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Abstract

Semi-core effective core potential (ECP2) calculations were carried out for Mo;S¢ and Mo, S clusters that modelled
MoS, catalyst surface sites (sulfur sites). The interaction of H, with monocoordinated (S,,) and bicoordinated (S,) sulfur
sites was studied. The topological properties of Mo—S bonds and the critical points (CP) of the charge density Laplacian
(—Vzp(rcp)), in the S valence shell, were analyzed. The results indicate that H, is dissociated over sites formed by two
neighbor S atoms. The local interaction of H, with the S atoms occurs in the region in which there is the highest spin
density concentration; i.e., the zone located at the CP maxima of ——Vzpspm(rcp). This work shows the importance of
calculating the CP of —-Vzp(rcp) on the surface atoms to determinate active sites on a surface.
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1. Intreduction

Hydrodesulfurization (HDS) or the removal
of sulfur from sulfur-containing molecules
(C,H,S) is a crucial step in the refinement
process of heavy oils. The HDS reaction, at the
industrial level, is performed over heteroge-
neous catalysts of molybdenum disulfide (MoS,)
anchored over a nonreactive support. The over-
all chemical reaction takes place in the presence
of hydrogen:

catalyst

C.H, S +nH, T hydrocarbons + H, S

Before the MoS, can be used as a catalyst, it

" Corresponding author.

must be pretreated with H, or H,/H,S at high
temperatures. During this process the H,, in a
first step, is dissociated forming —SH groups
over the MoS, surface that later evolves H,S,
leading to the formation of vacancies on the
metallic atoms. It has been shown in the litera-
ture [1-4], that these groups (~SH)} and the
vacancies on the metallic atom are essential in
the HDS catalytic activity. It is very important
then, to understand how and where these —-SH
groups are formed in order to model new mate-
rials or new catalysts for HDS processes.

In spite of its technological importance, few
theoretical studies in this field have been per-
formed. Anderson [S5], using a semiempirical
method studied the hydrogen adsorption on
MoS,. Pis Diez and Jubert [6,7], using extended
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Hiickel, found that the hydrogen absorption is
more favored over the Mo atoms than over the
S atoms, and that the corner sites are the most
active sites for adsorption of one or two H
atoms, but no molecular hydrogen adsorption
was considered. The molecular dissociation of
H, over small nickel sulfide cluster was studied
by Neurock and Van Santen [8] using the local
spin density approximation. They showed that
the H, molecules dissociate heterolytically
forming sulfhydryl (SH) and hydryl (NiH)
species.

As has been shown in the literature, the
topology of the molecular electronic density,
p(r), can be used to characterize both the atomic
interaction in molecules and the reactivity [9—
12]. The theory Atoms in Molecules [12] (AIM)
has the advantage that it is independent of any
orbital formalism. Molecular properties defini-
tions based on atomic orbital population (Mul-
liken, Lowdin, etc) in many cases lack physical
significance [13]. For example, in MoS3~ [14],
the Mo is negative according to Mulliken popu-
lation, but using Bader’s topological analysis
[12] the charge on the metal is positive. The
AIM theory deals with the total electronic den-
sity which is a molecular property that can be
determined experimentally by means of X-ray
diffraction.

The reactivity of a molecular system can be
mirrored by the critical points (CP) of the nega-
tive of the Laplacian of p(r) (—V?2p(r)). This
quantity reveals where the electronic density is
locally concentrated or depleted in a molecular
system and these local electronic charge concen-
trations and depletions can be related to the
Lewis acid—base model.

To the best of our knowledge, no topological
analysis of the electronic charge distribution of
the active sites of MoS, has been done. Even
more, this is the first application in which the ab
initio effective core potential method (ECP) has
been used to characterize the topological proper-
ties of p and V?p in catalytic systems. In this
work, we have applied Bader’s theory to study
the H, interaction with S atoms on a MoS,

modelled surface (Mo,S, and Mo, S, clusters).
The magnitude of the electronic density (p_),
the Laplacian (V?p_,), the ellipticity (e), the
ratio of the curvatures |\,/\;| and the kinetic
energy per electron G_;, /p.; at the bond critical
points (BCP) are discussed. In addition, an anal-
ysis of the maxima of —V?p(r) and the spin
density for each cluster is performed. Relief
maps of —V?p(r) are displayed, as well as a
schematic representation of the location of each
corresponding maximum. In order to investigate
the possibility of a direct S-S bond, the Mo, S
cluster was relaxed conserving the symmetry
clusters.

