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In a scenario of declining fossil resources and increasing demand for renewable and sustainable

alternatives, biomass is the only source able to offer an easy and gradual transition in the use of
current energy technologies based on the exploitation of carbon derivatives. Its conversion to liquid

DO 00.00 00000000000

fuels has oriented our study towards the computational mechanistic analysis of the guaiacol catalytic
hydrodeoxygenation, which is currently considered one of the most challenging routes for upgrading
biomass-derived bio-oils. For this purpose, a subnanometric Pt;q platinum cluster was chosen as
the catalyst model, being Pt a computational reference element for catalytic hydrogenation, and
guaiacol as a model compound of bio-oils. DFT calculations revealed that the energy barriers related
to the cleavage of C(sp?)-O bonds in the direct deoxygenation mechanism are significantly lower
(by an average of 60 kJ mol™!) than those in the deoxygenation-through-hydrogenation mechanism
in which C(sp®)-O bond breaking from saturated ring occurs. Even if the ring hydrogenation is
easier in the oxygenated compound, the analysis reveals that the direct deoxygenation mechanisms is
favoured at all temperatures. Furthermore, the results obtained highlight that, from a thermodynamic
perspective, the removal of oxygen groups preferentially occurs by the elimination of the —OCH;
fragment as methanol and then of the —OH fragment as a water molecule.

1 Introduction transportation fuel.® However, their liquid form facilitates further

processing making bio-oils key intermediates in the conversion of

Currently, fossil fuels are the main source of energy because of
biomass to hydrocarbon products. Although these exhibit mainly

their good anti-knocking properties, high calorific and heating

values; however, reserves are limited. T2 In this scenario, renew-
able energies sources offer a great potential to complement the
depleting energy reserves and to significantly decrease the antro-
pogenic greenhouse gas (GHG) emissions into the atmosphere. 2
Among alternative energy sources, lignocellulosic biomass (LC)
has received amplified attention during the last decade because it
represents the most abundant reservoir of renewable carbon that
is easily accessible on earth.# It could provide a viable means
of reducing the GHG impact of fossil fuels in the transportation
sector. 1% Fast pyrolysis is a promising method to convert solid
biomass into liquid bio-oils in the absence of oxygen. How-
ever, the bio-oils produced by pyrolysis are a complex mixture of
oxygenated components and, as such, have neither the chemical
nor physical properties to compete with petroleum distillates as a
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cyclic structures, rather than linear chains as in petroleum, their
use should not be limited by this characteristic.”!

In this context, catalytic hydrodeoxygenation (HDO) is consid-
ered to be one of the most challenging process for LC biomass-
derived bio-oils’ upgrading.1% Although a number of bio-oil HDO
processes have been studied,™ bio-oils derived from different
feedstocks typically consist of more than 400 different organic
compounds, which significantly complicates the study of catalytic
activities and reaction pathways of the involved processes. Hence,
it is important to select model compounds that represent the raw
bio-oils for providing basic insight into the HDO process.

One of the most relevant aspects in the study of HDO concerns
the order in which the hydrogenation and deoxygenation steps
occur. Both of them are necessary to obtain biofuels, but deoxy-
genation has a primary role,difference actually involving the re-
moval of oxygenated groups (such as —OH, —OCHj;) which are
responsible for the instability of the bio-oils. Generally, two paths
have been proposed for the hydrodeoxygenation mechanisms: (a)
deoxygenation-through-hydrogenation (HYD) in which aromatic
ring hydrogenation occurs first being, then, followed by the re-
moval of oxygen via C-O hydrogenolysis from the satured hydro-
carbon ring; (b) direct deoxygenation (DDO) which involves the
cleavage of the Ar-O bond via hydrogenolysis before ring satura-
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tion.12ALo

Several catalysts have been applied for HDO of phenolic com-
pounds, 10718l e ¢ metals supported on carbon nanostructures,
zeolites, carbides, oxides, and even bifunctional catalysts1223l in
which the synergic effect between the metal and acid sites seems
to have a crucial role.

Regarding metal selection, it has been shown that the use of
noble metals (e.g. Pt, Ru, Ir) provides high yields of hydrocar-
bons. However, owing to their high cost, there is a growing inter-
est in non-noble metals, such as Ni and Co.1214124:26/ N1yr7in and
coworkers actually claim that Ni-based catalysts can be consid-
ered an effective alternative to noble metals due to their low cost
and dual functionality towards hydrogenation and hydrogenol-
ysis.2Z730 Many studies suggest that the reaction pathway over
noble metals is different from those occurring on other transition
metal catalysts, and propose HYD mechanism as the predominant
reaction pathway rather than DDO.1331

Cluster catalysis, performed through metal or metal-containing
systems with a definite numbers of atoms, is a research area
that requires high sinergy between experimental and computa-
tional approaches.233233 The great variety of possible cluster
structures, and their fluxionality, can be exploited to design new
systems with tunable catalytic properties, defined by a proper
choice of their sizes, shapes and dispersion degrees on a sup-
port 12215435 1y this broad context, the present work aims to
study both the HYD and DDO mechanisms proposed for the hy-
drodeoxygenation of guaiacol on a subnanometric ten-atom plat-
inum cluster. This in order to create a reference study for these
kind of catalized reactions, showing data and descriptors that can
be employed to evaluate the effects of customizing the catalytic
model,as an example changing either the metal or the shape of
the cluster, or fixing the latter on a given support.

