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Abstract

The growing demand for renewable and sustainable fuels, protagonists of an in-

creasingly important research area due to the exhaustion of fossil resources, has

oriented our investigation towards the computational mechanistic analysis of the

catalytic hydrodeoxygenation (HDO) reaction of isoeugenol. Having the most

common functional groups, the isoeugenol molecule is actually considered as

an experimental and computational model for typical species of biomass origin.

The reported computational investigation outlines the energy barriers and the

intermediates along the path for the conversion of isoeugenol to propylcyclohex-

ane through a direct deoxygenation mechanims, catalyzed by a subnanometric

metal cluster. For this purpose, the Pt10 platinum cluster was chosen as the

catalyst model, being this noble metal a reference for hydrogenation reaction.

The results obtained rule the formation of the 4-propylphenol intermediate as

the rate determining step for the considered branch of the mechanim, and as

the pivotal point for further ramifications. The present is the first of a series

of studies aimed to a complete mapping of isoeugenol HDO on a Pt cluster,

to be used as reference for further, more focused, investigations, such as those

regarding the effects of the support and of the metal particle size, as well as the

HDO reaction of biomass-derived compounds similar to isoeugenol.
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1. Introduction

Pyrolysis of biomass gives rise to the formation of bio-oils, complex mix-

tures of compounds derived from the rapid and simultaneous depolymerization

of cellulose, hemicellulose and lignin, following a rapid increase in tempera-

ture. Bio-oils are composed mainly by hydroxyaldehydes, hydroxyketones, sug-

ars, carboxylic acids and phenols [1]. Hydrodeoxygenation reaction (HDO) of

lignin-derived bio-oils is currently an important research area due to the deple-

tion of fossil fuel resources, and is devoted to satisfy the increasingly pressing

demand for renewable and sustainable alternatives for the production of fuels,

chemicals and energy. Bio-oils as such are not suitable as fuels due to their acid-

ity and high oxygen content, as well as their instability [2, 3]. Being a mixture

of oxygenated components, they do not have the physico-chemical properties to

compete, as a transport fuel, with petroleum distillates. However, their liquid

form facilitates further processing, making the refining and upgrading of biofuel

into liquid hydrocarbons an important process [4]. Various catalytic pathways

for hydrogenation and deoxygenation of bio-oils have been extensively studied,

but among these HDO is considered the most effective method [5]. Although

there are some studies on the HDO of bio-oils, in order to facilitate the eluci-

dation of the HDO reaction mechanism, it is preferred to replace more complex

species with simpler models, consisting of monomeric lignin compounds. Due to

its molecular structure, which contains the most common functional groups in

bio-oils derived from lignin (i.e. hydroxyl, methoxy and allyl groups), isoeugenol

can be considered as an appropriate and representative molecular candidate

model.

Understanding catalytic processes at the atomic level is a fundamental goal

of chemistry, and catalysis on supported metal cluster (SMC) systems play a

role that is becoming more and more important in the modern chemical industry

[6]. Indeed, following the recent developments of the synthetic methods aimed
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at obtaining small metal cluster systems, the related catalysis approaches have

rapidly become a subfield of heterogeneous catalysis and much effort is at present

dedicated to the creation of specifically tailored SMC catalysts showing high

efficiency and selectivity [7–11]. Stabilized on solid supports, such as metal

oxides, silica, various forms of carbon, zeolites, and others [12–15] SMC are

promising catalytic systems both for academic and industrial applications, being

either able to catalyze reactions otherwise difficult to occur or to be separated

quite easily at the end of the process [16].

Besides that, SMCs possess high surface/volume ratio, another very impor-

tant feature is the presence of metal-to-metal bonds, that is, of nearby metal

sites that offer greater possibilities for binding with the substrate [17]. Since

many important catalytic processes require tightly cooperating metal sites for

reactant adsorption, activation and product desorption, SMCs can be used in a

wide variety of catalytic reactions [16, 18, 19]. SMCs, moreover, can show a cer-

tain structural fluidity during the catalytic process. At high temperatures and

under the influence of metal-support and/or metal-substrate interactions, SMCs

can actually lose their initial stiffness and evolve into fluxional species, gener-

ating metastable geometries that can increase reactivity [20]. The properties

of metal clusters can also be selectively modified by introducing dopant atoms,

which change their electronic structure, their relationship with the support and

their catalytic activity as well [21].

Intensive research in recent years has shown that clusters size has a very

large impact on their reactivity, as well as on the efficiency and selectivity of the

catalytic processes in which they are involved [22]. There is a scalable regime,

in which reactivity changes constantly with cluster size, and a non-scalable size

regime for small clusters, in which reactivity could completely change even after

adding a single atom [23]. This size-reactivity relationship can be explained

in terms of the change in surface morphologies. Advances in this area have

benefited from the development of accurate quantum-mechanical calculations,

which became an increasingly powerful tools for understanding the processes

that rule the structure of the catalyst and, ultimately, its catalytic performance.
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It has been suggested [24–26] that HDO reaction of phenolics may oc-

cur with two limiting mechanisms depending on nature of the metal catalyst:

deoxygenation-through-hydrogenation, HYD, according to which the first steps

involved concern the hydrogenation of the benzene ring, and direct deoxygena-

tion mechanism, DDO, meaning that the saturation of benzene ring occurs

after removal of oxigen-containing groups. The present work is the first of a

series aimed to elucidating, by means of an atomistic approach based on density

functional theory, the whole mechanism of HDO of phenolics on noble and non-

noble subnanometric metal clusters, in order to reveal how the reduced size of

the catalyst may affect the outcomes of the reaction. Here the HDO reaction of

isoeugenol catalyzed by a small platinum cluster is presented. Isoeugenol and

platinum are, in fact, considered as models for compounds of biomass origin and

for hydrogenation catalyst [27, 28], respectively. Among the many foreseeable

pathways, it was decided to follow the DDO mechanims on a platinum clus-

ter in order to create a reference for future investigations with other, possibly

non-noble, catalytic systems and to find key points for possible branches of the

mechanism which could lead to significant differences in catalytic activity and

selectivity between noble and non-noble metals. Further, a reference mechanism

reported for an unsupported cluster can be used to identify the effects that vari-

ous kind of supports could have on important stages of the hydrodeoxygenation

process.

