (-2.31 eV). Kinetics simulations give a rate constant of ~10% s
suggesting that the decomposition reaction is very fast. The carbene (CH) that separates from
S16/S12 in R28 sits over a fcc site with the lowest carbon coordination in S23. Nagai et al.

[219] reported similar behaviour for carbon monoxide (CO), with the strongest CO adsorption
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Table 5.6.4: Activation energy (Ea), reaction energy (AE), Arrhenius factor (Ao) and forward rate constant (ks) for reactions described in the reaction
scheme. The notation used for the reactants (Xr), transition states (TSX) and products (Xp) uses X to represent the reaction number. The structures

are denoted as SY, as shown in Figure 5.6.2.

Rxn. Reactions Ea AE 500 K 600 K 700 K
No eVv)| (eV) Ao Ks Ao ks Ag Ks
ads GUA + * >> GUA* - -4.67 | 1.30E+04 | 4.19E-03 | 1.18E+04 | 4.46E-04 | 1.10E+04 | 6.45E-05
R1 1r* > TS1 > 1p* 1.15| 0.64 | 447E+13| 1.78E+05 | 4.46E+13 | 2.15E+05 | 4.39E+13 | 2.50E+05
R2 2r > TS2 > 2p* 259| 0.86 | 8.18E+13| 1.78E-04 | 9.37E+13 | 2.35E-04 | 1.05E+14 | 3.13E-04
R3 GUA* > TS3 > 3p* 1.04| -0.69 | 4.03E+13 | 4.82E+06 | 4.69E+13 | 6.33E+06 | 5.34E+13 | 8.36E+06
R4 GUA* > TS4 > 4p* 0.90| 0.59 | 7.62E+13| 9.65E+07 | 8.67E+13 | 1.32E+08 | 9.60E+13 | 1.79E+08
R5 GUA* > TS5 > 5p* 1.02| -0.49 | 2.26E+13 | 6.76E+06 | 2.47E+13 | 7.09E+06 | 2.70E+13 | 7.78E+06
R6 GUA* > TS6 > 6p* 144 | -2.29 | 1.41E+15| 1.33E+06 | 2.09E+15 | 3.51E+06 | 2.87E+15 | 9.13E+06
R7 GUA* > TS7 > 7p* 0.62| -0.65 | 1.21E+13 | 2.01E+09 | 1.13E+13 | 1.56E+09 | 1.07E+13 | 1.24E+09
R8 1p* > TS8 > 8p* 0.75] -0.46 | 2.83E+13 | 4.32E+08 | 2.93E+13 | 4.59E+08 | 3.03E+13 | 4.98E+08
R9 1p* > TS9 > 9p* 0.37| -2.05 | 2.77E+14 | 3.68E+12 | 3.31E+14 | 6.24E+12 | 3.79E+14 | 1.04E+13
R10 2p* >> 10p* - -2.16 | 2.68E+13 | 9.58E+28 | 3.04E+13 | 1.23E+29 | 3.37E+13 | 1.58E+29
R11 11r* > TS11 >11p* 0.97| -0.29 | 7.06E+13 | 2.13E+07 | 8.24E+13 | 3.07E+07 | 9.31E+13 | 4.33E+07
R12 12r* > TS12 > S26* 1.16| -0.29 | 6.48E+13| 7.57E+05 | 7.50E+13 | 1.08E+06 | 8.38E+13 | 1.49E+06
R13 S6* > TS13 > 13p* 0.79 | -0.22 | 1.86E+15 | 8.08E+08 | 4.53E+15 | 9.85E+09 | 1.04E+16 | 1.19E+11
R14 S6* > TS14 > 14p* 0.82| -158 | 5.70E+14 | 3.63E+08 | 1.24E+15 | 3.05E+09 | 2.64E+15| 2.63E+10
R15 S6* > TS15 > 15p* 0.49| -2.08 | 5.63E+14 | 2.43E+10 | 1.20E+15 | 2.16E+11 | 2.48E+15 | 1.92E+12
R16 16r* > TS16 > 16p* 1.81| 143 | 1.94E+14 | 8.80E+01 | 2.30E+14 | 1.43E+02 | 2.61E+14 | 2.27E+02
R17 17r* > TS17 > 17p* 246 | 052 | 1.32E+13| 1.11E-04 | 1.33E+13 | 9.74E-05 | 1.33E+13 | 8.60E-05
R18 S7*>TS18 > 18p* 1.03| -1.19 | 8.30E+13 | 1.44E+07 | 9.39E+13 | 2.00E+07 | 1.04E+14 | 2.80E+07
R19 S8* > TS19 > 19p* 0.39| -199 | 7.42E+13 | 5.60E+11 | 8.75E+13 | 7.82E+11 | 1.00E+14 | 1.09E+12
R20 S8* > TS20 > 20p* 0.78| -0.54 | 3.66E+13 | 7.88E+08 | 4.12E+13 | 9.15E+08 | 4.59E+13 | 1.10E+09
R21 S9* >> 21p* - -1.94 | 1.06E+13 | 2.45E+27 | 1.15E+13 | 2.49E+27 | 1.23E+13 | 2.57E+27
R22 S11* > TS22 > 22p* 1.02| -0.52 | 2.57E+13| 8.67E+06 | 2.85E+13 | 9.34E+06 | 3.14E+13 | 1.05E+07
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R23 S18* >> 23p* - -2.05 | 2.00E+13 | 2.97E+28 | 2.18E+13 | 3.33E+28 | 2.35E+13 | 3.73E+28
R24 16p* > TS24 > 24p* 0.18| -1.12 | 6.01E+13 | 9.12E+12 | 6.83E+13 | 1.22E+13 | 7.60E+13 | 1.65E+13
R25 25r* >> 25p* - 2.98 | 1.58E+13 | 1.73E-08 | 1.55E+13 | 1.54E-08 | 1.52E+13 | 1.37E-08
R26 17p* > TS26 > 26p* 0.09| -1.87 | 1.64E+13 | 4.40E+12 | 1.68E+13 | 4.56E+12 | 1.71E+13 | 4.73E+12
R27 27r* > TS27 > §19* 1.15| 0.23 | 7.30E+13| 9.72E+05 | 8.63E+13 | 1.44E+06 | 9.81E+13 | 2.07E+06
R28 S12* >> 28p* C -2.31 | 1.87E+13 | 2.54E+30 | 2.09E+13 | 2.86E+30 | 2.30E+13 | 3.23E+30
R29 29r* > TS29 > 25p* 1.22| 3.61 | 1.07E+14 | 5.05E+05 | 1.20E+14 | 7.15E+05| 1.30E+14 | 9.89E+05
R30 30r* > TS30 > S26* 219 | 141 | 5.97E+13| 3.00E-02 | 6.86E+13 | 4.11E-02 | 7.64E+13 | 5.54E-02
R31 25p* >> 31p* i -4.47 | 1.96E+13 | 4.79E+44 | 2.19E+13 | 6.78E+44 | 2.40E+13 | 9.44E+44
R32 32r* > TS32 > S7* 228 | 1.69 | 1.89E+14 | 2.99E-02 | 2.25E+14 | 4.95E-02 | 2.58E+14 | 7.98E-02
R33 S26* > TS33 > 33p* 1.50| -0.73 | 7.27E+13 | 6.05E+03 | 8.62E+13 | 8.53E+03 | 9.91E+13 | 1.20E+04
R34 34r* > TS34 > 34p* 2.06| 0.57 | 1.66E+14| 5.05E+00 | 1.98E+14 | 7.46E+00 | 2.29E+14 | 1.12E+01
R35 35r* > TS35 > 35p* 0.75] -0.5 | 5.26E+13 | 5.33E+08 | 6.09E+13 | 7.34E+08 | 6.81E+13 | 9.88E+08
R36 34p* > TS36 >36p* 0.5 | -1.94 | 1.83E+13 | 6.63E+09 | 1.84E+13 | 6.39E+09 | 1.84E+13 | 6.17E+09
R37 37r* > TS37 > CHs* 0.72| 0.4 | 1.90E+13 | 1.08E+08 | 1.92E+13 | 1.16E+08 | 1.93E+13 | 1.22E+08
R38 38r* > TS38 > CHs* 156 | 1.25 | 7.62E+13| 7.04E+02 | 8.21E+13 | 9.37E+02 | 8.62E+13 | 1.21E+03
R39 39r* > TS39 > H.0* 215| 1.65 | 9.33E+13| 1.10E-01 | 1.08E+14 | 1.58E-01 | 1.21E+14 | 2.25E-01
R40 40r* > TS40 > OCH3s* 0.85| 0.17 | 5.36E+13| 3.87E+07 | 5.91E+13 | 5.33E+07 | 6.32E+13 | 7.04E+07
R41 41r* >TS41 > CHsOH* | 245 | 2.14 | 3.77E+14 | 6.27E-03 | 4.75E+14 | 1.17E-02 | 5.66E+14 | 2.14E-02
R42 S26* >> phenol + * - 4.45 | 8.91E+24 | 3.49E+01 | 8.24E+24 | 2.25E+03 | 7.41E+24 | 1.43E+05
R43 16p* >> catechol + * - 4.26 | 9.24E+24 | 6.63E+02 | 8.24E+24 | 4.40E+04 | 7.20E+24 | 2.87E+06
R44 S29* >> benzene + * - 4.06 | 2.18E+22 | 1.18E+00 | 1.79E+22 | 2.54E+01 | 1.46E+22 | 5.49E+02
R45 CHs*>>CHs + * - 0.38 | 1.19E+19 | 5.16E+21 | 1.04E+19 | 4.18E+22 | 9.06E+18 | 3.51E+23
R46 CH30H* >> CH30H + * - 1.18 | 1.95E+22 | 1.31E+21 | 1.98E+22 | 3.82E+22 | 1.94E+22 | 1.13E+24
R47 H,0* >> H,0 + * - 1.07 | 419E+20 | 6.31E+18 | 4.73E+20 | 1.22E+20 | 5.08E+20 | 2.33E+21
R48 Ho*>>H, + * - 0.79 | 491E+18 | 5.82E+16 | 6.88E+18 | 8.09E+17 | 8.82E+18 | 1.08E+19
R49 H* + H* > TS49 > Hy* - 0 1.57E+13 | 1.38E+13 | 1.64E+13 | 1.55E+13 | 1.72E+13 | 1.76E+13
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occurring at the carbon deficient site on the f-Mo2C surface; experimental studies also report

the surface to be selective to the cleavage of the C-O bond [120,125].

An oxygen atom of S23 can be protonated to produce S28 (R32), though a high energy
barrier is calculated (2.28 eV) and the rate constant for this conversion is low (=102 s1). S28
can be formed from two more pathways: (i) the methyl radical from the guaiacol can directly
cleave (R6) to form S7 (which is equivalent to S28); or (ii) the methoxy group of guaiacol can
lose a hydrogen (R5), to give S6, followed by the dissociation of CH2 moiety (R15) to again
produce S7/S28. The conversion via R6 is 0.42 eV more energy demanding than R5, and
kinetically slower than the R5 and R15 (Table 5.6.4). Therefore, the formation of S7/S28 will
occur predominantly via R5 and R15. The preference of dehydrogenation over the
deoxygenation in the methoxy group of guaiacol has also been reported by Lee et al. [58] over

Pt (111) surface with Ea= 0.75 eV for R5 with the help of BEP correlation.

