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Abstract

Ab initio investigation of the structural and electronic properties of a real sizg;8g cluster has been performed to
develop a fundamental understanding of the active sites of,Maglysts in the hydrotreatment process. The cluster is a
stoichiometric and regular hexagonal one wil)(L0) plane (S edge) and (3®) plane (Mo edge) only, and does not
need any saturating H atom and charge compensation. By using density functional theory (DFT) method, a full geometry
optimization of the cluster has been carried out. The structure of the cluster is more relaxed towards the edges, and two types
of the Mo—Mo distances, which are shorter or longer than that in the,Moftal, are observed at the periphery. These
results agree well with the EXAFS data of dispersed unsupported daicle. The electronic properties of the atoms at
various sites (i.e. corner, edge, outer, and inner positions) have been distinguished clearly by means of charge distribution
and molecular orbital (MO) calculations. The corner Mo atom is expected to be the most active site for the hydrotreatment
reactions.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Density functional theory; MoScatalyst model; Real size cluster; Optimized structure; Electronic property

1. Introduction alyst surface and to examine the reaction mechanism
involved in hydrotreatment (see reviews, d192]). It
Molybdenum sulfide compounds are the important has now been known that properly reduced edges of
active element in catalysts used in the hydrotreatment molybdenum sulfide play the essential role in the re-
process (i.e. hydrodesulfurization (HDS) and hydro- action. However, the mechanism of formation of the
genation (HYD)) to remove sulfur from petroleum active sites and the exact structural configuration of
fractions. The increasing demand to reduce the sulfur the atoms constituting these sites still remain unclear.
content of oil products to<50 ppm leads to a need Computational modeling techniques can provide one
for more efficient processes and more active catalysts. possible approach to get a better insight into the na-
Consequently, a large number of experimental studies ture of active sites of the catalyq4].
have been carried out to find the active sites on the cat- The crystal of Mo$ shows a typical layered struc-
ture consisting of close-packed triangular double lay-
mpondmg author. Tels81-298-61-4835: ers of S with ea;h Mq atom coordinated b_y Six S a_toms
fax: +81-298-61-4634. in a trigonal-prismatic unif5]. The bonding within
E-mail address: hideo-orita@aist.go.jp (H. Orita). the layers is covalent. There is only a week van der
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Waals interaction between consecutive S—-Mo-S lay- that of the real catalyst particle. Ma and Scholjé}t
ers. Cleaving Mog between the layers results in a have discussed the reasonableness of using this clus-
chemically inert Q 00 1)surface. It is experimentally  ter as the model for the highly dispersed Mg%ar-
demonstrated that for the highly dispersed supported ticle in detail. Due to an atom-number limit in their
MoS, catalysts, the active M@Sparticles are small  calculation program (ZINDO), they could not calcu-
within 10-30 A in size (10 A= 1 nm) and sometimes late the Me7Ss4 cluster actually. They have designed
constitute of a single sheet of the MpStructure[1]. a smaller, but still stoichiometirc, M@Ss> cluster to
Therefore, it seems reasonable to use a single sheemimic the edge structure of the MiSs4, and investi-
Mo$S; cluster with the size corresponding to real MoS  gated the stable adsorption configuration of thiophene
catalyst particle as a computational model. In order on the edge Mo atom. However, all the atoms are not
to simulate the surface structure of a highly dispersed relaxed in their simulation, and the electronic proper-
MoS, particle, we have chosen a regular hexagonal ties of the cluster were calculated without geometry
cluster of M@7Ss4 as shown inFig. 1 because this  optimization.

cluster has correct stoichiometry and eletroneutrality  Li et al. [7] have carried out the structure optimiza-
without any saturating H atom and charge compen- tion of the M@7Ss4 cluster by using the GAMESS pro-
sation as well as its size (ca. 19 A) is comparable to gram. They have obtained some helpful information

(—1010) plane: S edgc / (30-3()) p]anc; Mo edge

Fig. 1. Schematic representation of the /854 cluster. The dark smaller and light larger circles indicate Mo and S atoms, respectively.
The cluster is rotated a little arourXt and Y-axes to show the coordinative character between atoms clearly. S and Mo edge planes are
indicated as £1010) and (36-30) planes instead ofLQ 10) and (3@ 0), respectively.
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on the structural and electronic properties of the clus-
ter, and pointed out the different contributions of edge
and corner sites to the frontier molecular orbitals
(MQ’s). Their optimized geometry does not fully
coincide with the EXAFS results of highly dispersed
unsupported Mogparticle[8] because the basis they
used (unrestricted Hartree-Fock (UHF)/MINI/ECP) is
not a high level set. In the present work, we have per-
formed a full geometry optimization of the Mgs4
cluster by using density functional theory (DFT)
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edge) only. The S atoms in the cluster can be classi-
fied into four groups according to their coordinative
character: the corner and edge S atoms D@ X 0)
plane, the outer S atoms on (30) plane, and the
inner S atoms, which are symbolized by |§ Se 11,
So, 1, and $ i, respectively. The subscripts c, e, o,
and i indicate corner, edge, outer, and inner positions
of the atom, respectively. Roman numeral shows the
coordinative number of each Mo atom neighboring to
the S atom. According to this notation, the Mo atoms

