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Abstract

The desulfurization of thiophene on a Ni(100) surface has been studied using ab initio local-density-functional calculations. The
calculations were performed using the Vienna ab initio simulation package (VASP), which is based on a plane wave basis set and PAW
potentials. Starting from preadsorbed thiophene on the nickel surface several reaction pathways for the desulfurization of the thiophent
molecule mechanism have been investigated: In the optimized reaction path an energetic barrier of 0.71 eV has been found for this reactio
step. In addition the influence of a hydrogenation of the molecule after the initial C—S bond cleavage was investigated. Although the
hydrogenation is predicted to lower the barrier for the desulfurization to 0.14 eV, the barrier for the hydrogenation itself, 0.98 eV, disfavors
this process. A detailed analysis of the structural and electronic properties of the molecule in the corresponding transition states is presente
0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction e An additional proposal [6] is derived from the organo-
metallic reaction of Cfir(2,5-dimethylthiophene) with
Although the processing of petrochemical products has iron carbonyls (Cp = n° — CsMes). In this model
a long tradition, environmental regulations have led to an the initial step of the HDS is the C-S bond cleavage
increased effort to reduce sulfur levels in fuels. Petroleum associated with an incorporation of the metal atom into
feedstocks contain a wide range of sulfur containing aro- a six-membered ring.
matic molecules like thiophene. A well-known industrial
technology used for desulfurization is the hydrodesulfuriza- ~ Generally supported sulfides such as molybdenum disul-
tion process (HDS), in which sulfur-containing molecules fide (MoS) are used to catalyze this reaction, often pro-
react with hydrogen in the presence of a catalyst: moted with Co or Ni [2]. Although pure transition metal
surfaces such as Ni show catalytic activity for hydrogena-
tion processes, the difficulty of removing the adsorbed sul-
Thiophene is often used as a test molecule for this processfur makes them unsuitable for industrial hydrodesulfuriza-
The mechanisms for the hydrodesulfurization (HDS) reac- tion. Yet a number of recent studies has been dedicated to the
tion of thiophene have been discussed in a number of re-investigation of the desulfurization of thiophene over well-
views [1-3]: defined Ni surfaces to gain detailed insights into fundamen-
tal aspects of the desulfurization.

e The first reaction mechanism starts with hydrogenation  Huntley et al. [7] report in a recent study of thiophgne
of the thiophene ring to form a 2,3-dihydrothiophene Nj(111) based on X-ray photoelectron spectroscopy (XPS)
intermediate [4]. and high-resolution electron energy loss spectroscopy

e Alternatively a direct hydrogenolysis of the C-S bond (HREELS) a cleavage of the C—S bond at 150 K. They ob-
is assumed, resulting in the formation of 1,3-butadiene serve a hydrocarbon intermediate; still they are unable to dif-

CH,S+ xH2 — HS+ hydrocarbons

(CaHe) [5]- ferentiate between a “true” metallocycle involving one metal
atom and a hydrocarbon bound in a bidentate fashion to two
* Corresponding author. metal centers. Zaera and co-workers [8] have studied the ad-
E-mail address: florian.mittendorfer@ifp.fr (F. Mittendorfer). sorption of thiophene on Ni(100) with near-edge X-ray ad-
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sorption (NEXAFS) and HREELS experiments and report a 3. Reaction stepsfor the desulfurization of
scission of the S—C bond at temperatures below 90 K. Khanthiophene/Ni(100)
et al. [9] have investigated the HDS activity of M¥it(111)
surfaces in a recent TPD study. While Neurock and van San-  The interaction of the molecule with the metallic surface
ten discussed several aspects of the hydrodesulfurization ofplays a crucial role in the desulfurization of the molecule:
thiophene at NiS, with the help of cluster calculations [10], in the case of thiopheri&li(100) the molecule adsorbs with
important issues such as the reaction paths and the energjts = -ring parallel to the surface, and the strong weakening
barriers for the process over a metal surface are still open. of the intramolecular bonds is predicted to result in the
Hence the catalytic properties of the surface will be barrierless rupture of one of the S—-C bonds upon the
investigated in the following sections: after a description adsorption of the molecule [18]. The S atom and the terminal
of the methodology, the steps of the investigated reaction atom of the now linear molecule are bound to the substrate
will be discussed. In the next section the decomposition of in near-bridge positions, with a mutual distance of 2.90 A
the molecule will be covered and in the final section the (see panel A in Fig. 1). The bond length of the remaining
influence of coupled hydrogenation—desulfurization on the S—C bond is elongated from a calculated gas-phase value
reaction barriers will be analyzed. of 1.72 A to a value of 1.80 A. Stohr et al. have shown
in their X-ray studies that the thiophene molecules will
dissociate upon adsorption onto an Ni(100) surface already
2. Methodology at temperatures as low as 100 K [22]. Zaera et al. [8] have
observed a S—C bond breaking at 90 K, followed by a
dehydrogenation of the hydrocarbon fragment f1€in a
temperature range from 230 to 500 K, and finally a complete
decomposition at 650 K. Yet this paper will be dedicated to

