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Abstract 

Quantum chemistry calculations of hydrocarbons components and hydrogen have been carried out using model surface 
adsorption sites on aggregates and model parametric Hamiltonians. Bader’s topological analysis of the charge density in the 
valence region is used to describe the adsorption site on which reactions may occur. A description of the adsorbate and 
surface bindings with diatomic binding energies (DBE) and orbital interactions are presented. Chemisorption and hydrogena- 
tion reactions of molecular fragments that are intermediates in hydrocarbon formation on a nickel aggregate were calculated. 
Also, the growing of hydrocarbon chains and the building of carbonaceous filaments were studied. The modeling of 
hydrogen dissociation on HDS catalyst was analyzed. In addition, the hydrogenation step of the HDN reaction on a modeled 
MoS, catalyst, employing pyridine as model molecule, is presented. 

Keywords: Hydrogenation reactions; Nickel catalyst; Model Hamiltonians; Bader’s theory; Molybdenum sulphide; Hz dissociation; HDN; 
HDS; Semiempirical methods 

1. Introduction 

Crude oil is mainly composed of paraffins, 
cycloparaffins, aromatics, and in smaller propor- 
tion, hydrocarbons that contain nitrogen, oxy- 
gen, and sulfur. Traces of vanadium, nickel, and 

* Corresponding author. 

iron are in some cases present as organometallic 
compounds. 

In the treatment of oil components, hydrogen 
is one of the most used compounds to produce 
new materials. It is employed to eliminate, from 
oil, some elements that are air contaminants and 
poisons of catalysts used in the reforming pro- 
cesses. Several reactions of great importance in 
petrochemical processes are related to hydro- 
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gen, for example: hydrogenation, dehydrogena- 
tion, hydrodesulfurization, hydrodenitrogena- 
tion, hydrodeoxygenation, hydrocraking, hydro- 
dealkylation, hydrodemetalization, coal lique- 
faction, etc. The understanding of these reac- 
tions requires the knowledge of several steps in 
which one of the most important is the dissocia- 
tion of hydrogen. 

Previous calculations [l-4] using modeled 
adsorption sites were carried out to simulate the 
chemisorption of hydrogen atoms, physisorp- 
tion, dissociation and diffusion of a H, 
molecule, interaction between adsorbates, varia- 
tion of surface properties with the coverage, 
changes of electronic spectra upon chemisorp- 
tion, effects of charge density in the reactivity 
of the adsorption site, etc. All of these processes 
have been successfully studied with 
MINDO/SR method [5] and good correlations 
with experimental results have been found [6]. 

In this work we model several steps for 
reactions on transition metals in which hydro- 
carbons and/or hydrogen are present. The theo- 
retical basis of the computational tools used 
here is also briefly reviewed. 

2. Theoretical foundations 

2. I. Model Hamiltonians 

For molecules of large size and complex 
systems that contain transition metals, model 
Hamiltonians can be of great significance in the 
estimation of molecular properties. Ab initio 
evaluations of potential energy surfaces easily 
reach impractical limits of computer time and 
disk space, even for chemical reactions with 
small molecules. 

Parametric model Hamiltonians can be de- 
fined by means of simulation techniques [7] or 
by generalized least squares methods [8]. A 
more detailed discussion of the foundations of 
these methods is presented elsewhere [9,10]. 
Nevertheless, a brief outline of the theory is 
given here. A parametric Hamiltonian (semiem- 

pirical Hamiltonian), HSmp, of n-body system 
can be represented in terms of a family (F) of 
Hamiltonians. The closest HSq to the exact 
Hamiltonian (H,,,) is determined by the mini- 
mization of the distance, I] - 11 between H,,, and 
H Smp. That is, 

mW$,, - Hsmpll 

(1) 
where HL& = (Pi ( H,,,(Wi > and H&, are func- 
tionals. The first functionals depend on the 
wavefunctions {qj}, while the second-ones are, 
in general, defined by parametric expressions. 

One practical manner of evaluating these 
functionals and parameters is by considering 
energy differences between distinct systems or 
between different states; for example, from the 
dissociation of a diatomic molecule AB. If the 
minimization is considered only with respect to 
the energy mean value of selected A, B, and AB 
states, the following expression results, 

mm]] Heg - Hs~pll 

( i 
l/2 

= tin c lBEkti - BEgpi12 fLnp~F 
i 

(2) 

where, 

BE? = ( piABI H*~~~*B)- ( P*I HAI**) 

-(!PBIHBI!PB) (3) 
In practice, some BE? are known, and in 

most of the cases only the ground state has been 
determined. 