2. Theoretical background

The characterization of chemical bonds in a
molecular system can be derived from the topo-
logical properties of p(r), as has been estab-
lished by Bader et al. [12]. The Laplacian
(—V2p(r)) has become a useful tool in the
interpretation of quantum chemical results, be-
cause it provides an enhanced view of the local
form of the electronic density. Thus, regions
where — V?p(r) > 0 correspond to zones where
electronic charge is concentrated and vice versa
(regions —V?p(r) <0 correspond to zones
where electronic charge is depleted). The topo-
logical study of —V?p(r) in the valence shell
region permits the determination of the number
and the location of electron pairs proposed in
the Lewis and VSEPR or VSEPD [12,15-18]
models. In some respects, this quantity mimics
the equivalent spatial properties of localized
molecular orbitals.

Critical points (CP) of a function F(r) (where
F may be p(r) or —V?2p(r)) are those where
VF = 0 and are characterized by the eigenvalues
(N, i=1, 2, 3) of the Hessian matrix of F (the
curvatures of F) at each CP. These points are
classified in accord with the rank (o) (number
of non-zero eigenvalues of the Hessian matrix),
and to the signature (s) (the difference between
the number of positive and negative eigenval-
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ues). That is, each CP is then labeled as (o, s).
Thus, (3,~ 1) and (3,+ 1) CP’s (two curvatures
with the same sign) correspond to saddle points;
(3,— 3) to local maxima; and (3,+ 3) to local
minima.

Using the above nomenclature for the CP’s
and the values of A/’s, one can classify the
atomic interactions or bonds. The V?p(r) value
at CP is given by: V?p(rep) =N, + X, + ;.
For example, a (3,— 1) CP (A, A, <0 and
N, > 0) represents a local maximum in two
directions and a local minimum in the third one.
If the CP is located in the internuclear line, the
negative curvatures (A, and \,) of p(r) at the
CP indicate the degree of charge density con-
traction in a region perpendicular to the inter-
atomic interaction line. On the other hand, the
magnitude of positive curvature measures the
degree of charge depletion toward the nuclei. In
general, |\ |/\;> | implies charge concentra-
tion on the interatomic region; i.e., shared inter-
actions (covalent bond). Contrarily, if |\,[/\;
<1, it means that charge depletion occurs in
the internuclear line; i.e., closed-shell interac-
tions (ionic bonds).

Another way to assess the interatomic inter-
action (closed-shell or shared) is by the kinetic
energy per unit charge (G, /p.;) at the CP,
defined in terms of the orbital density gradients
(Vp,) and the occupation numbers (n,) as:.

Gee = (h/2m2m) 2 nNp, - Vp,/p,

If G./pi <1 the bond has covalent char-
acter and if G, /p.., > 1 the interaction are of
ionic nature [9].

The accumulation of charge in a particular
plane may be used for characterizing the type of
bond (7 or o character) in accord with its
symmetry. This property can be measured with
the ellipticity (e) defined as € = (A ,|/N, — 1),
where [\ >[N,].

The local (3,— 3) and (3,+ 1) critical points
of —V?p(r) at the valence shell charge concen-
tration (VSCC) of an atom in a molecule can be
used to analyze the physical basis of the Lewis

acid—base reaction model [12,18]. The regions
of local charge concentration in the Lewis base
react with the regions of local charge depletion
of a Lewis acid. In general, the basicity or
acidity and the molecular structures could be
explained in terms of the topology of — V?2p(r).
For example, MacDougall et al. [19] have pro-
posed that the most stable molecular geometry
of VOCI1, corresponds to the largest separation
of local maxima in the VSCC of the V atom,
defined by the (3,— 3) critical points of
- V2p(r).