2 Models and Computational Details

2.1 Models

A cluster of platinum with ten atoms, having tetrahedral symme-
try and spin multiplicity 9,207 was chosen as a representative
of catalytic species consisting of subnanometer-sized clusters. Its
structure, represented in Figure [1} shows the presence of atoms
with different coordination: the four atoms at the top of the clus-
ter have coordination number three, the remaining six atoms have
coordination number six. Pt, is topologically relatable to a tetra-
capped octahedron: six atoms form an octahedron whose triangu-
lar faces alternately show a cap, i.e. they have an additional atom
arranged perpendicular to the center of the face itself. This ge-
ometry is the result of global optimization of Pt clusters up to ten
atoms, as reported by Demiroglu et al.®Z Among the subnanome-
ter clusters, Pt;, exhibits large stability due to the number of its
valence electrons that allow it to be filled with multiple electronic
shells (magic number). S8l 1n jts optimized structure Pt; has aver-
age Pt-Pt bond lenghts of 2.71 A and a cohesive energy of 275.4
kJ mol~!. The hypotheses that both the hydrogen molecule frag-
mentation and H-atom diffusion among the catalyst sites are very
easy processes were already tested in other investigations. 2034139
As a matter of fact DFT calculations revealed that hydrogen atoms
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Fig. 1 (a) The Ptyg cluster used as subnanometric catalyst model; (b)
the guaiacol molecule, whose atoms are numbered according to IUPAC
rules. In the cluster, the orange and aquamarine colors indicate the
coordination sites 3 and 6, respectively.

can reach any configuration in the cluster and that the diffusion
phenomena have to be considered essentially barrier-free when
compared with the activation barriers typical of the HDO reac-
:on 40

tion.

Guaiacol (2-methoxyphenol), a component of celery seed, to-
bacco leaf, orange leaf and lemon peel essential oils, was chosen
as catalytic substrate.2! It is an interesting compound for HDO
mechanism studies since the —OH and —OCH; groups are repre-
sentative of a large number of oxygen-containing components in
lignin-derived bio-oils, such as eugenol and vanillin. 42>

2.2 Computational details

All calculations were performed in the framework of DFT, using
Gaussian 16 package.4® DFT calculations were carried out using
the B3LYP hybrid exchange correlation functional,#% to which the
D3 correction scheme, developed by Grimme, was added to ac-
count for dispersion interactions.“® The lanl2dz basis set of Hay
and Wadt4?>0 was used for each calculation. It employs Dun-
ning’s basis set (D95)2L for light atoms (H, C, and O) and, for
platinum, a double-zeta valence basis set associated to a pseu-
dopotential. Polarization functions consisting of primitive Gaus-
sians having angular momentum and exponents in accordance
with the following scheme were added to the D95 basis set:
H(s: 0.049, p:0.587), C (p: 0.0311, d:0.587), and O (p:0.0673,
d:0.961). These functions were retrieved from the EMSL Basis
Set Exchange website.>2

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



3 Results and discussion

In the present investigation both the proposed mechanisms for the
guaiacol HDO process were studied in order to evaluate whether
deoxygenation occurs more readily from guaiacol, by breaking a
C(spz)—OH/ OCH, bond (DDO), or from 2-methoxycyclohexanol,
through the cleavage of a C(sp>)—OH/ OCH,4 bond (HYD). In ad-
dition, it was aimed even to investigate the formation of sec-
ondary products, which might deactivate the catalyst by conse-
quently reducing its activity and selectivity, or whose formation
could be considered of special interest in other production pro-
cesses. Ultimately, the mapping of the HDO process of guaiacol
allows us to compare the same process on the isoeugenol species,
which was studied at the same computational level and with the
same catalyst, in order to understand whether structurally sim-
ilar molecules may have a correspondingly similar reactive pat-
terns. 40

It is worth to note that other pathways could connect guaiacol
to cyclohexane, including those where intermediates originating
from dehydrogenation reactions (i.e. of the methyl or hydroxyl
group) are involved.># To these could be added the high number
of transformations a molecule such as guaiacol can undergo. 125>
Here we actually considered only the direct defunctionalization
reactions, from both the guaiacol (fully unsaturated phenyl ring)
and 2-methoxycyclohexan-1-ol (fully saturated ring) molecules.