The calculations were performed using the Vienna ab ini-
tio simulation package (VASP) [11,12]. VASP performs an
iterative solution of the Kohn—Sham equations of the den-
sity functional theory (DFT) using residuum-minimization
techniques and optimized charge-density mixing routines.
The program uses a plane-wave basis set, thus offering ]
good access to the Hellmann—Feynman forces acting on the
atoms. The calculations were performed using the projector-
augmented wave (PAW) method [13,14] and generalized
gradient (GGA) corrections as proposed by Perdew et
al. [15]. For the plane wave set a cutoff energy of 400 eV
was used.

The Brillouin-zone integrations have been performed us-
ing a 4x 4 x 1 Monkhorst—Pack grid [16] and Methfessel— B]

Paxton smearing [17] of 0.1 eV. The convergence of this

setup has been confirmed by previous studies of the ad- 1.43
sorption of aromatic molecules on transition metal sur- ROr R
faces [18,19]. The calculations were performed for a non- 1-43
magnetic nickel substrate as the magnetization did not show
a significant influence on the calculated reaction barriers 2.16
for hydrogenation reactions [20]. For the nonmagnetic Ni
substrate the calculated DFT-GGA lattice constantgof

3.52 A has been used.

The supercell was chosen corresponding tea(ax 4)
superstructure of the adsorbed thiophene molecules, theC)
surface was modeled by a five-layer slab with the uppermost
layer allowed to relax. For the reference system sulfur was
calculated in g (2 x 2) superstructure on a five-layer slab.

The transition states of the reaction were determined
using the nudge-elastic-band method [21], which is based
on an explicit mapping of the reaction path. For each
reaction step a set of eight images was used. In addition
the image closest to the transition state has been relaxedd: 1- Thiophene adsorbed on a Ni(100) surface: Adsorption geometry (A)

. . . . .. at the initial bridge position with one broken S—C bond, (B) after the second
using a qu.E.lSI'NeWton algorlthm.to obtain the tranS|.t|on state. S—C bond scission and the diffusion of the sulfur atom into the neighboring
The transition states were verified by the calculation of the nhojiow site, and (C) after the second S—C scission and sulfur diffusion into
vibrational frequencies within an harmonic approach. an alternative hollow site.
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Table 1 4. Reaction pathway for the desulfurization of
Adsorption energy and structural parameters of selected adsorbates orthjophene/Ni(100)
a Ni(100) surface: atomic sulfur adsorbed in the hollow position (S),

thiophene adsorbed in the bridge position with one broken C-S bond .
(thiophene) and final products after a second C-S bond scission, i.e., an S Althoth the results of the last section have shown that

atom and a GH, fragment in the two configurations shown in Fig. 1 the desulfurization of thiopherilli(100) is favored from the
point of energetics, little is known about the desulfurization
process itself. Especially, the energetic barrier of the reaction

Eadgs(eV)  d(S-Ni) (A)  d(C-Ni) (A)

s 2.68 218 - ; i Jo

Thiophene, (A.B-S) 257 213 1870203 has a cruc!al r_oIe for the reac_:qon kinetics. Consquent_ly

S+ C4Hg, conf. 1 (A-E) 3.10 2.10.20 1.88-2.29 the determination of the transition state of the reaction is

S+ Cy4Hgy, conf. 2 (B-E) 3.18 2.1/2.19 1.88-2.26 of central importance for the comparison of various reaction
a The adsorption energy for sulfiNi(100) is given with respect to 8; paths. As mentioned in Section 2, all reaction pathways have

i.e., Eags= E(S/Ni(100) + Eg(H2)gas— E(Ni(100) — Eg(H2S)gas been determined using the nudged-elastic-band method.