From S7/S28, there can be three possible reduction routes: in R16, hydrogenation yields
catechol with an activation energy of 1.81 eV; in R17, the aromatic ring is hydrogenated with
an activation energy of 2.46 eV; and in R18, the hydroxyl group is cleaved in a reaction with
activation barrier of 1.03 eV. The kinetic modelling returns rate constants for R16 of ~10* s
and for R18 of ~10” s, which suggests that the formation of catechol from guaiacol is very
slow. Furthermore, the high barrier for R17 makes it unlikely. Thus, the reaction proceeds via

R27 with an energy barrier of 1.15 eV to form S22/S109.

S22/S19 can also be formed via R2 and R3; the protonation of the $-carbon of guaiacol
(R2) has an activation energy of 2.59 eV, and is kinetically very slow (~10** s!), whereas R3
(condensation) has a barrier of only 1.04 eV and is kinetically faster. Thus, S4 will be formed

and converted to S11 via re-hydrogenation of the aromatic ring (R11). Further dehydrogenation
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of the methoxy group (R22) requires only 1.02 eV of energy, which results in an unstable S18

that degrades to S19/S22 in a barrier-less exothermic step (-2.05 eV).
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Figure 5.6.3: The reaction profile of the most favorable pathway of HDO of guaiacol over S-
MoC. The activation barrier for each step is given in red, in eV, and the rate constant of the

conversion at 500 K is given in purple, in s™.

From S19/S22, protonation (R30) can yield phenol (S26/S10) in a very slow and energy
demanding step (2.19 eV). The prohibitively high reaction barrier in R30 is in contradiction to
experimental studies, which report high selectivity and quick appearance of phenol over pure
and supported molybdenum carbides [78,240,241]. Therefore, phenol most likely forms by
alternative route(s), of which two routes have been considered herein. One possibility is the
direct methoxylation of guaiacol (R4, 0.90 eV) to give S5/S20, which is then followed by
hydrogenation (R12, 1.16 eV). The other possibility considered is the protonation of guaiacol
(R1) to form S2, which has an activation energy of 1.15 eV. The methoxy group can then
directly cleave from S2 (R9) with a low activation energy of 0.37 eV producing phenol. R9 is

kinetically very favorable, with a rate constant of 3.68x10*? s* at 500 K; however, S2 can also
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convert to S9 through an activation energy of 0.75 eV, with the unstable CH2 moiety in S9
leading to exothermic degradation (R21) to S17. The formation of S17 via R21 is kinetically
favorable (2.45x10%" s at 500 K) as the CH;, radical dissociates, with a thermodynamic energy
change of -1.94 eV. Protonation of S17 to S24/S21 (R29, Ea. = 1.22 eV) results in a molecule
that decomposes in a highly exothermic step (R31) to form phenol (-4.47 eV). Once formed,
the desorption of phenol from the surface is kinetically slow (3.49x101 s* at 500 K) and energy
demanding (Edes = 4.45 eV), which means it would be likely to accumulate on the surface. The
adsorption energy, which can be calculated as the negative of the desorption energy, suggests
that the adsorption of phenol on the surface is at least 2 eV stronger than that observed over

transition metals [57,238,239,242,243].

The accumulated phenol can be converted to benzene, which is considered in two ways.
One possibility is the cleavage of the —OH group (R33) with an energy barrier of 1.50 eV, while
alternatively the phenol a-position can be protonated with an energy barrier of 2.06 eV to form
S27 (R34). Kinetically, R34 is much slower than R33, with rate constants differing by ~10° s°
! Therefore, the reaction will proceed via R33 to form S25, which will then be protonated to
form benzene. The preference in our calculations towards dehydroxygenation of phenol rather
than protonation is in strong agreement with observations involving noble metal catalysts

[56,107,244], and in non-catalytic works [245].

The several smaller radicals formed during the outlined reaction mechanisms have been
considered, as they will react together to form stable entities and desorb from the surface. In
our work, R37 and R38 describe the formation of methane from CHpy; similarly, R40 and R41
describe the formation of methanol from OCHy; and R39 describes the formation of water from
OH and H. To comprehensively complete the catalytic cycle, R37 to R49 are used in the

microkinetic modelling.
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The overall activation energy for the formation of different important intermediates was
also calculated as shown in Table 5.6.5. For the formation of benzene via reaction R4 — R12 —
R33 and R35 show the activation energy to be 1.75 eV where reaction 33 is the rate limiting
step. In the formation of catechol via reaction R5 — R15 and R16, the rate controlling step is
found to be reaction R5, and the overall activation energy for the conversion is 1.02 eV. The
formation of anisole via reaction R3 and R11 show the overall barrier to be 1.04 eV which is
associated with the dehydroxylation of guaiacol in reaction R3. Finally, the conversion of
guaiacol to phenol via reaction R1 and R9 is found to have an overall activation barrier of 1.15

eV during the hydrogenation of the adsorbed guaiacol.

Table 5.6.5: Overall activation barrier of the formation of benzene, catechol, anisole and

phenol, and the corresponding pre-exponential factor.

Overall reaction Considered path eﬁg:‘g;t('eo\r;) Pri;leégcr)rgse?)t al
Formation of Benzene | R4-R12-R33-R35 1.75 6.48E+13
Formation of catechol R5-R15-R16 1.02 2.26E+13

Formation of anisole R3-R11 1.04 4.03E+13
Formation of phenol R1-R9 1.15 4.47E+13

To summarise, the overall most favorable pathway for the formation of benzene is via
cleavage of the methoxy group in guaiacol (R4) to give S5/S20, which is then protonated (R12)
to give phenol (Figure 5.6.3). The hydroxyl group of the phenol is then cleaved (R33) with an
energy barrier of 1.50 eV to yield S25, which is protonated to give benzene. All the reactions

become faster with increase in temperature, except the guaiacol adsorption on the surface.

5.6.3 Microkinetic modelling
5.6.3.1 Batch-reactor model
Microkinetic modelling of the reaction network described in Section 5.6.2 has been performed,

considering specifically a batch reactor model at temperatures ranging from 500 K to 700 K.
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The rate constants obtained from the thermochemical analyses were used to write the rate
equation for 184 elementary reactions (Annexure 1), and the set of coupled ordinary differential
equations were solved. The initial ratio of hydrogen and guaiacol was set to unity, and in large
excess with respect to the number of sites. The reaction profile was studied for the duration of

1 s from the initialization of the reaction (i.e. t=0).

At 500 K, the concentration of guaiacol on the surface increases steeply at 0.02 s (Figure
5.6.4), as the guaiacol is adsorbed on the surface, to reach 1.45 x 1028 ML (monolayer). During
the same time interval, the concentration of surface bound phenol increases to about 28 times
the concentration of the adsorbed guaiacol, suggesting that a large fraction of guaiacol
immediately converts to phenol upon adsorption. The quick reaction occurs because the rate of
formation of phenol is of the order 10*? s in reaction 9 (Table 5.6.4), which leads to such high
concentration of phenol forming in a short time interval. A corresponding increase of phenol is
also observed in the gas phase, rising to 1.70 x 10** Pa in 0.02 s and maintaining a steady state
thereafter. Since the catechol conversion kinetics competes with phenol formation, the catechol
formation increases at an increasing rate to 4.71 x 10% ML at 0.36 s while the phenol
conversion attains a steady state (1.64 x 101" ML) after 0.08 s. Hydrogenation of phenol
produces benzene, which appears on the surface in a lower concentration (2.68 x 102! ML) as
the kinetics of reaction 33 and 34 are much slower than phenol formation. Though, at 0.14 s, a
sudden increase is noted in benzene’s coverage. The gas phase concentration profile also shows
an increase in the benzene at this time, suggesting higher desorption from the surface. As more
catechol, phenol and benzene are produced, the concentration of guaiacol declines to 1.03 x 10
2L ML at 0.26 s; thereafter, the guaiacol starts to re-adsorb at the vacant surface sites formed by
the desorption of the converted products, leading to a gradual increase in guaiacol surface
concentration and attaining steady state near 0.5 s. All other species also achieve steady state

after this time.
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Figure 5.6.4: Plot of the concentration of guaiacol (blue), phenol (red), catechol (black) and benzene (green) (a) on the surface, and (b) in the gas
phase at 500 K, 600 K and 700 K, for the reaction time of 1 s.
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At 600 K, the concentration profile of all species exhibit more changes than at 500 K,
due to the changes in the rate constants of all the reactions. As for 500 K, the concentration of
phenol rises above that of guaiacol at 0.02 s; however, the coverage (1.09 x 10 ML) is
marginally lower than at 500 K. The lower guaiacol adsorption rate is because the rate of
adsorption decreases with increase in temperature. As less guaiacol adsorbs in the surface, the
concentration of products formed is also lower; At 0.02 s, guaiacol coverage is slightly elevated
to 2.00 x 102 ML, which then dips sharply at 0.04 s and rises back again at 0.1 s. While the
dip in the guaiacol concentration was observed to be at 0.26 s at 500 K, the same is observed at
0.04 s at 600 K because the product formation and the desorption is faster at this temperature,
due to higher reaction rates. The concentration of benzene is 6.70 x 1022 ML at 0.02 s, due to
quick phenol decomposition, but the concentration falls thereafter as the selectivity shifts
towards catechol formation. After 0.26 s, the concentration of catechol starts to rise, resulting
in a further decrease in the benzene concentration; however, the gas phase profile does not show
any fluctuations in the benzene concentration at this time, suggesting that the rate of benzene
desorption is much slower than the rate of formation of benzene on the surface. The
concentration of catechol in gas phase increases at an increasing rate after 0.36 s, due to
increased formation on the surface. After 0.4 s, as a result of the conversion of surface catechol
to different products, the concentration of benzene and phenol begins to rise again. As more
products are formed and desorbed from the surface, more guaiacol is adsorbed on the surface
at 0.48 s. The adsorbed guaiacol again undergoes upgrading and the concentration peaks of all
the products are again obtained thereafter. The gas phase profiles of all products also show an

increased production of value-added products after 0.5 s.