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

3.1 HYD mechanism

The HYD mechanism of guaiacol involves the hydrogenation of
the benzene ring with the formation of 2-methoxycyclohexan-1-
ol and the subsequent removal of the oxygenated groups (—OCHgq
and —OH); from 2-methoxycyclohexan-1-ol, depending on the or-
der and chemical form whereby the oxygenated components are
removed, three different pathways arise (Scheme: (1) removal
of the —OCH, group as CH;OH, leading to cyclohexanol, whence
cyclohexane is obtained by loss of H,O; (2) removal of the —OH
group as water and subsequent formation of methoxycyclohexane
from which, by removal of CH;OH or CH, and water, the cyclo-
hexane is obtained; and (3) removal of the methyl group as CH,
from the OCH, fragment with formation of cyclohexane-1,2-diol,
finally yielding cyclohexane through the elimination of two water
molecules.

Hydrogenation of the benzene ring follows a Horiuti-Polanyi=°
scheme involving the consecutive addition of hydrogen adatoms.
Since the carbon atoms of the ring are not equivalent due to elec-
tronic effects of substituents and metal/substrate interactions that
sometimes generate metastable geometries with increased reac-
tivity, each carbon atom of the ring was considered, at least for
the addition of the first hydrogen atom, to be a potentially re-
active hence hydrogenable site. Based on kinetic and thermody-
namic criteria, respectively governed by lower energy barrier and
higher relative stability of the intermediate in the involved stage,

OCH3

methoxycyclohexane
+2H | -H,0

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

OCHj OCHj
+6H +2H +2H
. L . =,
-CH,0H “H,0

guaiacol 2-methoxycyclohexan-1-ol  cyclohexanol cyclohexane

+2H | -H,0
OH

cyclohexan-1,2-diol

Scheme 1 Guaiacol conversion to cyclohexane according to HYD mech-
anism: schematic routes

the first hydrogen atom showed to be preferentially added on C6
(Figure [2). For the addition of the subsequent hydrogen atoms,
we considered as potential sites for hydrogen attachment only
the carbon atoms in ortho to the progressively added hydrogen
atoms. As a matter of fact, as evidenced in experimental stud-
ies conducted on the hydrogenation of benzene68 and in our
previous computational work,4? these carbon atoms appear to be
activated by the vicinal presence of a hydrogen atom. On this ba-
sis, from intermediate I, the addition of a second H atom on the
C1 and C5 centers was considered. The species preferentially ob-
tained is 2-methoxycyclohexa-2,4-dien-1-ol (II; energy barrier of
88.2 kJ mol~! for hydrogenation of C1 and desorption energy of
273.2 kJ mol~! with BSSE = 28.0 kJ mol~!), which, by addition
of a third H atom to C5 of the ring, leads to intermediate III. By
virtue of a lower energy barrier of about 16 kJ mol~', addition of
the fourth hydrogen atom occurs preferentially on C2 leading to
the 2-methoxycyclohex-3-en-1-ol (IV; desorption energy of 158.2
(BSSE = 22.4) kJ mol~!). From this one, the last carbon atoms
of the ring (C3 and C4) were considered as potential sites avail-
able for hydrogenation. Both the energy barrier (26.2 vs 34.3
kJ mol~!) and the relative stability of the resulting intermediate
(-18.5 vs 24.2 kJ mol~!) suggest that the addition of the fifth hy-
drogen occurs preferentially on C4 leading, by successive addition
of the last H atom to C3, to the 2-methoxycyclohexan-1-ol species
(VI), whose desorption energy is 102.3 (BSSE = 19.0) kJ mol~!.

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

The first route (pathway 1) involves the formation of cyclohex-
ane through the removal of —OCH; as methanol and the sub-
sequent removal of —OH as water. Therefore, the first elemen-
tary step entails cleavage of the C2-O bond and adsorption of the
OCH, fragment on the upper portion of a side edge of the clus-
ter. The cleavage is characterized by an energy barrier of 137.7 kJ
mol~! and leads to the (int1 +CH;0)/Pt;, species with an energy
release of 66.5 kJ mol~! (Figure [3).

In order to proceed with HDO reaction, a new H, molecule
was fragmented on the cluster (Figure S1 of ESI}); thus the re-
sulting (int1+CH30)/Pt;,2H species was used as a reactant for
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Fig. 2 Representation of the complete saturation of the aromatic ring
of the guaiacol species adsorbed on the Pty cluster. In the molecular
species, the yellow circles indicate the interaction sites of the molecule
itself with the cluster, which is instead represented by a small rectangle
containing the adsorbed hydrogen atoms (green circles). To the right of
each species, the first number indicates the position where the catalytic
hydrogen is added, the second is the energy barrier and the third is the
reaction energy, both referred to the reactant of the elementary step. All
energy values are expressed in kJ mol~!. The first catalytic hydrogenation
starts from guaiacol, the second from I1+2H (2-methoxycyclohexa-2,4-
dien- 1-ol), and the last from IV+4+2H (2-methoxycycloes-3-en-1- ol).

