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Modeling MoS2 catalytic surface with simple clusters
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Abstract

Theoretical calculations using a modified version of CNDO/UHF method to correct binding energies were carried out on
a series of linear MoxSy (x = 3; y = 6, 8, 10, 12, 14 andx = 5; y = 12, 14) and non-linear (x = 3, y = 6, 8, andx = 5,
y = 6, 8, 10, 12, 14, 16, 18, 20) clusters. Results show the formation of S2

− species on the surface and the existence of
a Mo–Mo interaction. The HOMO orbitals are localized on mono-coordinate S atoms which shows that these atoms have
electron-donating properties while the LUMO orbital is delocalized over all coordinatively unsaturated Mo atoms which
presents electron-acceptor properties. It is shown that the non-linear clusters are better models for representation of MoS2

catalysts, because they of their stability respect to the linear clusters.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is well-known that the hydrodesulfurization
(HDS) of hydrocarbons is an important catalytic pro-
cess in the purification of petroleum products due
to the high organosulfur compounds content in the
heavy oil [1–8]. Different hydrogenation reactions
occurs during the HDS processes such as

RSH+ H2 → RH + H2S (1)

RSR+ 2H2 → 2RH+ H2S (2)

RSSR+ 3H2 → 2RH+ 2H2S (3)
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Usually, industrial catalysts employed in hy-
drodesulfurization reactions are composed by molyb-
denum or tungsten sulfides supported on alumina and
promoted with Ni or Co. These catalysts are complex
because their highly anisotropic layered structure.
Commonly, they are seen as slabs with a MoS2-like
structure and few layers. It is now agreed that the
active sites are located at the edges of the lamel-
lar structure, and the properties of the unsupported
catalysts are roughly similar to those of supported
systems. Thus, the problem of interaction between
the active phase and the support can be avoided using
an unsupported solids model[5,9]. Besides the hy-
drodesulfurization, the MoS2 and its derivatives are
also used in other catalytic reactions, such as isomer-
ization [10], hydrogenation[11], methanation[12],
Fischer–Tropsch[13], alcohol synthesis[14], hydro-
denitrogenation (HDN)[15], coal liquefaction[16],
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in lubricant uses[17] and in nanotube technology
[18]. Furthermore, this material is noteworthy due to
its optical, magnetic, superconductive and electrical
properties, etc.[19–21]. However, the chemical prop-
erties of Mo–S bonds in the microscopic structure are
not well-known. Nevertheless, it is known what these
properties depend on crystal plane, metal oxidation
state, and surroundings[22–35]. All of these factors
have strong influence on active sites that are associ-
ated with the anionic vacancies of the MoS2 catalyst.
These vacancies are formed on the MoS2 catalyst
during the pretreatment with H2 or H2/H2S [36–38].

Quantum chemistry methods based on the neglect
differential overlap (NDO) philosophy have been
applied to catalytic reactions on transition metals
[39–41]. However, these methods depends essentially
on how well simulated the parametric functionals are.
These parametric functionals are used to evaluate the
components of the total energy expression[42–46]
and the improvement of these methods is a difficult
task because, the parametric functionals must obey
the correct asymptotic behavior and the energy com-
ponents must follow the basic theorems of quantum
chemistry[46]. In addition, parameterization for tran-
sition metal systems is a very complicated process
[43,47], because it has to deal with open shell systems
in which several electronic states lay very close in
energy. Nevertheless, it is possible to obtain reliable
results without a deep parameterization using conve-
nient theoretical tools. For example, a very reasonable
evaluation of the interaction energies between atoms
in a molecular system can be obtained by the calcula-
tion of parameterized diatomic binding energies[48].

In this work, we model the MoS2 catalytic surface
using MoxSy discrete structures. The quantum chem-
istry behavior of the Mo–S bond in relation with its
position into the molecular structure, the Mo oxida-
tion state, the effect of S neighboring atoms, HOMO,
and LUMO are analyzed.

2. Computational and theoretical details

A parametric method based on CNDO-UHF[49]
was employed in this work. This includes several
modifications[50,51] such as the calculation of di-
atomic binding energies and Mülliken population with
orthogonal molecular orbitals, using the symmetric

transformation of the orbitals. The standard atomic
set of parameters employed herein is well described
in a previous work[52].