method, and found that the computed structure agreesalso can be classified into four groups: Mo and

well with the EXAFS data. The electronic properties
of various sites have been also examined.

2. Computational methods

All the calculations were performed with the pro-
gram package DM@l (Version 4.2.1) in the Cerids
of Accelrys Inc. on SGI workstations of Tsukuba
Advanced Computer Center (TACC) in AIST. In
the DMoP method[9-11], the physical wave func-

Moe, v on (3030) plane, Mg v on (1010) plane,
and Mq,v;. The Mo atoms on (380) plane (i.e.
Mo, v and Mg, 1v) are 2-fold coordinatively unsat-
urated sites (CUS). They are usually considered as
the active sites for hydrotreatment reactions, but the
differences in property between the corner and edge
atoms are not well understood.

The optimized structure of the M@Ss4 cluster is
shown inFig. 2 (each point corresponding to S actu-
ally represents two atoms, situated, respectively, in the
upper and lower plane). The Mo—Mo distances inside

tions are expanded in terms of accurate numerical the cluster (i.e. the distances between two; Mds)
basis sets. We used the doubled numerical basis setare between 3.16 and 3.19 A, which corresponds well

with d-polarization functions (DND), whose size is
comparable to Gaussian 6-3% Gnd effective core
potential (ECP) for Mo. The generalized gradient
corrected (GGA) functional, by Perdew and Wang
(PW91)[12], was employed. Geometry optimization
of the Mo$ cluster started with an initial structure
with coordinates of all atoms identical to those de-
duced from the lattice parameters of an infinite MoS
crystal[13], and the BFGS routine, in which the gra-
dients were computed numerically, was employed.
For the numerical integration, we used the MEDIUM
quality mesh size of the program. The tolerances of

to the Mo—Mo distance in the MeScrystal (3.16 A
[13]). The structure of the cluster is more relaxed to-
wards the edges, and two types of the Mo—Mo dis-
tances are clearly observed at the periphery of the clus-
ter. The Mo—Mo distances between the Mo atom on
(3030) and M@, vi or Mo,y are shorter (ca. 3A)
than that in the crystal, and the distances between
Moo vi and Maq, vy, are longer (3.25-3.29 A). calais
et al.[8] have measured EXAFS of dispersed unsup-
ported Mo$ particles, and observed two remarkable
Mo—Mo peaks at 3.09 and 3.36 A after subtracting the
contribution of crystalline Mogfrom the original EX-

energy, gradient, and displacement convergence wereAFS spectra. The EXAFS data agree well with our

2x 1075 1x 1072, and 1x 102, respectively. Apply-
ing symmetry conditions to reduce the computation
time was not possible when ECP was used.

3. Results and discussion
3.1. Optimized structure

The peripheral edges of the IiBs4 cluster con-
sist of 1 010) plane (S edge) and (3®@) plane (Mo

optimized structure of the MeSs4 cluster. Although
the edge structure under,H,S atmosphere may be
different from our optimized one as simulated with in-
finite periodic models by Byskov et dlL4] and Ray-
baud et al[15], the EXAFS spectra of MoSwere
measured under nitrogen at room temperature after ex
situ re-sulfidation at 673 K8]. Under such a condi-
tion without H,S, the edge of dispersed MpBarticle
probably has a specific structure as showirign 2

We have also performed geometry optimization
of one size smaller hexagonal cluster of {d8a.
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Fig. 2. Optimized structure of the M@Ss4 cluster. The characteristic distances between atoms are shown by considering the symmetry of
the cluster. The dark (light) gray parts indicate Mo (S) atoms.