the formation of chemisorbed methanol, whose desorption en-
ergy was calculated to be equal to 91.9 kJ mol~!, with BSSE = 8.8
kJ mol~!. Following the desorption of methanol, there is the
diffusion of an H atom through the cluster sites towards the
unsaturated C2 atom of the ring. From the resulting species,
(int1+CH30)/Pt;,H, there is a shift of an H atom to C2 of the
ring (energy barrier of 106.5 kJ mol~!) with formation of the ad-
sorbed cyclohexanol, which is less stable than the reactant species
of 43.3 kJ mol~!. Cyclohexanol could desorb from the cluster
with an energy of 117.8 (BSSE = 16.9) kJ mol~!, representing a
secondary reaction product. In the main reaction pathway, how-
ever, cyclohexanol/Pt;, undergoes C1-O bond cleavage. The el-
ementary stage involved is characterized by a very high energy
barrier of 192.1 kJ mol~! and leads to a species, (int2+OH)/Pty),
in which the OH fragment is adsorbed on the upper portion and
between the two metal centers of a cluster edge.

For the removal of the OH species as water, a second H,
molecule was fragmented on the cluster. The resulting species,
(int2+OH)/Pt;,2H, is characterized by the presence of an H
atom on an edge adjacent to the OH fragment and a second
H atom on a far site of the cluster. The elementary stage in
which this species becomes the reactant involves the transfer
of an H atom to the O atom of the adsorbed fragment (energy
barrier of 89.3 kJ mol~!) with formation of chemisorbed H,0
(Figure S2a of ESIt). In order to proceed with the reaction, the
H,0O molecule was desorbed from the cluster —desorption en-
ergy of 66.5 (BSSE = 5.4) kJ mol~!'— and the H atom, adsorbed
and shared between two Pt atoms, diffused near the unsatu-
rated C1. From the obtained species, int2/Pt;,H, origins thus the
cyclohexane/Pt,, species, 9.2 kJ mol~! more stable than its reac-
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tant, through the crossing of a low energy barrier, 54.7 kJ mol~!
(Figure S2b of ESI}). The resulting cyclohexane can desorb from
the cluster with an energy of 89.6 (BSSE = 16.6) kJ mol~!.

Pathway 2 suggests firstly the elimination of the —OH group as
water and then the removal of the remaining oxygenated group
as methanol, if C2-O bond breaking occurs, or methane, if O-CHg
bond cleavage happens instead. In the latter case cyclohexane is
obtained by removal of two water molecules. The early two ele-
mentary stages common to both bifurcations involve C1-O bond
cleavage and methoxycyclohexane formation, respectively. Partic-
ularly, in the first elementary stage (Figure [4), there is, through
the overcoming of an energy barrier of 157.7 kJ mol~!, the break-
ing of the C1-O bond from 2-methoxycyclohexan-1-ol leading to
a remarkable stabilization of the (int3+OH)/Pt; system; the lat-
ter is characterized by the OH fragment adsorbed as bridge be-
tween two metal centers on an upper edge of the cluster, and the
int3 showing O-Pt (bond length 2.22 A) and C1-Pt (bond length
2.06 A) interactions. The adsorbed OH, after fragmentation of an
H, molecule on the cluster, can undergo hydrogenation hence
desorption as water. In the second elementary step, from the
int3/Pt; H species, there is the transfer, characterized by an en-
ergy barrier of 102.7 kJ mol~!, of an H atom to the unsaturated
C1 of the ring with the formation of methoxycyclohexane/Pt;,
—desorption energy of 128.8 (BSSE = 18.9) kJ mol~!—, which
is less stable than the intermediate that preceedes it by 48.4 kJ
mol~!. Methoxycyclohexane/ Pt;, represents the species from
which two alternative paths leading to cyclohexane are branched.
According to one ramification (depicted in blue in Figure [, the
first elementary step includes, by crossing an energy barrier of
185.9 kJ mol~!, the breakage of the C2-O bond with formation of
the (int4+CH;0)/Pt,, species, featuring the OCH, fragment ad-
sorbed on the upper portion of the cluster edge. Following frag-
mentation of a new H, molecule on the cluster, the CH;0 could
be hydrogenated to methanol and desorb. The resulting species,
traceable to int2/Pt; H from pathway 1, is hydrogenated on the
unsaturated C2, giving cyclohexane. In the alternative bifurca-
tion (shown in green in Figure [4), on the other hand, a slightly
higher energy barrier (206.3 kJ mol~!) is in the way for the O-
CH; bond breaking. The (int5+CH,)/Pt;, species, less stable by
ca. 50 kJ mol~! than the methoxycyclohexane/Pt;, species, ex-
hibits a dangling oxygen atom interacting with the Pt atom at the
apical position (O-Pt bond length of 1.89 A) of the cluster and the
adsorbed CH; fragment.