It is well-known that CNDO overestimates binding
energies[53,54]. Therefore, in order to amend the cal-
culation of the total energy (ET) and diatomic bind-
ing energies (DBE), a new parameterization per each
bond was done. This new parameterization let to cal-
culate reasonable total binding energies (TBE) based
on a partition scheme of the TBE[52].

TheET can be calculated in terms of parameterized
DBEs (PDBEs)[55] as follows:

ET =
∑

A

ε0
A +

∑

A>B

PDBE(A–B) (4)

PDBE(A–B) = αABDBE(A–B) (5)

and

TBE = ET −
∑

A

ε0
A (6)

whereε0
A corresponds to the energy of the free atom

A. The parametersαAB were obtained from the ratio
between the accurate value (experimental or theo-
retical) of the bond dissociation energy (BDE) and
the calculated DBE of the correspondent bond of
the diatomic or polyatomic molecule, i.e.αAB =
BDE(A–B)/DBE(A–B). The values of the calculated
parametersαAB used herein are:αMo–Mo = 0.77,
αS–S = 0.77, andαMo–S = 0.52. TheαAB values
were obtained using BDE data taken from theoretical
and experimental data[56–58]. As expected, this ap-
proach only gives semi-quantitative results, for exam-
ple, the PDBE(C–H) for CH4 and CH3 molecules are
99.6 and 114.3 kcal/mol, respectively compared with
the experimental values of 101.6 and 112.3 kcal/mol
[59].

3. Surface model

It is well-known that the MoS2 crystallite size de-
pends on the preparation method. Normally, the crys-
tallites size in ultra disperse particles is between 10
and 50 Å, for example, in those catalysts prepared by
anchoring Mo complexes[3,60–62]. In catalysts pre-
pared by impregnation, the particles size is around
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100 Å [3]. Nevertheless, all of these particles, inde-
pendent of the size, are catalytically actives. On the
other hand, the HDS reaction occurs on edges of small
slabs of MoS2 [11,63], therefore, it is reasonable to
use only few atoms to model a catalytic active surface.

Following assumptions were considered for the se-
lection of a catalytic model surface: (a) the surface
must have vacancies (completely exposed Mo sites),
due to a pretreatment with H2; (b) only single slab
structures were chosen because the MoS2 has a lami-
nar structure with weak interlayer interaction (van der
Waals interaction); (c) the electroneutrality principle

Fig. 1. Draw of the molecular structures used in this work for the linear MoxSy systems (x = 3; y = 4, 6, 8, 10, 12, 14 andx = 5;
y = 12, 14).

of clusters must be obeyed, therefore, the total clus-
ters charge is zero[3]; and (d) to study the change of
Mo–S bond with the cluster size and surroundings, the
central Mo atom (MoC) was chosen because it repre-
sent better a real active site than the other Mo atoms.

Almost all clusters used in this work are non-stoi-
chiometric. The non-stoichiometry of the clusters
constitutes a frequent problem in the theoretical mod-
eling. Different solutions have been proposed in the
literature, for example, to maintain the stoichiometry
and the formal charges of the Mo (Mo4+) and the S
(S2−) atoms some authors had used charged clusters
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such as MoS68− or Mo7S24
20− [64], but these high

negative charges are quite unrealistic[65]. Another
adopted solution is to saturate the clusters with H
atoms in such way to compensate the negative charge
for example the Mo2S10H12 cluster [66,67]. On the
other hand, in a comparative study using DV-X�
between the Mo3S14, Mo3S6 and Mo5S10 clusters,
Rong and Qin[68] showed that the non-stoichiometry
of the Mo/S ratio does not have a strong influence
on the electronic properties. Ma and Schobert[41]
using ZINDO showed too that the electronic prop-
erties of the Mo atoms does not change when going
from stoichiometry clusters to non-stoichiometry
ones.

From the assumptions mentioned above, two differ-
ent types of molecular models were selected: linear
and non-linear ones. The linear MoxSy systems (x =
3; y = 6, 8, 10, 12, 14 andx = 5; y = 12, 14) are
shown inFig. 1. The difference between clusters is
in the coordination of two mono-coordinated S atoms
(Smc) to the MoC atom. Having in mind that the MoS2
surface is treated with H2, we consider in our models
several degrees of desulfurization, from a desulfurized
surface (Mo3S4) to a total sulfurized surface (Mo3S14),
as well as to intermediate cases. Different types of sul-
fur were included in the models: mono-coordinated on
the border above the cluster (Smb), on the edge below
(Sme), and the bridge (Sb) bi-coordinated.