The topological properties of p(r) for some
molybdenum compounds, at the Mo-X bonds
(X =S, O, Cl) were studied in a previous paper
[14], using different ECP approaches (ECP2 and
ECP1) and the full-electron HF method. The
best results were obtained when the effective
core potential includes the outermost core elec-
trons (ECP2); i.e., when the 45, 4p°, 44° and
5s' are used, as active electrons for the Mo
atom. The ECP1 approach, which only uses the
4d° and 5s' electrons, fails in the description of
the bond critical points. Similar results were
found by Frenking et al. [20,21], using Ti and
Fe compounds.

3. Methodology and modelled surfdce active
sites

Semi-core effective core potential-UHF cal-
culations were performed for Mo;S,, Mo,S,,
Mo,S¢H, and Mo,S¢H, clusters, using the
HONDO-8 program from the MOTECC-90
package [22]. The clusters Mo;S, and Mo, S,
shown in Fig. 1, were employed in order to
simulate the monocoordinate sulfur atoms type
(S,,) and the bicoordinate ones (S,) in a MoS,
surface. The interatomic distances were taken
from the crystal structure of molybdenite [23].

According to the literature, the active sites
for the HDS reaction are located at the edge of
small MoS, crystallites. Wambeke et al. [3(a)
suggest that at the first stage of the activation of
the MoS,/v-Al,O; catalyst, the monocoordi-
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Fig. 1. Clusters used to model S, and S, sites on a MoS, surface.
(a) Mo;S,. (b) Mo, S,.

nate sulfurs (S,,) at the surface have been elimi-
nated, leading to Mo sites without S atoms.
Diemann et al. [4] propose that strongly unsatu-

rated active sites appear on the edges of MoS,-
like crystallites. The Mo,S¢ and Mo, S clusters
were chosen to mimic the sulfur sites at the
edge of small crystallites. These clusters present
S-S bonds, see below, as proposed by Diemann
et al. [4] and Rakowski DuBois and others [24],
giving an oxidation number for the central Mo
atom between 3 and 6, depending on the forma-
tion of (S,)?~ groups.

The ECP used for S, and H atoms was that
proposed by Stevens et al. [25]. The LaJohn et
al. [26] semi-core ECP was employed for the
Mo atom with modifications in the atomic basis
set {14], i.e., the 5s-function was replaced by a
split d-function. The critical points of —V?p(r)
were calculated with a locally modified version
of the EXTREM program [27] and Bader’s elec-
tronic charges with the PROAIM program [28].

4. Results and discussion
4.1. Bonding properties of Mo—S bonds

Numerical calculations of the topological
properties of the Mo-S bond (the (3,— 1) CPs
located on the interatomic line) for the Mo,Sq
and Mo,S, clusters (see Fig. 1), and MoS;~
were performed. The values of the Mo-CP
distance (R, _cp), density at the CP (p,,),

Table 1

Topological properties of the Mo—S bond critical point in Mo;S,, Mo,S clusters and MoS;~ molecule *

Bond Mo-S§ ¢ Mo-S, Mo-S§,,
Cluster MoS3~ Mo, S (unrelax.) Mo, S, (relax.) Mo, S
Ryo_cp ® (A) 1.14 2.21) 1.18 (2.41) 1.30 (2.65) 1.17 (2.41)
Perit 0.113 0.065 0.051 0.074
—V2poit —-0.137 0.201 0.072 0.171

€ 0.000 0.129 0.013 0.116
Ay /sl 0.316 0.174 0.265 0.219
G.ie/ Perit 0.678 0.973 0.574 0.810
Net charge © -0.88 —-0.51 —-0.67 —-0.35
[Na — NB| ° 0.00 1.01 1.08 1.35

# All values in atomic units.

® Distance from Mo atom to the bond critical point. The values in parentheses correspond to Mo-S$ distance.

¢ On S atom.

4 Net spin population on S atoms.
¢ From ref. [14Ka).
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density Laplacian (—V?p_,) ellipticity (e),
IN, /N5l G/ Peries D€t charge, and the net spin
population (|Na — NB|) are shown in Table 1.
The geometrically relaxed Mo, S, cluster main-
taining the symmetry was also considered, in
order to see how the topological properties of
the total electronic density are affected by the
optimization of the geometry.