The last investigated route (pathway 3) involves the early elim-
ination of methane (desorption energy equal to 23.4 kJ mol~!
with BSSE = 4.5 kJ mol~! ), which would lead to cyclohexane
and two water molecules through the following formation of
cyclohexane-1,2-diol and cyclohexanol. Overcoming an energy
barrier of 161.0 kJ mol~!, from the 2-methoxycyclohexan-1-ol
there is an O-CH; bond scission leading to the (int6+CH,)/Pt;,
species (Figure . The latter, in addition to the CH; fragment
being adsorbed on the Pt atom at the apical position, is character-
ized by two interactions, at the level of the oxygen atoms, with the
adjacent metal centers of the upper portion of cluster edge. In the
next elementary stage, due to fragmentation of an H, molecule
on the cluster, methane generation occurs by transfer of an H
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Fig. 3 Reaction profile showing C2-OCH3 bond cleavage together with the shift of the CH;0O fragment on an edge of the cluster (HYD pathway 1).
After addiction of H, molecule (which fragments on the cluster) and desorption of the methanol molecule, the formation of cyclohexanol with the

subsequent cleavage of the C1-OH bond occur.
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Fig. 4 Elementary steps related to the transformation on the platinum cluster of 2-methoxycyclohexan-1-ol to methoxycyclohexane and the OCH3
loss from the latter (HYD pathway 2). The first step illustrates the breaking of C1-OH bond. After fragmentation of a new H, molecule on the
cluster and the formation and desorption of water, the formation of methoxycyclohexane occurs through hydrogenation on C1. In the following steps
the breaking of the C2-OCH3 bond with the subsequent formation of methanol adsorbate (shown in blue), or the cleavage of the O-CH3 bond in the

methoxyl group to obtain methane (in green) is shown.
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Fig. 5 The reaction profile according to the HYD pathway 3: after the O-CH3 bond breaking in the methoxyl group, with the formation of the int6
and CHj3 species coadsorbed on Pt;q, methane desorbs following a H, molecule fragmentation. The formation of cyclohexan-1,2-diol/Pt;o occurs by
hydrogenation of the dangling oxygen and is followed by the cleavage of the C2-OH bond.

atom to the C of the fragment. The subsequent desorption of
methane and diffusion of the hydrogen atom through the cluster
in the closeness of the dangling oxygen leads to the int6/Pt10Hb
species, from which there is the formation of cyclohexane-1,2-
diol/Pt;,. For this process, which requires oxygen atom hydro-
genation, an energy barrier of 175.0 kJ mol~! and a desorption
energy of 94.3 (BSSE = 19.6) kJ mol~! for cyclohexane-1,2-diol
was calculated. From it, there is C2-O bond breakage (energy
barrier 157.3 kJ mol—!) with a considerable stabilization of the
resulting species, (int7+OH)/Pt,,, in which the OH fragment is
shared between two Pt atoms, and int7 interacts via O and the
unsaturated C2 with two differently coordinated Pt atoms. As
discussed for pathway 2, through the breaking of the C1-O bond
(energy barrier: 192.1 kJ mol~!), the removal of water and the
saturation of C1 (energy barrier: 54.7 kJ mol~! in Figure S2),
cyclohexane is formed on Pt from cyclohexanol.

3.2 DDO mechanism

The direct deoxygenation (DDO) mechanism of guaiacol involves
firstly the removal of the oxygenated groups and then the hy-
drogenation of benzene to cyclohexane. Regarding deoxygena-
tion, the order in which group removal can occur opens up dif-
ferent pathways, reported schematically in Scheme [2] If the first
removed group is the —OH one the formation of anisole occurs
(desorption energy 126.0 kJ mol~!, with BSSE = 22.6 kJ mol™1),
from which two ramifications branch off to form benzene: one
involves demethoxylation and the other a process of demethana-
tion; in the latter case phenol can be formed. On the other hand,
if the first group removed from guaiacol is the —OCH;, phenol
forms directly, which evolves to benzene. Alternatively, guaiacol
could undergo demethanation to form catechol, which through
the removal of two water molecules leads to the formation of
benzene. The latter, generated from either one or more of the
three proposed pathways, is subsequently hydrogenated to cyclo-
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Scheme 2 Guaiacol conversion to cyclohexane according to DDO mech-
anism: schematic routes

hexane.

The first reaction pathway involves the elimination of the
—OCH, group to obtain phenol which, through the removal of a
water molecule, gives benzene. The initial elementary step of this
channel (Figure |§[) involves the cleavage of the C2-O bond (en-
ergy barrier of 129.2 kJ mol~!) along with the migration of the
OCH, fragment to a platinum atom, its hydrogenation and sub-
sequent desorption. If a comparison is done with the demethoxy-
lation energy barrier calculated by Lee et al.®? for guaiacol on
Pt(111), it turns out that when the platinum is reduced to sub-
nanometric size the involved energy barrier can be sensibly lower.
This occurrence, as well as other significant differences, can ten-
tatively be explained taking into account the higher susceptibility
to distortion of a cluster® with respect to the platinum surface.