The concentration profile of all the compounds shows a crest and trough pattern at 700
K throughout during the reaction. At 0.02 s, the concentration of guaiacol is expected to be

lower than at lower T, due to decrease in the guaiacol adsorption rate constant (6.45 x 10° s™).
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However, the concentration is 1.52 x 10* ML, which is higher than at 600 K. The higher
surface coverage is because the reaction rate of almost all the reactions considered in the Kinetic
model increased at 700 K, leading to faster formation of products, and thus, faster desorption
from the surface. The quicker rate of reaction recreates vacant surface sites in a short span of
time than at lower T, and leads to a higher guaiacol adsorption. The higher product
concentration observed in the gas phase at 0.02 s for 700 K, when compared to lower T, is the
indicator of the quick desorption. From t=0 to t=0.28 s, the concentration profile follows a crest
and trough pattern that is similar to that observed from t=0 to t=1 s at 600 K. After 0.28 s, the
steady state is maintained till 0.38 s, from which time more products are desorbed from the
surface, with more surface sites becoming available and subsequently resulting in higher
phenol, catechol and benzene formation. The cycle of surface adsorption/desorption is repeated
from 0.40 s to 0.68 s, and from 0.68 to 0.78; however, as more sites become occupied, the cycle
time tends to get smaller and rapid product formation is observed near t=1 s, suggesting this
temperature would provide maximum yield. Further analysis of the selectivity of products show
that phenol will be the most likely product with over 99% selectivity at all times and at all
temperatures. The concentration of other products is very low in comparison, over the surface
and in the gas phase. In the literature [246], high selectivity of benzene (35%) followed by
phenol (30%) is reported among all other aromatic/cyclic products over Mo,C at 623 K and
27.48 bar. Tran et al. [247] report over 65 % selectivity for phenol at 50 bar pressure and 623
K temperature over activated carbon supported Mo, which also has strong similarities to our
modelled reaction process. The high hydrogen pressure in the experimental work could be the
likely reason for the reported high selectivity of benzene over phenol, as a high hydrogen
pressure can hydrogenate the products to a greater extent. As the partial pressure of hydrogen
is 0.5 in this study, high selectivity of phenol is obtained instead of full hydrogenation to

benzene.
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5.6.3.2 Temperature programmed desorption (TPD)

A temperature programmed desorption simulation was also conducted, where the initial
guaiacol coverage on the catalyst surface was considered at 10 %, 40 %, 70 % and 100 %. The
temperature of the system was increased at a rate of 10 K s, and the concentration change of
the species in the gas phase were recorded from 300 K to 700 K. No re-adsorption of the species

was allowed during the analysis in line with the experimental procedure.
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Figure 5.6.5: Change in concentration of guaiacol, catechol, phenol and benzene in gas phase
shown in plot of change in partial pressure vs temperature for cases when the guaiacol coverages
on the surface are (a) 10%, (b) 40%, (c) 70% and (d) 100%.

The TPD model shows that the desorption of benzene occurs near 450 K after it is
produced from phenol at all coverage (Figure 5.6.5). Change in concentration of benzene is
reported at temperatures above 250 K for a different surface (Pt and PtsSn) at similar coverage
[248], whilst, benzene is known to desorb at temperatures as low as 150 K from graphene [249].

Therefore, it is likely that the carbon-liking metal terminated surface investigated here binds
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the benzene strongly to the surface [224]. Phenol on the other hand, stays on the surface till 600
K and starts desorbing thereafter. The desorption of phenol is known to occur at above 450 K
at other surfaces [250-252]. At high coverage (70%), the desorption of benzene from the
surface is large, as more benzene is formed on the surface from phenol. At the same coverage,
catechol desorption is also observed in large proportion after 500K due to its formation and
accumulation on the surface. Further increasing the guaiacol coverage (100%) is detrimental as
the desorption rate of all species falls due to lack of sites for the generation of species on the

surface.
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CHAPTER 6

CONCLUSIONS AND FUTURE SCOPE
6.1 Conclusions:
6.1.1 DFT Investigation on Thermochemical Analyses of Conversion of Xylose to Linear

Alkanes in Aqueous Phase

In all the reaction scheme, it is observed that the reactions which involve saturation of furan
ring present in the compounds are the most energy negative step. In RS 1, it is the FRN to THF
conversion which involves saturation of two C=C bonds; in RS 2 it is the conversion of 2MF
to MTHF, in RS 3 FF to THFOL conversion, in RS 4 MFK to 1,5-bis(tetrahydrofuran-2-
yl)pentan-3-on and FA to SHD, and finally in RS 5, DHF to STHF; all these reactions had the
saturation of C=C bond of the furan ring. In the scheme RS 4, the opening of the cyclic carbon
atoms of SHD to produce TDC has the least energy requirement suggesting the SHD to be
highly unstable in its form. It is observed that in general, Gibbs free energy change increases
with increase in temperature for RS 5. For the rest of the schemes, it shows a mixed trend with
the change in temperature. Also, the enthalpy change either decreases or remains almost
constant with increase in temperature for all scheme. When aqueous phase results are compared
with available gas phase data, it is observed that except XYL to FF conversion, all other
conversions are more favorable in the aqueous phase by atleast 3 kcal/mol.

When the M06-2X and B3LYP functionals are compared with each other, it is observed
that the absolute difference between the two functionals for thermochemical parameters is very
small (< 2 kcal/mol) for ring opening reaction of saturated cyclic structures. On the other hand,
the saturation step of cyclic structures has high absolute difference (< 10 kcal/mol) between
the two functionals for free energy change and enthalpy change. When the absolute difference
was very high (> 15 kcal/mol), both the functionals were compared with high accuracy methods

(MP2 and G4MP2). It was observed that the absolute difference in the thermochemical
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parameters was almost of the same magnitude. Therefore, large deviations are inevitable with
B3LYP and M06-2X functionals and readers should be careful in selecting any particular
functional. For simple molecules and saturated ring opening reactions, the difference between
the two functionals are not large and hence both functionals can be interchangeably used for
qualitative analysis. For the saturation step of cyclic structures, higher accuracy methods
should be preferred. For all other reactions, M06-2X functional could be preferred due to its

proven edge over other hybrid GGA functionals.

6.1.2 DFT Study on Dibenzofuran Conversion to Cyclohexane and Benzene in Gas,

Water and Methanol Solvents

In the HDO of dibenzofuran in gas, water and methanol, it is observed that for most of the
reactions, water is the best medium among the three whereas methanol shows better
thermochemical parameters than the gas phase. However, water gives significantly better
properties in few of the reactions such as —a—, —¢— and —n—. The solvation free energy also
suggests that the separation of products from water solvent would be easier than from the

methanol solvent.

For the pathways, the upgrading of DBF is more likely to reach to completion via the
saturation of phenyl ring to yield cyclohexane via pathway -a-b-c-d-e—/—a-p-g-d-e- over any
other pathway. For this, lower temperature could be more favourable as the increase in
temperature reduced the In K for most of the reaction. It is also worth noting though that the
harmonic oscillator and rigid rotor partition functions used in G09 are unlikely to be accurate

near the high end of the studied temperature range.

It was also observed that, in general, the formation of single ring aromatics to be the

most energy-intensive conversion for any pathway in all mediums. Whereas the saturation of
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oxygenated intermediates such as reaction —c—, —i— and —n— was the least energy intensive

conversion suggesting high reactivity of these intermediates.

6.1.3 Thermochemical Conversion of Guaiacol in Aqueous Phase by Density Functional

Theory

Conversion of guaiacol to platform chemicals like o-cresol, toluene and benzene is studied in
aqueous medium using M06-2X functional under the density functional theory framework.
Several pathways are proposed for the conversion with important intermediates such as phenol,
anisole, catechol and others. BDE analysis is conducted for guaiacol, phenol and anisole to
understand scission of bonds of these compounds. The important conclusions of this study are

as follows:

It is observed that BDE of bonds within the functional group is less energy demanding
whereas the breakage of H* atoms from the 5" position in the ring have higher BDE.
In the proposed pathways, it is observed that conversion of guaiacol to phenol is most likely to
occur by first hydrogenation of guaiacol followed by cleavage of *OCHzs. And the subsequent
formation of benzene from phenol is most likely to occur via direct cleavage of hydroxyl group.
Formation of anisole from guaiacol can most likely occur by protonation at Caromatic-OH carbon
followed by dehydroxylation. As per the reaction pathways discussed in this study, anisole is
most likely to yield phenol.
1 Itisevident that direct protonation of the model compound and intermediates is less energy
demanding as compared to BDEs, and therefore are the favourable routes for conversion.
2 The thermochemistry is favourable for all conversions except reaction scheme 6a, 6b and
Pla.
3 The overall thermochemistry also suggests the conversion of guaiacol to o-cresol to be the

most favourable reaction with high spontaneity among all conversions.
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4 Free energy change landscape of best reaction pathways shows the conversion of guaiacol
to benzene to be kinetically most favourable with highest AG at 298 K, 20 atm condition
for the rate controlling step.

5 In the free energy landscape of best reaction pathways, it is also observed that increase in
pressure usually shifts the kinetics in unfavourable direction suggesting better spontaneity
at lower pressures.

6.1.4 Computational Study on Adsorption Characteristics of Phenol and Guaiacol Over

Single and Multiple Nitrogen Doped Graphene

In this study, the properties of nitrogen-doped graphene are studied using the density functional
theory. Pristine graphene and pyridinic-like defect graphene are considered for doping with
one nitrogen atom. In addition, a third surface is also prepared with three nitrogen-doped sites
over a pristine graphene surface. The electronic properties of the surface are analysed to gain
insight into the reactivity potential of the surface. The nitrogen doping disrupts the electronics
of the pure graphene causing irregularity in the charge distribution, spin density, ESP and the
molecular orbitals of the surface. It was also observed that the adjacent carbon atom of the
doping site had high charge, rather than the doping itself. The adjoining carbon atoms were
also found to have higher spin density than the nitrogen atom. Similarly, the electrostatic
potential map showed that the region around the doping was neutral, except on the P1 surface.
As the distance from the doping site increased, the surface became increasingly
electronegative. The orbital analysis describes the HOMO and LUMO distribution over the
surface. The adsorption of phenol and guaiacol was conducted over the identified locations on
the surface, based on the charge distribution and spin density distribution. It was noted that for
strong adsorption, either a high charge transfer or a strong delocalization of the charge on the
surface is a necessary condition. Although the spin density distribution was found better on the

adjacent carbon atoms of the nitrogen, the adsorption over the nitrogen atom via the phenyl
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ring was the most favourable arrangement for both the molecules. Both Q1 and P1 were found
to adsorb the molecules with almost similar Eags as the difference between the Eags of P1 and
Q1 for the same molecule is within the DFT error margins. Guaiacol was found to adsorb more
strongly than phenol. The dipole change was greater for guaiacol than phenol as the guaiacol
contains two polar functional groups compared to phenol with only one polar functional group.
The increase in the nitrogen doping altered the electronics of the surface to a greater degree

than single doping.

6.1.5 Dehydrogenation and Dehydration of Formic Acid over Orthorhombic

Molybdenum Carbide

The dehydration and dehydrogenation of formic acid is studied on the $-MoC catalyst surface
using density functional theory. Different orientations of formic acid, CO, CO> and H.O are
adsorbed on the surface at different surface sites to determine the most stable orientation and
site for each molecule. The most stable structures are used to study the dehydration and
dehydrogenation pathways of the conversion and the thermochemistry is analysed.
Thermodynamically, it was observed that the conversion of the HCOOH is most likely to
proceed by the breaking of H-COOH bond to yield CO as the end product (dehydration);
however, the desorption energy for CO from the surface is very high (5.75 eV), which suggests

that the surface is highly susceptible to CO poisoning.

