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Quantum chemistry calculations were carried out, using ONIOM2 methodology, in order to investigate
the thiophene interaction with gold supported on silicoaluminophospates molecular sieves (Au/SAPO-
11) catalysts. Two models were studied, one containing one Au atom per site, and the other with two
Au atoms per site. Thiophene adsorption was found to be m! type. This adsorption presents a AH of
—13.2 and —9.7 kcal/mol, for the models with one Au atom (Au/SAPO-11), and two Au atoms (Au,/SAPO-
11), respectively. The partial hydrogenation of the thiophene-Au/SAPO-11 and thiophene-Au,/SAPO-11
complexes gives 2,5-dihydrothiophene (DHT), with a AH of —23.0 and —36.8 kcal/mol, respectively. 2-
Butene production was found in both models with further hydrogenation. Likewise the direct butadiene
elimination is achieved, but only with the separated Au dimer (AH=-17.5 kcal/mol).

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

For a long time, gold was only occasionally mentioned in the
literature with respect to its use as catalyst. This was due to
its inability to chemisorb small molecules at low temperatures
which makes it function as poor catalysts. Besides its inertness,
Au is a metal difficult to be dispersed on supports. However, in
1987 Haruta et al. [1] reported that the Au could be a good cat-
alyst, and showed that the catalytic behavior of gold depends
markedly on the dispersion, the support and the preparation
method. When gold is deposited on selected metal oxides as hemi-
spherical ultra-fine particles with diameters smaller than 5 nm, it
exhibits surprisingly high activity and/or selectivity in CO and satu-
rated hydrocarbons combustion; amines and organic halogenated
compounds oxidation—-decomposition; hydrocarbons partial oxi-
dation; the hydrogenation of carbon oxides, unsaturated carbonyl
compounds, alkynes and dienes; and the reduction of nitrogen
oxides [1,2]. Recently, Au has attracted much attention, not only
in heterogeneous catalysis, but in colloidal chemistry and nano-
components manufacture, and some other applications [3].

Zeolites have been considered as very interesting host mate-
rials to disperse Au, due to their pores internal distribution and
the possibility of controlling the particle size [3-5]. Intrazeolitic
Au catalysts have been investigated in various reactions such as
water gas shift reaction and NO reduction by CO in the absence and
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presence of hydrogen [5-8]. NO reduction with Hy [9], and with
propene [10] was also reported. Haruta et al. [11-14] published
several articles in propene oxidation to propylene oxide over highly
dispersed nanosize Au particles supported on titanosilicates such
as TS-1, Ti-MCM-41 and Ti-MCM-48.

Silicoaluminophospates (SAPO) molecular sieves have been
considered attractive materials to be used in heterogeneous catal-
ysis either as catalysts themselves or as supports. For instance,
SAPO-11 is used as a catalyst in the methanol conversion reaction
to hydrocarbons. The formation of higher carbon number products
on SAPO-11 on this reaction is caused by the lower reactivity of the
active centers for cracking reactions [15]. In the methanol dehy-
dration and direct dimethylether production from synthesis gas,
SAPO-5 and SAPO-11 showed relatively high catalytic stability. The
high stability of these catalysts is endorsed to their mild acid sites
and desirable pore architecture [16]. The skeletal isomerization
of 1-pentene was investigated over SAPO-11 and other molecu-
lar sieves and the acidity of the catalysts seems to play a more
important role than the pore size in the reaction conditions used
[17]. SAPO-11 synthesized from non-aqueous medium, showed
higher conversions and higher selectivity for acid-catalyzed m-
xylene isomerization reaction than the SAPOs synthesized from
aqueous media [18]. On the other hand, the use of metals sup-
ported on SAPO-11, such as Pt/SAPO-11, has been reported in
n-alkane isomerization with high activity and selectivity, due to
their unique combination of mild acidity and shape selectivity
[19-23].Pd/SAPO-11 was studied in n-heptane hydroisomerization
[24] and Ga/SAPO-11 catalyst has been used in the direct transfor-
mation of n-butane to iso-butane [25,26].
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(b)

Fig. 1. (a) Molecular structure used to represent Au/SAPO-11, with the two levels of calculation, high level highlighted with spheres and low level represented with sticks.
(b) Close view of T6 showing Au interacting with two oxygens in the structure (25 atoms).