In the case of non-linear systems, MoxSy (x = 3,
y = 6, 8, andx = 5, y = 6, 8, 10, 12, 14, 16,
18, 20), a systematic construction of aggregates were
also performed.Fig. 2displays the non-linear systems
studied herein. In these models, two rows of Mo atoms
and two or three rows of S atoms were used. Three Mo
and six S atoms compose the core of the non-linear
system, forming a hexagon which have the correct
stoichiometric formula (seeFig. 2).

Table 1
Geometrical properties and PDBE values for MoC and Smc atoms in linear clusters

Cluster R(MoC–Smc) (Å) R(Smc–Smc) (Å) PDBE(MoC–Smc) (kcal/mol) PDBE(Smc–Smc) (kcal/mol)

Mo3S6 2.30 2.17 −90.1 −59.5
Mo3S10 2.28 2.18 −91.3 −53.4
Mo5S14 2.27 2.19 −91.8 −57.4
Mo3S14 2.35 2.12 −81.8 −71.3
S2

0 – 2.00 – −101.5
S2

− – 2.08 – −69.6

4. Results and discussion

4.1. Linear clusters

Several non-stoichiometric molecular clusters with
three and five Mo atoms and different sulfur contents
were analyzed. The study was done starting from a
totally desulfurized surface (Mo3S6, Mo-terminated
(3 03̄ 0) edges), to a totally sulfurized one (Mo3S14,
S-terminated(1 01̄ 0) edges). All of these linear struc-
tures (seeFig. 1) have an optimal spin multiplicity of
five, except Mo3S8 and Mo3S12 that are triplet and
septuplet, respectively.

Several features can be obtained fromTable 1: (a)
distancesR(Mo–Smc) and R(Smc–Smc) present small
variations with the cluster size; (b) the complete sat-
urated edge sites with sulfur atoms (Mo3S12) have
the longest MoC–Smc and the smallest Smc–Smc dis-
tances; (c) PDBE(MoC–Smc) values correlate with the
R(MoC–Smc) distance, i.e. theR(MoC–Smc) decreases,
as the PDBE(MoC–Smc) increases; and (d) the dis-
tanceR(Smc–Smc) and PDBE(Smc–Smc) are closer to
the anion S2− than the neutral S2 molecule. These
facts suggest that the Smc atoms behave like an ac-
tivated S2− group. A similar structure of S–S bonds
was reported for Mo–S and W–S compounds[60].

The bond orders (seeTable 2) show that the inter-
action between the Smc and Sb, with the MoC atom
is through Mo-sp orbitals with an important participa-
tion of metal d orbitals. Free Mo atom has a 5s14d5

configuration. However, in the linear aggregates, the
Mo atom has a 5s0.35p0.34d4.7 configuration. It is clear
therefore, that a charge transfer from Mo to S atoms
occurs as well as an electronic reorganization, i.e. an
spd re-hybridization. This facilitate the binding of sev-
eral S atoms to one Mo atom. The central Mo (MoC)
is bonded not only to Smc and Sb, but to the neighbor
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Fig. 2. Draw of the molecular structures used in this work for the non-linear systems, MoxSy (x = 3, y = 6, 8, andx = 5, y = 6, 8, 10,
12, 14, 16, 18, 20).
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Table 2
Partitioned bond orders (sp–sp and d–sp) for Mo–Mo and Mo–S
bonds in linear clusters

Cluster MoC–MoN MoC–Sb MoC–Smc Smc–Smc

sp–sp d–sp sp–sp d–sp sp–sp d–sp sp–sp

Mo3S4 0.76 0.06 1.02 0.37 – – –
Mo3S6 0.70 0.05 0.95 0.39 0.93 0.45 0.87

Mo3S8 0.74 0.06 1.02 0.35 – – –
Mo3S10 0.69 0.04 0.94 0.39 0.94 0.45 0.85

Mo5S12 0.74 0.07 1.02 0.39 – – –
Mo5S14 0.69 0.06 0.93 0.38 0.94 0.40 0.76

Mo3S12 0.68 0.06 0.97 0.35 – – –
Mo3S14 0.65 0.05 0.94 0.35 0.88 0.38 1.04

Mo atoms (MoN) through sp–sp interactions. When
the MoC–Smc is formed a weakening of the MoC–Sb
and MoC–MoN bonds occurs due to the redistribution
of the electrons in the bonding structure.