Microkinetic analyses were also conducted for the batch reactor model and product
distributions were calculated up to for 1 second between 300 to 500 K. The adsorption kinetics
of formic acid were observed as very slow over the surface. As a result, much of the surface
sites were vacant and the conversion inefficient. The concentration profile shows that the
appearance of CO2 will be kinetically faster than CO in the gas phase. The formation of CO

will saturate the surface as the CO desorption step is very slow, and therefore rate limiting.
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TPD analysis is also conducted to determine the concentration of different gas species in the
system with increasing temperature and increasing concentration of adsorbed formic acid. At
10% and 40% formic acid coverage, HCOOH conversion occurs at low temperatures; CO>
desorption is most favourable at 320 K, reaching a steady state at 370 K. All other species start

desorbing from the surface after 400 K.

6.1.6 Hydrodeoxygenation of Guaiacol Over Orthorhombic Molybdenum Carbide: A

DFT and Microkinetic Study

The HDO of guaiacol was studied over the (100) p-Mo2C surface. A network of reaction
pathways was proposed to produce benzene from guaiacol via phenol and catechol
intermediates. The activation barriers and reaction energies were calculated using density
functional theory. Through thermochemical analysis, increase in temperature was observed as
not being very favorable for the adsorption of guaiacol on the surface. The most favourable
pathway for guaiacol HDO is initiated with demethoxylation, which is the followed by
hydrogenation to yield phenol. From phenol, the most favourable pathway for benzene

formation is initiated with dehydroxylation, followed by protonation.

Overall, the protonation of molecules like guaiacol and phenol were observed to have
higher energy barriers than the cleavage of functional groups. The carbon atoms of the
functional group of the molecule, which were sp2 or sp hybridized, were also noted as
dissociating spontaneously, with minimum energy barriers, and the dissociated moieties occupy

carbon deficient sites on the surface.

The microkinetic modelling of the system shows that, although the adsorption of
guaiacol decreases with increase in temperature, higher temperatures are more favorable for

further upgrading of guaiacol into valuable products such as phenol and benzene. The
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temperature programmed desorption showed that the optimum surface coverage of guaiacol is

~70%, as the change in the concentration of all the products was highest in the gas phase.

6.2 Future Scope

In this study, it was observed that solvents had a favourable effect on the bio-oil upgrading in
terms of thermochemistry and kinetics of the reactions occurring. However, this study only
tested ethanol, in addition to water as a medium implicitly in the system. Therefore, further
understanding of the solvation effects are required in an explicit model setting to determine the
true mechanism occurring during the upgrading in solvents. Further, the future study could
consider a hybrid system (also sometimes referred to as microsolvation model), where the
solvent effects are incorporated by considering explicit water molecule, along with the
polarized continuum implicitly. Such systems could be more accurate than implicit or explicit

system alone.

In the second objective of the study, it was observed that the nitrogen-doping improved
the adsorption properties of the model compounds when compared to the pristine graphene.
However, it still could not facilitate a chemisorption of the model compounds on the surface.
Therefore, the nitrogen-doped graphene could be further doped with metal or non-metal atoms
to promote the catalytic properties of the material. Doping with minimal noble metal atoms may
result in superior chemically modified graphene at a relatively lower cost, and could be a very
exciting study. In addition, the metal carbides exhibited excellent catalytic performance in this
study, but were susceptible to poisoning. Thus further doping the carbides to obtain a ternary

or quaternary system could be explored to alleviate the shortcomings of such systems.
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ANNEXURE 1

All reactions considered in the microkinetic modelling with activation energy (Ea), reaction energy (AE), sticking coefficient (So), Arrhenius factor