After a short section concerning the preliminary study on H2 fragmentation

and H diffusion on the platinum cluster, the computational data collected on

the elementary processes characterizing the surface species involved in the hy-

drogenation are reported and analyzed to detail one of the possible mechanisms

for the reaction that converts isoeugenol into propylcyclohexane.

2. Computational Details and Models

All the calculations were performed in the framework of density functional

theory (DFT), using the Gaussian 16 package [29]. The B3LYP hybrid exchange-
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correlation functional [30] was used and the D3 correction scheme developed by

Grimme (GD3), which allows one to take into account dispersion interactions

[31], was added to the functional. For the conformational study of isoeugenol,

the correlation consistent polarized valence double zeta (cc-pVDZ) basis set by

Dunning and coworkers [32] was used. The study of isoeugenol HDO reaction

on the platinum cluster was instead carried out with the LANL2DZ basis set

[33, 34]; this, developed by Hay and Wadt, uses Dunning’s basis set (D95) [35]

for light atoms (H, C, O) and, for platinum, a double-zeta valence basis set

associated to an effective core potential. Polarization functions consisting of

primitive Gaussians having angular momentum and exponents in accordance

with the following scheme have been added to the D95 set: H (s: 0.049, p:

0.587), C (p: 0.0311, d: 0.587), O (p: 0.0673, d: 0.961). These functions were

retrieved from the EMSL Basis Set Exchange website [36]. Minima and transi-

tion state (TS) species on the reaction paths were revealed by inspection of the

harmonic vibrational frequencies, checking that imaginary frequencies were not

present in the structures corresponding to potential energy surface minima and

only one imaginary frequency (corresponding to the one related to the eigen-

mode transforming reactant to the product) was present in the TS structures. In

one case, due to the difficulty of finding the transition state for a whole molecule

rearrangement (see Section 3.4), the nudged elastic band approach was used, as

implemented in the Empathes code [37, 38].

The energetics of the reaction paths will be given in terms of vibrational

zero-point corrected energies (EZPV); the desorption energies of intermediates

and final product has been corrected for the basis set superposition error (BSSE)

by using the counterpoise method of Boys and Bernardi [39]. Since BSSE was

calculated as correction to the SCF energy, it will be reported in parenthesis

along with the uncorrected EZPV energies.

A magic number [40] corresponding to a regular tetracapped octahedron

[41] platinum cluster shaped by ten atoms, having Td symmetry and spin mul-

tiplicity equal to 9, was chosen as the subnanometric catalytic model [42]. Its

structure shows the presence of atoms with different coordination. The four
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cap atoms have actually coordination three, while the remaining six atoms have

coordination number six. These determine the octahedron cage, on whose trian-

gular faces the cap atoms are arranged. In particular, two platinum cap atoms

with coordination three are found in the upper portion of the octahedron, while

the other two in the lower portion, arranged on a plane perpendicular to that

where the first two lie. The geometry of Pt10 cluster is represented in Figure 1,

along with the numbering used throughout for the carbon atom centers in the

isoeugenol molecule and all its derivatives up to propylbenzene.

[Figure 1 about here.]

3. Results and discussion

The simultaneous presence, in the isoeugenol molecule, of some of the most

common functional groups characteristic of bio-oils opens up several possibilities

for the HDO reaction study. In this first work, the HDO mechanism on a

platinum cluster was investigated according to the four consecutive stages

1. saturation of allyl double bond;

2. removal of metoxy group;

3. removal of hydroxy group;

4. saturation of benzene ring.

which, apart from the first process, represent a typical DDO mechanism. This

follows one of the experimental hypotheses put forth by the research group of

D.-Yu. Murzin, which, in the aim to employ low cost catalysts, conducted their

experiments using nickel [2, 43]. The computational results obtained will be

reported in the next sections, starting from the preliminary investigation on the

H2 fragmentation and H diffusion on the Pt10 cluster and the interaction of

isoeugenol with the catalytic system.

3.1. Fragmentation of H2 on Pt10

As evidenced by other studies [42], the Pt10 cluster has nonect spin mul-

tiplicity and tetrahedral geometry. The Pt−Pt bond lengths in the optimized
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structure are in the range 2.60-2.82 Å, with an average value of 2.71 Å. The

longest linear dimension of the cluster is therefore slightly less than 6 Å. The

binding energy of the cluster with respect to ten isolated Pt atoms in the d9s1

electronic configuration is equal to 2754.0 kJ mol−1; therefore the cohesive en-

ergy, calculated as Ec = (E[Pt10]− 10E[Pt])/10, is equal to 275.4 kJ mol−1.

It has been already claimed that H2 molecule, once chemisorbed on a given

metal cluster, undergoes bond cleavage leading to the formation of hydrogen-

species/metal-cluster systems in which the hydrogen atoms diffuse freely. In

this case, the model catalyst, therefore, can be considered as a reservoir of

hydrogen, ensuring a continuous availability of H atoms where necessary. This

because, in addition to the ease of hydrogen fragmentation on the cluster, free

diffusion of the hydrogen atoms through the catalyst could be hypothesized. To

corroborate these inferences, demonstrated for most of metal systems [44, 45],

fragmentation and diffusion tests were carried out considering one H2 molecule

on the Pt10 cluster, in the following represented as Pt10H2 species.