The PDBE values inTable 3clearly show, as well
as the bond order values in theTable 2, that there is a
MoC–MoN bond that is weaker than the MoC–S bond.
The existence of Mo–Mo bond is not unusual, for
example, the experimental Mo–Mo bond distance is
3.22 Å in the [h5-C5H5Mo(CO)3]2 [69] complex. This
distance is longer than the Mo–Mo distance (3.16 Å)
in MoS2 [70]. Therefore, one could expect an Mo–Mo
bond in the MoS2. Table 3shows a general tendency,
the Mo–Sb bonds (PDBE(MoC–Sb)) are stronger than
the MoC–Smc ones (seeTable 1). This result in con-
cordance with the experimental results[37,70], which
show that Smc atom is more labile than the Sb ones.

Table 3
PDBEs and net charges on the MoC and the Smc atoms for linear clusters

Cluster PDBE(MoC–MoN) PDBE(MoC–Sb) PDBE[Mo–S]a Charge on MoC Charge on Smc

(kcal/mol) (kcal/mol) (kcal/mol)

Mo3S4 −76.0 −115.3 −114.7 +0.75 –
Mo3S6 −54.5 −93.3 −93.7 +1.50 −0.30

Mo3S8 −55.8 −94.2 −93.1 +0.68 –
Mo3S10 −59.8 −92.1 −92.7 +1.50 −0.28

Mo5S12 −52.1 −95.6 −98.5 +0.78 –
Mo5S14 −48.2 −89.7 −92.9 +1.39 −0.24

Mo3S12 −46.4 −94.5 −96.7 +0.74 –
Mo3S14 −41.9 −92.3 −90.7 +1.46 −0.28

a Mean value of the PDBE(Mo–S) in the cluster.

The calculated MoC–Smc (2.27–2.35 Å) bond dis-
tances (Table 1) are shorter than those in the MoS2
bulk (2.41 Å)[71]. This can be explained due to unsat-
urations in the small clusters sizes. The net charge on
the MoC (seeTable 3), as expected, increases when the
coordination of the MoC atom increases. This shows
that an oxidation process occurs on the Mo atom. The
total net charge on two Smc atoms is around−0.6e,
indicating again that the Smc–Smc behaves like an ac-
tivated S2− group, as shown previously.

Increasing the saturation of the neighbor Mo atoms
affect the electronic distribution of the central Mo
atom. The PDBE(MoC–MoN) is lower for Mo3S12
than for Mo3S8, Mo3S4, and Mo5S12 because the
MoN atoms have to share their electrons with the Smb
atoms. A particular striking result is the interaction
MoC–Smc in the Mo3S14 molecular cluster. The Smc
atoms are less bonded to the central Mo in the Mo3S14
than in the other linear clusters. As a consequence, the
PDBE(Smc–Smc) is higher and the PDBE(MoC–Smc)
is lower than in the other clusters, seeTable 1. For
Mo3S14 cluster, the central Mo atom has one unpaired
electron, therefore, two Smc atoms are bonded to the
MoC through one electron instead of two, as a result
the interaction between the MoC and the Smc atoms is
weaker.

The interaction between the central Mo and the S
atoms can be analyzed as a reaction between one S2
molecule with a clean MoS2 surface, according to the
following reactions scheme:

Mo3S8 + S2 → Mo3S10,

�E = −141.1 kcal/mol (7)
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Mo3S12 + S2 → Mo3S14,

�E = −124.5 kcal/mol (8)

Again, the saturation with S atoms of the neighbor
Mo atoms drastically affect the properties of the linear
model, lowering the adsorption energy (reaction (8)).
This shows the importance of the neighbor atoms. The
quantum properties of Mo3S8, model corresponds to
a clean Mo surface in the(3 03̄ 0) plane of the MoS2,
while the properties and the DE of Mo3S12 to Mo3S14
correspond to the(1 01̄ 0) plane. From the analysis of
reaction energies, it is clear that the adsorption of a
S2 molecule is stronger in the(3 03̄ 0) plane than in a
Mo vacancy localized in the(1 01̄ 0) plane (reactions
(7) and (8)).