MINDO/SR [5] ( a modified version of 
MIND0/3 [l l] for transition metals) is a 
method based on simulation techniques using 
special functionals for transition metals. The 
parametrization was carried out to reproduce 
experimental dissociation energies and equilib- 
rium bond distances for the ground state of 
diatomic molecules. A similar method has been 
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recently developed considering effective core 
potentials, analytic calculations of integrals, and 
the use of Gaussian functions [lo]. 

DL4TOMIC MOLJ3CUJ-E 

BONDJNG NON-BONDING 

Atomicchmges 

2.2. Analysis of binding energies of local inter- 
actions 

The evaluation of interactions between adsor- 
bate-surface, surface-surface and adsorbate- 
adsorbate atoms is fundamental in the under- 
standing of elementary steps that occur in cat- 
alytic processes: chemisorption of species, bond 
activation, surface reactions, diffusion, surface 
reconstruction, etc. Total diatomic energies 
(TDE) [ 121 and total Mulliken bond orders 
(TMBO) [ 131 have the tendency to be larger for 
multi-center coordinations than for single ones, 
even in cases in which the former present smaller 
binding interactions than the latter. 

Bonding Interaction 
kB<Ol 

Repulsive Interaction 
[EAE?Ol 

DBEAB=EAB+AEA+AEB 

Fig. 1. Schematic picture of diatomic binding energy (DBE) 
components. 

A new theoretical tool, diatomic binding en- 
ergy (DBE) [ 141, allows an approximate evalua- 
tion of the interaction energy between atoms A 
and B in a molecular system. This variable is 
defined as: 

of atoms. In addition, this formalism can be 
easily extended to ab initio SCF approaches by 
expressing three- and four-center terms as a sum 
of diatomic ones [15]. 

2.3. Analysis of local charge distribution 

DBE(A-B) = gAB +f,(A-B)A&, 

+f,(A-B)A&, (4) 

where the &As term corresponds to the diatomic 
energy between atoms A and B; A&* is the 
difference between the monoatomic energy and 
the energy of the free atom A (A &A = E~-E~); 
and f,(A-B) is a factor (0 <f’(A-B) I 1) 
evaluated as: 

&(A-B) = l&Au1 
I 

c 1.~1 (5) 
(C # A) 

Characterization of chemical bonds and the 
local congregation or reduction of the electronic 
density in the valence region can be derived 
from the topological properties of p(r) and 
Laplacian of p(r) (Ap(r)), as has been estab- 
lished by Bader et al. [16] for molecular sys- 
tems. The local critical points of A p( r) at the 
valence shell charge concentration (VSCC) of 
an atom in a molecule can be used to analyze 
the physical basis of the Lewis acid-base reac- 
tion model [ 16,171. Very important applications 
to organic molecules [ 181 and to metallic sys- 
tems that modeled catalytic surfaces [ 191 have 
been applied recently. 

A simple picture of the DBE(A-B) variable As mentioned at the beginning, the most 
for a diatomic molecule A-B is given in Fig. 1. accurate full-electron calculations for transition 
The bond energy between two atoms has three metals are impractical and very troublesome. 
components: one due to interactions between A Therefore, the use of effective core potentials 
and B atoms (cAB) and two due to energy (ECP) has been popularized for transition met- 
changes of the involved atoms (AC* and Ahs,). als. Several articles have been published for the 
This definition obeys the condition that the total application of topological properties of p(r) 
binding energy of a molecular system can be and A p( r) calculated from model Hamiltonians 
expressed as the sum of DBEs between all pairs using different effective core potentials [20,21]. 
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Fig. 2. Representation of electronic charge maxima at the atom 
valence shells ((3-3) critical points (CP)) for the MOO:- 
molecule. White half-spheres correspond to CP. The dark central 
sphere represents the MO atom and the dashed ones are the 0 
atoms. 

In recent papers Sierraalta and Ruette [20,21] 
have evaluated the topological properties of 
p(r) and A p( r) at the bond and at the valence 
regions for molybdenum compounds. The re- 
sults showed that semi-core approaches for ECP 
are able to reproduce, in a qualitative way, the 
location of critical points and their relative val- 
ues with respect to those obtained by the full- 
electron (FE) I-IF method. 

For example, the location of valence elec- 
tronic charge concentrations on MOO:- [20] are 
depicted in Fig. 2. Note that the knowledge of 
specific sites on each atom can be very helpful 
in the determination of the correct pathway for 
bonding or non-bonding interactions. It is possi- 
ble to consider numerous ways to orientate an 
adsorbate on a surface; however, only few of 
them will be efficient for bonding interactions. 
As we will show below, an adequate pathway 
for H, dissociation on MoS, can be predicted, 
using the topological analysis of the density. 