It is now interesting to note that in the (intl’ +0CH;)/Pty,
species, the hydrogen bond, which is established between the hy-
droxyl H and methoxyl O centers, is reduced from 2.16 A, (the
length of the hydrogen bond in the guaiacol), to 1.60 A. This



means that methanol formation occurs almost instantaneously
by displacement of the hydroxyl H atom and without the in-
tervention of hydrogen activated by the catalyst. In addition,
the hydrogen bond length of 1.47 A in the (int2’+CH;OH)/Pt;,
product suggests a near-sharing of the hydrogen atom between
two oxygen atoms, probably favored by the small size of the
metal cluster. Starting from the (int2’ +CH;0H)/Pt,, species,
after fragmentation of a H, molecule on the cluster, the reac-
tion continues with the restoration of the —OH group in the
int2’. In order to deepen this aspect, it was decided to test
to what extent the presence of methanol is able to influence
this elementary stage by investigating the hydrogenation of dan-
gling oxygen both with and without adsorbed methanol. In
the former case, the energy barrier required for the conversion
of (int2'+CH,OH)/Pt;(2H to (int3'+CH,OH)/Pt;H is 49.9 kJ
mol~!, which is three times lower than that needed for the con-
version of int2'/Pt;(2H to int3'/Pt;yH (167.1 kJ mol 1), as illus-
trated in Figure S3 of ESIj. Furthermore, the hydrogenation of
O atom in (int2’ +CH;OH)/Pt;42H occurs with an energy release
of 28.4 kJ mol~!, to be compared with the 11.4 kJ mol~! en-
ergy required for the same process in the absence of coadsorbed
methanol. It is interesting here to observe the upshots related to
the presence of the adsorbed methanol which apparently could
be, at a first glance, thought of as a spectator species and which
instead might locally act either electronically or sterically by in-
ductive or proximity effects, respectively. The following hydrogen
bond weakening, due to the restoration of the —OH group, fa-
cilitates methanol desorption. The resulting species, int3'/Pt; H,
undergoes hydrogenation on C2 (energy barrier of 63.3 kJ mol~1)
and the process is characterized by an energy release of 34.4 kJ
mol~! related to phenol/Pt,, formation. The calculated energy
for phenol desorption is 132.8 (BSSE = 24.1) kJ mol~!. How-
ever, for benzene to form, water must be removed. This requires
overcoming an activation barrier of 96.4 kJ mol~! for cleavage
of the C1-O bond and obtaining the (int4’+OH)/ Pt;, species that
is more stable than phenol by about 30 kJ mol~!. The adsorbed
OH fragment is subsequently hydrogenated and removed as wa-
ter; the adsorbed int4 species, on the other hand, is converted to
benzene following hydrogenation of the unsaturated C1 carbon,
a process characterized by a negligible energy barrier of 10.4 kJ
mol~! (Figure S4 of ESIY).

The second pathway proposed for the DDO mechanism in-
volves the removal of the —OH group with the formation of
anisole from which, either by loss of the —OCHj or of the —CH,4
fragment (in this case passing through phenol), benzene is ob-
tained. We note here that the C-OCH; bond cleavage in anisole
would be, again, a relatively easy step, opposite to the same pro-
cess as it would occur for anisole in the Pt(111) surface.24 It
seems that also in this case the flexibility of the subnanomet-
ric cluster plays a fundamental role. In the transition state of
this elementary process it can be indeed argued that the incipi-
ent phenyl radical which origins from the cleavage is stabilized
by strong interactions with a distorted cluster. From benzene, by
addition of three catalytically activated hydrogen molecules, cy-
clohexane is achieved. The first elementary stage of this pathway
occurs by crossing an energy barrier of 163.9 kJ mol~!, which is

actually needed to break the C1—-OH bond and thus obtain the
(int5'+OH)/Pt,, species with the OH fragment adsorbed on a
three-coordinate metal center of the cluster (Figure . The sub-
sequent fragmentation of a new H, molecule triggers the forma-
tion and desorption of water, as well as the restoration of the sys-
tem aromaticity. This process takes place in the second elemen-
tary stage in which, starting with the int5’/Pt; H species, there
is the transfer of an H atom to the unsaturated C1 of the ring
with formation of anisole/Pt;,, which is more stable by about
29 kJ mol~! than the intermediate reactant and for which the
overcome of a relatively low energy barrier of 65.4 kJ mol~!
is required. Starting from the anisole/Pt;, species two mecha-
nisms can take place. The C2-O bond breaking, characterized
by an energy barrier of 70.2 kJ mol~!, results in the formation
of the (int6’ +OCH;)/Pt;, species. This, which is more stable
than the chemisorbed anisole by 41 kJ mol~!, has the OCHj frag-
ment shared between two differently coordinated Pt atoms in the
upper portion of an edge of the cluster. The fragment, follow-
ing the dissociation of a H, molecule on the cluster, is hydro-
genated to CH;OH and desorbs. The resulting species, as already
stated, readily undergoes hydrogenation on C2 giving a benzene
molecule. Alternatively, there is the cleavage of the O-C bond
in the —OCH, group, for which an energy barrier of 138.2 kJ
mol~! must be overcame; the obtained (int7’ +CHj3)/Pty species
is characterized by the CH; fragment on the Pt atom at the apical
position and the presence of a dangling oxygen atom of the inter-
mediate that interacts only via the ring carbons with the cluster.
A hydrogen molecule dissociated on the cluster and hydrogenates
the chemisorbed fragment to methane. This, following the des-
orption of the latter and the diffusion of the second H atom, leads
to the int7’'/Pt;,H species. From the latter, by the transfer of one
H atom to the dangling O of the ring (energy barrier of 83.2 kJ
mol '), chemisorbed phenol is formed, which, reconnecting with
the first proposed pathway, leads to benzene/Pt;,.