Considering the following reactions:

Mo3S8 + 2S2 → Mo3S12,

�E = −280.1 kcal/mol (9)

Mo3S10 + 2S2 → Mo3S14,

�E = −263.5 kcal/mol (10)

From reactions (9) and (10), values of−140.1 and
−131.8 kcal/mol for the adsorption energy of one S2
molecule were obtained. Comparing these values with
the adsorption energy of reaction (8), one can ob-
serve the effect of the neighbor S atoms in the ad-
sorption process (compare reactions (9) and (10)).
On the other hand, plotting the calculated total bind-
ing energy (TBE) of the linear structures versus total
number of Mo–S bonds, a linear relationship is ob-
tained, as shown inFig. 3. The value of the slope is
−107.6 kcal/mol per bond. This value is higher than
most of the average values given inTable 3because
of the formation of S–S bonds and the weakening of
Mo–Mo interactions have to be considered.

Table 4
Geometrical properties and PDBE values for MoC and Smc atoms in non-linear clusters

Cluster R(MoC–Smc) (Å) R(Smc–Smc) (Å) PDBE(MoC–Smc) (kcal/mol) PDBE(Smc–Smc) (kcal/mol)

Mo3S8 2.31 2.16 −90.8 −61.5
Mo5S8 2.31 2.15 −99.5 −70.7
Mo5S12 2.30 2.16 −96.2 −62.7
Mo5S16 2.29 2.16 −96.4 −60.7
Mo5S20 2.32 2.16 −90.0 −86.7

4.2. Non-linear clusters

As in the previous case, a systematic analysis of
several non-linear and non-stoichiometric clusters
were done. The Mo–Smc and Smc–Smc distances were
only optimized for these clusters (seeFig. 2). In the
two rows structures, an optimal multiplicity of three
was found, except for the Mo5S18, which is a quin-
tuplet. Table 4 shows that the interatomic Smc–Smc
and MoC–Smc distances are almost independent of
the size of the cluster. In general, the values PDBE
for the Mo–Smc and Smc–Smc bonds are stronger than
those found for the linear aggregate models. There is
also an important Mo–Mo interaction (seeTable 5)
that is weaker than in the linear ones.

Two S atoms bonded to the central Mo atom (MoC
atom) produces a charge transfer from the Mo atom
to the Smc atoms, as expected. In this sense, the
non-linear clusters the electronic charge density on S
atoms is in general, greater than in linear ones, see
Table 5. Table 6shows that the Mo–Mo interaction
occurs mainly through the 5s5p orbitals since the
4d orbitals are compromised in the Mo–S bonding.
These orbitals represent a 30% of the Mo–S bond
through d–sp interactions. A clear decrease of sp–sp
and d–sp bond is observed in the non-linear clusters
with respect to linear ones. Comparing non-linear
with linear structures, the Smc–Smc bonds are weaker
and the negative charge on Smc atoms is higher
in the former. For example, the Smc–Smc bond or-
der in Mo3S14 (liner) is 1.04 and 0.88 for Mo5S20
(non-linear) with S2 charges of−0.56 and−0.76 a.u.,
respectively.

Considering the following set of reactions:

Mo3S6 + S2 → Mo3S8,

�E = −113.9 kcal/mol (11)
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Fig. 3. Plot of the calculated total binding energy (TBE) of the linear structures vs. total number of Mo–S bonds.

Mo5S6 + S2 → Mo5S8,

�E = −153.6 kcal/mol (12)

Mo5S10 + S2 → Mo5S12,

�E = −174.1 kcal/mol (13)

Mo5S14 + S2 → Mo5S16,

�E = −130.8 kcal/mol (14)

Mo5S18 + S2 → Mo5S20,

�E = −108.8 kcal/mol (15)
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Table 5
PDBEs and net charges on the MoC, ST and Smc atoms for non-linear clusters

Cluster PDBE(MoC–MoN) PDBE(MoC–ST) PDBE[Mo–S]a Charge on MoC Charge on Smc

(kcal/mol) (kcal/mol) (kcal/mol)