3. Chemisorption, hydrogenation, and reac- 
tions of hydrocarbon fragments on a nickel 
catalyst 

In hydrogenation and dehydrogenation reac- 
tions of hydrocarbons, C-H bonds are formed 
or broken, respectively. Nickel finely divided 

and dispersed on different supports is normally 
used as catalyst for different processes of hydro- 
carbon hydrogenation, dehydrogenation, and 
synthesis. The catalyft particles, aggregates of 
very small size (few A in diameter [22]), are, in 
general, highly effective catalysts because of 
their large surface accessible to reactants. 

Several experimental articles report the exis- 
tence of adsorbed CH, (n = O-3) fragments in 
the formation an decomposition of hydrocar- 
bons on Ni catalyst [23-251 and on Ni crystal 
surfaces [26,27]. 

In this work, the catalyst is modeled by a 
little grain (tiny crystal) that contains 8 atoms of 
nickel in the first layer and 6 in the second (Ni,, 
cluster), see Fig. 3. All calculations were carried 
out with MINDO/SR method [5]. The interac- 
tion of CH, (n = O-3) fragments with different 
adsorption sites of a Ni cluster was evaluated 
using the DBE [14] for each bond. The forma- 
tion of CH, (it = l-4) was evaluated from CH, 
(n = O-3) and adsorbed H atoms in the most 
stable sites. In addition, formation of C,H, 
hydrocarbons were also calculated from the in- 
teraction of several fragments. 

3.1. The most stable adsorption sites for CH,, 
fragments 

Calculations were performed starting with 
vertical adsorptions on sites shown in Fig. 3. 
After optimization, the adsorbates were allowed 
to move freely on the surface. Adsorbates ad- 

Fig. 3. Modeled nickel surface catalyst. Adsorption sites on a Ni,, 
cluster: one-, two- and four-center sites labeled as OC, TC and 
FC, respectively. 
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Vance to border sites in which the adsorbate is 
tilted out from the plane, see TC * and OC * 
sites indicated in Fig. 3. FCI, TCII and OCII 
adsorptions move to the TC * site, while TCI, 
OCI, and OCIII adsorptions shift to OC * one. 
The bonding properties of C, CH, CH,, and 
CH, adsorption on OC * and TC * sites are 
presented in Table 1. 

The analysis of the results for different adsor- 
bates show the following trends: 

( 1) Adsorption of the fragments studied (CH n, 
II = 0, 1, 2, 3) takes place mainly on border 
sites, where Ni atoms have the smallest coordi- 
nation number. The comparison of DBE(C-H) 
values for free fragments (- 84, - 88, and 96 
kcal/mol for CH, CH, and CH,, respectively) 
with respect to those of fragments chemisorbed 
on OC * (average values of - 101, - 95 and 
- 97 kcal/mol, respectively) reveals a rein- 
forcement of the C-H bond. According to this 
behavior, and the fact that C-H bond formation 
is energetically favored with respect to Ni-H 
one (-69.2 kcal/mol [28]), it is possible to 
infer that OC * sites (cluster corners) are good 
sites for hydrogenation of CH, fragments. This 
conclusion is in agreement with experimental 
work [29] that reports that single atoms on the 
metal surface catalyst are the active sites in 
alkene hydrogenation reactions. 

(2) Electronic charge transfer from the cluster 
to the CH, adsorbate takes place upon C 

chemisorption, which is consistent with the 
greater electronegativity of the C atom with 
respect to the Ni atom. 

(3) The most stable spin multiplicity of the 
isolated Ni,, cluster was 17 [l], so, the results 
of the most stable multiplicities for Ni,,CH. 
systems reveals that CH, chemisorption pro- 
duces a reduction of the surface magnetism (see 
values in parentheses in first row of Table 1). 
These results are in agreement with experimen- 
tal findings [30], where interactions of hydrocar- 
bons with a Ni surface yield a diminution of the 
magnetic moments. 

(4) The adsorption in the most stable sites 
(oc * and TC *> clearly shows: (a) The 
EBD(Ni-C) values increase with the number of 
hydrogens of the adsorbed CH, fragment. (b) In 
all cases, TDBE(Ni-C), Charge(CH.), and 
DBE(C-H) absolute values for the one-center 
site are larger than for the two-center one. 

