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Abstract

The breaking of the C-S bond in CoH5SH on the catalytically active (100) edge of 2H-MoS, was studied by means of density functional
theory. Two reactions of CoHs5SH were investigated: hydrogenolysis to ethane and elimination to ethane, with H>S as second product in both
cases. The adsorption geometry, involving a hydrogen atom of the methyl group of CoH5SH, conducted reactions to more strongly bound surface
intermediate states. The C—S bond breaking resulting in ethane formation proceeds with a lower energy barrier than in ethene formation when the
energy of the barriers for desorption of the products from the surface is compared relative to the molecularly adsorbed CoHsSH state.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

In the catalytic hydrodesulfurization (HDS) of crude oil, sul-
fur is removed from fuels such as naphtha or gas oil by passing
the fuels at high hydrogen pressures over a catalyst to decom-
pose organic sulfur-containing molecules to hydrocarbons and
hydrogen sulfide. The most widely used catalysts contain MoS;
phases promoted with cobalt or nickel [1,2]. Organosulfur com-
pounds present in petroleum fractions differ in molecular size
and structure and thus also in reactivity. Dibenzothiophene and
4,6-dialkyldibenzothiophene are difficult to desulfurize; conse-
quently, experimental [1-5] as well as theoretical investigations
[6—12] have concentrated on the hydrodesulfurization of these
molecules.

Two types of reactions are relevant in the sulfur removal
from dibenzothiophene and 4,6-dialkyldibenzothiophene: di-
rect desulfurization and hydrogenation followed by sulfur re-
moval. In direct desulfurization, dibenzothiophene reacts with
Hy to biphenyl and H5S. In the hydrogenation reaction, one of
the benzene rings of dibenzothiophene is hydrogenated, and the
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resulting hexahydrodibenzothiophene reacts to cyclohexylben-
zene and H5S.

Despite intensive research, the nature of the C—S bond break-
ing in direct desulfurization remains under discussion. It has
been proposed that direct desulfurization occurs by a real hy-
drogenolysis reaction, in which C—S bonds are broken and C-H
and S—H bonds are formed simultaneously. In the case of diben-
zothiophene, biphenyl forms on reaction with hydrogen during
a sojourn on the catalyst surface [1-4]. Thus, direct desulfu-
rization would be similar to hydrogenolysis of hydrocarbons
on metal surfaces. Another possibility involves hydrogenation
of dibenzothiophene, followed by elimination of H»S to give
biphenyl [5]. It also has been proposed that a metal atom might
be inserted into the C—S bond followed by hydrogenation, as
has been observed in organometallic complexes of thiophene
and benzothiophene [13,14]; however, this is unlikely in the
heterogeneous reaction, because of the rigidity of the catalyst
structure. Even in the case of the much simpler alkane thiols,
the mechanism of the hydrogenolysis reaction of alkanethiols
to alkanes over metal sulfide catalysts has not well been stud-
ied [15,16]. The poor accessibility of metal sulfides to surface
science studies has hampered progress in understanding the re-
actions of thiols on their surfaces. Much more work has been
done on investigating the interaction of alkanethiols with metal
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surfaces [17-21]. Such surfaces can be readily characterized by
spectroscopic techniques, making them ideal for surface sci-
ence model studies.

Thiols that lack a B-carbon atom react by hydrogenolysis to
an alkane and H»S. Therefore, the simplest thiol, methanethiol,
is perfectly suited for studying the S—H bond activation and,
more importantly, the catalytic C—S bond scission. The mea-
sured activation energies for the desulfurization reactions of
C,>HsSH and CH3SH over MoS; catalysts are of the same or-
der, but slightly lower in the case of C;HsSH. Chemical bonds
in these molecules are activated in the order of H-H > H-S >
C-S ~ C-H (C; compounds) > C-H (C; compounds) > C-C
[16]. The activation energy for the disappearance of ethanethiol
is 18 kcal/mol; the activation energies for ethene and ethane
formation were 24 and 23 kcal /mol, respectively. On molybde-
num metal, surface science experiments showed that only three
gaseous products were formed in the reaction of ethanethiol
on the Mo(110) surface: Hj, ethane, and ethene [22]. There
was no evidence for the evolution of any other hydrocarbon,
such as methane, acetylene, or benzene, or for the forma-
tion of gaseous sulfur-containing products. Ethanethiol did not
desorb. Temperature-programmed reaction spectroscopy results
suggested that on Mo(110), molecularly adsorbed ethanethiol
decomposes slowly, followed by fast desorption of ethane and
ethene.