Mo3S6 – – −90.8 +0.89 –
Mo3S8 – – −88.7 +1.39 −0.25

Mo5S6 −55.6 −88.7 −93.1 +0.64 –
Mo5S8 −51.5 −84.1 −92.7 +1.46 −0.38

Mo5S10 −48.5 −87.1 −92.0 +0.65 –
Mo5S12 −44.7 −82.6 −88.2 +1.40 −0.34

Mo5S14 −50.8 −88.9 −93.6 +0.59 –
Mo5S16 −42.1 −83.4 −89.9 +1.47 −0.33

Mo5S18 −46.5 −84.3 −90.1 +0.69 –
Mo5S20 −34.3 −84.7 −91.1 +1.40 −0.38

a Mean value of the PDBE(Mo–S) in the cluster.

It is clear from reactions (11)–(13) that the reac-
tion energy (DE) increases as the size of the aggregate
increases. On the other hand, for the set of reactions
(13)–(15), the energy reaction decreases as the S con-
tent increase in the clusters. It shows that increasing
the saturation with S atoms affect the chemical prop-
erties, such as the reaction energy MoxSy + S2.

In similar way, a plot of the calculated total binding
energy (TBE) for the non-linear structures versus the
total number of Mo–S bonds shows a linear relation
(seeFig. 4). The value of the slope−118.6 kcal/mol
per bond corresponds to the formation energy of one
Mo–S bond. This value is higher than the correspond-
ing of the clusters of the linear structures, because

Table 6
Partitioned bond orders (sp–sp and d–sp) for non-linear clusters

Cluster MoC–MoN MoC–ST MoC–Smc Smc–Smc

sp–sp d–sp sp–sp d–sp sp–sp d–sp sp–sp

Mo3S6 – – 1.00 0.32 – – –
Mo3S8 – – 0.92 0.38 0.97 0.41 0.83

Mo5S6 0.67 0.06 0.92 0.34 – – –
Mo5S8 0.63 0.04 0.84 0.33 0.94 0.41 0.92

Mo5S10 0.67 0.04 0.93 0.32 – – –
Mo5S12 0.63 0.04 0.83 0.38 0.96 0.43 0.77

Mo5S14 0.71 0.05 0.93 0.33 – – –
Mo5S16 0.62 0.04 0.84 0.35 0.96 0.41 0.79

Mo5S18 0.63 0.06 0.88 0.37 – – –
Mo5S20 0.59 0.05 0.82 0.35 0.89 0.35 0.88

there is an extra stabilization energy due to the cyclic
structure. In the non-linear structures, there are more
bonds per atom than in a linear one. For example,
Mo3S6 and Mo3S8 clusters present 10 and 12 Mo–S
bonds compared with 12 and 14 bonds of the cor-
responding non-linear clusters. In addition, there are
three-coordinated S atoms and two more Mo interac-
tions in clusters of five Mo atoms that help to stabi-
lize these structures. The S–S interactions is important
only for edges sulfurs, therefore, if one substract the
S–S contributions (half of S–S bond per Mo–S bond)
it is possible to make a comparison with the bulk.
The average value of S–S bond was−34.1 kcal/mol
in Mo5S20 and result in−84.5 kcal/mol per Mo–S
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Fig. 4. Plot of the calculated total binding energy (TBE) for the two-layer structures vs. the total number of Mo–S bonds.

bond. This value is close to the reported value of
−87.9 kcal/mol for the energy of sulfur-extraction cal-
culated by using DFT approach[58].

In order to estimate the energy for the vacancy for-
mation, the reaction

MonSm + H2 → MonSm−1 + H2S (16)

is divided in a two-step reaction. The first correspond
to the extraction of one S atom and the second to the

H2S formation from molecular H2 and atomic S:

MonSm → MonSm−1 + S (17)

S+ H2 → H2S (18)

Using the value of the slope ofFig. 4 and the
calculated total binding energy for the reaction
(18) (−159.8 kcal/mol), we obtain a value of
−40.9 kcal/mol for reaction (16). This value is
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Fig. 5. Schematic representation of two-layer aggregates HOMO orbital.

higher than the reported using DFT calculations of
−30.1 kcal/mol[24].