The first reaction path that has been investigated within

the description of the desulfurization itself, therefore only this workiis displayed in Fig. 2. This mechanism allows the
reaction pathways starting from the adsorbed molecule andshortest reaction path: Since the sulfur atom is already lo-
ending with coadsorbed S andilds will be investigated. ~ cated over a bridge site upon adsorption (A-S), an elonga-

The computational setup for this study has been described intion of the S-C bond steers the sulfur atom into the adja-
the previous section. cent hollow position. Fig. 2 gives the energetic profile of

As the adsorption of atomic sulfur on Ni(100) is ener- the reaction: the barrier for this mechanism is found to be

getically preferred in the hollow site, the geometry of the Ebar= 0.84 eV; the energy gain with respect to the initial
adsorbed thiophene molecule (Fig. 1) favors an obvious re-adsorption position is 0.53 eV.
action path: As the adsorption process resu|ts already in the Details Of the geometl’iC structure Of the transition State
scission of one of the S—C bonds and the sulfur atom is lo- (A=TS) are given in Fig. 3. The structure of the transition
cated at the bridge position, an elongation of the remaining State is determined by two competing trends along the reac-
S—C bond moves the sulfur atom into the favored hollow site. tion pathway: On the one hand the energy gain by the motion
An alternative reaction path is based on the other neighbor-0f the sulfur atom from the bridge position into the hollow
ing hollow site as final position for the sulfur atom. position, which is larger tham Eags= 1 eV for §/Ni(100);
Table 1 gives a comparison of the energetic data and theon the other hand an energy loss caused by the elongation
adsorption geometries of the final hydrocarbon fragments of the S—C bond. In addition the intramolecular bonds have
to those of the initially adsorbed thiophene molecule. The already been weakened by the original formation of bonds
desulfurization is favored from an energetic viewpoint: the between the thiophene molecule and the substrate. Although
reaction along the short pathway increases the adsorptior{he sulfur—carbon bond is stretched to 2.50 A at the transition
energy by 0.53 eV; the reaction along the longer pathway state the sulfur atom is still close to the bridge position, as
into the other hollow position results in an energy gain of thea carboninturnis also involved in bonds to the substrate

0.61eV. with bond lengths of(C—Ni) = 1.96, respectively 1.98 A.

In both cases the sulfur is finally adsorbed in the the ~ An analysis of the electronic properties at the transition
hollow position with a S—Ni distance @f(S—Ni)=2.17 A, state completes this picture. Fig. 4 gives a comparison of
nearly the same value as for the low-coverag® x 2) the local density of states (DOS) of the initially adsorbed

adsorption of atomic sulfurd(S—Ni)= 2.18 A). For both molecule and the DOS at the transition state projected on the
fragments the S—-Ni and C-Ni bonds are not completely carbon atoms starting from C1 at the end of the hydrocarbon
symmetric as one nickel atom interacts with both the S-atom chain to C4 close to the sulfur atom resp. on the sulfur atom
and the hydrocarbon fragment. itself.

For both desulfurized cases the remainingHg hydro- The bond between the sulfur atom and the hydrocarbon
carbon fragment is no longer parallel to the surfaces (Fig. 1). fragment is nearly broken at the transition state: the hy-
The carbon atoms at both ends of the chain, located in bridgebridization between the carbon and sulfustates that lead
positions, form strong bonds to the substrate with Ni—C bond to the formation the molecular orbitals is lifted and only
lengths ranging from 1.87 to 1.94 A, whereas of the two cen- a rehybridization between the carbon molecules is found.
tral carbon atoms of the hydrocarbon fragment one is located The density of states of the sulfur atom shows already the
close to an on-top position and the other halfway between bonding expected for atomically adsorbed sulfur: the sul-
a bridge and a hollow-site; both form only weaker surface fur s-electrons form a single state with a binding energy
bonds with bond lengths ranging from 2.15 to 2.30 A. of —13 eV, while thep-orbitals hybridize mainly with the

In contrast to the uniform expansion of the carbon—carbon nickel d-states.
bonds to 1.45 A in the adsorbed thiophene, the carbon— In addition to the previously discussed reaction pathway
carbon distances in the484 fragments are again slightly a supplementary scenario has been investigated: starting
decreased to about 1.43 A, reflecting an increase in theagain from an adsorption of the thiophene molecule in
bondstrength of the C—C bonds. the bridge position (B-S) the sulfur atom is translated
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Dissociation of thiophene: pathway A