Thiolates have been proposed as intermediates in hydrode-
sulfurization reactions. Thus, understanding their reactivity
is important in modeling product distributions. Methanethiol
dissociates to methanethiolate on Ni(111) [23], Pt(111) [24],
Mo(110) [25], W(211) [17], Cu(100) [26], and Fe(100) [27].
The C-S bond of the methanethiolate intermediate is subse-
quently cleaved, yielding methane and Hj as gaseous products
along with surface carbon and sulfur. DFT calculations of the
adsorption configurations of methanethiol on Au(111) also fa-
vored the formation of strongly bound thiolates [28,29]. De-
composition of ethanethiol over cadmium sulfide gave 24%
ethene and 45% hydrogen sulfide at 900 K, along with some
free sulfur, hydrogen, and diethylsulfide [30]. Similar results
were obtained with the sulfides of nickel, copper, cobalt,
and iron. On reduced iron, however, the decomposition of
ethanethiol at 500 K gave 63% ethane and 25% ethene [31].

Neither molybdenum nor tungsten sulfide catalysts showed
any activity for the rupture of the C—C bond of ethanethiol be-
low 600 K [16]. The conversion of adsorbed ethyl radicals to
gaseous ethane was not particularly rapid but occurred more
readily than the corresponding desorption of methyl radicals as
methane from methanethiol. In contrast, on metals, ethanethiol
decomposes to elemental carbon and sulfur and gaseous dihy-
drogen [22].

In previous work, we studied by means of DFT calculations
the adsorption, dissociation, and reaction of methanethiol on
the catalytically active Mo edge of MoS; as a function of sulfur
coverage and presence of hydrogen and promoter atoms [32].
The majority of thiols have a f-hydrogen atom, however, and
they undergo not only hydrogenolysis to alkanes, but also H>S
elimination to alkenes. Consequently, in the present work we
extended our study of the mechanism of the C—S bond scis-

sion with DFT calculations of these two reaction pathways for
the dissociation of ethanethiol on the (100) catalytically active
surface of 2H-MoS,. This will provide a better understanding
of HDS reactions, which occur in more complex reactions of
larger sulfur-containing molecules.

2. Computational details

The theoretical method that we used in the DFT cal-
culations was the same as described before [32]. We used
the DMol® code [33] with a double-numeric polarized ba-
sis set, a medium level of integration grid consisting of ap-
proximately 1000 grid points per atom, and performed effec-
tive core potential calculations. With these settings, we cal-
culated the energy of the gas-phase desulfurization reaction
of CoHsSH to CoHg + S with 59.78 kcal/mol (experimen-
tal value, 55.08 kcal/mol) and the hydrogenation reaction of
CyH4 + Hy to CoHg with 33.5 kcal/mol (experimental value,
32.5 kcal/mol) [34]. A combination of the local density ap-
proximation to specify the exchange correlation local potential
[35] and corrected in the high- and low-density expansions as
proposed by Perdew and Wang [36] was used. The Brillouin
zone integration was performed using a set of 2 x 2 x 1 k
points. We selected a (4 x 1) surface supercell of the 2H-MoS;
crystal structure with a vacuum slab of 9 A and a slab thick-
ness of 12 A. The (4 x 1) surface model consists of two MoS,
sheets in the y direction, six planes of atoms in the z direction
(three MoS; units), and four surface Mo atoms in the x direc-
tion (Fig. 1). The (100) MoS, surface exhibits two types of
edges. On one edge, unsaturated molybdenum atoms are ex-
posed (the so-called Mo edge); on the other edge, sulfur atoms
are exposed (the S edge). The geometries of all atoms in the
slabs were optimized, using the following geometry optimiza-
tion convergence thresholds: 0.01 kcal/mol (energy change),
2.5 kcal/mol x A (maximum force), and 0.005 A (maximum
displacement).