According to the values of —V?p_, <0
(small values), |\, /N5 <1, and low value of
Peric- the Mo—S bond can be classified as a
closed-shell interaction (a depletion of charge
from the bond); nevertheless, the value of
G.i/ P <1 indicates a shared interaction.
These results suggest that the Mo-S bond can
be classified as an intermediate type.

The distance from the Mo atom to the (3,— 1)
CP (R, _cp) in the Mo-S bond is, as expected,
depending on the Mo-S distance (see values in
parentheses). Similar Ry, _p distances was
found for clusters and MoS3~, except for the
relaxed Mo,S, cluster, where the Ry, cp 1S
longer, due to the enlargement of the Mo-S
distance.

The net spin population (| Na — NB|) shows
that both types of S atoms (S, and S,) have a
large unpaired electronic population. The ellip-
ticities (€) reveal that there is a = contribution
to the Mo~S bond that is absent in the MoS3 "~
molecule.

In the unrelaxed Mo, S, cluster, besides the
(3,— 1) Mo-S CP’s, there is a (3,+ 1) CP that
is characteristic of ring bonded atoms [12]. This
CP is localized in the middle of the ring formed
by the atoms S(1)-Mo(3)-S(2)-Mo(4) (see Fig.
1b). For the relaxed structure, this (3,+ 1) CP
does not exist but a (3,— 1) CP appears between
the S, atoms (S(1) and S(2)). This is an indica-
tion of the formation of a S-S, bond which is
slightly curved toward the midpoint Mo—Mo
line. It has the following characteristics: an
angle S,—CP-S, of 170.8 degrees, a low p_,
value (p_; =0.021 au), —V?p_, =0.048 au,
G.ii/Po = 0.621 au and a high ellipticity (e =
11.455). The changes in the ellipticities of Mo
— S, bonds between the unrelaxed and relaxed

Mo, S, clusters is due to a strong w contribu-
tion that comes from the participation of the p
orbitals of the S atom in the S-S bond. There-
fore, in Mo, S, the Mo—S, bonds increase their
o-character, diminishing the € value with re-
spect to the unrelaxed cluster, see Table 1.
Table 1 also shows that the S, atoms have a
greater net charge than the monocoordinated S
atoms (S, ), contrary to the net spin population
(N — NB|). Considering this result and the
existence of a CP between the S, atoms, we
may conclude that in the relaxed structure of the
Mo, S cluster, the bridged sulfur atoms (S,)
are forming a (S,)"” group (n between 1 and 2)
with two uncoupled electrons. This result is in
agreement with findings of Raman spectroscopy
reported by Knozinger et al. [29]. They have
shown that the (S,)*~ group could be present in
the MoS, surfaces. Similar results are presented
in the review of Rakowski DuBois [24)(a) for
Mo, S (Cp),, complexes and in Miiller’s survey
[24](b) for Mo—S compounds. According to our
results and experimental evidences, the (S,)*”
group could exist in the MoS, clusters, having a
bridge-like geometry. No Mo—Mo bond critical
point was found for Mo, S, and Mo;S, clusters,
suggesting that the Mo atoms in very small
clusters are joined by means of sulfur bridges.

4.2. = V(r) topology at the sulfur valence
shell

The critical points of —V?p(r) at the valence
region give information where the valence elec-
tronic charge is highly concentrated or depleted
[9-12]. Therefore, as mentioned above, in a
molecular structure the number and the charac-
teristics of the critical points of —V?p(r) are
strongly correlated with the number and the
nature of the atoms that interact. In this sense,
the active sites can be mirrored by the — VZp(r)
topology.

In Fig. 2, a relief map of the — V?p(r) of the
Mo,S, cluster is shown. The values of —VZp(r)
were projected in the plane that cuts the middle
of the S, atoms (S(2) and S(3)) and the central
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Fig. 2. Relief map of — V2p(r) for Mo,S, cluster in the plane
where the (3, — 3) critical points of the S(2) and S(3) valence shell
lie. See Fig. la.

Mo atom (Mo(1)). The —V2p(r) of S_ valence
shell shows two maxima that correspond to
(3,—3) CP’s. One lies in the Mo-S, bond
region, facing the Mo atom (M,) and the other
lies in the opposite direction (M,).