The peripheral structure of MgSy4 is relaxed as The bond between Moy and i is the shortest one,
that of M37Ss4, but the Mo—Mo distances inside the which indicates that the corner site is the most relaxed
Mo1,S4 cluster become longer to 3.27 A. Further- in the cluster, and could be more reactive. Li et al.
more, there is no edge atom (i.e. Mg and 1) [7] have obtained the Mo—Mo distance of 3.50 A and
in this cluster. These facts indicate that the cluster Mo—S distance of 2.52 A for the inner part of the clus-
size of M012Sy4 is not sufficient enough to represent ter. The deviation from the crystal structure is a little
the structural properties of highly dispersed MoS large, and their method predicts longer distances than
particles although this cluster was used as a model of the real values, which comes from their choice of a
active phase in hydrotreatment reacti¢h8]. computationally affordable but not high level basis set.
For the Mo-S distances in the 554 cluster, they Some Mo-Mo interactions are revealed by Mayer
are between 2.33 and 2.46 A, which are comparable to bond order analysis. The largest bond order of 0.56
the Mo-S distance in the MeSrystal (2.42 A). The is found between Mgy and Mg, v, indicating
Mo-S distances at the periphery are a little shorter. that there is fairly strong interaction between these



H. Orita et al./Journal of Molecular Catalysis A: Chemical 195 (2003) 173-180

Table 1
Hirshfeld partitioned charges of the atoms in the v, cluster

Atom Number  Average charge

group

Se il 12 —0.177 (between-0.1769 and—0.1770)
Se il 6 —0.168 (between-0.1683 and—0.1684)
So. 11l 12 —0.130 (between-0.1298 and—0.1302)
S.m 24 —0.107 (between-0.1041 and—0.1141)
Mog, v 6 0.339 (between 0.3386 and 0.3396)
Moeg, v 3 0.241 (between 0.2400 and 0.2412)
Moo, vi 6 0.291 (between 0.2904 and 0.2906)
Moi, vi 12 0.228 (between 0.2259 and 0.2329)

two Mo atoms. It is worth noting that the distance
(3.13A) is not shortest. Other characteristic bond
orders between two Mo atoms are as follows; 0.49
between Mgy and Mq vy, (the shortest distance:
2.97A), 0.43 between Moy and Mq, v (the second
shortest distance: 3.06 A), 0.34 betweend\ip and
Moj.vi (3.08A), 0.26 between two Moy,’s (3.13 A),
0.23-0.26 between two Mq,’s (3.16-3.19A), and
0.15 between Mgy, and Mq, vy (the largest dis-
tance: 3.29A). As the distance between Mo atoms
increases, the bond order except that between Mo
and Mq; v tends to decrease but not linearly.

3.2. Electronic properties

The Hirshfeld partitioned charges of the atoms in
the Mo»7Ss4 cluster are tabulated ifable 1 Mul-

liken charges were not used in the present work be-
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Table 2
Molecular orbitals of the MgSss cluster located around the
HOMO-LUMO region

State Energy (eV)  Energy Occupation

difference from

one upper state
HOMO — 5 —-5.490 0.015 2
HOMO — 4  —-5.475 0 2
HOMO — 3 5475 0.011 2
HOMO — 2 —-5.464 0.213 2
HOMO -1 -5.251 0 2
HOMO —5.251 0.15 2
LUMO -5.101 0.029 0
LUMO +1 —5.072 0.102 0
LUMO + 2 —-4.970 0 0
LUMO + 3 —4.970 0.081 0
LUMO + 4 —4.889 0 0
LUMO +5 —4.889 0.105 0

corner S atom () has the most negative charge,
and the corner Mo atom (Mqy) possesses the most
positive charge, suggesting that the atoms on the cor-
ners of a real Mogcatalyst show exceptionally reac-
tive features. It is worth mentioning that the charge of
Moe, 1v is smaller than that of Mgy, and rather com-
parable to that of Mpy,. There is clear difference in
charge between Moy and Ma, v .

Molecular orbital calculations and partial density of
states analysis of the cluster have been also performed.
Molecular orbitals located around the HOMO-LUMO
region are listed inTable 2 Typical isosurfaces of
MQ'’s are represented iRigs. 3 and 4Fig. 3 shows

cause they are very dependent on the basis sets usedhe isosurfaces of combination of HOMO (highest oc-

The Hirshfeld partitioned charges are defined relative
to the deformation density. The deformation density
is the difference between the molecular and the un-
relaxed atomic charge densities. The Hirshfeld pro-

cupied molecular orbital) and HOMG- 1 because
these two MO’s are degenerated at the energy value of
—5.251 eV. Although the MO'’s are distributed widely
on the Mo atoms around the periphery of the cluster,

cedure usually produces atomic charges rather smallthey are located strongly on some of the corner Mo

magnitudes, but Hirshfeld charges are not so depen-

dent on the basis sets as Mulliken. The outside lay-
ers of S are negatively charged, and the positively
charged Mo plane is in the middle of the sandwiched
structure. There is no overlap region of charge dis-
tribution among the atom groups, indicating that the

atom groups can be distinguished clearly by charge.