3.2. Hydrogenation of molecular fragments 

As mentioned above, edge sites are the most 
adequate for hydrogenation; therefore, calcula- 
tions of a CH, (n = O-3) fragment plus a H 
atom adsorbed on edge sites were carried out 
[31]: 

CH,(ad) + H(ad) + CH,, ,(ad) 

The results of reactions that lead to hydro- 
genation of CH, fragments are shown in a 

Table 1 
Adsorption properties of C, CH, CH, and CH, on Ni,, cluster optimal sites (TC * and OC * 1, shown in Fig. 3 

System properties Fragment “/optimal sites 

C (15) CH (16, 14) CH, (15) CH, (16) 

TC * oc * TC * oc * TC * oc * TC * oc * 

TDBE (Ni-C) (kcal/mol) - 49.9 - 64.9 -72.8 -91.4 - 77.2 -87.1 - 78.3 -81.8 
Charge (CH ,) (au) -0.214 - 0.353 -0.221 - 0.332 - 0.260 - 0.366 - 0.229 - 0.374 

EBD (Ni-C) (A) 2.058 1.870 2.08 1 1.894 2.160 1.924 2.161 1.959 
2.110 2.166 

DBE (C-H) (kcal/mol) -83.5 - 90.3 - 96.1 -98.5 
-81.4 - 101.1 - 84. I -96.1 

- 94.9 - 99.5 - 84.2 -96.1 

TDBE = Total diatomic binding energy. EBD = Equilibrium bond distance. 
a Values in parentheses are spin multiplicities. 
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schematic way in Fig. 4. A situation in which a 
single carbon atom is located on an OC * site in 
Ni,,, and a hydrogen atom put on-top of a Ni,,, 
atom leads to the formation of C-H. That is, the 
hopping of an adsorbed H atom from a neighbor 
site to OCIII produces CH. The final state for 
this reaction corresponds to a CH fragment 
adsorbed on OC *, as shown in Fig. 4a, with a 
Ni-C-H bond angle lower than 180”. This 
bending geometry has been reported by Demuth 
and Ibach [32] on a Ni(ll1) surface. A similar 
result is obtained for the situation in which C is 
adsorbed on TC * and H on OCII (Nice,) (see 
last row values in the table inserted in Fig. 4a). 

The hydrogenation of methyne was explored 
in the same site of C adsorption (OC * ) but with 
H on TCl. The final result corresponds to CH, 
chemisorbed on OC *, see Fig. 4b. The results 
of DBE(C-H) show some differences among 
the C-H bonds. The reason for this is the small 
binding interaction of one of the H with Ni,,, 
and Ni,,, surface atoms. Similar results were 
obtained starting with CH on TC * and H on 
OCII (see values in third row of the table 
included in Fig. 4b). 

In the case of methylene, several tests were 
performed. Only one of them leads to the for- 
mation of a methyl radical adsorbed in bridge 
edges (TC * ), as shown in Fig. 4c. The initial 
location corresponds to CH, adsorbed on TC * 
and H on OCII. The methyl radical presents 
interactions H-Ni of -5 and -9 kcal/mol for 
the two H atoms closer to the surface. 

All of the above reactions are energetically 
favored. This is not the case for methane forma- 
tion, which is more difficult. Vertical adsorp- 
tions of CH, and H in adjacent sites yields 
methane, but with 13 kcal/mol less stable than 
the reactants. The methane molecule is com- 
pletely distorted and the C-H bonds close to the 
surface are highly activated, see Fig. 4d. The 
interaction Ni-C is relatively small and there 
are also H-Ni bonding interactions of about 
- 12 kcal/mol. These results and the fact that 
the separated systems (CH, + cluster) are more 
stable than the attached ones, suggest that 
methane is desorbed once it is formed. 

Previous calculations [ 1,3] suggest that edge 
sites in the model nickel cluster are the most 
populated with hydrogen, because there the H, 

(c 

_ 
Reaction: CH2 + H -------> CH3 

Initial Fin&Site EBWfH) @D&T-Ni) BE&-H) BE(C-Ni) 
Sites A kCal/~Ol kd/UlO, 

1.160 2.170 80.0 - 35.9 
HzWW + H$-W*) 1.134 2.105 - H-( OCU) 96.4 45.0 

1.164 - 79.3 

Fig. 4. Surface hydrogenation reactions: CH, + H --f CH, + , (n = O-3). The binding properties presented in inserted tables correspond to 
the final state. 
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is dissociated, due to the strong Ni-H binding 
interaction. Then, because these sites are also 
the most active for hydrogenation, a situation in 
which the number of CH, is smaller than the 
number of H, molecules (i.e., high hydrogen 
pressure) will be the case in which hydrogena- 
tion is favored. On the other hand, when the 
concentration of CH, fragments is high, the 
edge sites are occupied with these fragments, 
leading to a strong relaxation of Ni-Ni bonds. 
In this case, the chemisorption of the CH, 
fragments on four-center sites becomes the most 
important. The interaction of CH, fragments in 
these sites shows significant C-H activation 
[33], favoring the dehydrogenation process. For 
example, calculations of interactions of four 
CH, fragment with a Ni, cluster [33] reveal an 
important cluster relaxation that provokes a 
strong chemisorption of a fifth CH, on the 
four-center site, with a weak C-H bond 
(DBE(C-H) of - 36 kcal/mol). The change in 
adsorption surface properties (more active FC 
sites), due to chemisorption of CH, fragments 
on edges, can be interpreted as a ‘cooperative 
effect’. A like effect has been used to explain 
the C diffusion into the Ni cluster [34] through 
FC sites. 