As far as fragmentation is concerned, the chemisorption of the H2 molecule

on the platinum cap atom, showing coordination three, was considered. Ad-

sorption, characterized by an energy release equal to 80.5 kJ mol−1, led to the

formation of a transient species with multiplicity of spin 9 (Figure 2a), in which

a considerable weakening of the H · · ·H bond (length of 0.88 Å against 0.74 Å

in the free H2 molecule) is observed. The latter rapidly evolves into a species of

32.5 kJ mol−1 more stable (Figure 2b), in a septet spin multiplicity state, that

undergoes transformation by cluster distortion, paralleled by the total fragmen-

tation of H2. In this species, it has been found that the migration of a hydrogen

atom from the top position on a cap site to a bridge arrangement involving the

same cap atom and one neighboring atom belonging to the octahedron cage

(Figure 2c) has an activation barrier equal to 6.8 kJ mol−1, i.e. an almost

negligible low energy value.

[Figure 2 about here.]

For the diffusion process, the geometries of five Pt102 H arrangements, char-
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acterized by different hydrogen constellations were considered. A further verifi-

cation in support of the easy diffusion of the hydrogen atoms through the cluster

was performed by considering the two most stable species, indicated in Figure

3 with the letters (a) and (c), and the process of H atom migration converting

one into the other. The estimated activation barrier of this elementary event,

equal to 14.3 kJ mol−1, clearly demonstrates the validity of the assumptions

made above.

[Figure 3 about here.]

In view of these results, it can be stated that in the conditions needed to

overcome the activation barriers occurring in the isoeugenol HDO, which will be

discussed later, the barriers characterizing the hydrogen atom diffusion on the

Pt102 H fragments are negligible. This implies that the hydrogen atoms can be

arranged in any configuration on the cluster. It is finally to be underlined that,

as it happens in the case of a large number of metal clusters [44, 46, 47], the

fragmentation of H2 is the cause of the decrease of one unit of the spin quantum

number observed in the Pt102 H systems, being this occurrence correlated to

electron spin coupling phenomena.

3.2. Adsorption of isoeugenol on Pt102H

There are six conformations for the trans isomer of isoeugenol, three of which

are obtained by keeping the dihedral angle τ1(C5C4C1′C2′) fixed at 180◦ and

fixing, alternatively, the value of the τ2(C2C1OH) and τ3(C1C2OC1′′) angles

to 0◦ and 180◦; the other three conformations can be obtained by keeping the

dihedral angle τ1 fixed at 0◦ and imposing, alternatively, the values 0◦ and 180◦

for the τ2 and τ3 angles. An equal number of conformations obvioulsy exist

for the cis isomer. In it, however, the dihedral angle τ1 has been set to 150◦,

because of the steric repulsion between the CH3 group of the allyl chain (outside

the plane identified by the aromatic ring) and the hydrogen atom of the C3 of

the ring.
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The twelve starting structures thus generated were subjected to geometry

optimization. Not surprisingly, the most stable conformations for both stereoiso-

mers are those where an intramolecular hydrogen bond occurs between the hy-

droxyl hydrogen and the metoxy oxygen, i.e. τ2 = 180◦ and τ3 = 0◦. In these

conformations there is flexibililty as regard the rotation of the allyl chain, re-

sulting in Boltzmann populations of 62.8% (τ1 = 180◦) and 37.1% (τ1 = 0◦) for

the trans isomer, and of 55.2% (τ1 = 152◦) and 44.8% (τ1 = −33◦) for the cis

isomer. The trans stereoisomer of isoeugenol was calculated to be ca. 10 kJ

mol−1 more stable than the cis one.

The adsorption of the most stable conformation of trans-isoeugenol on the

lowest energy configuration of Pt102 H was therefore investigated. The various

tests performed to find the adsorption geometry of isoeugenol on the cluster

allowed to conclude that, in the most stable structure, the compound interacts

with a cap platinum by means of the carbon atoms, C1′ and C2′, of the allyl

chain as well as through the benzene ring with the lower portion of a cluster

edge, involving a site of the octahedron cage. The adsorption of isoeugenol

does not affect the spin multiplicity of the system, which remains in the septet

state, but causes the two H atoms to shift from top to edge positions in the

cluster, likely due to electron donation from the benzene ring to the metal

centers [48]: the H−Pt bond length increases (from 1.54 to 1.64 Å) and the

H atoms do interact also with another metal center (at distance equal to 1.82

Å), thus stabilizing configurations like the one showed in Figure 3(b). The

adsorption energy of isoeugenol is equal to -237.7 (BSSE = 28.3) kJ mol−1.

This value, which is quite high if one looks at adsorption studies of simple

alkenes on metal clusters [49], is indeed justified by the presence of the aromatic

component which strongly interacts with the cluster. By calculating, with the

same computational methods, the adsorption energy of propene on Pt102 H, it

was possible to roughly estimate that the energetic contribution of the aromatic

portion to the adsorption of isoeugenol is about 140 kJ mol−1, thus representing

more than half of the total interaction energy.

In the optimized trans-isoeugenol/Pt102 H system a hydrogen atom is neigh-
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boring to the site where the first catalytic hydrogenation could take place, cor-

responding to the saturation of the allyl chain.

3.3. Hydrogenation of allyl group

The elementary steps involved in the catalytic hydrogenation of the isoeugenol

double bond on the Pt10 cluster are reported in Figure 4. The process is

formed by two elementary steps: the first one leads to the formation of a semi-

hydrogenated intermediate, int1/Pt10Ha, by transferring the H atom from the

cluster to the C2′ carbon atom of the allyl group; in the second one the migration

of one H atom from the cluster to the C1′ atom of the chain with the formation

of dihydroeugenol/Pt10 is conversely involved. In this and in all the other cases

discussed below, the letter δ inside a circle indicates the diffusion of a hydrogen

atom through the cluster towards the reactive center; here the already supposed

barrier-free H-diffusion transforms int1/Pt10Ha into int1/Pt10Hb. On the basis

of the activation energies of the two elementary steps, it can be noticed that the

hydrogenation of the double bond should not be a fast process: energies barri-

ers are indeed slightly higher than those calculated for the reaction converting

butene to butane on a subnanometric palladium cluster [45].

