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Abstract

Chemisorption of pyridine on a partially hydrogenated surface of MoS, was modelled by the interaction of a pyridine molecule
with a Mo;SgH, cluster. Calculation of total energies, bond orders, diatomic energies, charge transferences and interatomic
orbital overlaps was performed by the CNDO/UHF method. Results show a net charge transfer from the pyridine molecule to
the Mo adsorption center. The interaction of 7-adsorbed pyridine with chemisorbed hydrogen bridged on Mo-Mo positions
leads to a partial hydrogenation of the nitrogen compound. A mechanism of pyridine hydrogenation is proposed based on the
fact that Mo adsorption centers (vacancies) are pivotal for hydrogen atoms transfer. These results suggest a regioselective

hydrogenation.
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1. Introduction

The hydrotreatment of heavy crudes and further
treatment of vacuum residues of oil distillation
have increased considerably in the past decade
[1]. Heavy crudes and vacuum residues contain
relatively high percentages of S, N, O, and metals
(Ni, V) and make high demands on the catalyst
performance. If not removed, N-compounds act
as a poison for hydrocracking and reforming cat-
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alysts in the later stages of oil refining. The pres-
ence of N-compounds leads to a poor stability of
the final products that subsequently causes NO,
pollution of the atmosphere. Furthermore, the
intensified protection of the environment has led
to the sharpening of the norms for S, N, and metal
content of petrol products. The hydrodenitrogen-
ation is a process of prime importance for lower-
ing the nitrogen content of low-grade petroleum
feedstocks, hence the nitrogen-containing com-
pounds poison the acid catalysts used in petroleum
refining [1].

The hydrodenitrogenation (HDN) reaction
occurs, generally, by a two-step process: first the
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aromatic ring is saturated, followed by removal of
nitrogen through C—N bond cleavage. Details of
the HDN mechanism have not been clearly estab-
lished. It is well known that hydrodenitrogenation
of aromatic nitrogen-containing heterocyclic
compounds requires catalysts with a high hydro-
gen activity [1-4], Generally, these reactions are
carried out at 300-1500 psig hydrogen and 290-
450°C [5-7]. |

In this paper we study the interaction of a pyr-
idine molecule adsorbed on a hydrogenated MoS,
model surface. Pyddine is an excellent model mol-
ecule for N-compounds present in petroleum feed-
stocks. The coordi?nation studies of this molecule
on semiconductor; and metal surfaces, involve
both 7 and N lone-pair electrons in the surface
chemical bond [8](a—c), which will play an
important role in hydrodenitrogenation reactions
(HDN) [8](d, e) As a result different orienta-
tions of the pyndlne ring plane with respect to the
surface plane are cbncelvable parallel, perpendic-
ular and tilted. Indeed, examples for all three
adsorption geomet'(ries have been reported in the
literature [ 9-23]. For example on Cu(110) [10],
Pt(110) [11], Pt(111) [9-13], and on Ir(111)
[14] the pyridine!ring orientation for saturation
adsorption conditions is approximately perpen-
dicular to the metai surfaces, whereason Ag(111)
[14,15]7, N1(1OO) [16], and on Pt(110) [12] a
parallel orientation has been derived from various
experimental techmques for low coverages. On
Pt(110) [12], Ag(lll) [14,15],andonNi(100)
[16] a phase transmon from parallel to perpen-
dicular or inclined has been reported as a function
of pyridine surface coverage.

The purpose of this paper is to study the adsorp-
tion of pyridine in different bonding modes and
on different sites of the MoS, surface, which is
represented in thlS work by a partially hydrogen-
ated Mo,SgH, madel cluster. Here, the CNDO/
UHF method is usjed as a qualitative tool for ana-
lyzing surface-adsorbate interactions. As far as
we know, there are no HDN calculations of pyri-
dine on partially hydrogenated MoS, reported in
literature. Results were interpreted in terms of the
relative stability of adsorption on different active
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sites, bonding modes, activation of C-C, C-H, and
C-N bonds, Mo-pyridine bonding interactions,
and net charge transfers. In a recent publication
[24] we have studied the pyridine adsorption on
a MoS, modelled surface (Mo,Sg) using the same
semi-empirical method (CNDO/UHF) and we
obtained the following conclusions: (a) The acti-
vation of C-N and C-C bonds in pyridine is more
pronounced in 7-adsorption than in o-adsorption.
(b) The electron transfer occurs from pyridine to
MosSg cluster. This transfer correlates with the
stability of adsorption structures, i.e. more stable
systems correspond to more withdrawing of elec-
tronic charge from the pyridine to the MoS, sur-
face model. (c) Interaction between the pyridine
and several Mo atoms is observed in the one-
center 7 and o-bridge adsorption modes. In these
cases, the formation of agostic C—=H — Mo bonds
of the hydrocarbon with the metal center is also
observed.