To calculate the minimum energy path between several re-
action steps, we used the linear/quadratic synchronous transit
(LST/QST) method [37] proposed by Halgren and Lipscomb
[38] and implemented in the DMol® code [33]. The activation
energy is determined by the highest maximum on the minimum

Mo edge

S edge

Fig. 1. (100) surface of 2H-MoS,.
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energy path, obtained by the LST/QST method. The reaction
path connects the C;HsSH molecule above the surface, with
the CoHy4 or CoHg molecule desorbed to the gas phase and the
S atom bonded to the catalyst surface as final products. The
path was divided into several steps between the reactant and
products by interpolating along the path segments following
the adiabatic valley of the potential surface. We calculated the
energies of these steps, as well as the adsorption barriers. The
success of the calculations with the LST/QST method is based
on the close proximity of the endpoints for the transition state
search. The transition state has been refined by optimizing the
transition state following the eigenvector of the Hessian matrix
corresponding to the imaginary frequency mode; thus, it has
been verified that the transition states have only one imaginary
frequency.

3. Results

Our study of the hydrogenolysis of CH3SH showed that
starting from the “as-cleaved” Mo edge of the MoS; surface,
the formation of CHy from the adsorbed CH3 fragment and the
S—H group had a high activation barrier of 68.6 kcal/mol, due
to the strong Mo—C and MoS—H bonds [32]. This high-energy
barrier is due to the low coordination number of the surface
molybdenum atoms relative to the bulk coordination number,
and the tendency of the surface molybdenum atoms to compen-
sate for this by adjusting the adsorbed species for optimal Mo—-S
and Mo—C interactions. The energy barrier decreased when sul-
fur atoms were present on the Mo edge in bridging positions
between the Mo atoms, and the lowest barrier was obtained for
a surface with one sulfur atom less than the maximal possible
coverage (i.e., a surface with one sulfur vacancy). Combined
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thermodynamic and DFT calculations have shown that the Mo
edge of the MoS; crystallites is strongly covered with sulfur
atoms under HDS reaction conditions (0.01 < HpS/H, < 0.1)
[6-10,12]. To allow adsorption of the thiol molecule, the (1010)
Mo edge should not be completely covered with sulfur. There-
fore, we performed three types of calculations on reactions of
C,H5SH on MoS; surfaces, where the Mo edge is covered with
sulfur atoms by 25, 50, or 75%. These situations are imple-
mented in the calculations by adsorbing one, two, or three sulfur
atoms on the (4 x 1) surface supercell (Fig. 1). In the classical
way of thinking, these states correspond to three sulfur vacan-
cies, two sulfur vacancies, and one sulfur vacancy, respectively.
In agreement with others [6—10], our calculations showed that
the most stable positions for the sulfur atoms are in bridging
positions between Mo atoms. Therefore, in the first calcula-
tion the Mo edge contains two four-coordinated and two five-
coordinated Mo atoms, in the second calculation it contains four
five-coordinated Mo atoms, and in the third calculation it con-
tains two five-coordinated and two six-coordinated Mo atoms.
The latter configuration resembles the (100) MoS, catalyst sur-
face when a vacancy has been created, similar to what has been
demonstrated by scanning tunneling microscopy [39,40].