The double bond saturation leads to a system, which is 106.3 kJ mol−1 less

stable than the isoeugenol/Pt102 H reactant. This is not unexpected, since the

dihydroeugenol interacts with the metal cluster only by means of the benzene

ring. The desorption energy of dihydroeugenol from the cluster is calculated as

154.7 (BSSE = 25.7) kJ mol−1.

[Figure 4 about here.]

3.4. Formation of 4-propylphenol

The next stage of the reaction should be the removal of the OCH3 group from

the adsorbed dihydroeugenol and the subsequent formation of 4-propylphenol.

To investigate this reaction, two major channels can be hypotesized: i) the di-

rect cleavage of the methoxy group, with the final formation of methanol and

4-propylphenol, or ii) the cleavage of the methyl group, giving rise to methane,
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water and 4-propylphenol as products and a cathecol derivative as intermediate.

One or two hydrogen molecules are needed for the first and second case, respec-

tively. It has been reported that the route involving the production of methane

is the one actually preferred when platinum or even non noble metals are used

as catalysts for the HDO reaction of phenolics [50–52]; nonetheless, since details

of cluster catalysis still have to be discovered, both the hypotesized mechanisms

were taken into consideration hence investigated.

Following the methanol channel it must be considered that, according to

preliminary calculations, the H atom residing on the platinum cluster is not

able to protonate the oxygen atom of the methoxy group, meaning that this

mechanism should involve the breaking of the C2−O bond with the migration

of the OCH3 fragment toward a platinum atom (that, as a consequence, become

hexacoordinated in an octahedral environment), its protonation and subsequent

desorption. In order to trigger the C−O bond breaking it was necessary to re-

arrange the dihydroeugenol adsorbed on the cluster; in Figure 5 and in the

following a structural rearrangement is indicated by the symbol ρ inside a cir-

cle. The new form of dihydroeugenol/Pt10 is ca. 25 kJ mol−1 less stable than

the one produced by the allyl group saturation, but it shows the methoxy group

correctly aligned with a platinum cluster edge. In order to verify the ease with

which this rearrangement takes place, the minimum energy path connecting

the two adsorption geometries of dihydroeugenol on the cluster was searched

by using a nudged elastic band approach. The maximum along the path re-

vealed an energy barrier of 34 kJ mol−1, a value suggesting a good mobility of

the adsorbed species. The rearrangement of dihydroeugenol prompts the shift

of the OCH3 moiety toward the cluster, with an energy barrier of 107.1 kJ

mol−1. It is interesting to note that in the resulting (int2+CH3O)/Pt10 inter-

mediate, the hydrogen bond, already observed in the most stable conformations

of isoeugenol and dihydroeugenol and taking place between the hydroxyl H and

the methoxy O centers, does not break. On the contrary, it is shortened from

2.13 to 1.63 Å. This allows the formation of methanol to occur almost instantly

by H-shift from the hydroxyl group, without the intervention of catalyst acti-
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vated hydrogen. Finally, a stabilizing H-bond (with length 1.47 Å) is present

in the (int3+CH3OH)/Pt10 product. As usual, this highlights a sharing of the

H atom between the two oxygen atoms connected. The phenomen, presumably

originated by the limited size of the Pt10 cluster and connected to its relatively

high flexibility, was not taken into account before by experimental hypothe-

ses, related to HDO reactions involving either isoeugenol or related compounds

[53, 54]. This remark deserves to be underlined since implicitly emphasizes how

catalytic processes on subnanometric clusters do not always follow the estab-

lished rules of heterogeneous catalysis and conversely do represent a case by

case chemistry to be investigated.

[Figure 5 about here.]

In order to proceed with the HDO reaction, the methanol molecule was

desorbed from the cluster (desorption energy equal to 100.7 kJ mol−1, with

BSSE = 11.6 kJ mol−1) and a new H2 molecule was fragmented on it; the

int3/Pt102 H system so originated was used as starting point for the formation

of an adsorbed 4-propylphenol species. In the optimized geometry, the int3

species interacts through the dangling O atom and the C2 of the benzene ring

with the upper portion of one edge of the cluster, including one cap and one

octahedron cage atom; therefore the aromatic portion, placed almost perpen-

dicular to the cluster, does not interact significantly with it except for the single

carbon atom indicated above. The migration of a H atom from the cluster to the

oxygen atom of int3 (see Figure 6) leads to the int4/Pt10Ha intermediate, which,

after hydrogen diffusion, forms int4/Pt10Hb. In the second elementary step, 4-

propylphenol/Pt10 is finally formed. The interaction energy of this compound

with the platinum cluster is 159.2 (BSSE = 9.3) kJ mol−1.

[Figure 6 about here.]

The first elementary step of the reaction highlights that the hydrogenation

of the oxygen atom is not a simple process because various factors, connected

to each other, concur to the stabilization of the reacting system. Oxygen and,
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in particular, the radical C2 carbon atom give rise to strong bonds with plat-

inum that have to be weakened for hydrogenation to take place. In fact, the

energy barrier (171.6 kJ mol−1) for this elementary event would be the highest

of the whole process. This indeed seems to be the point in which significant

bifurcations of the mechanism could occur: the hydrogen atom could migrate

from the cluster towards the oxygen or the carbon atom. In the second case,

the reduction of the benzene ring would be triggered, with oxygen maintaining

the interaction of the fragment with the cluster. The hydrogenation of oxy-

gen could take place subsequently, with the formation of 4-propylcyclohexanol.

The investigation of this mechanism, along with possible parasite reactions and

undesired products, will be the subject of future investigations.