2. Computational details and surface model

As in previous publication [24], the method
employed here was a modified version [25,26] of
CNDO/UHF [27] from the GEOMO molecular
package [28]. This method and the parameters
used have given relatively good results for cal-
culations in other systems that contain Mo-C and
Mo-S bonds; for example Mo(CO)¢ (the Mo—
CO distance of 2.00 A compare with the experi-
mental value of 2.07 A and good interpretation of
the photoelectron spectra (PES) is obtained)
[29](a) and Mo(SMe), (very reasonable values
of Mo-$ distances (2.31 A as compare with the
experimental analogue (Mo(St-Bu),) of 2.24 A)
[29](b).

In this work the partially hydrogenated surface
was represented by a H,Mo,Sg model cluster in
which the pyridine molecule will be adsorbed at
vacancies located on a Mo atom. Geometries of
the cluster and pyridine were taken from literature
[30,31]. Atomic parameters are the same as in
previous calculations [29] (a), [32].
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Fig. 1. Structures of (a) pyridine and (b) Mo;SgHo,.

In order to analyze bonding interactions
between the pyridine and the hydrogenated sur-
face, Mulliken bond orders (MBO), diatomic
energies (DE), overlap and orbital coefficients of
interacting atoms, and the net charge transferred
were evaluated. The results of non-hydrogenated
surface [24] and isolated systems were included,
for comparison.

The surface model consists of a cluster that
simulates (see Fig. 1b) the 1010 surface of MoS,
[33](d-g), in which the monocoordinated sulfur
atoms have been removed by hydrogen treatment.
This is in agreement with the experimental work
of Wambeke et al. {33](d). These authors pro-
posed that the mono-coordinated sulfur atoms of
the MoS,/ y-Al,Oj; catalyst are eliminated at tem-
peratures lower than 473 K. The active site was
taken with a formal Mo" oxidation state located
at the center of our trimetallic cluster. Diemann et
al. [34] (c) suggest on MoS,-like crystallites the
formation of strongly coordinative unsaturated

AL o
/w%?_ — /NK\S]M( + 2H,8

Scheme 1.

activated sites after a pretreatment with hydrogen
(Scheme 1). These sites exhibit two vacancies on
each Mo atom as in our model. Similar sites have
been presented by Hayden and Dumesic’s model
[34](d), these are located on the edges of MoS,
slabs vertically anchored on a surface of y-ALOs;.

It is worth mentioning at this point that a single
MoS, layer represents a reasonable model for this
catalyst because the electronic inter-layer inter-
action is relative weak. For this reason, we have
selected a row of Mo atoms in the 1010 plane that
represent the shortest Mo—-Mo distance possible.
In any other case, Mo atoms are separated by at
least three bonds (Mo-S...S-Mo). In fact, this
has been found in experimental work on synthe-
sized molybdenum sulphur clusters, which have
been employed as precursors of HDS catalysts
[34]1b and as molecular models of MoS, [34] (a).

3. Results and discussion

With the purpose of studying the adsorption of
pyridine on the H,Mo5S; cluster, we have carried
out calculations of electronic and geometrical
properties separately for the pyridine molecule
and for the Mo,SgH, cluster shown in Fig. 1a and
Fig. 1b, respectively, and for the composite pyri-
dine-Mo;SgH, systems, in three different adsorp-
tion modes, as depicted in Fig. 2a—c. The
appropriate bond length and bond angles of the
two hydrogen atoms adsorbed on the Mo;Sg clus-
ter were selected after several optimization cal-
culations, where the total energy of several
structures were evaluated for both H atoms
adsorbed on sulphur atoms at the edges (S; and
S¢ in Fig. 1b), one H atom on a Mo, and the other
on a S, atom, and both on Mo atoms (Mo, and
Mos in Fig. 1b). Calculat10ns were carried out
using the Mo-H (1.695 A) and the S-H (1.34 A)
experimental bond distances from Cp,MoH, [35]
and from H,S [36], respectively. Optimization of
the Mo-Mo-H and Mo--S-H angles leads to the
conclusion that adsorption of H atoms on MoS, is
more stable at the bridge Mo—Mo position.
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Fig. 3. Potential energy curves for the interaction of pyridine with
the Mo, center of the Mo;SgH, cluster, for systems I-III (Fig. 2).