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

The benzene molecule obtained in the three DDO pathways
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Fig. 6 The reaction profile corresponding to the DDO pathway 1: at first the cleavage of the C2-OCHj3 bond with the formation of the
(intl’+OCH3) /Pty species occurs along with intramolecular hydrogenation of the OCH3 fragment. The hydrogenation, by catalyst-activated hydro-
gen, of the dangling O of int2’ in the presence of adsorbed CH3OH follows. After, the desorption of methanol with the restoration of aromaticity gives
phenol/Pt;g, while the subsequent cleavage of the C1-OH bond results in the (int4'+OH)/Pt;, species formation.
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Fig. 7 Elementary steps for the second DDO pathway: the cleavage of C1-OH bond from guaiacol /Pt gives the (int5'+OH)/Pt;q species that, after
a H, molecule intervention and water desorption, is transformed to anisole/Pt;y through the restoration of the phenyl ring. The latter can follow two
paths: the C-OCH3 bond breaking, which gives ultimately raise to methanol and benzene (blue lines) or the OC-CH3 bond breaking, which instead
produces methane, benzene and water (green lines), through phenol as intermediate species.
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through C2-OH bond cleavage.

(which could desorb with an energy of 167.5 kJ mol~!, BSSE =
26.4 kJ mol~!) must be transformed, by consecutive hydrogena-
tions, to cyclohexane. Whereas in the HYD mechanism there
is the combination of two factors (the electronic effects of sub-
stituents and the metal/substrate interactions) complicating the
choice of the favorite site for hydrogenation, in this case the addi-
tion of the first hydrogen atom is governed only by the presence
of the metal/substrate interactions. On this basis, the only carbon
atoms available to hydrogenation are those for which interaction
with Pt atoms in the cluster occurs. In view of this, the addition of
the first hydrogen atom was only considered on four carbon atoms
of the ring, numbered as 1, 2, 5 and 6 in Figure@ C6 is the carbon
atom that preferentially undergoes hydrogenation by virtue of its
lower energy barrier (82.4 kJ mol~!) with respect to the alterna-
tive sites and the higher stability of the obtained intermediate. For
subsequent hydrogenations, as mentioned above, carbon atoms in
the ortho- position with respect to the pre-existing H atom(s) are
identified as potential sites for hydrogenation. The carbon atoms,
ortho to C6, on which the addition of the second H atom was
considered are thus 1 and 5. The lower energy barrier (83.6 vs.
103.4 kJ mol~!) suggests that hydrogenation takes place prefer-
entially on C5, leading to cyclohexa-1,3-diene (desorption energy
of 190.9 kJ mol~! with BSSE = 24.1 kJ mol~!). From it, the ad-
dition of a third H atom to C4 (very low energy barrier of 24.9 kJ
mol~!) results in an energy release of 22.1 kJ mol~! due to the
formation of the intermediate species Illa. Then, following the
transfer of an H atom to C3, there is the formation of the stable
cyclohexene species, for which a desorption energy of 154.2 kJ
mol~! with BSSE =21.6 kJ mol~! was calculated. On the basis of
lower activation energy (35.4 vs 85.9 kJ mol~!) and higher rela-
tive stability of the intermediate involved (17.6 vs 40.1 kJ mol~1),
the C2 is considered the favored site for the addition of the fifth
H atom and, finally, the Va intermediate undergoes hydrogena-
tion on C1 leading to the formation of the adsorbed cyclohexane.
The calculated desorption energy for cyclohexane finally resulted

T Ta
i K
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TornsTng Y Y 1. 103.4; 65.3
& @ 5.993,377 BYLD [5.83.6.635)
ey 6. 82.4;-29.5 @
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2.35.4;17.6

Fig. 9 Representation of the complete saturation of benzene on the Pt
cluster. The yellow circles indicate the interaction sites of the molecule
with the cluster, which is instead represented by a small rectangle con-
taining the adsorbed hydrogen atoms (green circles). To the right of
each species, the first number indicates the position where the catalytic
hydrogen is added, the second is the energy barrier of the corresponding
elementary step, and the third is the energy of the product referred to its
reactant. All energy values are expressed in kJ mol~!. The first catalytic
hydrogenation starts from benzene, the second from lla+2H (cyclohexa-
1,3-diene), the last from IVa+2H (cyclohexene).

equal to 85.0 kJ mol~! with BSSE = 17.6 kJ mol~!.