3.1. 25% sulfur coverage

In the first series of calculations, a C;H5SH molecule was
positioned at a distance z = 4.5 A above a Mo-terminated
surface containing one adsorbed sulfur atom. Subsequently
C>H5SH was molecularly adsorbed on this sulfided surface. In
the most stable state, a hydrogen atom from the CH3 group
had a distance of only 2.1 A to the surface sulfur atom, that
is, d(Ssurf—Hmethy1) = 2.1 A. Fig. 2 shows the reaction path for
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Fig. 2. Elimination, resulting in ethene formation from molecularly adsorbed C;H5SH on a surface with three sulfur vacancies.
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Fig. 3. Hydrogenolysis, resulting in ethane formation from adsorbed C,HsS and H fragments on a surface with three sulfur vacancies.

molecular C;HsSH adsorption, followed by H»S elimination,
which results in the formation of CoH4 and two surface SH
species in bridging positions. The energy of the reaction from
the initial state (with the C;HsSH molecule 4.5 A above the sur-
face; Fig. 2a) to the intermediate state (molecularly adsorbed
C>HsSH; Fig. 2¢) was —31.6 kcal/mol, whereas the energy
barrier was 10.3 kcal/mol (Fig. 2, a— b).

Compared with CH3SH, for which dissociative adsorption
occurred (i.e., formation of CH3S and H fragments [AE =
—38.9 kcal/mol]), the molecular adsorption of CoHsSH led to a
less stable intermediate state (A E = —31.6 kcal/mol; Fig. 2c).
Both thiols showed a clear tendency for bonding in bridging
arrangements. The adsorption geometry of the SH species re-
flects the preference of the sulfur atom for high coordination
to the Mo atoms, whereas the hydrogen atom adsorbs out of
the surface plane due to repulsion [41]. The desorption barrier
of CoHy was calculated with 37.6 kcal/mol (Fig. 2, ¢ — d),
whereas in the hydrogenolysis of CH3SH, the formation of CHy
had an activation barrier of 46.0 kcal/mol [32]. The transition
state (Fig. 2d) involves a deformed, nonplanar ethene with weak
interactions to the surface sulfur atom via a weakly bonded
hydrogen atom. The final state (Fig. 2e) consists of two S—
H groups in bridging positions between two Mo atoms and a
C,>H4 molecule in the gas phase. It is 31.3 kcal /mol lower in en-
ergy than the intermediate molecular adsorption state (Fig. 2c).
Thus, the overall exothermicity of this process is 62.9 kcal /mol.

Along with elimination, ethanethiol can also undergo hy-
drogenolysis, resulting in ethane formation from the adsorbed
C,HsS and H fragments. In the initial state, the distance be-

tween the sulfur atom of the surface and the hydrogen atom of
the C,HsSH molecule was z = 2.8 A (Fig. 3a). The reaction
energy of an CoHsSH molecule above the MoS; surface to ad-
sorbed CoH5S and H fragments was —26.2 kcal/mol (Fig. 3,
a — c) with an energy barrier of 16.5 kcal/mol (Fig. 3, a — b).
The experimental activation energy associated with the dissoci-
ation of ethanethiol on MoS; was reported to be 18 kcal/mol
[16]. This energy barrier is higher than that reported for dis-
sociation on the metallic Mo(110) surface, <7 kcal/mol [42],
because the M-S bonding on the surface of a transition-metal
sulfide is weaker than on the surface of the metal. The en-
ergy barrier for the second step (i.e., C;Hg formation) was
31.1 kcal/mol (Fig. 3, ¢ — d). The final state, consisting of a
CyHg molecule in the gas phase above the Mo-terminated sur-
face of the (4 x 1) supercell containing two sulfur atoms in
bridging positions (Fig. 3e), was energetically 43.3 kcal/mol
lower than the intermediate state (Fig. 3c), and the overall
process was exothermic by 69.5 kcal /mol.

In the case of CH3SH, the formation of CH4 via hydrogenol-
ysis is exothermic by 68.5 kcal /mol [32]. This slight energy dif-
ference is in good agreement with thermochemical data, which
predict the hydrogenolysis reaction of CH3SH to be slightly
more exothermic by 3.3 kcal /mol.