The choice of this MosSgH, model cluster
depicted in Fig. 1b, can be additionally justified
by several reasons: (i) Once the vacancy sites are
formed (i.e. the surface face 1010 is clean of S
atoms), the low-coordinated Mo atoms are able
to adsorb hydrogen. (ii) The highest adsorption
energy for hydrogen atoms on MoS, occurs on
Mo sites as reported by the theoretical results of
Anderson et al. [37]. (iii) Our model represents
a geometrical structure in which adsorption of pyr-
idine results in pyridine-H-Mo distances, which
allow bonding interactions; this is not the case for
adsorption on S, and Sg in which H atoms are too
far away from the pyridine. (iv) There are struc-
turally characterized Mo-complexes containing
sulfur ligands and hydrogen bonds to the molyb-
denum center [38].

As suggested in the literature [1](d), the 7
and o-adsorption modes, as well as the adsorption
on one-center sites, were considered in the present
study. In all these three adsorption modes, called
here systems I, II, and III, respectively, the pyri-
dine molecule approached the Mo;SgH, cluster on
top of the Mo, atom. Fig. 3 shows the interaction

energy of systems I-III as a function of the dis-
tance between the pyridine and the Mo, atom. The
shape of the interaction curves in Fig. 3 indicates
a minimum in the interaction for all three cases.
This minimum approach of pyridine with respect
to the Mo, atom for systems I-III, 2.01 1&, 2.03
A, and 2.11 A, respectively, are used in the pyri-
dine-Mo;S¢H, structures shown in Fig. 2a—c.

Before analyzing in detail the adsorption modes
studied in the present work, we must clarify that
several spin multiplets were examined in our
CNDO/UHF calculations, in all cases the quin-
tuplet state was found to be the most stable. Total
binding energies are not used in our analysis
because CNDO poorly reproduces dissociation
energies for Mo systems, and therefore, scaling
with respect to experimental datais required [31].
However, important qualitative information can
be obtained from the relative energy stability
among systems of similar composition, by com-
paring their total energies.

3.1. System I

The system I depicted in Fig. 2a, represents the
most stable adsorption mode found in the present
study. The Mulliken bond orders (MBO) and dia-
tomic energies (DE) of the pyridine molecule
adsorbed in a 77-mode on Mo;SgH, are presented
in Table 1, where we have shown properties for
only one symmetry equivalent atom. The corre-
sponding values for the isolated systems (pyridine
and Mo5SgH,) are also shown in Table 1 for com-
parison reasons. These MBO and DE valuesreveal
that pyridine is mainly stabilized by coordinative
interactions between the Mo; surface atom and
the pyridine ring atoms (see large values of MBO
and DE for the Mo;—N, Mo,-C,, ..., Mo,—C;
bonds in Table 1). Nevertheless, these interac-
tions are weaker as compared to the case of the
Mo,Sg—pyridine system, as can be seen from the
corresponding values in brackets in Table 1
(these were taken directly from previous work on
the interaction of the pyridine with the Mo,S;
cluster [24]). This agrees with the fact that the
equilibrium bond distance in the pyridine-Mo;Ss
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Table 1 '
Bonding properties of th!e system I (Mo3SgH,~CsHsN) shown in
Fig. 2a. Values in parentheses () correspond to isolated systems
(Mo3SsH, and pyridine).. Values in brackets [] are for the Mo,;Sg

system with pyridine interactions. For atom labels, see Fig. 1

Bond MBO DE (au)

Mo,SsH,—pyridine

Mo,-N 0.352 [0.475] —0.165 [ —0.229]
Mo,-C,, C, 0.405 [0.612] —0.200 [ ~0.287]
Mo ~C; 0.491 [0.613] —0.241 [—0.287]
Mo,-C,, Cs 0.400 {0.607] —0.185 [ —-0.287]
Mo,-C,, Mos-C, 0.207 [0.314] —0.116 [ —0.170]
Mo;-Cs, M0,-Cy 0.221 [0.336] —0.121 [—0.172]
Mo,-H;, Mo,-H, 0.134 [0.186] —0.044 [ —-0.056]
Mo;-Hs, Mo,-H, | 0.152[0.214] —0.051 [ —0.065]
H-C,, Hi-C, | 0335 -0.147