In the present work, the purpose of which, as already said, is to detail the

“direct” deoxygenation of isoeugenol, it was considered that the formation of

the int4 intermediate could actually occur before the desorption of CH3OH. In-

deed, the hydrogen bond in (int3+CH3OH)/Pt10 could maintain the position

of the dangling oxygen atom, inhibiting its interaction with platinum and mak-

ing it available for hydrogenation. This is actually the case, since as can be

seen from Figure 7, the energy barrier to trasform (int3+CH3OH)/Pt102 H to

(int4+CH3OH)/Pt10H is 129.6 kJ mol−1, i.e. more than 40 kJ mol−1 lower

than that occurring in the int3/Pt102 H to int4/Pt10H conversion. Moreover,

the hydrogenation of the oxygen atom in (int3+CH3OH)/Pt102 H occurs with

an energy release of 57 kJ mol−1, to be compared to the 10.3 kJ mol−1 of

energy required for the same process in the absence of coadsorbed methanol.

Since the hydrogen bond is weakened, methanol could desorb more easily from

(int4+CH3OH)/Pt10H (desorption energy of 76.1 kJ mol−1, with BSSE equal

to 9.7 kJ mol−1), giving rise to int4/Pt10Ha (after a rearrangement releasing

7 kJ mol−1 of energy), which in turn can be hydrogenated to 4-propylphenol

following the same path already depicted in Figure 6. It is worth to note that

the energy barrier for the first hydrogenation step sensibly decreases, due to the

presence of coadsorbed methanol, but it still shows the highest barrier that was

found along the DDO mechanism.
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[Figure 7 about here.]

Let’s now take into consideration the second channel for the formation of

4-propylphenol, the one resulting in the production of methane. Starting again

from adsorbed and rearranged dihydroeugenol on Pt10, the O−CH3 bond break-

ing involves a energy barrier of 123.4 mol−1 (Figure 8a), which is slightly higher

than the one calculated for the methoxy group cleavage and gives a int2′ in-

termediate coadsorbed with a methyl group. When two H atoms are inserted

in the system, the methyl group, located atop a three-coordinated Pt atom, is

easily hydrogenated to methane (Figure 8b), which in turn easily desorbs. The

int2′ intermediate and one hydrogen atom are therefore left on the metal cluster;

H-diffusion could let the two species react to form the O−H bond of a cathecol

derivative, the 4-propylbenzene-1,2-diol, whose desorption would require 133.9

kJ mol−1 (BSSE = 27.1 kJ mol−1) of energy. As reported in Figure 8c, the

cleavage of the OH group from this intermediate occur by overcoming an energy

barrier of 114.1 mol−1, which is roughly the same as the one for the methoxy

counterpart. The road to 4-propylphenol continues in Figure 9, after that two

further hydrogen atoms were added: water is promptly formed and, following

H diffusion, the int3′ intermediate is saturated to the phenol derivative.

[Figure 8 about here.]

[Figure 9 about here.]

Based on the energy barriers involved, it can be concluded that the two re-

action paths leading from dihydroeugenol to 4-propylphenol on the Pt10 cluster

can be considered essentialy competitive. However it must be taken into account

that one more hydrogen molecule is consumed in the methane path, where the

formation of CH4 + H2O instead of CH3OH occurs.

3.5. Formation of propylbenzene

The hydroxyl elimination process from 4-propylphenol consists of two ele-

mentary steps: the first involves the cleavage of the C1−O bond and the ad-

sorption of the OH fragment on one face of the cluster; the second step is the
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hydrogenation of the OH and the desorption of a water molecule from the clus-

ter. The reaction profile reported in Figure 10a shows that the breaking of the

C−O bond, with an energy barrier of 115.6 kJ mol−1, is almost as easy as the

hydrogenation reaction of the double bond, and that it leads to the formation

of a slightly more stable system, here labelled as (int5+OH)Pt10. On the other

hand, from Figure 10b it is evident that the passage of the H atom from the

cluster to the OH is an easy process, being its energy barrier equal to 73.3 kJ

mol−1. The water molecule thus formed has a calculated desorption energy

equal to 97.2 (BSSE = 18.9) kJ mol−1. The last elementary process (Figure

10c), showing an energy barrier of 92.7 kJ mol−1, is the transfer of one H atom

from the cluster to the phenyl C atom, which leads to the formation of the

stable propylbenzene. The desorption energy of this species from the cluster is

152.9 (BSSE = 30.3) kJ mol−1.

[Figure 10 about here.]

3.6. Total reduction of propylbenzene to propylcyclohexane

The reduction of the aromatic ring has attracted renewed attention in the

chemical and petroleum industries, thanks to its application in the synthesis of

a variety of useful chemical intermediates [55]. However, from an experimen-

tal point of view the development of highly efficient hydrogenation processes

under mild and, hopefully, solvent-free conditions is still a challenge. From

the computational side, however, a number of studies have made it possible to

obtain a detailed description of the hydrogenation mechanism of benzene; the

results have shown that it likely follows a Horiuti-Polanyi scheme [56], which

involves the consecutive addition of hydrogen adatoms. Although there is a

modest literature on benzene hydrogenation, nothing seems to be reported for

propylbenzene; it can be easily argued, however, that its reduction to propylcy-

clohexane could occur through simple successive additions of hydrogen atoms,

similarly to the benzene case. As a matter of fact, this mechanism must, in

fact, be adapted to the specific hydrogenation process of phenyl, belonging to
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the propylbenzene adsorbed on Pt10. This presents some difficulties, associated

with various factors, the most evident of which is the impossibility of being able

to discriminate, a priori, the most reactive carbon atoms of the ring on the ba-

sis of the electronic effects of the substituent (propyl chain). Furthermore, the

addition of hydrogen, which can be defined as a “ghost” atom due to its size,

does not allow one to confidently exploit the information that could be acquired

by considering things in terms of steric hindrance. Therefore, not having firm

theoretical or practical support, it was necessary to proceed with consecutive

hydrogenations, taking into consideration every single carbon atom of the ring

as a potential reactive site.