In general, for non-linear aggregates, the HOMO is
highly localized over the S atoms, as shown inFig. 5.
Fig. 5a and bshows that this orbital is the anti-bonding
combination of two atomic p-type orbitals that belongs
to the Smc atoms. In the case of totally saturated clus-
ters, the HOMO is delocalized over the whole struc-
ture (seeFig. 5c). Since the HOMO is localized in
unsaturated aggregates and no localized in saturated
aggregates (Fig. 5a and b), the reactivity of both ag-
gregates could be different, but concentrated over the
S atoms and not over the metallic centers. Taken into
account the localization of the HOMOs and the elec-
tronic charge of these S atoms, it is possible to explain,
partially, the mechanism of the H2 dissociation. Since

the Smc atoms are negatively charged and the HOMO
is localized over these atoms, it is very feasible that a
charge transfer occurs from the Smc atoms to the H2
anti-bonding�∗ orbital, which makes more easy the
H2 dissociation and formation of S–H bond. These re-
sults are in agreement with previously published ones
[23] that show that the addition of molecular H2 to two
adjacent sulfur atoms is a favorable process. Due to the
different shapes of the HOMO in saturated and unsat-
urated aggregates the mechanism of vacancies forma-
tion can be different for both aggregates. For saturated
aggregates, the H2 molecule could first attacks any of
S atoms, the Smc, Smb, Sme, Sb and the tricoordinate
ones. After the vacancy formation the HOMO change
its shape (unsaturated aggregate,Fig. 5a and b), there-
fore, the H2 will interact preferentially with the Smc.
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Fig. 6. Schematic representation of LUMO orbital.

On the other hand, the LUMO orbital is mainly
located on the coordinatively unsaturated Mo atoms
(MoN atoms, seeFig. 6). This indicates that these
Mo atoms have electron-accepting properties while the
Smc atoms, due to the localization of the HOMO, have
electron-donating properties. Ma and Schobert[41]
using ZINDO program reported that the LUMO or-
bital of a M10S18 cluster is delocalized over the whole
structure, but similar to our results, concentrated on
unsaturated Mo atom. They concluded, therefore that
the electron-acceptor properties of this atom let the
flat adsorption of the thiophene molecule. Both fac-
tors (the localization of the HOMO and the LUMO or-
bitals) help to understand the HDS mechanism. Due to
the LUMO is localized over the unsaturated Mo atoms,
the thiophene molecule can coordinate to these Mo
atoms while the neighbor S atoms can donate charge
to the thiophene ring facilitating the breaking of the
ring, as shown schematically inFig. 7.

Delmon and coworkers[33], using ab initio calcu-
lations with a small basis set in a Mo27S54 cluster,
found that the Mo atoms on the corner have both

Fig. 7. Schematic representation of electron transfer from S atoms
to the adsorbed thiophene molecule.

electron-accepting and donating properties, which is
in agreement with our results. Nevertheless, they re-
ported that the unsaturated central Mo atom (MoC) has
very little participation in the LUMO orbital; there-
fore, this atom does not have electron-accepting prop-
erties. Our results, as well as those of[41], show that
the LUMO is mainly localized over all coordinatively
unsaturated Mo atoms. This disagreement could be ex-
plained by the fact that the semi-empirical approaches
include in some degree the electronic correlation
[43,46], and ab initio calculations with minimum basis
sets are less accurate than semi-empirical ones[72].

5. Conclusions

(a) Once more, the use of energy partition and the
parameterization of CNDO method using diatomic
binding energies arise as a good tool for studying
energetic interactions in catalytic systems.

(b) The linear clusters are less stable than the
non-linear ones, because more bonds per number
of atoms are observed in the later. It is convenient
to use non-linear clusters with two rows of Mo
atom to simulate MoS2 surface catalyst.

(c) Changes in PDBEs, bond orders and charges on the
Mo and S atoms are, in general, small for different
types of aggregates, except for the very unsaturated
ones.

(d) Formation of S–S bonds and S–Mo–S bonds on
the surface are important for the formation of va-
cancies on the surface. It is proposed that a species
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of S2
− is formed on the(1 01̄ 0) surface plane. An

important Mo–Mo interaction was also found.
(e) The shape and localization of the HOMO orbital

depend on the size and sulfur saturation of clusters.
HOMO is localized over the Smc atoms, which
shows that these S atoms are the electron-donating
sites of the MoS2 catalyst.

(f) The LUMO orbital is delocalized over all unsatu-
rated Mo atoms, therefore, these atoms are princi-
pally electron-accepting sites.
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