Hg, H-N 0.006 —0.004

Hg, H,-C; 0.009 —0.005

H~Cs, He-Cy 0.349 -0.192

Pyridine

C,C-N 1.610 (1.691) —1.255 (—1.348)
C,-Cs, C-Cy 1.750 (1.934) —1.212 (—-1411)
Cy-C4, Cs 1.820 (1.914) —1.283 (—~1.389)
Mo,S:H,

Mo,-Hg, H, 0.394 (0.670) —0.170 (—0.224)
Mo;-H;, Mo,~Hs 0.535 (0.818) —0.156 (—0.241)
Mo,~-Mo,, Mo, 0.672 (0.841) —0.100 (—0.195)

system (measured from the center of mass of the
pyridine molecule'to the Mo, the center of Mo;S;)
is shorter (1.81 A) as compared to the Mo;SgH,—
pyridine system (2.03 PO\) [24].

We also mention the following important bond-
ing properties of the interaction of the pyridine
with the cluster MP388 [24]: (i) Carbon atoms of
pyridine display jnoteworthy interactions with
Mo, and Mo, atoms, as shown by the values of
MBO and DE for Mo,~C,, Mo,~C,4, Mo;-Cs, and
Mo;~C; bonds. (iji) Pyridine hydrogens (H;, H,,
H,, and Hs) have bonding interactions mainly
with the terminal Mo atoms (Mo, and Mos), as
can be inferred from the MBO and DE values
shown for the Mo,~-H,, Mo,~H,, Mos-H,, and
Mos-H; bonds in: Table 1. (iii) The presence of
adsorbed hydrogens (Hq and H,) allows relatively
important bonding interactions between pyridine
C atoms and surface H atoms, as shown by the
larger MBO and DE entries for the H,~C,, He-C,,
H;-Cs, and H¢-Cy, bonds, as compared to the Hs,

1
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H,-C; and Hg, H.—N bonds in Table 1. This last
feature may indicate that H; atoms are able to
hydrogenate the two C-C double bonds in the
aromatic system, with the possible formation of a
2,5-dihydropyridyne compound (CsH,N). (iv)
The interaction of pyridine with the hydrogenated
surface induces moderate changes in the bonding
structure of the pyridine molecule. In fact a com-
parison of the MBO and DE values, shown in
Table 1 for the Mo;SgH,~pyridine system and for
the isolated pyridine molecule, evidences that C;,
C,-N, C;-C,, Cs, C,—C, and C,—Cs bonds are
weakened in going from the isolated pyridine mol-
ecule to the chemisorbed pyridine system. This
effect is explained in terms of the formation of
bonds between the pyridine carbon atoms C;
(i=1, 2, 4, 5) and the surface hydrogens H;
(s=6,7). (v) Finally, the pyridine chemisorption
largely weakens the cluster structure, i.e. the MBO
and DE values of the Mo~H; (i=1, 2, 3; s=6,
7) and Mo-Mo bonds (shown in the last three
rows of Table 1) decrease in going from the clus-
ter—pyridine to the isolated cluster system.

The relatively strong interaction between the
ring atoms of pyridine and the Mo, atom is con-
firmed by the values of overlap integrals between
C and N orbitals and Mo, ones, see Table 2.
There, the most important interactions were
selected according to the overlap values. For
example, the overlap between 2s orbitals of C with
5s and 5 p, orbitals of the Mo, atom are 0.29 and
0.37, respectively. In addition, the pair coeffi-
cients for different molecular orbitals are of sig-
nificant magnitude (between 0.12 to 0.34). A
schematic picture of these interactions is pre-
sented in Fig. 4.