The results of our analysis regarding the total hydrogenation of propylben-

zene on Pt10 are collected schematically in Scheme 1. In reading this scheme

it must be noted that (i) the H atoms of propylbenzene are not showed; (ii)

the circled numbers near a figure refer to the position of benzene ring where

catalytic hydrogen will attach; (iii) yellow circles represent carbon site directly

interacting with the platinum atoms of the cluster; (iv) on the right of each

figure the energy barrier and the energy of the product (relative to the reactant

of the corresponding elementary step, the former, and to the starting reactant,

the latter) are reported, separated by a semicolon; (v) two new H atoms are

inserted in the system when needed for consecutive hydrogenations; (vi) the en-

ergetics of what is considered the kinetically and thermodinamically preferred

hydrogenation path is reported inside a box and the corresponding structure is

the reactant of the subsequent elementary step.

[Scheme 1 about here.]

On the basis of the considerations above, for the first catalytic hydrogena-

tion the passage of one H atom from the cluster to four chemically different

C atoms of the propylbenzene ring was investigated, i.e. the carbon bearing

the propyl group and the carbon atoms in ortho-, meta- and para- position to

it. Therefore, four elementary steps were considered, and for each of them the

structures of reagent, product and transition state were calculated. The results
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obtained show that the passage of the H atom from the cluster to the C of

the ring occurs preferentially in position 2. This elementary step is favored,

with respect to the other three, both at the kinetic and thermodynamic level

since its activation barrier is equal to 94.3 kJ mol−1 and the intermediate ob-

tained is the most stable. Then we proceeded, starting from intermediate I,

with the second elementary step. In order to identify the second most reactive

site, the hydrogenation of the residual unsaturated carbon atoms of the ring

was investigated one at a time. It can be observed that the second elementary

hydrogenation, for the same reasons as the previous one, takes place preferen-

tially on C1. It has an energy barrier of 41.8 kJ mol−1, much lower than the

others obtained and it leads to the most stable product. It can be noted that

the first catalytic hydrogenation on propylbenzene occurs in a similar way to

hydrogenation of a double bond. It leads to the formation of a stable species,

the 5-propyl-1,3-cyclohexadiene (II), whose desorption energy is 244.6 (BSSE

= 26.2) kJ mol−1.

The first elementary step of the second catalytic hydrogenation involved

all the unsaturated carbon atoms of II. For each hypothetical reactive site,

similarly to what was done previously, the reagent, product and transition state

were estimated and optimized. The reaction scheme for the second catalytic

hydrogenation highlights that the transfer of the first H atom preferentially

takes place on the carbon in position 4. The resulting intermediate III, in which

the electron density is delocalized on the remaining three carbon atoms of the

ring, shows a thermodynamic stability similar to that found for the intermediate

obtained by attaching one H atom in position 3; for the latter, however, there

is a much higher energy barrier to overcome.

Starting from the semi-hydrogenated intermediate III, the passage of the

second H atom from the cluster to carbon atoms 1, 2 and 3 of the ring, respec-

tively, was investigated. The energies of the products and the energy barriers

for each stage, however, do not allow us to discriminate which of the three el-

ementary steps should occur preferentially, in either kinetic or thermodynamic

terms. For this reason, the carbon atoms in position 1, 2 and 3 were con-
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sidered equally reactive sites and, therefore, it was considered appropriate to

continue with the third catalytic hydrogenation on each of them. This leads to

the competing formation of two stable products, 3-propylcyclohexene IV and

4-propylcyclohexene VI, which can desorb from the cluster with 196.8 (BSSE

= 9.3) and 173.6 (BSSE = 26.3) kJ mol−1, respectively. On the other hand, the

intermediate V, which due to its diradicalic character has a stability comparable

to that of IV and VI, evidently due to favorable interactions with platinum,

cannot desorb from the cluster.

The first step of the third catalytic hydrogenation, involving 3-propylcyclohexene

IV, shows that the transfer of the atom H from the cluster occurs preferentially

on the C2 site of the ring. The activation barrier of path 2 is much lower than

that of the alternative path; this allows us to indicate this as the favored path

not only on a kinetic level, because the corresponding barrier is the lowest, but

also from a thermodynamic point of view. The semi-hydrogenated intermediate

VII, in fact, is more stable, by 17.1 kJ mol−1, than the equivalent intermedi-

ate derived from path 1. The second H atom was therefore added on the last

unsaturated carbon atom of intermediate VII, thus leading to the formation of

propylcyclohexane VIII in the chair conformation. Its desorption energy from

the cluster is 140.4 (BSSE = 19.6) kJ mol−1.

The first elementary step of the third catalytic hydrogenation, involving

intermediate V shows that the semi-hydrogenated intermediate IX, not only

should form more rapidly because it has an activation barrier of about 24.7 kJ

mol−1 lower than that pinpointed along the formation of the semi-hydrogenated

intermediate resulting from the other path but it is also the most thermody-

namically stable. Therefore, it was considered just the transfer of the second

hydrogen atom on this intermediate. In this way propylcyclohexane X was

obtained in a distorted boat conformation, the second more stable form of cy-

clohexane (desorption energy equal to 130.7 kJ mol−1 with BSSE = 22.4 kJ

mol−1).

Finally, as regards 4-propylcyclohexene VI, the preferred first elementary

step of the third catalytic hydrogenation has an energy barrier of 55.9 kJ mol−1
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and gives the intermediate XI, even if it must be noticed that the species re-

sulting from the other path is certainly more stable. The hydrogenation of XI

create a distorted boat conformation of propylcyclohexane XII, whose desorp-

tion energy from the cluster is 108.1 (BSSE = 21.0) kJ mol−1. Incidentally, at

the level of theory used in this work, the chair and distorted boat conformations

of propylcyclohexane differ by 25 kJ mol−1, a value in agreement with the 21

kJ mol−1 reported in the literature for cyclohexane [57].