(Ao) and the rate constant (K) at 500 K, 600 K and 700 K

RXM. ~eactions E. | AE 500 K 600 K 700 K
No eVv) | (eV) So Ao K So Ao K So Ao K
3.23E- 3.77E- 5.83E-
Ads | GUA +*>>GUA* - | -466| 07 | 1.30E+04 | 419E-03| 08 |1.18E+04| 446E-04| 09 |1.10E+04 | 6.45E-05
GUA* >> GUA + * T 466 | - | 218E425 | 5.21E400| - | 1.03E425 | 3.75E402 | - | 1.68E+25 | 2.67E+04
RL | GUA* + H*>> 1r + * = 025 | - | 1.67E+13 | 2.35E+11| - | L.73E+13 | 2.64E+11| - | 1.80E+13 | 2.99E+11
1r + * >> GUA* + H* © [ 025| - | 1.28E+13 |9.07E+14| - | 1.23E+13 | 8.06E+14 | - | 1.18E+13 | 7.11E+14
1r>Ts1> 1p 115 | 064 | - | 447E+13 | 1.78E405| - | 4.46E+13 | 2156405 | - | 4.39E+13 | 2.50E+05
1p>TS1> 1r 05 |-064| - | 6.20E+13 |418E+10| - | 6.65E+13 | 5.26E+10 | - | 7.01E+13 | 6.53E+10
R2 | GUA* + H* >> 2r *+ * = 031 | - | 1.01E+13 | 3.96E410| - | 1.02E+13 | 410E+10 | - | 1.04E+13 | 4.29E+10
2% + * >> GUA* + H* = =031 - | 212E+13 | 537E+15| - | 2.09E413 | 5.19E+15| - | 2.04E+13 | 4.96E+15
2r* > TS2 > 2p* 259 | 086 | - | 8.18E+13 | 1.78E-04 | - | 9.37E+13| 2.35E-04 | - | 1.05E+14 | 3.13E-04
20% > TS2 > 2r* 173 | -086| - | 7.00E+13 | 544E+02| - | 9.40E+13 | 7.06E402 | - | 1.09E+14 | 9.46E+02
R3 | GUA* > TS3 > 3p* 104 |-060| - | 403E+13 | 482E+06| - | 4.69E+13 | 6.33E406 | - | 5.34E+13 | 8.36E+06
3p* > TS3 > GUA* 173 | 069 | - | 6.68E+13 | 7.72E+01| - | 7.42E+13 | L.02E+02 | - | 8.06E+13 | 1.34E+02
3p* + * >> s4* + OH* = | 037| - | 559E+12 | 1.47E+15| - | 479E+12 | 1.056+15 | - | 4.20E+12 | 7.46E+14
s4% + OH* >> 3p* + * = 037 | - | 381E+13 | 1.45E+11| - | 4.44E+13 | 2.03E+11| - | 5.07E+13 | 2.85E+11
R4 | GUA* > TS4 > dp* 090 | 059 | - | 7.62E+13 | 9.65E407 | - | 8.67E+13 | 1.32E+08| - | 9.60E+13 | 1.79E+08
4p* > TS4 > GUA* 031 |-059| - | 245E+13 | 2.62E+411| - | 2.55E413 | 2.84E+11 | - | 2.63E+13 | 3.07E+11
4p* + * >> s5% + OCH3* = 193] - | 381E+11 | 3.17E+25| - | 2.48E+11 | 9.06E+24 | - | 1.72E+11 | 2.72E+24
s5% + OCH3* >> 4p* + * © 1103 | - | 559E+14 |6.70E+00| - | 857E+14 | 2.35E401 | - | 1.24E+15 | 7.83E+01
R5 | GUA* > TS5 > 5p* 102 | -049 | - | 226E+13 | 6.76E+06 | - | 2.47E+13 | 7.09E+06 | - | 2.70E+13 | 7.78E+06
Bp* > TS5 > GUA* 151 | 049 | - | 7.22E+13 | 1.83E+03 | - | 7.95E+13 | 2.49E+03 | - | 8.53E+13 | 3.31E+03
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5p* + * >>s6* + H* - -0.14 8.89E+11 | 1.85E+14 4.08E+11 | 2.05E+13 1.92E+11 | 2.24E+12
S6* + H* >>5p * - 0.14 2.39E+14 | 1.15E+12 5.21E+14 | 1.04E+13 1.11E+15 | 9.51E+13
R6 | GUA* > TS6 > 6p* 144 | -2.29 1.41E+15 | 1.33E+06 2.09E+15 | 3.51E+06 2.87E+15 | 9.13E+06
6p* > TS6 > GUA* 3.73 | 2.29 2.23E+15 | 2.08E-11 3.02E+15 | 5.48E-11 3.80E+15 | 1.38E-10
6p* +* >>s7* + CH3* - 0.07 7.78E+12 | 1.65E+12 6.82E+12 | 1.24E+12 6.06E+12 | 9.34E+11
s7* + CH3* >> 6p* +* - -0.07 2.73E+13 | 1.29E+14 3.12E+13 | 1.71E+14 3.51E+13 | 2.28E+14
R7 | GUA*>TS7 > 7p* 0.62 | -0.65 1.21E+13 | 2.01E+09 1.13E+13 | 1.56E+09 1.07E+13 | 1.24E+09
7p* > TS7 > GUA* 1.27 | 0.65 2.54E+13 | 3.69E+04 2.64E+13 | 3.83E+04 2.69E+13 | 3.94E+04
7p* + *>>s8*+ H* - -0.36 1.49E+13 | 8.10E+15 1.43E+13 | 7.27E+15 1.38E+13 | 6.54E+15
S8* + H* >> 7p+* = 0.36 1.43E+13 | 2.63E+10 1.48E+13 | 2.93E+10 1.54E+13 | 3.26E+10
R8 | 1p* > TS8 > 8p* 0.75 | -0.46 2.83E+13 | 4.32E+08 2.93E+13 | 4.59E+08 3.03E+13 | 4.98E+08
8p* > TS8 > 1p* 1.21 | 0.46 1.41E+14 | 3.78E+05 1.51E+14 | 5.62E+05 1.56E+14 | 7.90E+05
8p* + * >>3s9* +H* - -0.12 2.15E+13 | 2.71E+14 2.18E+13 | 2.70E+14 2.17E+13 | 2.64E+14
sO* + H* >> 8p*+ * - 0.12 9.89E+12 | 7.85E+11 9.77E+12 | 7.89E+11 9.79E+12 | 8.05E+11
R9 | 1p*>TS9 > 9p* 0.37 | -2.05 2.77E+14 | 3.68E+12 3.31E+14 | 6.24E+12 3.79E+14 | 1.04E+13
9p* > TS9 > 1p* 242 | 2.05 4.46E+13 | 3.28E-04 4.49E+13 | 3.73E-04 4.51E+13 | 4.23E-04
9p* +* >>s26* + OCH3* - -0.5 1.15E+11 | 2.26E+14 7.06E+10 | 5.33E+13 4.67E+10 | 1.34E+13
s26* + OCH3* >> Qp*+ * - 0.5 1.85E+15 | 9.43E+11 3.01E+15 | 3.99E+12 4.56E+15 | 1.59E+13
R10 | 2p* >> 10p* - -2.16 2.68E+13 | 9.58E+28 3.04E+13 | 1.23E+29 3.37E+13 | 1.58E+29
10p* >> 2p* - 2.16 7.94E+12 | 2.22E-03 7.01E+12 | 1.73E-03 6.31E+12 | 1.34E-03
10p* +* >>s11* +OH* - -0.4 3.48E+12 | 1.12E+15 2.96E+12 | 7.47TE+14 2.58E+12 | 5.02E+14
s11+ OH* >>10p+* - 0.4 6.12E+13 | 1.91E+11 7.18E+13 | 2.85E+11 8.24E+13 | 4.24E+11
R11 | s4+ H*>>11r+* - -0.04 1.58E+13 | 2.48E+13 1.65E+13 | 2.81E+13 1.74E+13 | 3.20E+13
11r* +* >>s4*+ H* - 0.04 1.35E+13 | 8.56E+12 1.29E+13 | 7.58E+12 1.22E+13 | 6.65E+12
11r* > TS11 > 11p* 0.97 | -0.29 7.06E+13 | 2.13E+07 8.24E+13 | 3.07E+07 9.31E+13 | 4.33E+07
11p* > TS11 > 11r* 1.26 | 0.29 5.50E+13 | 4.94E+05 6.42E+13 | 6.22E+05 7.34E+13 | 7.95E+05
R12 | s5* + H* >> 12r +* - -0.02 1.60E+13 | 2.07E+13 1.68E+13 | 2.36E+13 1.78E+13 | 2.71E+13
12r* +* >> sh* +H* - 0.02 1.33E+13 | 1.03E+13 1.26E+13 | 9.03E+12 1.20E+13 | 7.86E+12
12r* > TS12 > s26* 1.16 | -0.29 6.48E+13 | 7.57E+05 7.50E+13 | 1.08E+06 8.38E+13 | 1.49E+06
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§26* > TS12 > 12r* 1.45 | 0.29 1.43E+14 | 7.28E+04 1.77E+14 | 1.11E+05 2.11E+14 | 1.70E+05
R13 | 13r* > TS13 > 13p* 0.79 | -0.22 1.86E+15 | 8.08E+08 4.53E+15 | 9.85E+09 1.04E+16 | 1.19E+11
13p* > TS13 > 13r* 1.01 | 0.22 1.31E+14 | 2.06E+07 1.47E+14 | 3.02E+07 1.60E+14 | 4.34E+07
13p * + * >> s5* +OCH2* - -0.78 1.04E+13 | 4.50E+18 9.21E+12 | 3.46E+18 8.24E+12 | 2.65E+18
s5* +OCH2* >> 13p*+ * - 0.78 2.05E+13 | 4.73E+07 2.31E+13 | 6.15E+07 2.58E+13 | 8.02E+07
R14 | 14r* > TS14 > 14p* 0.82 | -1.58 5.70E+14 | 3.63E+08 1.24E+15 | 3.05E+09 2.64E+15 | 2.63E+10
14p* > TS14 > 14r* 2.4 1.58 1.44E+14 | 2.50E-03 1.63E+14 | 3.77E-03 1.79E+14 | 5.51E-03
14p*+ *>>g12*+ H* 7 0.14 1.31E+13 | 1.39E+12 1.23E+13 | 1.21E+12 1.16E+13 | 1.04E+12
s12*+ H* >> 14p*+* - -0.14 1.63E+13 | 1.53E+14 1.73E+13 | 1.76E+14 1.84E+13 | 2.04E+14
R15 | 15r* > TS15 > 15p* 049 | -2.08 5.63E+14 | 2.43E+10 1.20E+15 | 2.16E+11 2.48E+15 | 1.92E+12
15p* > TS15 > 15r* 2.57 | 2.08 1.96E+13 | 4.78E-06 1.76E+13 | 4.34E-06 1.60E+13 | 3.95E-06
15p* + * >>s7*+ CH2* - 0.08 7.86E+12 | 1.53E+12 6.91E+12 | 1.16E+12 6.15E+12 | 8.82E+11
S7* + CH2* >> 15p*+ * - -0.08 2.71E+13 | 1.39E+14 3.08E+13 | 1.83E+14 3.46E+13 | 2.41E+14
R16 | s7* + H*>>16r* +* - -0.03 1.47E+13 | 2.23E+13 1.54E+13 | 2.49E+13 1.62E+13 | 2.83E+13
16r* +* >>s7* +H* - 0.03 1.45E+13 | 9.56E+12 1.38E+13 | 8.53E+12 1.31E+13 | 7.53E+12
16r* > TS16 > 16p* 1.81 | 143 1.94E+14 | 8.80E+01 2.30E+14 | 1.43E+02 2.61E+14 | 2.27E+02
16p* > TS16 > 16r* 0.38 | -1.43 1.17E+14 | 3.13E+12 1.31E+14 | 4.06E+12 1.44E+14 | 5.37E+12
R17 | s7*+ H*>>17r*+* - 0.54 1.14E+13 | 7.98E+08 1.15E+13 | 8.43E+08 1.17E+13 | 8.92E+08
17r* +*>>s7* +H* - -0.54 1.86E+13 | 2.67E+17 1.85E+13 | 2.52E+17 1.82E+13 | 2.39E+17
17r* > TS17 > 17p* 246 | 0.52 1.32E+13 | 1.11E-04 1.33E+13 | 9.74E-05 1.33E+13 | 8.60E-05
17p* > TS17 > 17r* 1.95 | -0.52 2.47E+13 | 4.31E+00 2.71E+13 | 4.17E+00 2.92E+13 | 4.11E+00
R18 | 18r* > TS18 > 18p* 1.03 | -1.19 8.30E+13 | 1.44E+07 9.39E+13 | 2.00E+07 1.04E+14 | 2.80E+07
18p* > TS18 > 18r* 2.2% #1:19 2.32E+14 | 1.03E-01 2.59E+14 | 1.62E-01 2.82E+14 | 2.49E-01
18p* + * >>s15* +OH* - 0.22 8.64E+12 | 1.57E+11 7.68E+12 | 1.22E+11 6.90E+12 | 9.43E+10
s15* + OH* >> 18p* +* - -0.22 2.46E+13 | 1.36E+15 2.77TE+13 | 1.75E+15 3.08E+13 | 2.26E+15
R19 | 19r* > TS19 > 19p* 0.39 |-1.99 7.42E+13 | 5.60E+11 8.75E+13 | 7.82E+11 1.00E+14 | 1.09E+12
19p* > TS19 > 19r* 2.38 | 1.99 6.00E+13 | 1.23E-03 6.52E+13 | 1.56E-03 6.96E+13 | 1.97E-03
19p* + * >>s15* +OCH3* - 0.4 3.43E+11 | 3.98E+08 2.19E+11 | 1.10E+08 1.49E+11 | 3.18E+07
s15* + OCH3* >> 19p* +* - -0.4 6.20E+14 | 5.34E+17 9.72E+14 | 1.94E+18 1.43E+15 | 6.69E+18
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R20 | 20r* > TS20 > 20p* 0.78 | -0.54 3.66E+13 | 7.88E+08 4.12E+13 | 9.15E+08 4.59E+13 | 1.10E+09
20p* > TS20 > 20r* 1.32 | 0.54 1.83E+14 | 1.78E+05 2.12E+14 | 2.89E+05 2.35E+14 | 4.54E+05
20p* +* >>s12* +H* - -0.53 1.02E+13 | 7.03E+16 9.91E+12 | 6.08E+16 9.57E+12 | 5.26E+16
s12* + H* >> 20p* +* - 0.53 2.08E+13 | 3.03E+09 2.15E+13 | 3.50E+09 2.22E+13 | 4.04E+09

R21 | 21r* >> 21p* - -1.94 1.06E+13 | 2.45E+27 1.15E+13 | 2.49E+27 1.23E+13 | 2.57E+27
21p* >> 21r* - 1.94 2.00E+13 | 8.70E-02 1.86E+13 | 8.55E-02 1.73E+13 | 8.29E-02
21p* +* >>s17* +CH2* - -0.03 1.35E+13 | 1.82E+13 1.26E+13 | 1.59E+13 1.18E+13 | 1.38E+13
s17* + CH2* >> 21p* +* 7 0.03 1.58E+13 | 1.17E+13 1.69E+13 | 1.34E+13 1.81E+13 | 1.54E+13

R22 | 11p* > TS22 > 22p* 1.02 | -0.52 2.57E+13 | 8.67E+06 2.85E+13 | 9.34E+06 3.14E+13 | 1.05E+07
22p* > TS22 > 11p* 1.54 | 0.52 7.36E+13 | 1.17E+03 8.19E+13 | 1.61E+03 8.87E+13 | 2.16E+03
22p* + * >>s18*+ H* - -0.15 1.67E+13 | 3.21E+14 1.66E+13 | 3.01E+14 1.63E+13 | 2.81E+14
s18* + H* >> 22p* +* - 0.15 1.27E+13 | 6.64E+11 1.28E+13 | 7.06E+11 1.30E+13 | 7.58E+11

R23 | 23r* >> 23p* - -2.05 2.00E+13 | 2.97E+28 2.18E+13 | 3.33E+28 2.35E+13 | 3.73E+28
23p* >> 23r* - 2.05 1.06E+13 | 7.17E-03 9.74E+12 | 6.40E-03 9.04E+12 | 5.70E-03
23p* + * >>3519*+ CH2* - 0.07 7.96E+12 | 1.72E+12 7.02E+12 | 1.32E+12 6.27E+12 | 1.00E+12
s19* + OCH3* >> 19p*+ * - -0.07 2.67E+13 | 1.23E+14 3.03E+13 | 1.62E+14 3.39E+13 | 2.12E+14

R24 | 16p* > TS24 > 24p* 018 | -1.12 6.01E+13 | 9.12E+12 6.83E+13 | 1.22E+13 7.60E+13 | 1.65E+13
24p* > TS24 > 16p* 1.3 1.12 4.89E+13 | 4.36E+04 5.12E+13 | 5.17E+04 5.30E+13 | 6.12E+04
24p* + * >>s5* +OH* - 0.01 8.68E+12 | 5.15E+12 7.67E+12 | 3.97E+12 6.86E+12 | 3.06E+12
s5* + OH* >> 24p* +* - -0.01 2.45E+13 | 4.13E+13 2.77E+13 | 5.36E+13 3.10E+13 | 6.96E+13

R25 | 16p* + H* >> 25r* +* - 0.44 1.34E+13 | 5.48E+09 1.36E+13 | 5.93E+09 1.38E+13 | 6.42E+09
25r* + * >> 16p* +H* - -0.44 1.59E+13 | 3.88E+16 1.57E+13 | 3.59E+16 1.54E+13 | 3.31E+16
25r* >> 25p* - 2.98 1.58E+13 | 1.73E-08 1.55E+13 | 1.54E-08 1.52E+13 | 1.37E-08
25p* >> 25r* - -2.98 1.35E+13 | 1.23E+34 1.37E+13 | 1.38E+34 1.40E+13 | 1.55E+34