The interaction of pyridine with other Mo atoms
(Mo, and Mos) can be understood also in terms
of overlap and molecular orbital coefficients; see
values of 0.21-0.14 for the overlap, and atomic
molecular coefficients between 0.33 and 0.10. The
overlap between adjacent Mo atoms and the pyr-
idine molecule can be explained in terms of
molecular dimensions. For example, the Mo diam-
eter is about 3.04 A [39] vghile the internuclear
distance Mo,-Mo, is 3.15 A and the sum of the
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Table 2

Overlaps, and atomic coefficients of the interaction of pyridine (N, C, and H,, atoms) with Mo;SsH, (system I) surface atoms (Mo;, Mo;, He,

and H; atoms)

Orbital coupling Overlap Pairs of atomic orbital coefficients (a,,a,) (x=Mo;, Mo;, He, H;) (y=N, C;, C3, Hy)
C and N interactions with Mo,

5s(Mo,)-2s(C;) 0.29 (=022, —0.34)(—0.24,0.13)

5p(Mo,)-2s(C)) 0.21 (0.26,0.33) (0.27, —0.15)

5p.(Mo,)-2s(Cy) 0.37 (0.22,0.34) (0.12,0.13)

5s(Mo,)-2s(C,) 0.29 (—=0.22, —0.30) (0.18, —0.29) (—0.24,0.22) (0.12, —0.17)
5s(Mo;)-2p,(Cs) 0.25 (—0.22,0.16) (—0.24, —0.21) (0.12, —0.31)

5p.(Mo;)-2s(C3) 0.36 (=022, —0.30) (0.12, —0.22)

5s(Mo,)-2s(N) 0.23 (=022, -0.31) (0.18, —0.18) (—0.24,0.27) (0.12, —0.24) (0.12, 0.24)
5p,(Mo;)-2s(N) -0.21 (—0.21,0.52) (—0.23, —0.12) (0.14, —0.14)

5p.(Mo, )-2s(N) 0.30 (0.22,0.31) (0.12, —0.28)

C interactions with an adjacent Mo atom (Mo,)

(-0.13, —0.33) (—0.10,0.12) (—0.21,0.15)

55(Mo,)-2s(C,) 0.20

5p.(Mo,)-2s(C,) 0.21 (=0.11, —0.33)
5p.(Moy)=2p,(Cs) —-0.14 (0.12, —0.13) (—0.19, —=0.12)
5p.(Mo,)-2s(C,) 0.21 (0.10, 0.12) (0.15,0.15)
5p,(Mo,)—-2p:(Cy) —-0.14 (0.11, =0.17) (0.10, —=0.11)

H-pyridine interactions with Mo, and Mo,

(0.21,0.21) (—0.14, —0.23) (0.14,0.23)

5s(Mo;)-1s(H,_s) 0.14
5p.(Moy)-1s(Hys) -0.15 (0.23,0.15) (—0.23, —0.15)
5p.(Mo,)~1s(H, ) 0.15 (0.23,0.15) (—0.23, ~0.15)
5p,(Mo,)—1s(H;) 0.16 (0.23,0.15) (—0.23, —0.15)
5p,(Moy)-1s(H, 45) 0.14 (0.23,0.15) (—0.23, —0.15)
55(Mos)~1s(H,5) 0.24 (0.13,0.17) (0.14, 0.14)
5p.(Mo,)~1s(H,5) 0.14 (—=0.11, —0.17) (0.12,0.14)
5p,(Moy)-1s(Hy5) +£0.17 (-0.11,0.15)
5p,(Mo,)-1s(Ha s) 0.27 (-0.11, —0.19)

Hg and H, interactions with pyridine

2s5(Cy)~1s(H,) 032
25(Cy)—1s(Hs) 032
25(Cs)~1s(Hy) 0.33
25(C4)~1s(H,) 033

(=034, —0.14) (0.33,0.22) (0.12, —0.19)
(—034, —0.14) (—0.33, —0.22) (0.12, 0.19)
(=033, —0.14) (—0.35, —=0.22) (—0.11, 0.19)
(=033, —0.14) (0.35,0.22) (0.11, —0.19)

pyridine width (C,-C, dlstance of 2.29 A) w1th
the C orbital radii (1.04 A) add up 3.33 A A
schematic representation of the molecular dimen-
sions and the Mo, orbital interactions with the ring
atoms of pyridine molecule are depicted in Fig. 5.