4. Conclusions and Future Directions

The present investigation, which is part of a more ambitious project, does not

aim at rigorously compare theoretical and experimental data but to elucidate the

HDO reaction mechanism on a standard metal, namely platinum, cluster (Pt10)

in order to identify the elementary steps and intermediate reaction routes, hence

to outline the possible ramifications and parallel processes of greatest interst.

The investigated sequence of steps for isoeugenol HDO was the one experi-

mental hypotesized for non-noble catalysts, according to which the first molec-

ular fragment that undergoes catalytic hydrogenation is the double bond on

the allyl chain, leading to dihydroeugenol, then the reaction proceeds through

a direct deoxygenation mechanism. According to the reported results based on

DFT calculations, the removal of the OCH3 moiety following the route leading

to the formation of methanol (which resulted essentially competitive to the one

producing methane and water) would not take place by simple transfer of one

hydrogen atom from the cluster to the methoxy group, but by cleavage of the

C−O bond and subsequent hydrogenation of the chemisorbed fragment by the

hydroxy group of the same substrate molecule. This would generate an inter-

mediate where a dangling oxygen atom is stabilized by a very strong hydrogen

bond with the coadsorbed methanol. If atomic hydrogen is available at this stage

on the cluster, the hydrogenation of the intermediate above would first restore

the hydroxyl group and subsequently form 4-propylphenol. On the contrary, if

methanol desorbs before the hydrogenation of the dangling oxygen atom occurs,
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the intermediate would rearrange on the cluster to give a geometry where the

interactions with the cluster would hamper the formation of 4-propylphenol,

due to a very high energy barrier along the path. This point of the mechanism

seems therefore to be crucial for the whole HDO to propylcyclohexane and could

constitute one of the step where the most significant bifurcations of the mech-

anism occur. Once formed, 4-propylphenol loses the OH group by cleavage of

the C−OH bond and the subsequent hydrogenation of the fragment, which des-

orbs as water. When the aromaticity of the system is restored by transferring

one hydrogen atom from the cluster to the unsaturated carbon, propylbenzene

is formed. This, after three consecutive catalytic hydrogenations, leads finally

to propylcyclohexane, in its distorted boat conformation. The whole process

producing propylcyclohexane starting from isoeugenol:

C10H12O2 + 6H2 → C9H18 + CH3OH + H2O

is finally characterized by a calculated Gibbs free energy difference equal to

−309.6 kJ mol−1.

The present work can be considered as the starting point to investigate the

possible different reaction paths characterizing HDO reactions on different metal

clusters, in order to provide experimental chemists with useful tools (such as

the identification of the largest number of secondary and/or parasitic products)

for the optimization of the process conducted on a large scale.

Future perspectives are precisely i) investigating the HYD channel for isoeugenol

conversion to propylcyclohexane, ii) investigating reaction paths potentially

involved that lead to other products, such as propylcyclohexanol or benzene

and cyclohexene derivatives originating by disproportionation of cyclohexadi-

ene derivatives, as well as iii) conducting the same reaction using non-noble and

inexpensive metal catalysts, such as nickel, in order to determine their activity

and selectivity with respect to those shown by the platinum clusters.
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[26] A. Bielić, M. Grilc, B. Likozar, Catalytic hydrogenation and hydrodeoxy-

genation of lignin-derived model compound eugenol over Ru/C: Intrinsic

microkinetics and transport phenomena, Chem. Eng. J. 333 (2018) 240–

2659. doi:10.1016/j.cej.2017.09.135.

[27] D. Duca, F. Frusteri, A. Parmaliana, G. Deganello, Selective hydrogenation

of acetylene in ethylene feedstocks on Pd catalysts, Appl.Catal. A: Gen. 146

(1996) 269–284. doi:10.1016/S0926-860X(96)00145-7.

[28] R. Schimmenti, R. Cortese, L. Godina, A. Prestianni, F. Ferrante, D. Duca,

D. Y. Murzin, A combined theoretical and experimental approach for plat-

inum catalyzed 1,2-propanediol aqueous phase reforming, J. Phys. Chem.

C 121 (2017) 14636–14648. doi:10.1021/acs.jpcc.7b03716.

[29] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,

J. R. Cheeseman, G. Scalmani, V. Barone, G. A. Petersson, H. Nakatsuji,

X. Li, M. Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts,

24



B. Mennucci, H. P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Son-

nenberg, D. Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings,

B. Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski,

J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota,

R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao,

H. Nakai, T. Vreven, K. Throssell, J. A. Montgomery, Jr., J. E. Peralta,

F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N.

Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P.

Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, J. M. Millam,

M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Mo-

rokuma, O. Farkas, J. B. Foresman, D. J. Fox, Gaussian 16 Revision C.01

(2016).

[30] A. D. Becke, A new mixing of Hartree–Fock and local density-functional

theories, J. Chem. Phys. 98 (1993) 1372–1377. doi:10.1063/1.464304.

[31] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accu-

rate ab initio parametrization of density functional dispersion correction

(DFT-D) for the 94 elements H-Pu, J. Chem. Phys. 132 (2010) 154104.

doi:10.1063/1.3382344.

[32] T. H. Dunning, Gaussian basis sets for use in correlated molecular calcula-

tions. I. The atoms boron through neon and hydrogen, J. Chem. Phys. 90

(1989) 1007–1023. doi:10.1063/1.456153.

[33] P. J. Hay, W. R. Wadt, Ab initio effective core potentials for molecular

calculations. potentials for K to Au including the outermost core orbitals,

J. Chem. Phys. 82 (1985) 299–310. doi:10.1063/1.448975.

[34] P. J. Hay, W. R. Wadt, Ab initio effective core potentials for molecular

calculations. Potentials for the transition metal atoms Sc to Hg, J. Chem.

Phys. 82 (1985) 270–283. doi:10.1063/1.448799.