R26 | 17p* > TS26 > 26p* 0.09 | -1.87 1.64E+13 | 4.40E+12 1.68E+13 | 4.56E+12 1.71E+13 | 4.73E+12
26p* > TS26 > 17p* 195 | 1.87 1.29E+13 | 9.27E-02 1.18E+13 | 8.16E-02 1.10E+13 | 7.16E-02
26p* + * >>s519*+ OH* - -0.6 8.69E+12 | 1.53E+17 7.94E+12 | 1.22E+17 7.30E+12 | 9.75E+16
s19* + OH* >> 26p*+ * - 0.6 2.45E+13 | 1.39E+09 2.68E+13 | 1.74E+09 2.91E+13 | 2.18E+09

R27 | s15* + H* >> 27r* +* - -0.66 1.22E+13 | 5.80E+17 1.27E+13 | 6.35E+17 1.34E+13 | 7.06E+17

225

TH-2850_166107102




27r* +* >>515* +H* - 0.66 1.74E+13 | 3.67E+08 1.67E+13 | 3.35E+08 1.59E+13 | 3.01E+08
27r* > TS27 > s19* 1.15 | 0.23 7.30E+13 | 9.72E+05 8.63E+13 | 1.44E+06 9.81E+13 | 2.07E+06
s19* > TS27 > 27r* 0.92 | -0.23 4.09E+13 | 8.27E+07 4.83E+13 | 1.03E+08 5.56E+13 | 1.29E+08
R28 | 28r* >> 28p* - -2.31 1.87E+13 | 2.54E+30 2.09E+13 | 2.86E+30 2.30E+13 | 3.23E+30
28p* >> 28r* - 2.31 1.14E+13 | 8.39E-05 1.02E+13 | 7.45E-05 9.25E+12 | 6.59E-05
28p*+ * >>s23* +CH2* - 0.06 7.75E+12 | 1.91E+12 6.83E+12 | 1.45E+12 6.10E+12 | 1.10E+12
§23* + CH2* >> 28p* +* - -0.06 2.74E+13 | 1.11E+14 3.11E+13 | 1.46E+14 3.49E+13 | 1.93E+14
R29 | s17* + H* >>29r* +* 7 0.23 1.19E+13 | 2.25E+11 1.24E+13 | 2.42E+11 1.29E+13 | 2.64E+11
29r* + * >>s17*+ H* - -0.23 1.78E+13 | 9.43E+14 1.72E+13 | 8.80E+14 1.65E+13 | 8.07E+14
29r* > TS29 > 25p* 1.22 | 3.61 1.07E+14 | 5.05E+05 1.20E+14 | 7.15E+05 1.30E+14 | 9.89E+05
25p* > TS29 > 290r* -2.39 | -3.61 2.92E+13 | 4.98E+30 3.08E+13 | 6.04E+30 3.24E+13 | 7.38E+30
R30 | s19* + H* >> 30r* +* - -0.03 1.50E+13 | 2.19E+13 1.57E+13 | 2.46E+13 1.65E+13 | 2.79E+13
30r* + * >>s19* +H* - 0.03 1.42E+13 | 9.72E+12 1.35E+13 | 8.66E+12 1.29E+13 | 7.63E+12
30r* > TS30 > s26* 219 | 141 5.97E+13 | 3.00E-02 6.86E+13 | 4.11E-02 7.64E+13 | 5.54E-02
s26* > TS30 > 30r* 0.78 | -141 3.19E+13 | 6.73E+08 3.46E+13 | 7.20E+08 3.74E+13 | 7.91E+08
R31 | 25p* >> 31p* - -4.47 1.96E+13 | 4.79E+44 2.19E+13 | 6.78E+44 2.40E+13 | 9.44E+44
31p* >> 25p* - 4.47 1.08E+13 | 4.44E-19 9.72E+12 | 3.14E-19 8.85E+12 | 2.25E-19
31p*+ * >>s26* +OH* - -0.39 3.97E+12 | 1.09E+15 3.37E+12 | 7.39E+14 2.93E+12 | 5.02E+14
§26* + OH* >> 31p*+ * - 0.39 5.35E+13 | 1.95E+11 6.31E+13 | 2.88E+11 7.27E+13 | 4.24E+11
R32 | s23*+ H* >>32r*+ * - -0.01 1.54E+13 | 1.57E+13 1.62E+13 | 1.78E+13 1.70E+13 | 2.03E+13
32r*+ * >>g23*+ H* - 0.01 1.38E+13 | 1.35E+13 1.32E+13 | 1.20E+13 1.25E+13 | 1.05E+13
32r* > TS32 > s7* 2.28 | 1.69 1.89E+14 | 2.99E-02 2.25E+14 | 4.95E-02 2.58E+14 | 7.98E-02
s7* > TS32 > 32r* 0.58 | -1.69 3.11E+13 | 1.91E+10 3.32E+13 | 2.00E+10 3.55E+13 | 2.16E+10
R33 | s26* > TS33 > 33p* 15 |-0.73 7.27E+13 | 6.05E+03 8.62E+13 | 8.53E+03 9.91E+13 | 1.20E+04
33p* > TS33 > s26* 223 | 0.73 9.99E+13 | 3.06E-02 1.12E+14 | 4.26E-02 1.22E+14 | 5.82E-02
33p* +* >>525*%+ OH* - -0.11 9.14E+12 | 4.20E+13 8.14E+12 | 3.28E+13 7.32E+12 | 2.56E+13
$25* + OH* >> 33p*+ * - 0.11 2.33E+13 | 5.06E+12 2.61E+13 | 6.48E+12 2.91E+13 | 8.32E+12
R34 | s26*+ H* >>34r*+* - 0.9 3.53E+13 | 1.30E+07 3.72E+13 | 1.64E+07 3.90E+13 | 2.06E+07
34r* + * >>526%+ H* - -0.9 6.03E+12 | 1.63E+19 5.72E+12 | 1.29E+19 5.46E+12 | 1.03E+19
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34r* > TS34 > 34p* 2.06 | 0.57 1.66E+14 | 5.05E+00 1.98E+14 | 7.46E+00 2.29E+14 | 1.12E+01
34p* > TS34 > 34r* 1.49 | -0.57 3.45E+14 | 6.53E+05 4.54E+14 | 1.09E+06 5.76E+14 | 1.90E+06
R35 | s25* + H* >> 35r* +* - 0.48 2.83E+13 | 1.33E+10 3.04E+13 | 1.64E+10 3.26E+13 | 2.04E+10
35r* +* >>g25%+ H* - -0.48 7.52E+12 | 1.60E+16 6.99E+12 | 1.29E+16 6.52E+12 | 1.04E+16
35r* > TS35 > 35p* 0.75 | -05 5.26E+13 | 5.33E+08 6.09E+13 | 7.34E+08 6.81E+13 | 9.88E+08
35p* > TS35 > 35r* 1.25 05 3.70E+13 | 4.16E+05 4.31E+13 | 4.96E+05 4.93E+13 | 6.02E+05
R36 | 34p* > TS36 > 36p* 05 |-194 1.83E+13 | 6.63E+09 1.84E+13 | 6.39E+09 1.84E+13 | 6.17E+09
36p* > TS36 > 34p* 245 | 1.94 4.58E+12 | 5.20E-06 3.70E+12 | 3.33E-06 3.07E+12 | 2.14E-06
34p* + * >>529* +OH* - -2.33 1.60E+13 | 1.42E+30 1.69E+13 | 1.44E+30 1.75E+13 | 1.47E+30
$29* + OH* >> 34p* +* = 2.33 1.33E+13 | 1.50E-04 1.26E+13 | 1.48E-04 1.21E+13 | 1.45E-04
R37 | CH2*+ H*>>37r+* - 0.28 1.85E+13 | 2.04E+11 2.01E+13 | 2.44E+11 2.17E+13 | 2.96E+11
37r* +*>>CH2*+ H* - -0.28 1.15E+13 | 1.04E+15 1.06E+13 | 8.71E+14 9.79E+12 | 7.19E+14
37r* > TS37 > CH3* 0.72 | 0.14 1.90E+13 | 1.08E+08 1.92E+13 | 1.16E+08 1.93E+13 | 1.22E+08
CH3* > TS37 > 37r* 0.58 | -0.14 2.11E+13 | 5.22E+09 2.30E+13 | 5.64E+09 2.48E+13 | 6.21E+09
R38 | CH3* + H* >> 38r* +* - 0.49 1.81E+13 | 4.65E+09 1.95E+13 | 5.62E+09 2.10E+13 | 6.78E+09
38r* + * >> CH3*+ H* - -0.49 1.17E+13 | 4.57E+16 1.09E+13 | 3.79E+16 1.01E+13 | 3.14E+16
38r* > TS38 > CH4* 156 | 1.25 7.62E+13 | 7.04E+02 8.21E+13 | 9.37E+02 8.62E+13 | 1.21E+03
CH4* > TS38 > 38r* 03 |-1.25 8.31E+11 | 9.00E+09 7.63E+11 | 5.19E+09 7.30E+11 | 3.19E+09
R39 | OH* + H* >> 390r* +* - 0.02 1.61E+13 | 1.09E+13 1.70E+13 | 1.25E+13 1.80E+13 | 1.44E+13
39r + * >> OH*+H* - -0.02 1.32E+13 | 1.95E+13 1.25E+13 | 1.70E+13 1.18E+13 | 1.47E+13
39r > TS39 > H20* 215 | 1.65 9.33E+13 | 1.10E-01 1.08E+14 | 1.58E-01 1.21E+14 | 2.25E-01
H20* > TS39 > 39r* 05 |-1.65 1.29E+13 | 2.09E+10 1.34E+13 | 1.90E+10 1.41E+13 | 1.81E+10
R40 | OCH2* H* >>40r * - 0.11 1.68E+13 | 2.47E+12 1.80E+13 | 2.89E+12 1.93E+13 | 3.42E+12
40r*+ * >> OCH2*+ H* - -0.11 1.27E+13 | 8.61E+13 1.18E+13 | 7.36E+13 1.10E+13 | 6.23E+13
40r* > TS40 > OCH3* 085 | 0.17 5.36E+13 | 3.87E+07 5.91E+13 | 5.33E+07 6.32E+13 | 7.04E+07
OCH3* > TS40 > 40r* 0.68 | -0.17 1.46E+14 | 4.63E+09 2.12E+14 | 1.13E+10 2.95E+14 | 2.73E+10
R41 | OCH3* H*>>41r* - -0.01 1.51E+14 | 7.24E+13 2.07E+14 | 1.93E+14 2.73E+14 | 4.94E+14
41r* +*>> OCH3* +H* - 0.01 1.41E+12 | 2.94E+12 1.03E+12 | 1.10E+12 7.79E+11 | 4.30E+11
41r* > TS41 > CH30H* 245 | 214 3.77E+14 | 6.27E-03 4.75E+14 | 1.17E-02 5.66E+14 | 2.14E-02
227
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CH30H* > TS41 > 41r* 031 | -214| - | 710E+13 | 558E+12| - | 8.07E+13 | 6.91E+12| - |9.02E+13 | 8.74E+12