= 10 0.84 eV

% 0.0 \

< .10 -0.52 eV
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Fig. 2. Desulfurization of thiopheri&li(100): Energetic profile along the reaction path A starting from the reactants in the initial adsorption position (A-S),
followed by the transition state (A—TS) and the desulfurized molecule in the final position (A—E).

via the second bridge site to the alternative neighboring
hollow site (Fig. 5). In contrast to the previously discussed . : , :
path this reaction takes place in two steps: An initial step Thlophene/N|(1 00) ' DenS”y of states
in which the hydrocarbon fragment is deformed nearly Initial Position Transition State
barrierlessly into a metastable intermediate (B-I11) with the
sulfur atom located at the free bridge site (Fig. 6). Although [ cl
the transition state for this step has not been identified A B
iF

explicitly, the forces along the reaction path indicate thatthat
the transition state, located close to the intermediate (B—I1), I
has an energetic barrier of less than 50 meV for the back-
reaction from the intermediate to the initial configuration.

" ﬂ -M_M
The structure of this intermediate (B—I1) as shown in Fig. 6A

is similar to the original adsorption position: the sulfur atom l Aﬂ !LLM e
is located at the neighboring bridge site, the length of the ¢ ' S pa—

S—C bond isd(S-C)= 1.80 A and the distance between c3

the sulfur and nearest Ni atoms &S—Ni) = 2.14 A, -
respectivelyd(S—Ni)= 2.22 A. Like in the initial starting
configuration the carbon chain is nearly parallel to the ¢ I : % S N .

surface; the intramolecular carbon—carbon distances range C4
from d(C-C)= 1.44 to 1.46 A. :

K NI

-20 0 -20 -10

§-C:250A/299A E (eV)
S-Ni: 208 A/ 2,12 A

C2

Fig. 4. Desulfurization of thiophen®li(100): local density of states for (A)

Fig. 3. Desulfurization of thiopheri®li(100): structure of the transition the initial adsorption position and (B) the transition state A-TS projected
state (A-TS). onto the carbon (C) resp. sulfur (S) atom.
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Dissociation of thiophene: pathway B
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Fig. 5. Desulfurization of thiopheri#li(100)—Path B: energetic profile along a complementary reaction path starting from the initial adsorption position of the
reactant (A,B-S), followed by the metastable intermediate B—I1, the transition state (B—TS1), and the products in the final position (B-E).

After a further elongation of the sulfur—carbon bond to the initially discussed reaction path the weakening of the
2.11 A the transition state (B—TS1) is reached (Fig. 6B). The C—S bond results in a strengthening of C—Ni bond for the
bonds between the sulfur atom and the substrate show bondydrocarbon fragment. Especially the carbon atom at the end
lengths of 2.15 A, but the sulfur atom is already closer to of the chain, located close to a bridge site, is found to form
the hollow site allowing an increased interaction with the an additional bond to the substrate which hinders the sulfur
substrated-states. On a first glance the reaction pathway atom to gain energy by crossing the bridge site. In contrast
seems less favorable, yet the energetic profile of the procesgo the initial reaction path the second pathway is based on a
shows that the total barrier for the desulfurizatiBpar = deformation of the thiophene molecule prior the cleavage of
0.71 eV is lower and the energy gain compared to the initial the S—C bond. As the bond lengths are kept nearly constant
adsorption position ofeaciion= 0.62 eV is slightly higher  during the deformation of the molecule the energetic cost is
than for the first reaction path. Although the sulfur atom rather low.
has to be transferred between the bridge positions the main
transition state of the reaction is found after crossing the
second bridge site, the step of the cleavage of the remainingd. Hydrodesulfurization of thiophene
S—C bond.