3.3. Hydrocarbon formation 

The main product in the hydrogenation of 
carbon is methane, although it is also possible 
that CH, intermediates react to yield longer 
hydrocarbon chains, as suggested in various 
studies [24,35]. 

Dimerization reactions between fragments to 
form larger hydrocarbons were also performed 
[31] on the Ni cluster adsorption sites, shown in 
Fig. 3. The formation of acetylene and ethylene 
is presented in a schematic way in Fig. 5a and 
b. 

Two CH fragments located on TC * and OCII 
site lead to the formation of acetylene, as de- 
picted in Fig. 5a. The results vf DBE ( - 134.1 
kcal/mol) and EBD (1.331 A) show that the 
C-C bond is intermediate between single 

(a) 

FinalSite EBMnC-C) EED(C-Ni) DBWC) DBEK-Nil 

~~ 

Reaction: CHZ + CHz -------> HzC-CHz 
Initial Site Final State EBDp EBDff-Ni) DBWC) DBE(C-Ni) 

kd/lllOl kdhd 
HGWI) wJ4-w’ ) 1.463 1.994 -104.0 -78.2 

+Hzc-(OCIII) 

Fig. 5. Dimerization reactions: CH, +CH, +C,H,, (n = 1, 2). 
The binding properties presented in inserted tables correspond to 
the final state. 

( - 100.2 kcal/mol and 1.487 A) and double 
bonds (- 157.6 kcal/mol and 1.321 A) of C,H, 
and C *H4 calculated molecules. Note that the C 
atom is bonded to two Ni atoms on the surface. 
The formation of C,H, is favored in these sites, 
because a strong C-C bond is formed ( - 134 
kcal/mol), while a weaker Ni-C bond is bro- 
ken (-75 kcal/mol). A strong chemisorption 
of C,H, resulted for the interaction of two 
adjacent CH fragments adsorbed on one-center 
sites (OC * and OCI). Because the C atom is 
bonded to only one Ni atom, then the EBD(C-C) 
(1.309 A> and DBE(C-C) ( - 156 kcal/mol) 
are very close to a double bond. 

Adsorbed ethylene is produced when two 
CH, are chemisorbed on OC * and OCI sites, 
see Fig. 5b. The EBD and DBE for C-C bond 
shows the characteristic of a single bond. A 
similar conformation as C,H2 is observed; i.e., 
the C-C is almost perpendicular to the surface. 
The formation of C,H, is less favored than in 
the case of acetylene because the C-C bond 
formed is weaker. Calculations for two CH, 
groups were also carried out, however, C,H, 
was not formed. 
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3.4. Formation of carbonaceous chains 

Calculations of the interaction between CH 
fragments (the most common fragment in hy- 
drocarbon decomposition reactions on nickel 
surfaces [36]) and adsorbed carbon atoms have 
been carried out [37]. The starting point was 
selected assuming partially saturated edge sites; 
i.e., adsorption on OCIII and OCII sites, and 
adsorption of C atoms on FC and OCI sites, see 
Fig. 6. The initial carbon-surface distances were 
obtained from calculations of a single C-H 
fragment [33], in the respective site. Calcula- 
tions were performed by optimizing only the 
geometrical coordinates of the C and H atoms 
and considering also different multiplicities. The 
results for the most stable multiplicity, 11, are 
shown in Fig. 6. 

Several features can be noticed from the 
analysis of Fig. 6 and the table included: (a) 
The interaction of several fragments of CH and 
C leads to the formation of partially hydro- 
genated carbonaceous structures with a Ni-C 
interaction of - 5 1 kcal/mol. (b) the most sta- 
ble CH fragments adsorbed on OCIII sites 
(atoms Ni(8) and Ni(4)) stay in the same site, 
but are tilted outward from the surface with 

IX-YBond ilBF$X-YJIX-Y Bond 
kavmd 

Ni(S)-C(16) -88.1 C( 18)-C(24) 
Ni(4)-C(15) -93.0 C(24)-C(22) 
Ni(3)-C(17) -51.3 C(24)-C(21) 
Ni(7)-C(20) -51.3 C(Zl)-C(23) 
C(20)-C(18) -134.0 C(21)-C(22) 

strong Ni-C bonds of - 88 to -93 kcal/mol. 
(c) One of the CH fragments adsorbed on OCII 
sites is inserted into the C-Ni bond of the 
adjacent CH; for example, H(27)-C(17) ad- 
sorbed on Ni(6) is included in the Ni(3)-C(19) 
bond. (d) C atoms on OCI and on FC are 
displaced from the surface to form a 4-member 
ring with an average DBE(C-C) per bond of 
- 91 kcal/mol. 