The charge distributions of the atoms inside the clus-
ter (S, and Maq, ) are a little broad, because each
of them can be classified into further three types by
considering the symmetry of the cluster strictly. The

atoms (M@, 1v). The isosurfaces of LUMO (lowest un-
occupied molecular orbital) are shownHig. 4. The
LUMO is located dominantly on the (330) plane
and especially on the May atoms. Although no de-
generated MO is found for LUMO, the gap between
LUMO and LUMO + 1 is only 0.029 eV. The LUMO
+ 1 is populated strongly on the Mgy atoms but
not on the M@ y atoms. Because of small energy
differences between MO'’s (s@@ble 2, the reactiv-
ity of the cluster comes from all the MO’s around the
HOMO-LUMO region.
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Fig. 3. Isosurfaces of combination of HOMO and HOMO1 of the Ma7Ss4 cluster.

The partial density states analysis shows that the the top of the valence band is comparable to that of

MQ'’s near Fermi level (HOMG- 1, HOMO, LUMO
and LUMO + 1) are contributed dominantly by Mo
4d atomic orbitals and weakly by Mo 5sp, and that
the contribution of S atoms is very small, which is
consistent with the recent DFT calculation of Cler-
mette et al.[17]. The computed energy difference
between HOMO and LUMO is only 0.15eV, while
the Mo$S crystal is found by using periodic calcu-
lational ability of DMoP [11] to be semiconducting
with a gap of 0.93eV. The calculated band gap is a
little smaller than an experimental value of 1.3eV,
which can be explained by the well-known deficiency
of DFT to describe occupied and unoccupied electron
levels by the same functional as described5i8].
(The HOMO-LUMO gap calculated by Li et di7]

is 5.86 eV, which is much larger than the band gap
in the Mo$S crystal.) The top of the valence band

the HOMO of the cluster-{5.251¢eV), it is consid-
ered that the unoccupied MO’s mainly move down
into the bulk-gap by the formation of CUS at the pe-
riphery of the cluster. These CUS should show the
stronger acceptor properties, leading to reactions with
a potential electron donor such as thiophene in the
hydrotreatment process. Raybaud et{&] have in-
vestigated the structural and electronic properties of
the Mo$ (101 0) edge-surface, and showed the sim-
ilar shift of states into the bulk-gap. They have con-
cluded that the Mog1010) surface is metallic in
contrast to the semicondcuting bulk, and that on the
unsaturated Mo-surface atoms, the most intense sur-
face states are empty d-type states just above the Fermi
level. Their results of the edge-surface agree well with
ours of the cluster, showing that the used cluster is a
good model to represent the electronic structure of the

and the bottom of the conduction band are located at MoS, edge-surface. There is no corner site in their pe-

—5.12 and—4.19 eV, respectively. As the position of

riodic edge-surface model although we have found the
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Fig. 4. Isosurfaces of LUMO of the MgSs, cluster.

differences in property between the corner and edge atoms in the cluster can be classified into four groups
atoms. We are now extending this cluster model cal- according to their coordinative character: the corner,
culation to investigate the adsorption of thiophene on edge, outer, and inner atoms. The structure of the clus-
the CUS as a model for activation of sulfur-containing ter is more relaxed towards the edges, and two types
compounds on MogScatalyst, which will be reported  of the Mo—Mo distances are observed at the periphery.
later elsewhere. The distances between the Mo atom on 80) plane
and the outer or inner Mo atom are shorter (ca. 3A)
than that in the Mo crystal (3.16 A), and the dis-
4. Conclusions tances between the outer and inner atoms are longer
(3.25-3.29 A). These results agree well with the EX-
A full geometry optimization of a real size MgSs4 AFS data of dispersed unsupported Mgfarticle.
cluster has been performed with the DFT program  The electronic properties of the atoms at various
package DMdl to develop a fundamental understand- sites have been distinguished clearly by means of
ing of the active sites of MoScatalysts in the hy-  charge distribution and molecular orbital calculations.
drotreatment process. The cluster is a stoichiometric The corner S atom has the most negative charge,
and regular hexagonal one with@ 1 0) plane (Sedge) and the corner Mo atom possesses the most posi-
and (303 0) plane (Mo edge) only, and does not need tive charge, suggesting that the atoms on the corners
any saturating H atom and charge compensation. Theof a real MoS catalyst show exceptionally reactive
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features. The HOMO-LUMO gap of the cluster is
only 0.15eV, while the band gap of the MpS$rys-

tal is computed to be 0.93eV. It is considered that

the unoccupied MO’s mainly move down into the
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