3.2. 50% sulfur coverage
In the second series of calculations, we adsorbed a CoHsSH

molecule on an Mo edge with two surface sulfur atoms in
bridging positions on the (4 x 1) surface supercell. This ini-
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Fig. 4. Elimination, resulting in ethene formation from molecularly adsorbed CoH5SH on a surface with two sulfur vacancies.

tial state was similar to that of the previously discussed case;
a hydrogen atom of the methyl group of ethanethiol gets rather
close to a surface sulfur atom with d(Ssuf—Hmethyl) = 2.2 A
(Fig. 4c). The energy barrier for this adsorption configuration
is higher (23.5 kcal/mol; Fig. 4, a — b) than for adsorption
on a Mo edge covered with only one S atom (10.3 kcal/mol;
Fig. 2, a — b). Furthermore, the intermediate state is less sta-
ble, —27.3 kcal /mol (Fig. 4c), compared with —31.6 kcal/mol
(Fig. 2c). The formation of CoH4 had an activation energy
of 38.8 kcal/mol (Fig. 4, ¢ — d). The final state has two
S—-H groups and one sulfur atom in a bridging mode be-
tween two molybdenum atoms on the surface (Fig. 4e) and is
44 .4 kcal/mol more stable than the intermediate state.

The CHsSH molecule also can react by hydrogenolysis
(i.e., ethane formation), starting from the intermediate indi-
cated in Fig. 4c. The energy barrier for ethane formation
was 28.0 kcal/mol (Fig. 5, ¢ — d), and the CoHg molecule
was stretched in the transition state (Fig. 5d). The final state
(Fig. 5e), with a highly sulfided surface (formal degree of sul-
fidation, 75%) and a CoHg molecule in the gas phase, was
36.2 kcal/mol more stable than the intermediate state (Fig. 5c),
which represents the molecular adsorption of C;H5;SH. Be-
cause of the larger size of the Co,HsSH molecule compared with
CH3SH, the energy for adsorption on the surface was higher
and the transition state (Fig. 5b) different than the respective
transition state in the reaction of CH3SH [32]. Whereas molecu-
lar dissociation and adsorption are easy for the smaller CH3SH,
this is not the case for Co,HsSH. However, once on the sur-

face, the energy barriers for desorption of the hydrogenolysis
products were similar, 30.0 kcal/mol for CH4 formation and
28.0 kcal/mol for C;Hg formation.

3.3. 75% sulfur coverage

In the third series of calculations, a CoHsSH molecule was
adsorbed on the Mo edge with three sulfur atoms on the (4 x 1)
surface supercell, exposing two five-coordinated and two six-
coordinated molybdenum atoms (Fig. 6). The results were sim-
ilar to those of the foregoing calculation. In the intermediate
state (Fig. 6¢), the C;H5SH molecule adsorbed on the sul-
fur vacancy, and the H atom occupied a position out of the
Mo plane. The activation energy barrier was 24.6 kcal/mol
(Fig. 6, a — b), and the reaction energy was —25.9 kcal/mol
(Fig. 6, a — c). The formation of CoH4 had an activation en-
ergy of 36.7 kcal/mol (Fig. 6, ¢ — d). The final state had
two S—H groups and two sulfur atoms in a bridging mode be-
tween two molybdenum atoms on the surface (Fig. 6e) and was
48.1 kcal/mol more stable than the intermediate state.

The second step of the hydrogenolysis reaction, i.e., the
formation of CoHg from the adsorbed C;H5SH molecule and
its release from the surface had a barrier of 25.6 kcal/mol
(Fig. 7, ¢ — d) and areaction energy of —46.4 kcal/mol (Fig. 7,
¢ — e). This second activation energy was even lower than that
for the surface with two S atoms (Fig. 5) and confirms the
positive influence of S atoms on the Mo-terminated edge. All
calculated energy values are compiled in Table 1.
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Fig. 5. Hydrogenolysis, resulting in ethane formation from molecularly adsorbed CoHsSH on a surface with two sulfur vacancies.