These results show that some C and C-H 
fragments adsorbed on a nickel surface are able 
to produce small polymeric species, which may 
be precursors of large polymeric chains, fila- 
mental, and graphitic carbons, as has been pro- 
posed by Jackson et al. [38]. 

4. Active site for H, dissociation in HDS, 
HDN and HDM reactions 

Hydrodesulfurization (HDS), hydrodenitro- 
genation (HDN), hydrodemetalization (HDM) 
are processes for the removal of S, N, and 
metals, respectively. Several industrial catalysts 
used in these processes are based on molybde- 
num disulfide (MO&) anchored on a support. 

IBEi'X-Y)IX-YBond IlBE&Y)l 

Fig. 6. Formation of carbonaceous chains: 6CH + 4C + CsH, + 2CH. The binding properties presented in the inserted table correspond to 
the final state. 
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(b) 

Fig. 7. Clusters with monocoordinated 6,) and bicoordinated 
6,) sulfur atoms. (a) MO,& and (b) Mo,S,. 

The activity of this type of catalyst depends 
on the capacity of dissociating H, to form -SH 
groups which react later to yield H,S, leading 
to the formation of vacancies on the metallic 
atoms. Therefore, as has been stated in the 
literature [39-411, the understanding of how and 
where these -SH groups are formed is essential 
in order to model new materials for these types 
of catalytic processes. 

According to the literature, the active sites 
for the HDS reaction are located at the edge of 
small MoS, crystallites. Wambeke et al. [40] 
suggest that at the first stage of the activation of 
the MoS,/y-Al,O, catalyst, the monocoordi- 
nate sulfur atoms (S,) at the surface are elimi- 
nated, leading to MO sites with vacancies. This 
result is supported by Diemann et al. [41] who 
propose that strongly unsaturated active sites are 
formed on the edges of a MoS,-like crystallites. 

To study the characteristics of the active sites 
for dissociation of H, and the formation of -HS 
groups on a MoS, surface, calculations [20,21] 
were performed with Moss,, Mo,S,, (see Fig. 
7) Mo,S,H, and Mo,S,H, clusters, using the 

Effective Core Potential (ECP) of the HONDO-8 
program [42]. Semi-core ECP was employed for 
the MO atom, as proposed in a previous work 
[20,21]. The critical points of Ap(r) and the 
Bader’s electronic charges were calculated with 
a modified version of the EXTREM program 
[43] and with the PROAIM program [44], re- 
spectively. 

4.1. Critical points at the sulfur valence shell 

As mentioned in Section 2.3, the critical 
points of A&) at the valence region offer a 
description of the places where valence elec- 
tronic charges are concentrated or depleted 
[ 16,18,28], in other words, the active sites can 
be mirrored by the A&) topology. 

In order to study the location of active sites 
for H, dissociation on a modeled MoS, surface, 
the CPs at the sulfur valence region were evalu- 
ated [20,21] on S, and S, atoms (monocoordi- 
nated and bicoordinated, respectively) of Mo,S, 

(a> ESCt ECCz 
‘,A ,:’ 

(b) ECC-r _ E!C4 

ES&. E‘cc4 
Fig. 8. Schematic representation of Ap and Ap,,,, CP locations 
on the valence shell of (a) MO,& and (b) MO, S, clusters. ECC 
and ESC are electronic charge and spin concentrations, respec- 
tively. 
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and Mo,S, clusters. Beside the topological 
properties of Ap(r), an analysis of AQ,,( r) 
( p,,i”( r> = p,(r) - p,(r)) was ASO carried out. 
A schematic representation of the location of (3, 
- 3) CPs of Ap( I) and Ap,,,,,(r) shown in Fig. 
8 for Moss, and Mo,S, clusters, as electronic 
charge concentration (ECCi) and electronic spin 
concentration (ESC i> ( i =. l-4), respectively. 
The values of p(r) and A,(r) at CPs are 
displayed in Table 2. According to the results 
(A.p( r) < 0 and Ap+,,( r) < O), as expected, 
these CPs correspond to sites where there is 
electronic charge and electronic spin concentra- 
tion, respectively. These accumulations of 
charge and spin are in the same plane but one is 
perpendicular to the other, see white and black 
half-spheres in Fig. 8, for ECC and ESC, re- 
spectively. 