Fig. 3 displays a relief map of the —V?p(r),
for the Mo,S, unrelaxed cluster in the plane
where the (3,— 3) critical points of the S, va-
lence shell lie. This plane cuts the S(1) and S(2)
atoms and is perpendicular to the Mo(3)-Mo(4)
line. The topology of — V2p(r) for the S, atoms
is similar to that found for S, ones, i.e., both
maxima lie in a plane that contains two S,
atoms and are perpendicular to the plane formed
by Mo atoms. The — V2p(r) valence shell shows

Table 2

s(2)

Fig. 3. Relief map of —V2?p(r) for Mo, S, cluster in the plane
where the (3, — 3) critical points of the S(1) and S(2) valence shell
lie. See Fig. 1b.

two (3,— 3) CP’s: one faces inside the cluster
(M,) and the other faces in the opposite direc-
tion (M,).

The values of —V?p(r) and p(r) at the
(3,— 3) CP’s of the sulfur valence shell, and
distances (D) between CP’s of the same type
are presented in Table 2. The CP’s (M,, M,
and M) that face toward the Mo atom or those
that face inside (FI) the MoS, clusters present a
lower electronic charge concentration than the
CP’s (M, M, and M) that face outside (FO)
the cluster. Note that M, and M, correspond
to the relaxed cluster. The sulfur atom S, pos-
sesses a greater local charge concentration at the

Values of —V2p(r) and p(r) at the S valence shell (3,— 3) CP and the distance (D) between two near M; (i=a b, ¢, d, ', d)CP for

Mo,S4 and Mo, S clusters *

Cluster Critical point (3,—3)FICP"® Critical point (3,—-3)FOCP ©

- V2p(r) p(r) - V2p(r) p(r) D
Mo,S, M, 0.844 0182 4299 M, 0.936 0.187  7.550
Mo, S (unrelax.) M, 0.877 0.186 4.824 My 0.969 0.193 7.123
Mo, S, (relax.) M, 0.888 0.182 5.711 My 0.991 0.193 6.820

# All values in atomic units.
® FI means that the CP faces inside the cluster.
® FO means that the CP faces outside the cluster.
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valence shell than the S atom. These results,
together with Bader’s net charge (see Table 1),
show that the S, sulfur type are more basic than
the S, ones and therefore more susceptible of
an electrophilic attack.

The relaxation of the Mo, S, cluster slightly
increases the local charge concentration in the
FO CP’s, but reduces the distance between two
of them (from 7.123 to 6.820 au) and increases
the separation between two near FI CP’s (from
4.824 10 5.711 au). Because the distances be-
tween FO and between FI CP’s are enlarged and
shortened, respectively, when the system is re-
laxed, the distance between FI and FO CP’s in a
S atom is enlarged. This fact is in agreement
with MacDougall’s work [19] in which the au-
thor suggests that the minimum energy geome-
try is one that maximizes the separation be-
tween local concentrations of charges.

As been stated above, in the MoS, clusters
each sulfur atom possesses an unpaired electron.
The presence of this electron would not be
detected in the plot of —V?p(r) or p(r) due to
the effect of the other electrons to mask the
small outcome from one electron in the total
valence electron density distribution. On the
other hand, this unpaired electron is usually
associated with the highest occupied molecular
orbitals (HOMOs), and therefore it is a reactive
electronic charge density. In order to find out
where this unpaired electron density is locally
concentrated or depleted, the topology of the
total spin density Laplacian (—V?p_; (r)) was
analyzed. Here, p,, (r) is defined as p,(r) —

Table 3

Fig. 4. Schematic representation of the spatial positions of max-
ima of —V2p(r) and — Vzpﬂpin(r) for Mo,S, cluster. The white
half-spheres correspond to — V2p(r) maxima. The black half-
spheres correspond to — Vzpspin(r) maxima. The dashed spheres
are assigned to S and the gray ones to Mo atoms.

pelr), where p (r) and py(r) are the total elec-
tronic density for o and B electrons, respec-
tively.