Table 1
Activation energies and energy differences (in kcal/mol) in the reactions of
CyH;5SH to HS and CyHy4 or CoHg as functions of the number (V) of bridging
S atoms on the Mo edge
Edge N CyHy CrHg

Ea(1) —AE(l) Ea(2) —AE(Q2) Ea(l) —AE(1) Ea(2) —AEQ2)

Mo 1 103 31.6 37.6 313 16.5 26.2 31.1 433
2 235 2713 38.8 444 235 273 28.0 36.2
3 246 259 36.7 48.1 246 259 25.6 464

4. Discussion

Theoretical modeling suggested that metal-sulfur bonding
plays an essential role in the desulfurization process of sulfur-
containing molecules on various metal-sulfide catalysts [43].
Our results show that the C-S bond in the adsorbed thiolate
is slightly longer and consequently weaker than in the thiol,
and that the C-S bond scission and C-H bond formation occur
nearly simultaneously.

The molybdenum atoms of the ( 1010) Mo edge have a lower
metal coordination number, a smaller d bandwidth, and hence a
higher energy of the d band center than the corresponding bulk
atoms [41,44]. The lower the coordination number of the sur-
face metal atom is, the higher its reactivity. Sulfur adsorption
on the (1010) Mo edge increases the metal coordination num-
ber. Furthermore, the interaction between the occupied sulfur
lone pairs of C;HsSH and the empty 4d orbitals of the molyb-
denum atom lowers the energy of the d band and stabilizes the
thiolates on the surface.

Our calculations indicate low energy barriers for dissocia-
tion when the molecule is positioned initially close to a sur-
face kink, resulting in a distance between the surface sulfur
atom and the hydrogen atom of ethanethiol of 2.8 A (Fig. 3).
Molecular adsorption (10.3 kcal/mol; Fig. 2) and dissociation
(16.5 kcal/mol; Fig. 3) on surfaces exposing metal atoms are
easy steps, whereas the desorption of the final products ethene
(37.6 kcal/mol; Fig. 2) and ethane (31.1 kcal/mol; Fig. 3) are
less easy. Molecular adsorption at a sulfur vacancy of a sul-
fided surface has a higher adsorption barrier (23.5 kcal/mol;
Figs. 4 and 5). At the same time, the energy barrier for the
ethane formation is reduced to 28.0 kcal/mol (Fig. 5), and the
energy for the ethene formation (38.8 kcal/mol) differed by
only 1.2 kcal/mol from that of the elimination on a surface
with one sulfur atom (Figs. 2 and 4). Therefore, the energy
barriers for CoHg formation and desorption from C,HsSH are
dependent on the surface sulfur coverage, as in the case of CHy
formation and desorption from CH3SH [32]. Comparing the en-
ergy barriers for the C,Hy formation and desorption (Figs. 2, 4,
and 6), our results do not show a clear dependence on the sur-
face sulfur coverage, as far as the three investigated cases are
concerned.

What are now the implications for hydrotreating cataly-
sis? We showed in our previous work that the dissociation of
CH;3SH on different edge surfaces of MoS, occurs on a pair
of sulfur—-metal sites under formation of SH groups and CH3S
species that are adsorbed in bridging positions between two sur-
face metal atoms. In a second step, the hydrogen atom of the SH
group moves to the neighboring CH3S species to form CHy.
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Fig. 6. Elimination, resulting in ethene formation from molecularly adsorbed CoH5SH on a surface with one sulfur vacancy.

The mechanism is identical to that proposed for the dissoci-
ation of Hy. However, the difference in geometric structures
and chemical properties of these sulfur—metal pairs is clearly
affected by the number of sulfur atoms on the metal surfaces.
Consequently, different energy barriers for adsorption and des-
orption processes have been calculated, leading to different
kinetic behaviors. Metal edge structures that are completely
covered with sulfur atoms require an associative rather than a
dissociative adsorption mechanism.