R42 | 526* >> phenol+ * = 445 | - | 891E+24 | 3.49E+01| - | 8.24E+24 | 2.25E403 | - | 7.41E+24 | 1.43E+05
Shenol + % >> 526+ 1.46E- 3.82E- 1.12E-

. | -445| 05 | 1.26E+04 | 1.84E-01| 06 |1.26E+04| 481E-02 | 06 |1.26E+04 | 1.42E-02

R43 | 16p* >> catechol +* T 226 | - | 924E+24 | 6.63E+02| - | 8.24E+24 | 440E+04 | - | 7.20E+24 | 2.87E+06
catechol + * >> 16" 2.59E- 5.50E- 1.35E-

- | -426| 06 | 1.16E+04 | 3.01E-02| 07 |1.16E+04|6.39E-03 | 07 |1.16E+04 | 1.58E-03

R44 | s29% >> benzene +* = 206 | - | 218E+22 | 1.18E+00| - | L.79E+22 | 2.54E+01 | - | L4BE+22 | 5.49E+02
benzene + * >> s29* 8.838 e 1.00E-

_ | -406| 05 | 1.38E+04 |122E+00| 05 |1.38E+04|3.92E-01 | 05 |1.38E+04 | 1.38E-01

R45 | CH4* >> CH4 +* = 1038 | - | 119E+19 |5.16E+21| - | 1.04E+19 | 418E+22 | - | 9.06E+18 | 3.51E+23
9.82E- 5.97E- 3.87E-

CHA + * >> CH4* . | -038| 04 | 3056404 [299E+01| 04 |3.05E+04|1.82E+01| 04 |3.05E+04 | 1.18E+01

R46 | CH30H* >> CH30H +* T 118 | - | 1.95E+22 |131E+21| - | 1.98E+22 | 3.82E422 | - | 1.94E+22 | 1.13E+24
2.74E- 1.48E- 8.60E-

CH30H + *>> CH30H* . | -118| 04 | 2.16E+04 |591E+00| 04 |2.16E+04|3.20E400 | 05 |2.16E+04 | 1.86E+00

R47 | H20* >> H20+ * = 107 | - | 419E+20 | 631E+18| - | 4.73E+20 | 1.22E420 | - | 5.08E+20 | 2.33E+21
5.67E- 3.06E- 2.02E-

H20 + * >> H20* - | -107| 04 | 288E+04 |163E+01| 04 |2.88E+04|1.14E+01| 04 |2.88E+04 | 8.40E+00

R48 | H2* >> H2+ * - 0.79 - 491E+18 | 5.82E+16 - 6.88E+18 | 8.09E+17 - 8.82E+18 | 1.08E+19
iy + o e 9.89E- 7.53E- 5.97E-

- | 079| 04 | 860E+04 |851E+01| 04 |B.60E+04|647E+01| 04 |8.60E+04 | 5.14E+01

R49 | H* + H* >> 400+ * - 0 = | 157E+13 | 1.38E+13| - | 1.64E+13 | 1556413 | - | 1.72E+13 | 1.76E+13

490 + * >> H* +H* i 0 ~ | 135E+13 | 154E+13 | - | 1.20E+13 | 1L.37E+13 | - | 1.23E+13 | 1.21E+13

R50 | 49r *>> H2* ~ 146 | - | 383E+13 | 1.39E+03| - | 420E+13 | 1.87E+03 | - | 4.64E+13 | 2.41E+03

H2* >> 49r* ~ | 146| - | 555E+12 | 153E+23 | - | 496E+12 | 1.14E+23 | - | 4.58E+12 | 8.82E+22
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ANNEXURE 2

Sample input DFT files for simulating solvated system, gas phase system and periodic catalytic

system using Gaussian 09 and FHI-aims.

Geometry optimization and frequency calculation in solvated system for guaiacol in Gaussian

09:

gnprocshared=2

Smem=7GB

$chk=C:\Users\workstation\Desktop\min.chk
# opt=calcfc
geom=connectivity

freg

int=ultrafine m062x

Title Card Required

T T T QT OO0 DD QOQOQ0Q00N

<o g W N
R ooy 0w N
e e

S e e )

6 1.5 11 1.0

12 1.0

O 0 I

TH-2850_166107102

N =

O O O

6-311+g(d, p)

.32903380
.04544592
.38600385
.35208145
.97760177
.63704418
.67192745
.37562712
. 71522349
.35112054
.69694981
.94034817
.64244914
.78837079
.21576780
.81191634
.40583414

scrf=(smd, solvent=water)

.54748263
. 79145354
11761191
.10483378
.23410236
.56026056
.13991940
.35386291
.00738092
.58256807
.88029717
.82490027
.55669963
.24956912
.39851444
.49859817
.87615486

.24638613
.07049742
.17536253
.24533755
.06944860
.17641343
.30965732
.43305746
.12287590
.31070796
.49726511
.14189666
.73915928
.89930557
.79084419
.08702621
.12087381
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8

9

10

11 14 1.0

12 13 1.0

13

14 15 1.0 16 1.0 17 1.0
15

16

17
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Transition state calculation and frequency calculation for the transition state by Berny method

with only one guess image in solvated system in Gaussian 09:

snprocshared=24

Tmem=30GB

%chk=3.chk

# opt=(calcfc, ts,maxcycles=250)
scrf=(smd, solvent=water)

m062x int=ultrafine

Title Card Required

0 2
C -0.47635300 -0
C -0.53467400 0%
C 0.65358400 1.
C 1.87872800 0.
C 1.92853200 -0.
C 0.75824800 -1
H 0.58974100 2 c
H 2.88696400 =1 .
H 0.78383300 =2 c
@) -1.62051400 =1 .
H -2.36015500 -0.
O -1.79429700 18
H 2.79470100 1
H -1.95389100 iF.
H -0.67108700 0

TH-2850_166107102

freq

.75507900

65893000
40651500
75894300
63965100

.39426300

48755800
14526500
47712800
47619500
85172900
19854900

.33593500

93440400

. 72502600

6-311+g(d, p)

.00675500
.05560200
.06001200
.04178600
.00221900
.00359900
.11252600
.00357300
.00025500
.03346100
.06540300
.18433600
.07946400
.41661000
.88876400
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Transition state calculation and frequency calculation for the transition state by Synchronous

Transit-Guided Quasi-Newton (QST2) method with reactant and product images:

snprocshared=24
smem=30GB
schk=21 aqg.chk

# opt=(calcfc,gst2,maxcycles=250)
scrf=(smd, solvent=water)

Title Card Required

T T T QoD DD Q0000

Title Card Required

Qo T Q0QO0Q0Q0O0N

TH-2850_166107102

.33046100
.23518500
. 76026400
.39608400
.50101900
.04188700
.68922300
.29926800
.45565500
. 73880600
.83389400
.79275800
.56778400
.79285000
.00846300

.33046100
.23518500
.76026400
.39608400
.50101900
.04188700
.68922300
.29926800
.45565500
.73880600
.87916900
.47580032

freq 6-311+g(d, p)

m062x int=ultrafine

.33014100
.27588100
.03734400
.29427000
.22789900
.08900100
.35301000
.47246200
.86631200
.91037200
.56578700
.34678000
.09897500
.03025900
.30569300

.33014100
.27588100
.03734400
.29427000
.22789900
.08900100
.35301000
.47246200
.86631200
.91037200
.61408980
.10057810

.03244400
.05991900
.07335900
.00365300
.07900200
.10667100
.05786700
.11554200
.14104200
.21053700
.16113700
.14708500
.89419000
.00495800
.01629400

.03244400
.05991900
.07335900
.00365300
.07900200
.10667100
.05786700
.11554200
.14104200
.21053700
.23761865
.01274164
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H 1.31388099 -0.50389708 -1.89759665
2.23868676 0.86323961 -0.97018369
H -0.00846300 -2.30569300 -0.01629400

s
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Transition state calculation and frequency calculation for the transition state by Synchronous

Transit-Guided Quasi-Newton (QST3) method with reactant, product and an intermediate

guess image for solvated system in Gaussian 09:

snprocshared=24

Smem=30GB
$chk=1.chk

# opt=(calcfc,gst3,maxcycles=250)
scrf=(smd, solvent=water)

Title Card Required

T oD T QT OO0 DD QOO0 0Q0n

W d oUW N
R oo g W N
e e e

© 0 J

Ne)

10
11 14 1.0
12 13 1.0

TH-2850_166107102

N e

6 1.5 11 1.
12 1.0

o O O

R N =l =)

(@]

.36848246
.06318500
.42679597
.35873918
.92707177
.56346110
.75638359
.39988603
.63863097
.23387367
. 75992229
.88777776
.63345739
.91328103
.46176221
.95442831
.43840352

freq 6-311+g(d, p)

.50072671
.83214678
.13026313
.09550616
.23736736
.53548388
.14794166
.32312483
.02742721
.55316252
.80492704
.88802141
.57159646
.08396927
.06608976
.31158770
.83127594

.05103157
.08317833
.04177655
.19888100
.23102731
.10606954
.01723244
.29429057
.35098119
.13061177
.17853600
.24348612
.75869204
.79936776
.76927037
.89477317
.19859817

geom=connectivity int=ultrafine m062x
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13

14 15 1.0 16 1.0 17 1.0

15
16
17

Title Card Required

T - T QT OO0 DD Q0000 0N

O J o U1 b W N
R o O b W DN
NN P

O 00 I

= ©O
O

11 14 1.0
12
13

e

6 1.5 11 1.
12 2.0

O O O

N N O P O O O

(@)

.32759898
.10014323
.43654203
.39200244
.06419762
.735886775
.69874633
.40946212
.82627091
.51638800
.28460703
. 75958710
. 77998637
.75454970
.93057051
.21408135
.47063267

3 140

14 15 1.0 16 1.0 17 1.0

15
16
17

TH-2850_166107102

.56970860
. 74990171
.08311689
.13964975
.13855129
.50039474
.10137352
.40504811
.88964557
.52966937
.95049788
.66878004
.58960282
.27300818
.95535951
.29530125
.55793442

R O O O P O O O O O O o o o o o o

.26760243
.00304569
.26091727
.26218023
.01361928
.24743895
.45916544
.46026985
.01491772
.44060734
.72438300
.01289061
.23706098
.45048448
.46932482
RS 5 554/ 2
.19273930

235



Title Card Required

T - T QT OO0 - DD Q0000

R ooy U W N
PN P e
© ©

O J o U b W DN

= O
(@]

11 14 1.0
12
13

B e

O O O

R wNhDDND PO O

6 1.5 11 1.0
12 2.0

.53512056
.02826671
.28535629
.17229071
. 73617804
.42018843
.60441587
17613891
.40752149
.11979438
.64379700
.80029798
.06350428
.19858969
.52994795
.02815878
.45278694