A schematic representation of the position of
maxima of —V?p(r) and —V?p_; (r) for the
Mo,S¢ cluster is given in Fig. 4. As can be
noted, the maxima of —V?p_, (r) (M, and M,
CP’s) are in the same plane as the maxima of
—V?2p(r) (M, and M, CP’s), but they are in a
perpendicular direction to the latter. In the case
of Mo,S, clusters a similar pattern was ob-
tained (see Fig. 5). The maxima of —V?p_; (r)
(M, and M, CP’s) are in the same plane and

Values of —V7p_, (r) and p,;,(r) at the S valence shell (3. — 3) CP and the distance (D) between two near M; (i = 1.2, 3, 4, 3, 4) CP

for Mo,S, and Mo, S, clusters *

Cluster Critical point (3,—3)FICpP"® Critical point (3,-3)FOCP ¢

- VZpspin pspin - VZpspin Pspin D
Mo, S, M, 0.471 0.073 7.527 M, 0.406 0.065 4.367
Mo, S, (unrelax.) M; 0.338 0.052 7.865 M, 0.351 0.051 4.151
Mo, S, (relax.) My 0.303 0.048 8.245 M, 0.327 0.050 4.135

* All values in atomic units.
® FI means that the CP faces inside the cluster.
“ FO means that the CP faces outside the cluster.
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Fig. 5. Schematic representation of the spatial positions of the
maxima of —V?p(r) and —V?p,,;,(r) for Mo,S cluster. The
white half-spheres correspond to — V2p(r) maxima. The black
half-spheres correspond to — V?p_,; () maximum. The dashed
spheres are assigned to S and the gray ones to Mo atoms.

are perpendicular to the maxima of —V?p(r)
(M, and M, points).

The values of —V?p.,(r), p.(r) at the
(3,—3) CP’s of the valence shell and the dis-
tance between nearest maxima (D) are listed in
Table 3. As expected, the values of pg,, are
lower than the values of p, because pg;, is
related with a total charge of about 1 electron,
instead of 6 or more electrons of the S valence
shell. The unrelaxed and relaxed Mo,S4 clus-
ters have similar values of pg,, for the FO
CP’s, as well as for the FI cases. However,
Mo,S¢ —V?p;(r) and p,;(r) present lower
values than those of the Mo,S¢ cluster.

4.3. Interaction of MoS, with H,

In order to study the H, dissociation process
on the S atoms, calculations were carried out by
approaching the H, molecule to a S or a S,
atom of Mo;S¢ and Mo, S, clusters (three-center
mechanism) in the direction of the maxima of
—~V2p(r) M, or M, CP shown Figs. 4 and 5).
In the three-center mechanism, the S atom, the
M, or M, point, and the H, midpoint bond, lie
in a straight line. Although the H, molecule is

free to rotate around this straight line, only two
geometrical conformations were studied. The
H, bond line was placed parallel or perpendicu-
lar to an imaginary line that joins the Mo atoms.
For this path, it was not possible to obtain H,
dissociation, probably due to a high electronic
repulsion between the local charge concentra-
tion of the S atom and the H, electrons. Never-
theless, in order to describe correctly the break-
ing of one H-H bond and formation of two
S—H bonds it is necessary to include the part of
the electronic correlation that is absent at the
HF level. This results indicate that the dissocia-
tion of H, over one sulfur atom (S, or S_,) does
not seem to occur, because the electronic den-
sity associated with the M, and M, points is
strongly bonded to the S atom, and therefore, is
not reactive.

Because these calculations were carried out
at UHF level, the topological properties of the
spin density Laplacian (—V?p_;(r)) (pg;(r)
= p,(r) — pg(r) is the difference between alpha
and beta electron densities) were also consid-
ered. The maxima of —V?p_; (r) correspond to
spatial localization of spin concentrations that
may be associated with unpaired electrons that
occupied some molecular orbitals, mainly local-
ized on S atoms. The fact that there are un-
paired electrons on S atoms agrees with the
simple Lewis picture of unpaired electrons in
the S,, atoms of Mo,;S, and with the formation
of unpaired electrons in S, atoms, due to the
formation of (S,)>~ groups in the Mo,S¢ clus-
ter. The reactivity of (S,)*~ groups has been
experimentally reported by Rakowski DuBois
[24)(a) for the chemisorption of alkynes and
hydrocarbon reactions with H,. The experimen-
tal results for ethylene and acetylene have been
explained in theoretical work by Yu and Ander-
son [30] in terms of frontier orbitals.