[35] T. H. Dunning, P. J. Hay, Gaussian Basis Sets for Molecular Calculations,

25



in: H. F. Schaefer (Ed.), Methods of Electronic Structure Theory, Modern

Theoretical Chemistry, Springer US, 1977, pp. 1–27.

[36] B. P. Pritchard, D. Altarawy, B. Didier, T. D. Gibson, T. L. Windus,

New basis set exchange: an open, up-to-date resource for the molec-

ular sciences community, J. Chem. Inf. Model. 59 (2019) 4814–4820.

doi:10.1021/acs.jcim.9b00725.

[37] M. Bertini, F. Ferrante, D. Duca, Empathes: A general code for nudged

elastic band transition states search, Comp. Phys. Commun. 271 (2022)

108224. doi:10.1016/j.cpc.2021.108224.

[38] Climbing-image nudged elastic band was employed with 10 images along

the reaction path and a threshold of 0.003 Hartree bohr−1 on the forces.

[39] S. F. Boys, F. Bernardi, The calculation of small molecular interactions by

the differences of separate total energies. Some procedures with reduced

errors, Mol. Phys. 19 (1970) 553–566. doi:10.1080/00268977000101561.

[40] M. Brack, Metal clusters and magic numbers, Scientific American 277

(1997) 50–55, publisher: Scientific American, a division of Nature America,

Inc.

[41] R. B. King, Applications of Graph Theory and Topology in Inorganic Clus-

ter and Coordination Chemistry, CRC Press, 1992, Ch. 6.4.E, p. 94.

[42] I. Demiroglu, K. Yao, H. A. Hussein, R. L. Johnston, DFT global opti-

mization of gas-phase subnanometer Ru–Pt clusters, J. Phys. Chem. C 121

(2017) 10773–10780. doi:10.1021/acs.jpcc.6b11329.
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Figure 1: (a) Pt10 cluster, model of the subnanometric catalyst; the Pt atoms with different
coordination numbers are distiguished by different colors (yellow and light blue for coordina-
tion number three and six, respectively). (b) Molecular structure of trans-isoeugenol with the
IUPAC numbering of carbon atoms.
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Figure 2: Fragmentation of the H2 molecule on the Pt10 cluster and relative energies of the
species involved (in kJ mol−1). Structure (a) is a transient species in nonect state in which
there is a weakening of the H · · ·H bond, (b) is the most stable species, with septet spin
multiplicity and (c) is the final structure (always a septet) in which the total fragmentation
of the H2 molecule occurs, through the migration of one hydrogen atom from its initial top
position towards a bridge arrangement on the cluster. White, yellow and light blue balls
identify hydrogen and platinum with coordination number three and six, respectively.
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Figure 3: Pt102 H fragments: The five structures, labeled with the letters (a)-(e), differ from
each other for the positions of the H atoms in the cluster; they were used to evaluate the H-
diffusion energetics. The values below each figure indicate the relative energy (in kJ mol−1)
with respect to the most stable (c) configuration (up), and the H2 chemisorption energy
(down), calculated as Eads=E[Pt10H2]-(E[Pt10]+E[H2]). White, yellow and light blue balls
identify hydrogen and platinum with coordination number three and six, respectively.
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Figure 4: Reaction profile of the steps involved in the isoeugenol catalytic hydrogenation to
dihydroeugenol on the Pt10 cluster. The δ symbol inside a circle indicates an elementary step
characterized by an assumed barrier-less diffusion of the H atom across the cluster toward the
catalytic site.
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Figure 5: Reaction profile related to the C2−O bond cleavage and the subsequent formation of
CH3OH on the Pt10 cluster. The whole process takes place on the same potential energy sur-
face of the first catalytic hydrogenation, implying that the energies of the intermediates refer
to the isoeugenol/Pt10H2 system. The Greek letter ρ inside the circle indicates a structural
rearrangement of dihydroeugenol on the cluster.
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Figure 6: Reaction profile showing the restoration of the −OH fragment and the formation
of the adsorbed 4-propylphenol species. Energies of the reaction intermediates refer to the
catalytic hydrogenation system obtained following the desorption of methanol and the place-
ment of two new H atoms on the cluster. The letter δ indicates the rapid diffusion of one H
atom through the cluster.
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Figure 7: The direct formation of the int4 intermediate from (int3+CH3OH)/Pt102 H oc-
curring by an elementary step where two hydrogen atoms are inserted in the cluster before
methanol desorbs.
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Figure 8: DFT calculated reaction profile related to the O−CH3 bond cleavage (a) and the
formation of CH4 (b) on the Pt10 cluster. The C2−O bond breaking occurs after the formation
of a cathecol derivative as intermediate (c).
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Figure 9: The easy formation of the water molecule (a) and the saturation of int3′ to 4-
propylphenol in the methane channel.
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Figure 10: Reaction profiles related to (a) the cleavage of the C1−OH bond, (b) the hydro-
genation of the OH fragment adsorbed on one face of the cluster and (c) the passage of a H
atom from the cluster to C1. In (c) the highlighted δ indicates the diffusion, following the
desorption of the H2O molecule, of the H atom through the cluster.
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Scheme 1: Representation of the whole saturation of the benzene ring present in
propylbenzene on the Pt10 cluster. The latter is represented by the small rectan-
gle under the sketched molecular species; adsorbed hydrogen atoms are depicted
as red and blue circles inside the rectangle, the not adsorbed ones are conversely
not shown; yellow circles represent the interaction sites of the molecule with the
cluster. In each entry, the first number is the position where catalytic hydrogen
attaches, the second is the energy barrier of the corresponding elementary step,
the third is the energy of the product, always referred to the reactant with two
H atoms still on Pt10. All energy values are expressed in kJ mol−1. The first
catalytic hydrogenation starts from propylbenzene, the second one from II (5-
propyl-1,3-cyclohexadiene), the last one from IV (3-propylcyclohexene), V and
VI (4-propylcyclohexene).
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