4.2. Dissociation path for H, molecule 

To study the activity of the ECC, and ECC, 
CPs for H, dissociation on Moss, and Mo,S, 
clusters, different approaches of H, to S, and 
S, atoms were considered (the H-H, CP and 
the S atom are in a line; the H-H is petpendicu- 
lar to the CP-S line). For these paths H, disso- 
ciation was not reached. This may be explained 
by a high repulsion between the electronic 
charge concentration at the S atom and the 
closed shell of the H, molecule. In addition, the 
electronic density associated with the ECC, and 
ECC, points is strongly bonded to the S atom, 
and therefore, is not reactive. 

Other calculations were carried out moving 
H, close to spin density Laplacian CPs (ESC 2 
and ESC,). The H, molecule was parallel to 
the line that joined two ECC, or two ESC, 
CPs, see Fig. 8. The H, laid in the plane 
CP-S-S. Calculations show that H, is dissoci- 
ated, Producing two -SH groups. This result 
can be explained by analyzing the energy of the 
electronic density associated with ESC, or 
ESC,. Because this density corresponds to un- 
paired electrons, it must be related with HOMO 
orbitals. These are less stable that those densi- 

Table 2 
Values of Ap(r) and p(r) at the S valence shell (3, - 3) CP for 
MO,&, and MO,& clusters ‘. ECC and ESC mean electronic 
charge concentration and electronic spin concentration, respec- 
tively, see Fig. 8 

Cluster CP Ap(r) p(r) CP A&) p(r) 

MO& ECC, -0.844 0.182 ECC, -0.936 0.187 
MO,& ECC, -0.877 0.186 ECC, -0.969 0.193 
MO& ESC, -0.471 0.073 ESC, -0.406 0.065 
MO,& ESC, -0.338 0.052 ESC, -0.351 0.051 

a All values in atomic units. 

ties that compose the ECC, and ECC,, and 
therefore, an electronic charge density transfer 
may occur from ESC, or ESC, to the antibond- 
ing H, (T* orbital, leading to H-H dissocia- 
tion. Another feature facilitates this transfer: the 
electron-electron repulsion between ESC, or 
ESC, and u occupied orbital is less than in the 
cases of ECC, and ECC,, because ps,i,< I) is 
much smaller than p(r), see values in the last 
column of Table 2. 

One should notice that the determination of 
spin concentration densities on surface atoms 
may facilitate the localization of the optimal 
places for chemisorption and dissociation of the 
H, molecule. This feature is of great impor- 
tance, because it may help to save much time in 
quantum mechanical calculations that require 
the optimization of adsorbate-surface interac- 
tions, starting from different points and different 
orientations of the adsorbate. 

5. The mechanism of HDN reaction 

The presence of N-compounds leads to the 
poisoning of hydrocracking and reforming cata- 
lysts in the later stages of oil refining. In addi- 
tion, the decomposition of these compounds 
causes NO, pollution of the atmosphere. In 
recent years, due to more severe rules of envi- 
ronmental protection agencies, hydrodenitro- 
genation is becoming a process of prime impor- 
tance in the oil industry in order to lower the 
nitrogen content of petroleum products. 
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A single MoS, layer represents a reasonable 
model for this catalyst because the electronic 
inter-layer interaction is relatively weak [45]. In 
related work, synthesized linear clusters of 
molybdenum and sulfur have been used as pre- 
cursors of HDS catalysts [46] and as molecular 
models of MoS, [47]. Here, we show the results 
of modeling the interaction of a model molecule 
(pyridine) that represent an N-compound with a 
hydrogenated surface of MoS, catalyst repre- 
sented by a MO&H, cluster [48]. In this case, 
a modified CNDO-UHF [49] method was em- 
ployed. 

The bonding interactions between the pyri- 
dine and the hydrogenated surface were ana- 
lyzed by using total energy, Mulliken bond 
orders (MBO), diatomic energies (DE), overlap 
and orbital coefficients of interacting atoms, and 
Mulliken charges densities. These variables were 
used for studying the relative stability of adsorp- 
tion on different active sites, bonding modes, 
activation of C-C, C-H, and C-N bonds, for- 
mation of C-H bonds, Mo-pyridine bonding 
interactions, and net charge transfers. 

The HDN reaction occurs essentially through 
a two-step process: first, the aromatic ring is 
saturated with hydrogens; and second, the re- 
moval of nitrogen through a C-N bond cleav- 
age by hydrogenolysis. Details of the HDN 
mechanism have not been clearly established 
yet. 