Due to the above mentioned results, it seems
that the best dissociation path involves two FO
—V?pin(r) maxima that belong to two S, or
S, atoms (M, or M, CP; see Figs. 4 and 5).
This path leads to a four-center mechanism. Qur
calculations show that when H, is approxi-
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Fig. 6. Relief map of ~ V2p(r) for Mo;S H, cluster in the plane
of S$(2), $(3), Mo(1) and H atoms, showing the (3,—1) critical
points of the S—~H bond.

mated in the direction of the two FO
—V?pin(r) maxima, it dissociates, producing
two —SH groups. A relief map of —V?p(r) in
the plane of the S(2), S(3), Mo(1) and H atoms
is presented in Fig. 6. It is observed that there is
no charge density in the region between the H
atoms and an important charge density in the
internuclear lines of the S—H bonds (saddle
points (3,— 1)).

These results may be explained in terms of
unpaired electrons of frontier orbitals located on
S atoms (S,, or S,). The highest occupied
molecular orbitals (HOMO’s) of open-shell sys-
tems correspond to unpaired electrons. These

electrons in the S atoms are able to interact
stronger than in the case of two closed-shell
interactions (interaction of H, with M, or M,
CP of S), because in the former the electron—
electron repulsion is smaller (compare pg,(r)
with p(r) in Tables 3 and 2, respectively). In
addition, because the S atoms are negatively
charged, the frontier orbitals are less stable;
therefore, an electronic charge transfer between
S atoms and the H, antibonding o * orbital
may occur, facilitating in this way the H, disso-
ciation.

It is good to note at this point that the
location and orientation of the spin density CP
maxima may be associated with the location and
orientation of the active site in the sulfur atoms.
Therefore, the fact of determining the position
of spin concentration densities on surface atoms
may facilitate the localization of optimal places
for chemisorption and dissociation of the H,
molecule on the surface. This feature is very
important, because it helps to save much time in
ab initio calculations. Thus, only one single
calculation, that does not include the adsorbate,
is sufficient to determine the adsorbate—cluster
interaction sites, which, in standard quantum
chemistry methodologies, require a large and
tedious optimization procedure.

Table 4 displays the topological properties of
the S-H bond in the Mo,S,(H,) and
Mo, S(H,) clusters, as well as for H,S. For all
cases the S—H cluster bond is quite similar to
the S—H bond in the H,S molecule, showing
that this bond is completely formed. The S-H

Table 4

Topological properties of the S—H bond critical point in Mo;S¢(H),, Mo, S¢(H), clusters and H,S molecule *

Bond s,-H S,-H S-H
Cluster Mo, S (H), Mo, S¢(H), (unrelax.) Mo, S,(H), (relax.) H,S
Ry o "(A) 0.84 (1.38) 0.81 (1.36) 0.80 (1.35) 0.81 (1.36)
Peri 0.165 0.169 0.170 0.171
~V2p. 0.311 0.350 0358 0.369

Ny /NS 1.396 2.230 2.241 2.297

G/ P 0.245 0.274 0.289 0.266

* All values in atomic units.

® Distance from S atom to the bond critical point. The values in parentheses correspond to S-H distance



236
-0.40
s
%)
-0.451 MO/Q>\ H
\ H
A S
S -0.50
=
%
o -0.559
-5
=]
21|
S -0.607
(=]
=
-0.65 1
-0.70 T T T T
89.0 129.0 169.0 209.0 249.0
© (degree)

Fig. 7. Potential energy curve for the opening of the Mo-S-H
angle.

bond has covalent characteristics:
IN /N51> 1, and G/ P < 1.
Table 5 shows the topological properties of
the Mo—SH bond in Mo;S(H,) and Mo,S¢(H,)
clusters. In comparison to the values of Table 1,
there are no large changes, except a decrease in

—V2p(r) >0,
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Table 5
Topological properties of the Mo-SH bond
Mo;S(H),, Mo, S(H), clusters

critical point in

Bond Mo—(S,,H) Mo—(S,H)