In this respect, our calculations show that the decomposi-
tion of ethanethiol to ethane and ethene are easy reactions. The
energy diagrams (Figs. 2 and 3) indicate that also the reverse
reactions will be relatively easy. This means that the hydrogena-
tion reaction of a double bond very well could occur on the fully
sulfided Mo edge and does not require a vacancy. As we have
seen in the foregoing, the forward decomposition reactions of
ethanethiol are

CoHsSH + * + S* — CoHsS* + H-S* — CoHg + 25* (1)

and

— CyHy + 2H-S*.
@

This opens a pathway for the formation of ethane from ethene
via the following sequence of reactions (the reverse of the reac-
tions shown in Figs. 2 and 3):

C,Hy4 + 2H-S* — C,H5S* + H-S* — CyHg + 2S*. 3)

The hydrogen atoms needed for the hydrogenation step might
come from neighboring SH groups, which can be formed by
dissociative adsorption of H, on the fully sulfided metal edge,
as discussed previously [32], according to

H; + 2S* — 2H-S*. “)

Such surface species can react further, as discussed previously
[32], according to

2H-S* = H,S + * + S*. 5)

Reaction (3) explains why Kieran and Kemball [16] observed
that the exchange rate of an H atom of the ethyl group of
ethanethiol with deuterium is similar to that of the exchange
of ethene with deuterium, because in both cases a surface
ethanethiolate intermediate is involved. Reaction (3) would
also explain the “bean-like” structures observed by Lauritsen
et al. in the STM pictures of the edges of triangular MoS,
nanoclusters after treatment with hydrogen atoms and expo-
sure to thiophene at 500 K [45]. They suggested that adsorbed
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Fig. 7. Hydrogenolysis, resulting in ethane formation from molecularly adsorbed CoH5SH on a surface with one sulfur vacancy.

H atoms hydrogenate the thiophene at the fully sulfided MoS;
edge to 2,5-dihydrothiophene, which then further reacts to but-
2-enethiolate. The latter fragment would be the origin of the
observed “bean-like” structure. Their DFT calculations indi-
cated that the final C—S bond cleavage would require a modest
activation energy of about 23 kcal/mol, but they did not cal-
culate the barrier for the hydrogenation step. Of course, in the
HDS of thiophene, not all reaction steps can occur on a fully
sulfided Mo edge. In the final C—S bond-breaking step, the
S atom needs a place to adsorb at the catalyst surface. On the
other hand, borrowing from organometal chemistry, one could
suggest that an associative, rather than a dissociative mech-
anism at the catalyst surface might explain why no vacancy
is needed if H-S* groups are present on the catalyst’s sur-
face:

RSH + H-S* — R-S* + H>S. ©6)

Lauritsen et al. proposed another reaction that would not need
a surface vacancy, namely that the but-2-enethiolate becomes

bonded to a surface sulfur atom, apparently forming an alkyld-
isulfide fragment (R—S-S),

RSH + 25* — R-S—S* + H-S*. 7)

They assumed that the final sulfur extrusion must occur at a
vacancy, however.

5. Conclusion

After molecular adsorption or decomposition on the (100)
MoS; surface CoHsSH showed slightly lower energy barriers
for desorption of the reaction products than CH3SH. The CoHg
formation and desorption from ethanethiolate proceeded with a
lower energy barrier than the C,H4 formation and desorption
from the molecularly adsorbed C,HsSH state. The adsorption
geometry, involving a hydrogen atom from the methyl group of
C,HsSH, conducted reactions to more strongly bound interme-
diates. Whereas the energy barriers for CoHg desorption from
the surface are dependent on the surface sulfur coverage, as in
the case of CH4 formation starting from CH3SH, the reaction
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paths investigated for C;Hy formation showed similar energy
barriers for desorption from surfaces with one, two, and three
sulfur atoms.

The geometry of the adsorbed sulfur-containing molecule at
the (1010) Mo edge is very important for analyzing the product
distribution. Molecules with one carbon atom split into H and
CH3S fragments and adsorb on the surface. Larger molecules,
like C,HsSH, also show a tendency for molecular adsorption.
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