The pyridine hydrogens (H,) display multiple
interactions with Mo atoms, as shown in Fig. 6.
There, the Hy-Mo interactions are divided into s—
s (Fig. 6a) and s—p (Fig. 6b) for a clearer pres-
entation. The values of overlap shown in Table 2
indicate that the most important interactions occur
with adjacent Mo atoms. For example, 5p,(Mo,)—
1s(H,5) and 5s(Mo,)-1s(H,5) interactions
show the highest overlap. These interactions are
important because increase the possibility of C-

H, activation, favoring then the transfer of surface
hydrogens (H,) from the catalyst to the pyridine
with the partial formation of new C-H; bonds

One of the most important interactions between
the pyridine and the hydrogenated Mo-S surface
occurs with the H, atoms adsorbed on Mo atoms
(Fig. 7). The last rows of Table 2 show one of
the highest overlaps (0.33-0.32). In addition,
there are relative high atomic orbital coefficients
(Azs¢cqy =0.33, and a7y = 0.22) in a molecular
orbital in which the 2s(C4)~1s(H;) and 2s(Cs)—
1s(Hg) interactions are relevant. These interac-
tions seem to indicate that a hydrogenation of the
pyridine molecule adsorbed in the 7-mode is pos-
sible.
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Fig. 4. Schematic repre%entation of atomic orbital interactions

between the active site I\/ﬁm of Mo;S;H, and some pyridine atoms

(N, C,, and Cs) in the system I
|

Fig. 5. Orbital interaction% between the ring atoms of pyridine mol-
ecule (C,) and Mo, center of the Mo,SgH, cluster:

The direct participation of the d orbitals is small
and therefore, they}are not shown in Table 2. The
only important interaction (4d,.(Mo;)-2p.(Cs))
presents an overlaﬁ value of 0.10 and orbital coef-
ficients of —0.25 a‘ind 0.29. This fact may be due
to a longer pyridine-Mo;SgH, bond distance
(2.01 A) than in the case of non-hydrogenated
system (1.81 A) [24].

3.2. SystemIl |

Fig. 2b represents the second most stable 7-
adsorption mode found in the present work. Here,
the nitrogen and C; atoms are parallel to the
molybdenum surface atoms. System II is slightly
less stable than syétem L, and it corresponds to a

Fig. 6. Orbital interactions of pyridine hydrogens with Mo, and Mo,
atoms of the Mo,SgH, cluster, (a) s-s interactions. (b) s-p inter-
actions.

Mo

3_",/ ‘\““_MOL:,,,”I” \\\\\\\“" IIOZ
Y S \;\\y Y g

Fig. 7. Orbital interactions between the pyridine molecule and H,
atoms adsorbed on Mo atoms.
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Table 3

Bonding properties of the system II (Mo;SgH,-CsHsN) shown in
Fig. 2b. Values in parentheses correspond to isolated systems
(Mo;SgH, and pyridine). Values in brackets represent the interac-
tions of Mo;S; system with pyridine. For atom labels, see Fig. 1

Bond MBO DE (au)

Mo,SsH —pyridine

Mo,-N 0.270 [0.449] -0.111[-0.221]
Mo,-C,, C, 0.503 [0.628] —0.251 [—0.293]
Mo,-C, 0.405 [0.586] —0.187 [—0.279]
Mo;-C,4, Cs 0.499 [0.622] —0.239 [ —0.283]
Mo,-N 0.302 [0.414] —0.124 [ -0.222]
Mo;-C; 0.390 [0.511] —0.204 [ —0.258]
Mos-H; 0.299 [0.421] —0.082 [ ~0.106]
H-C, 0.006 —0.007

HeC,, H—C; 0.040 —0.004

He-N 0.707 —0.598

H-C; 0.77%9 —0.657

Pyridine

C,,C—N 1.498 (1.691) —1.112 ( —1.348)
C,-Cs 1.928 (1.934) —1.418.(—1.411)
C;-Cs 1.691 (1.914) —1.149 (—1.389)
Cs-H; 1.246 (1.363) —0.641 (—0.748)
MosSeH,

Mo,-H,, H; 0.340 (0.670) —0.130 (—0.224)

Mos~H;, Mo,-Hg
Mo,~Mo,, Mo,

0.442 (0.818)
0.659 (0.841)

-0.097 (—0.241)
-0.104 (—0.195)

rotamer of the previous system. The calculated
MBO and DE values for Mo;SgH,—pyridine, pyr-
idine and Mo;SgH, systems are presented in
Table 3, where we have shown properties for only
one symmetry equivalent atom. As in the previous
section, only relevant interactions are displayed.
From the analysis of Table 3 the following fea-
tures are worth to mentioning:

(1) Asin the case of non-hydrogenated surface,
the most important pyridine interactions occur
with the Mo, atom but the bonding is weaker than
in the previous case [24], see values in bracket.
Nitrogen and C; atoms in the pyridine interact
with two metallic centers giving rise to a more
activated C-N bonds than in the case of structure
L

(ii) Two very important interactions N-Hg and
C;-H, lead to bond formation (MBO (N-
He) =0.707, MBO (Cs;-H;)=0.779, DE (N-
Hg) = —0.598 auand DE (C3;-H;) = —0.657 au)
and are stronger than in case of system I. These

strong interactions suggest that hydrogen atoms
can be transferred from a hydrogenated MoS, sur-
face to the pyridine molecule adsorbed on the Mo,
site. This is also justified by the weakening of the
H, bonds of about a 50% (see values of MBO and
DE for Mo,—Hg, Mo;—H;, Mos—H; and Mo,-Hg
bonds) with respect to the system without pyri-
dine interaction.

(iil) An important agostic interaction between
the H; of pyridine and the adjacent Mo atom
(Mos...H;—C;) leads to a partial formation of the
Mos...H; bond and a weakening of the H;—C; one.
This interaction, although is smaller that in the
case of non-hydrogenated surface, also favors the
formation of C;—H- bond.

(iv) The interaction pyridine-MosSgH, pro-
duces also a weakening of the Mo,—Mo, and Mo,—
Mo, bonds and a larger activation of the pyridine
molecule than in the system I.

The above results for both 7r-adsorption sys-
tems (systems I and II) show that a complete
hydrogenation of pyridine may occur after chem-
isorption. The energy difference between systems
I and I is very small (5 kcal/mol). It means that
pyridine is able to rotate on the Mo; center and
hydrogenation and hydrogenolysis may happen
by several steps: for example, a first step would
be the hydrogenation of N and C; in system II (the
highest Hg—and H,—pyridine interactions, see val-
ues of He—N and H,—C; in Table 3) with the for-
mation of a diene-type intermediate. Initially the
pyridine is adsorbed in the 1° mode and after the
first hydrogenation a 7* coordination is expected.
In a second step, after rotations of 60 and 120°,
further hydrogenations would occur. These rota-
mers would be equivalent to II system, in the sense
that Hg—and H,-pyridine interactions with the not
hydrogenated carbons (C;, C, or C,, Cs) are the
highest. Note that in these conformations a radical
intermediate is formed. A rotation of 90° also may
occur, resulting in bonds C,—Cs and C,-C, per-
pendicular to the row of Mo atoms, similar to
system I. In this situation one may consider the
chemisorption of two H; atom on Mo; or Mo,
sites, because Mo atoms of the clean surface pres-
ent double unsaturation. Thus, a simultaneous
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double hydrogenatifon of, for example, the C,~C,
bond may occur wf[ithout having a radical inter-
mediate. Another possibility could be the forma-
tionof a n° complef that can be hydrogenated by
neighboring surface hydrogens. More work must
be performed in or:der to have a complete mech-
anistic picture of this process.

The analysis of| the interaction between the
model surface Mo;SgH, and pyridine, for systems
I'and I shown in Fig. 2, suggests that the pyridine
hydrogenation is a regioselective reaction. This
resultis in analogy with several homogeneous and
heterogeneous systems [40,41], where the opti-
mal orientation of tbe pyridine with respect to the
catalyst surface determines the feasibility of the
surface reaction. F'}sh et al. [42] suggested that
the mode of bonding of the heterocyclic com-
pounds to the metal centers of nickel oxide/alu-
minate supported | on silica~alumina catalyst
appears to be pivonal for the selective hydrogen-
ation of the nitrogen containing ring and the sub-

sequent bond cleavage.
|
3.3. SystemIIl |
i

The system III ijs less stable than others dis-
cussed above, as shown the total energy values
(TE) in Fig. 2. It corresponds to the o-mode
adsorption of pyridine and to the interaction of the
nitrogen lone-pair |with the Mo, surface atom.
Several trends can%be inferred from the analysis
of the most imporﬂant MBOs and DEs presented
in Table 4 for Systlem II: (i) As expected, there
is only one important bonding interaction pyri-
dine-Mo;SgH,: N—iMol interaction was found to
be the highest of all calculated MBOs and DEs
(0.900 and 0.464 au, respectively) for pyridine—
cluster interactions (ii) The C-N bond activation
is very small as compare with systems I and II.
(iii) The possibility of hydrogen atom transfer
from the MosSgH, surface to the pyridine mole-
cule is not feasiblé, because of the small MBO
and AE values. (iy) Very small changes in the
Mo;—Moj;, Mo,~Mo, and Mo~H, (x=1,2,3 and
s=6, 7) bond are observed as compare with the