Cluster Mo, S, Mo, S, (unrelax.) Mo, S, (relax.)
Ryo_cp ®(A) 126(241) 1.17 (241 127 (2.65)
Peri 0049  0.048 0.048
—V2p, —0.145 0192 0.111

€ 0.159 0.150 0.173

I, /Al 0.194 0204 0218

Gerte / Pesic 0914 0894 0.763

# All values in atomic units.
® Distance from Mo atom to the bond critical point. The values in
parentheses correspond to Mo—SH distance

the p.;, values, showing that a weakening of the
Mo-S bond occurs after formation of the S—-H
group. The e values (e=(I\|/N,— 1),
crease as a consequence of the S—H bond for-
mation. The two curvatures A, and A, are less
equal, because the curvature in the plane H-S-
Mo-S is varied by the change in the s—p hy-
bridization caused by the formation of the S—H
bond.

j /4)
/<)\H /<j
Mo’ ©
H \
\s/ S/ /
0.0 +36.4 -574
©=89 =117 0=191
(a)
H
H /“ /
| !
s 5. T>H

Mo
N

(b)

Fig. 8. (a) Energy difference (kcal /mol) and the Mo-S-H angles (®) for the initial, the highest and the lowest conformations in the
Mo, S,H, system. (b} A possible mechanism of H,S formation by H transfer in a MoS, surface.



A. Sierraalta, F. Ruette / Journal of Molecular Catalvsis A: Chemical 109 (1996) 227238 237

In order to gain insight into the possible
mechanism of the H,S formation, the opening
of the Mo—S-H angle was studied, as shown in
Fig. 7, keeping one SH group fixed. A high
barrier of +36.4 kcal /mol at 117.0° and a low
energy conformation, at 191°, were obtained.
Note that all conformations are referenced to the
conformation obtained after H, dissociation
(starting conformation) with a Mo—S—H angle
of 89°. Fig. 8a displays the starting, the highest
and the lowest energy conformations, with the
values of relative energies. The high barrier
could be a consequence of the path chosen for
opening the angle. A rotation by the Mo-S§
bond and then a change in the angle would lead
to a lower barrier. Note that the angle opening
was done keeping one Mo-S-H bond fixed;
therefore, relaxing these bonds would diminish
the barrier. Because the final state is about 57
kcal /mol more stable than the starting one, it is
possible to transfer the second H atom to form a
H,S molecule adsorbed over the MoS, cluster.
The proton transfer would go through a 3-center
intermediate, as depicted in Fig. 8b. The final
structure will lead to vacancy formation. A sim-
ilar mechanism has been proposed by Massoth
and Zeuthen [31], in order to explain the sulfur
exchange process over MoS,.

5. Conclusions

In this work we have studied for the first
time the H, interaction with the sulphur atoms,
from the topological point of view, on small
clusters of MoS, (Mo;S¢ and Mo,S;). Our
results show that the maxima of —V?p_. (r)
and not the maxima of —VZ2p(r) gives the
correct answer where the active sites are. Ac-
cording to ab initio ECP and — V2pspin(r) calcu-
lations, the H, is dissociated by a four-center
mechanism that involves two neighbor S atoms
and the H atoms of the H, molecule. The
—Vzpspin(r) topology shows that the S atoms
have an unpaired charge concentration in such a

spatial position (see Figs. 4 and 5) that the
formation of a four-center intermediate is facili-
tated, and leads to H, bond breaking, and the
formation of two —SH groups.

The three-center mechanism that involves one
S atom and the H, molecule is difficult to
verify at this theoretical level, because it seems
to be necessary to include the electronic correla-
tion that is absent at HF level. One may con-
clude, however, that the three-center mechanism
would not lead immediately to the formation of
H,S, because two S—H bonds are formed and
the H-H is broken, leading to the scission of
the Mo—S bond. This situation is less favorable
than in the four-center mechanism, because no
Mo-S bond is broken in the latter. Once the H,
is dissociated, one H atom may be stabilized as
depicted in Fig. 8a. Then, a proton transfer
could occur (Fig. 8b), forming H,S absorbed
over MoS, surface, which is rapidly desorbed,
leading to a vacancy formation on the Mo atom.
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