Calculations of pyridine adsorption on a hy- 
drogenated surface (Mo,S,H,) were carried out 
[48] in order to understand the first step of 
hydrogenation. To select the H locations, calcu- 
lations of H interaction with several adsorption 
sites were studied, the MO-MO bridge sites 
being the most stable ones. A previous study of 
pyridine interaction with Mo,S, cluster [50] 
revealed that interactions with on-top sites are 
the most favored. Therefore, the pyridine inter- 
action with Mo,S,H, was calculated consider- 
ing various adsorption modes (7r and a) with 
on-top site, as shown in Fig. 9 for systems I-III. 
Several multiplicities were considered, the quin- 
tuplet being the most stable one. 

An analysis of the overlap between adsorbate 
and surface orbitals and the corresponding 
molecular orbital coefficients leads to a descrip- 
tion of the different types of interactions in- 
volved in the chemisorption and the hydrogena- 
tion process. A schematic picture of the atomic 
orbital interactions of pyridine carbon and nitro- 
gen atoms with metallic atoms (MO(~) and 
Mo(2)) and adsorbed hydrogens with pyridine 
carbon atoms are shown in Fig. lOa, b. Note the 
appearance of a strong interaction H(ads)- 
pyridine. 

TE = -169.97 au 

TE = - 169.96 au 

TE=-169.66au 
Fig. 9. Pyridine adsorption on Mo,S,H, in: (a) System I (r-mode 
adsorption with pyridine (2-N axis perpendicular to MO-MO 
line). (b) System II (r-mode adsorption with pyridine C 3 -N axis 
parallel to MoMo line). (c) System III (a-mode adsorption). 
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Fig. 10. Interaction of s-orbitals. (a) Adsorbed hydrogens and C 
and N pyridine atoms. (b) Pyridine atoms (C, N) and MO atoms of 
the cluster. Values in parentheses are. diatomic energies, in atomic 
units, of the interacting atoms. 

The analysis of the results reveals several 
interesting facts: 

(a) The chemisorption in the r-mode is 
stronger than in the c-mode and, therefore, the 
activation of C-N and C-C bonds in pyridine is 
greater in T- than in a-adsorption. 

(b) The electron charge transfer occurs from 
pyridine to Mo,S, cluster. This transfer corre- 
lates with the stability of adsorption structures, 
i.e., more stable systems correspond to more 
withdrawing of electronic charge from the pyri- 
dine to the MoS, surface model. 

(c) Small direct participation of d orbitals in 
the bond. It means that the overlap between d 
orbitals and pyridine atoms is small. The d 
participation, as has been shown in previous 
papers [3,4,51], is due to a reorganization of the 
electronic d cloud, which is the result of a 
strong electron-nucleus interaction. 

(d) The pyridine atoms interact with the 
metallic atom which is directly below (MO,), 
but also with adjacent atoms (MO, and MO,). 

(e) Significant interactions between adsorbed 
hydrogens (H6 and H7) and pyridine carbons 
suggest the hydrogenation of the r-mode ad- 
sorbed pyridine on one-center sites. 

(f) An important interaction between the 
pyridine hydrogen atoms (H,, H,, Hi, H,) with 
adjacent MO atoms indicates the presence of 
agostic bonds (i.e., MO * * - H-C bond). 

(g) The results of system II (see Fig. 9b) 
show a small energy difference with respect to 
system I (see Fig. 9a). In addition, the bonding 
interaction between adsorbed hydrogens with 
pyridine atoms in the system II (MBO(H,-N) 
= 0.707 and MBO(H,-C,) = 0.779) is larger 
than in the system I (MBO(H,-C,) = 0.335 and 
MBO(H,-C,) = 0.349). These facts suggest a 
mechanism for pyridine hydrogenation on a 
MoS, hydrogenated catalyst. The following 
steps are proposed: (i) adsorption of pyridine in 
7r-coordination mode on a MO atom. The pyri- 
dine is oriented in such a way that a line 
between N and C, atoms is parallel to the 
MO-MO internuclear line. (ii) Hydrogenation of 
pyridine N and C, atoms first occurs, leading to 
the formation of an intermediate compound with 
two double bonds. (iii) Rotation of the pyridine 
in an axis perpendicular to the main plane of the 
molecule and subsequent hydrogenations. 

6. General conclm&ms 

(a) The modeling of hydrotreatment pro- 
cesses is very complex because, as in most of 
heterogeneous catalysis reactions, several steps 
are involved, and calculations require the han- 
dling of transition metals. The use of model 
Hamiltonians based on parametric functionals, 
such as MINDO/SR, CNDO/2, and I-IF-ECP, 
are adequate for the treatment of these compli- 
cated systems, permitting us to obtain very im- 
portant qualitative information. 
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(b) New computational tools that allow calcu- 
lation of diatomic binding energies and the eval- 
uation of topological properties of p and Ap 
are very convenient and advantageous for the 
analysis of bonding properties of adsorbates and 
to understand the nature of active adsorption 
sites on a modeled surface. 
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