14 15 1.0 16 1.0 17 1.0

15
16
17

TH-2850_166107102

.29825893
.99373314
.23347036
.18276297
.10301817
.33048990
.23434805
.36112201
.92793351
.33816596
.55310073
.97887619
.75270047
.83635252
.85224111
.02703834
.58997351

.50140686
.20979890
.21575192
.37448413
.10539832
.31957320
.41908619
.69910211
.22249940
.51769531
.36507581
.34030346
.84668005
.06445994
.95281547
.71280710
.20845182
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Intrinsic reaction coordinate (IRC) calculation for the transition state for solvated system in

Gaussian 09:

snprocshared=24

Tmem=30GB

schk=21i irc.chk

# irc=(maxpoints=210, recorrect=never,calcfc)
scrf=(smd, solvent=water) int=ultrafine m062x

Title Card Required

0 2
C 1.44563500 1.21022600
C 2.13666400 0.00013400
C 1.44584900 -1.21008700
C 0.08221000 -1.22608700
C -0.62565600 -0.00013900
C 0.08200300 1.22593900
H 1.98481900 2.14853800
H 3.20575600 0.00023100
H 1.98520300 -2.14829700
H -0.46629100 2.15346400
@) ST NECE) 2 (000 -0.00013400
C -2.16662400 0.00010200
H -2.42644700 -0.94966700
H -2.42630800 0.95000600
H -0.46585800 -2.15373000

TH-2850_166107102

6-311+g(d, p)

.04886700
.17831500
.04896700
.17724300
.23051100
.17736800
.10940800
.35034200
.10957300
.29399300
.63209500
. 75341900
.20446900
.20425800
.29396500
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Geometry optimization and frequency calculation for the gas phase system in Gaussian 09

snprocshared=24
smem=30GB
schk=Q.chk

# opt=calcfc

freq

empiricaldispersion=gd3

int=ultrafine m062x

Title Card Required

OO OO0 00000000000000000000000000000a0n

TH-2850_166107102

.42567400
.67441900

0.68167400

g b W N wdNhD P O

| |
SOl

.70670100
.42835100
.81946800
.81809300
.52832800
.95644700
.95022300
.63648100
.64766200
.96580900
.53986500
.82521700
.54538000
.83080600
.40902000
.71483800
.40901900
.70344600
.40831700
.70670400
.40831800
.81809400
.54376600
.81947300
.52833100
.95645000
.63648300
.64766200
.96737700

6-31+g(d, p)

O NP PP O WDMNDDNREPEREFEODNDNDE WWDND DN W

=

.68003300
.89973300
.89341400
.43837600
.67010400
.66143000
.22117200
.46154700
.42599300
.00000300
.24692300
.24331800
.42758400
.46269800
.66470100
.00000100
.22264700
.22215000
.45616100
.22215300
.00000200
.21656500
.43837800
.21656600
.22117100
.00000100
.66142700
.46154400
.42598800
.24691700
.24331800
.00000100

geom=connectivity

.0004495900
.00024800
.00002900
.00013700
.00020200
.00021100
.00053300
.00005400
.00005600
.00010700
.00017700
.00029100
.00040200
.00062200
.00050200
.00399300
.00490000
.00262200
.00139700
.00262500
.00225400
.00001500
.00013400
.00001700
.00053900
.00058300
.00022500
.00006600
.00004000
.00016700
.00030400
.00054100
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Z I DD IDQI@D@D@D@DIDID DD D@D DTS Q00000000

O J o U1 b W N
O 0 O o U1 U W N

= ©O
O

11
43
13
14
15
54
17
18

e e e e
< o U W N

L = N R R L S =

o1 o1 o 01 O o1 O O

N N N N = S

15
55
56
19

57
22

g o O U1 U1 O O U

TH-2850_166107102

N

1.0
1.5 26 1.

11 2.0 42 1.0

26 1.5 30

32 1.5
53 1.0
17 1.5

52

32 1.5 35

.96580700
.53986500
.83080600
.82521500
.42566900
. 71483500
.67441400
.68168000
.42835500
.49258800
.72242800
. 72243000
.49259200
.36099900
.23452300
.21763900
.36712300
.50530500
. 73388800
. 73388900
.50530600
.36712600
.21764500
.23451700
.36099200
. 70760500

o b U U1 W

.42758600
.46270000
.22264900
.66470500
.68003500
.45616500
.89973300
.89341400
.67010400
.36971100
.24244000
.24243200
.36970500
.60234300
.82774100
.83991700
.60568600
.36961500
.24158900
.24158900
.36961400
.60568200
.83991600
.82774100
.60234600
.00000100

.00042300
.00063800
.00489200
.00052100
.00046000
.00139300
.00025200
.00002300
.00021000
.00015200
.00020500
.00019300
.00012900
.00013400
.00003700
.00060800
.00226800
.00154500
.00019600
.00021000
.00151500
.00224300
.00060100
.00002500
.00011500
.00016100
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18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

19

21
58
58
24
25
26

28
29
30
44
32

34
35

37
38

40
41

(S

e e e e

N = S

o o1 o O O Ul

g O O U1 Ul

@)1

21

35

38

58

28

41

45

33

50

B P36

TH-2850_166107102

49 1
39 1

48
47

38

41

46

51
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Single point energy calculation for the gas phase system in Gaussian 09

snprocshared=24
mem=30GB

schk=Q E.chk

# 6-311+g(d, p)
int=ultrafine
m062x

Title Card Required

OO OO0 00000000000000000000000000000a0n

TH-2850_166107102

geom=connectivity

.42826600
.67353300
.68073800
.70991300
.43100000
.82211900
.82197600
.53089200
.96496400
.95309200
.64442900
.65533800
.97447600
.54296200
.82831800
.55231000
.83468700
.41106300
. 71792300
.41106300
.70305400
.41021200
.70991300
.41021200
.82197600
.55152700
.82211900
.53089200
.96496400
.64442900
.65533800
.97080900

O, NN WwWOREREEFEDNRE OB

.68259400
.90994400
.90372100
.44149900
.67261100
.66706600
.22515900
.46379100
.42988800
.00000000
.25106200
.24715200
.43149300
.46573900
.67011200
.00000000
.22586000
.22407900
.45994700
.22407900
.00000000
.21849400
.44149900
.21849400
.22515900
.00000000
.66706600
.46379100
.42988800
.25106200
.24715200
.00000000

O O O O O O O o o O

O O O O O O O O o o o

.00003300
.00006500
.00012600
.00002900
.00011500
.00015200
.00012700
.00012300
.00014600
.00011500
.00013100
.00032000
.00024400
.00019800
.00008200
.00068300
.00040500
.00032100
.00007000
.00032200
.00015600
.00004000
.00002800
.00004000
.00012700
.00004200
.00015100
.00012200
.00014600
.00013000
.00032100
.00019100

empiricaldispersion=gd3
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Z I DD IDQI@D@D@D@DIDID DD D@D DTS Q00000000

O J o U1 b W N
O 0 O o U1 U W N

= ©O
O

11
43
13
14
15
54
17
18

e e e e
< o U W N

L = N R R L S =

o1 o1 o 01 O o1 O O

e e e e

15
55
56
19

57
22

g o O U1 U1 O O U

TH-2850_166107102

4
3
2
2
1
0
0
-0
-1
-5
-6
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Geometry optimization for periodic system using ASE python package and FHI-aims

calculator

from ase import Atoms

from ase.io import read, write

from ase.calculators.aims import Aims, AimsCube
from ase.constraints import FixAtoms

from ase.optimize import QuasiNewton

#read geometry
slab = read('geometry.in')

#define calculator
calc=Aims (k grid='5 5 4',
xc="pbe',

vdw correction hirshfeld='true',
spin="none",
relativistic="atomic zora scalar",
sc_iter limit="300",
relax geometry="trm 1E-2",
use dipole correction="true",)

#set the calculator to work on slab
slab.set calculator (calc)

#define the required output
e slab=slab.get potential energy ()
print (e _slab)
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Frequency calculation for periodic system using ASE package of python and FHI-aims
calculator

from ase import Atoms

from ase.optimize import BFGS

from ase.calculators.aims import Aims, AimsCube
from ase.vibrations import Vibrations

from ase.io import read,write

structure=read('ts.traj')
calc=Aims (k grid='5 5 4',
xc="pbe',
vdw_correction hirshfeld='true’,
spin="none",
relativistic="atomic zora scalar",
sc_iter limit="300",
compute forces="true",
final forces cleaned='true',
use dipole correction="true",)

structure.set calculator (calc)

vib=Vibrations (structure,
indices=[48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65
1)

vib.run ()

vib.summary ()

vib.write jmol ()
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Nudged elastic band method calculation for transition state search for periodic system using
ASE package of python and FHI-aims calculator

from ase.constraints import FixAtoms

from ase.io import read, write

from ase.calculators.aims import Aims, AimsCube
from ase.neb import NEB

from ase.optimize.fire import FIRE as QuasiNewton

#calculator settings
def calc():
return Aims(k grid='5 5 4°',

xc="pbe',
vdw correction hirshfeld="true',
spin="none",
relativistic="atomic zora scalar",
sc_iter limit="300",
compute forces="true",
final forces cleaned='true',
use dipole correction="true",)

# Read the previous configurations
initial = read('reac.traj')
final = read('prod.traj')

# Make total 7 images including the reactant and product
images = [initial.copy() for i in range(6)] + [final]

#define atoms to freeze
freeze=FixAtoms (indices=[12,36,14,38,18,42,16,40,0,24,2,26,6,3
0,4,28,45,21,47,23,33,9,35,111])

# Make the NEB object, interpolate to guess the intermediate
steps

neb = NEB(images)

neb.interpolate ()

#slab.set constraint (freeze)

for image in images:
image.set calculator (calc())
image.set constraint (freeze)

# optimize the NEB path:
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minimizer = QuasiNewton (neb, trajectory='neb.traj')
minimizer.run (fmax=0.05)
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Machine learning based Nudged elastic band method calculation for transition state search

for periodic system using ASE package of python and FHI-aims calculator

from ase.io import read

from ase.neb import NEB

from ase.optimize import BFGS

from catlearn.optimize.mlneb import MLNEB

from ase.neb import NEBTools

from ase.calculators.aims import Aims, AimsCube

# Read the previous configurations
initial = read('reac.traj')

final = read('prod.traj')

seven=15

#run the neb
neb catlearn = MLNEB (start=initial,
end=final,
ase calc=Aims(k grid='5 5 4',
xc="pbe',
vdw correction hirshfeld="true',
spin="none",
relativistic="atomic zora scalar",
sc_iter 1limit="300",
compute forces="true",
final forces cleaned='true',
use dipole correction="true",),
n_images=seven,
interpolation="idpp', restart=True)

neb catlearn.run(fmax=0.05, trajectory='ML-NEB.traj')
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