Table 4

Bonding properties of the system Il (Mo;SgH,-CsHsN) shown in
Fig. 2¢. Values in parentheses correspond to isolated systems
(Mo;SgH, and pyridine). Values in brackets represent Mo;Sg system
with pyridine interactions. For atom labels, sce Fig, 1

Bond MBO DE (au)

Mo,SgH,-pyridine

Mo,-N 0.900 [0.900] —0.464 [ -0.478]

Mo,-C,, C, 0.134 [0.151] —0.074 [ —-0.082]
Mo,-C,, Mos-C; 0.101 —0.063

Mo,~-H,, Mo;~-H; 0.178 ~0.051

C,-H,, C-H, 0.028 -0.005

Pyridine

C, C-N 1.649 (1.691) —1.291 (—1.348)
MO3SgH2

Mo,-H,, H; 0.568 (0.670) —-0.185 (—0.224)
Mo,-Hg, Mos—-H; 0.749 (0.818) —0.236 (—0.241)
Mo,~Mo,, Mo; 0.761 (0.841) ~0.153 (—0.195)

non-interacting system with pyridine, see values
in parentheses.

3.4. Charge transference

The population analysis performed in this
CNDO method is Mulliken-type, and is well
known that it presents serious deficiency [43].
Nevertheless, the charge difference between sim-
ilar systems may be more reliable because of error
cancelation. Thus, the results of charge transfer
were considered here, i.e. the difference between
atomic charges in pyridine-Mo;SgH, and the iso-
lated pyridine and MosSgH,. Several features
come out from the analysis of results showed in
Table 5:

(a) Thereis a clear indication that an electronic
charge transfer from the pyridine to the Mo centers
occurs, in all systems.

(b) The adsorbed hydrogens (H;) are posi-
tively charged. This suggests that the surface
hydrogens have an acidic character.

(c) The charge transfer from the pyridine to the
Mo sites increases with the stability of the pyri-
dine-Mo,SgH,; system: I> 11> I1I.




E.N. Rodriguez-Arias et al. / Journal of Molecular Catalysis A: Chemical 102 (1995) 163-174 173

Table 5,

Charges transferred due to the interaction of Mo;SgH, cluster with
pyridine. Charge values were evaluated with respect to isolated sys-
tems

Atom System I System II System O
Pyridine atoms

N +0.038 +0.115 +0.169
C, +0.122 +0.074 +0.047
C, +0.122 +0.074 +0.047
Cs —0.008 +0.074 +0.029
Cs +0.143 +0.094 +0.015
Cs +0.143 +0.094 +0.015
Adsorbed hydrogens

H, +0.119 +0.115 +0.003
H; +0.119 +0.053 +0.003
Molybdenum atoms

Mo, —-0211 —0.094 —0.064
Mo, —-0.236 -0.178 —0.132
Mo; —-0.236 —0.239 -0.132

4, Conclusions

(a) Hydrogen adsorption on MoS, is favored
at the bridge sites. Pyridine adsorption on a hydro-
genated modeled surface of MoS, occurs mainly
in the m-coordinated mode, Fig. 2a and 2b.

(b) Formation of H~pyridine (s=6, 7) bond
is feasible in 7-adsorption, particularly for the
system II.

(¢) Thereis a poor direct d-orbital participation
in the interaction of Mo atoms with pyridine.

(d) The chemisorption of pyridine produces a
weakening of Mo-Mo and Mo-H, bonds.

(e) A mechanism for pyridine hydrogenation
is proposed with the following steps: (i) adsorp-
tion of pyridine in m-coordination mode; (ii)
hydrogenation of N and C atoms with the forma-
tion of a diene intermediate; and (iii) rotations of
the pyridine molecule in order to hydrogenated
other carbon atoms.
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