A comparison of the transition states along the two  As the cleavage of the S—C bond is obviously a crucial
competing reaction paths offers an explanation for the step in the desulfurization reaction, the S—C bond strength
difference in the reaction barriers: the driving forces for the directly influences the reaction barrier. Hence the weakening
reaction are the energy gain by the reinforced interaction Of the bonds is correlated to an increasing reactivity.
between the Ni substrate and the sulfur atom respectively ~The adsorption on the Ni(100) surface results in an oc-
the hydrocarbon chain, on the other hand the rearrangemengupation of the antibonding thiophené-orbitals [18], thus
of the molecule is mainly restricted by the energetic cost of causing a decline of the strength of the critical C-S bonds.

the elongation of the C—S bond leading to its cleavage. In A further step is the weakening of the S—C bond through a
hydrogenation of the adsorbed thiophene molecule.

A B) The following part is dedicated to the investigation of
the influence of a hydrogenation of thiophene after the
initial S—C bond scission, caused by the interaction with the
surface, on the barrier for the dissociation.

450 2.1

Fig. 6. Desulfurization of thiopheri&li(100) along reaction path B: Ina recent ab ?nitio DFT study Kr'esse [23] has shown that
structure of (A) the intermediate and (B) the transition state of the reaction. hydrogen dissociates on a clean Ni(100) surface over a sub-
Distances are given in A. strate top position without a barrier, with a final adsorption

5.1. Overview over thereaction pathway
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Dissociation of thiophene: pathway C

C-S C-181 C-n
3,
T, OO
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Fig. 7. Energetic profile of the reaction pathway for the hydrodesulfurization of thiopNgA€0): Starting from coadsorbed thiophene and hydrogen (C-S),
the first transition state (C—TS1) for the initial hydrogenation of thiophene at the 2nd position, a reaction intermediate (C—I1), the followirtherS fo
hydrogenation of the 5th position (C-TS2), £4/Ni(100) (C-I2), the final S—-C bond scission (C-TS3), and coadsorbed S gtgl(C-E).

site in the fourfold hollows. Hence the reaction path has beenthan the initial one. In the second reaction intermediate

investigated starting from preadsorbed thiophene forming a (C—12) SGHg is adsorbed on the Ni surface. After the

c(4 x 4) superstructure and dissociatively coadsorbed H hydrogenation step, the barrier for the final S—C bond

Although the high coverage of the coadsorbed thiophenescission (C-TS3) is lowered to a value of 0.14 eV. The

might create a barrier for the dissociation of the dole- complete reaction results in an energy gain of 0.91 eV

cule like in the case of benzereH2/Ni(111) [20], a possi- ~ compared to the initial configuration.

ble barrier, presumably even lower than in the previous case ~ Fig. 8 gives an overview of the structure of the molecule

due to the lower coverage and the more open surface, will beat the first transition state (C-TS1) of the hydrogenation:

lower than the barriers for the desulfurization of the mole- as the hydrogen atom has moved from the fourfold hollow

cule. Although the availability of atomic hydrogen on the position to the top position the surface-hydrogen bonds are

Ni(100) surface and the possible stabilization of the interme- Weakened. The distance between the hydrogen atom and the

diates through the interaction with the metallic surface allow Nearest nickel atom is found to B¢H-Ni) = 1.50 A, close

for a large number of reaction pathways and hydrogenationto the calculated value for hydrogen adsorbed on a clean

positions, one reaction pathway has been investigated in deNi(100) surfaced(H-Ni)p = 1.47 A [24]. The interaction

tail. between the hydrogen atom and the thiophene molecule is at
Fig. 7 gives an overview over the reaction scheme this point rather weak: with a distance #fH-C)=1.53 A

and the energetic profile along the reaction path: In the Petween the hydrogen atom and the nearest carbon atom

initial starting configuration (C-S), which has been taken the C—H bond is only starting to form. The geometry at

as energetic reference, thiophene is preadsorbed forming

a c(4 x 4) superstructure, and the additional hydrogen front view top view

molecule has been dissociated into neighboring hollow

sites. The first transition state (C—-TS1) is encountered upon

the initial hydrogenation step of the 2nd position of the

thiophene molecule. With an energetic barrier of 0.98 eV

this step is clearly rate-determining. After crossing the H-C:153A

transition state the monohydrothiophenglgS) is formed e

as a reaction intermediate (C-I1). Like in the case of the H-Ni: 1.50 A

hydrogenation of benzepli(111) the barrier for the second  Fig. 8. Hydrogenation of thiopheyii(100): Structural characterization of

hydrogenation step (C—-TS2), 0.58 eV, is significantly lower the initial transition state (C-TS1). Distances are given in A
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the second hydrogenation step is similar to the geometry 6. Conclusions

of the initial step. In both cases the hydrogen atoms form

chemisorptive bonds to the Ni substrate with a bond length ~ The initial adsorption geometry of thiophefi¢i(100)

of 1.50 A, yet the second transition state is reached alreadyhas been used as a starting point for the desulfurization

at a larger C—H distance of 1.62 A. of the thiophene molecule. After the desulfurization the
In the starting position of this reaction step the sulfur sulfur atom is located in the hollow position with S—Ni

atom of the molecule is still located over the bridge site. bond lengths ranging fromi(S—Ni)= 2.16 A to d(S-Ni)=