3.3 Kinetic analysis

In the previous sections we discussed eight possible mechanisms
for the conversion of guaiacol to cyclohexane on the Pt clus-
ter, which are summarized in Schemes[I] and [2] The results of
DFT calculations comprise energy barriers and relative energies
of minima on the potential energy surface. These results would
indicate that, in the early stage of the reaction, the hydrogena-
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tion of the phenyl ring would be kinetically favored with respect
to deoxygenation, but this latter would have higher probability to
occur just from guaiacol instead of the full hydrogenated product,
methoxycyclohexanol. In order to better discriminate the fastest
mechanism we used a microkinetic analysis instead of basing our
conclusions on the inspection of energy barriers. In particular, the
Simplified Christiansen Method (SCM) recently developed and
described in23'¢L was employed. Since the desorption of the final
product, cyclohexane, is significantly affected by entropy varia-
tion and, in turn, affects the rate of the whole reaction, the SCM
analysis was performed in terms of Gibbs free energies as a func-
tion of the temperature. As it can be concluded from Tables S1-S3
of ESIt, the use of AG instead of Ezpy has a negligible effect on
the barriers and intermediate energy differences, but has indeed
a major influence on the desorption energies of all stable inter-
mediates.

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

The HYD channel passing through methoxycyclohexane, which
directly transforms to cyclohexane, is slightly preferred over the
other pathways. The analysis indicated that the C-OH cleavage in
2-methoxycyclohexa-1-ol (product of the phenyl ring hydrogena-
tion of guaiacol) is slightly favored with respect to the C-OCH3
one and that, conversely, the O-CH3 bond breaking, to ultimately
form methane, is always the less favored process. However, all
HYD routes but the one involving methane production have es-
sentially the same reaction rate. According to what was antic-
ipated on the basis of energy barriers (for the sake of compar-
ison, the SCM-calculated reaction rates at various temperatures
in terms of Ezpy are reported in Table S7), the full reduction of
phenyl ring in guaiacol is a kinetically easy process, but the rate of
the HYD mechanisms are negatively affected by the slow process
corresponding to the C-O cleavage.

4 Conclusions

The present investigation, framed in the context of the constant
demand for renewable and eco-sustainable alternatives, aims
to provide an atomistic-level analysis of the “direct deoxygena-
tion” (DDO) and “deoxygenation-through-hydrogenation” (HYD)
mechanisms for the hydrodeoxygenation reaction of guaiacol
catalized by a subnanometric platinum cluster. Although sev-
eral experimental and computational studies suggest the predom-

10 | Journal Name, [year], [vol.], 1

inance of a mechanism rather than another depending on the
metal used (as an example, noble or non-noble), this may not
be true in the investigated catalytic model since processes on sub-
nanometer clusters do not necessarily follow the established rules
of heterogeneous catalysis and, conversely, represent a chemistry
to be investigated case by case. For this reason, both mechanisms
have been studied being the observations deduced from the DFT
calculations and the SCM analysis of the results are summarized
below.

Even if the early hydrogenation of the phenyl ring in gua-
iacol would be faster than the homolytic cleavage of C(sp?)-O
bonds, on Pt;; the DDO mechanisms is favored with respect to
the HYD one. This because the energy barriers for the breaking
of both the C(sp?)-OCH, bond from guaiacol and the C(sp?)-OH
bond from phenol result substantially lower than for the break-
ing of the C(sp®)-OCH, bonds in 2-methoxycyclohexan-1-ol and
C(sp)-OH bonds in cyclohexanol. In addition, the energy bar-
rier related to the cleavage of the C(spz)—OCH3 bond of anisole
is lower than the corresponding barrier in the fully hydrogenated
equivalent occurring in the HYD mechanism. At O K, the desorp-
tion energies related to the molecular species cyclohexanol and
methoxycyclohexane are lower than the amount of energy re-
quired to overcome the energy barriers for the elementary stages
of C(sp*)-OH and C(sp*)-OCH, bond cleavage, which are neces-
sary for the reaction to proceed. In contrast, in the DDO mech-
anism the desorption of molecular species is more difficult; the
amount of energy calculated for the species desorption is always
greater than the energy barrier for the following elementary stage
of the reaction. These evidences can be attributed to the in-
teraction of the substrate with Pt: in the DDO mechanism, the
aromatic species shows considerable interactions with the clus-
ter through the phenyl ring, which makes it easier to break the
C-O bonds; in the HYD mechanism, on the other hand, the hy-
drogenated species are weakly adsorbed. Consequently, it can be
inferred that in the HYD mechanism only a negligible percentage
of molecules will be able to cross the energy barriers necessary
for the reaction progress and thus only a very small fraction of it
will succeed in yielding the desired cyclohexane as final product.
For the HYD channels the same conclusions hold true at low tem-
peratures if the reaction energetic is formulated in terms of Gibbs
free energies, while in the DDO cases desorption and transfor-
mations become competitive. At higher temperatures desorption
phenomena occur more easily but, according to the microkinetic
analysis, the net effect is always a preference for the DDO mech-
anism. In particular, in the preferred pathway the elimination of
the —OCH; group as methanol is followed by the elimination of
the —OH group as water.
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