In contrast to the initially adsorbed thiophene molecule 2-20 A, close to the calculated bond length &fS—Ni) =

the neighboring carbon atom is involved in a second C-H 218 A for a sulfur atom in &(2 x 2) superstructure. The

bond instead of a bond to the substrate. In addition the Nigh thiophene coverage corresponding to df#ex 4) su--

hydrogenation weakens the intramolecular carbon—sulfur Perstructure thus favors the desulfurization into two distinct

and carbon—carbon bonds, which is reflected in bond lengths1lloW sites: one corresponding to a reaction mechanism
of d(C-S)= 1.87 A, respectivelyd(C-C)= 1.51 A. With based on a direct elongation of the sulfur—carbon bond, the

bond lengths of 1.45 A the two remaining carbon—carbon other reaction path based on an initial deformation of the
bonds are slightly stronger, still all intramolecular bond thiophene molecule transferring the sulfur atom between two

lengths are nearly unchanged compared to the intermediatep”dge positions. The energetic barriers for the two processes

of the first hydrogenation step. Both hydrogen pairs form an are similar; still, V\.”th an energetlclbar.rler ik =0.71eV,
angle of/(HCH) = 110° the second reaction mechanism is slightly favored over the
o . first reaction mechanisnE = 0.84 eV) due to steric rea-
The second hydrogenation step shows a drastic effect ONcns

the energetic barrier of the following desulfurization reac- i ; .

fion (C '?SS) An analysis of the cogr]responding geometric The hydrogenolysis of the adsorbed thiophene molecule
B ' is found to lower the barrier for the S—C bond cleavage

structure (Fig. 9) illustrates that this is a rather late transi- g

> N A thi >"" significantly to a value ofAE = 0.14 eV, as it not only
tion state: with a C-S bond length of 2.21 A this bond is \yeakens the remaining sulfur—carbon bond but decreases the

already broken, an observation confirmed by a strengthen-gnergetic cost for the deformation of the thiophene molecule,
ing of the neighboring C—C bond, which is contracted from s allowing a transition state with the sulfur atom close

1.51 to 1.45 A. As the carbon atom forming the C-S bond g the hollow position. Yet an analysis of the investigated

is not involved in a surface bond, the deformation of the re- reaction path reveals that the initial step in the hydrogenation
action intermediate is facilitated. Hence the sulfur atom is of the molecule has a barrier aE = 0.98 eV, higher

already close to the hollow site at the transition state, result- than the barrier for the desulfurization of thiopheh& =
ing in a stronger interaction with the substrate, where the 0,71 eV.

C-S bond is elongated to a valued{C-S)= 2.21 A com- Although the structure of the transition states for the ini-
pared to a value of (C-S)= 2.50 A for the corresponding tial hydrogenation step of benzefii(111) and thiophene
reaction step for thiopheribli(100). Ni(100) are quite similar, the reaction barriers differ signif-

Therefore the hydrogenation of the molecule induces two icantly. In both cases the hydrogenation of the molecule in-
effects: An electronic effect, as the intramolecular bonds are volves the breaking of a bond between the aromatic mole-
weakened, but also a steric effect as the flexibility of the cule and the surface. On the one hand the adsorption energies
molecule is enhanced with one of the bonds to the substrateof the aromatics are higher for the more open Ni(100) sur-
replaced. The latter plays a central role as this reaction, face than for the Ni(111) surface [19], on the other hand thio-
as also shown by the previous reactions, is determined byphene was found to form stronger bonds on the Ni(100) sur-
the energy gain through the increased interaction of the face than on benzene [18].
hydrocarbon fragment and the sulfur atom with the substrate
on the one hand and on the other hand the energetic cost of
the deformation of the molecule Acknowledgment
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