As mentioned above, numerous reactions have been studied
using Au supported on different zeolites [3-14]. SAPO-11 has been
reported as an interesting material itself and as support in sev-
eral catalytic reactions [15-26], nevertheless, only one publication
was encountered on Au/SAPO-18, over a series of mesoporous and
microporous materials containing gold nano-particles to investi-
gate the effects of the host matrix and preparation methods on
the properties of gold nano-particles [27]. SAPO-11 has proved to
have stability in various reactions, endorsed to mild acid sites and
desirable pore architecture, thus, we consider interesting to inves-
tigate the system Au/SAPO-11. In this work, we present a quantum
chemical study, using the ONIOM2 method, on gold supported on
silicoaluminophospates, SAPO-11, for thiophene hydrodesulfuriza-
tion (HDS).

2. Computational details and models

All geometry optimizations and energy calculations were per-
formed using the Gaussian-03 program [28]. The lower energy
structures were obtained using the two-layer ONIOM2 method-
ology. For the high level, (represented by spheres in Fig. 1), DFT
approach (B3LYP) with the full-electron 3-21G* basis set for H,
C and O and LANL2DZ with its pseudo potentials for the rest of
atoms of the SAPO-11 ring, Si, Al, P, composed by 6 tetrahedral was
employed. All adsorbed and reactive molecules were included in
the high level.

Universal force field approach (UFF) was employed for the low
level (represented by sticks in Fig. 1). H atoms were used as bound-
ary atoms in the ONIOM2 calculations.

The silicoaluminophospates molecular sieves (SAPO) are molec-
ular structures that contain Si-O-Al, P-O-Al and Si-O-Si but no
Si-O-P bonds (see Fig. 1). They have a medium size pore struc-
ture with low density of moderate acid sites. The SAPO-11 principal
channel contains rings of 10 tetrahedrons (T10). The Bronsted acid
sites of these structures are protons attached to the oxygen bridge
of the Si-O-Al triads; mainly, inside the T10 rings. To model the
SAPO-11, we used a cluster model with a four layer structure, where
each layer contains a T10 ring (4T10). This model comprises a total
of 506 atoms and was already described in a previous work [29].

The bond indexes (BI) were calculated using Wiberg Bond
Indexes in the NAO Basis (Natural Atomic Orbital) approximation.
Net charges reported are Mulliken atomic charges.

Thermodynamic properties were calculated at 298.15K, using
only the high level model.

Generally, the quality of the results using ONIOM is similar to
those computed with periodical calculations [29,30] and with less

computational cost, than did with comparable constrained clus-
ters [31]. Moreover, it has been shown in the literature that the
computed adsorption energies with ONIOM method compared well
with experimental results [32-35].

3. Results and discussion
3.1. Au/SAPO-11 and Au,/SAPO-11 models

Fig. 1a displays the molecular structure of Au/SAPO-11 model
showing the two levels of calculation and (b) shows a detail of the
high level 25 atoms AuAl;Si3PO;g of the model. In this model the
gold formal oxidation state is 1+. This and the 3+ state are the most
common Au oxidation states. Sachtler and co-workers [36] as well
asIchikawa and co-workers[8,37,38] have published that one of the
gold species present on Au/MFI catalyst is Au'*. In MgO-supported
catalyst, the gold is present as cationic and zerovalent. The cat-
alytic activity increases with an increasing of the fraction of cationic
gold [39]. Alternatively other oxidation states are possible and they
cannot be ruled out. For example, Roduner and co-workers [4]
using electron spin resonance (ESR), reported the existence of Au?*
which could be stabilized by the Y supercage zeolite. Pestryakov
et al. [40,41] analyzing the preparation of Au-zeolites, identified
the Au3* state, partly reduced species with charge Au,%*, and Au®
nano-particles with diameter within interval of 1.5-20 nm. The
authors suggested that all these species can be stabilized inside
zeolite channels.

Table 1 shows the geometrical properties of Au supported on
SAPO-11 model (Fig. 1a). According to the results, the Au minimum
energy geometry corresponds to a position where the Au atom
interacts with two SAPO-11 T6 ring oxygen atoms (see Fig. 1b).
The Au atom is localized at equidistant distances of both oxygen
atoms, 2.08 and 2.09 A, respectively. The bond indexes (BI) and
the net charge were also calculated and revealed that the Au net
charge is close to unity, (Qa, =+0.71e), that means that the Au for-
mal oxidation state is 1+. The Bl shows that Au share bonds mainly,
with 014 and O17 (Total B=0.52) and some other atoms in the
surface (see Fig. 2). To know how strong the Au atom is bonded
to the SAPO-11 structure, it is necessary to calculate the bond-
ing energy. To estimate this bonding energy or the enthalpy, we
choose the dissociation reaction (1) as a reference. The Au bind-
ing AH (AH=-71.9 kcal/mol) calculated according to reaction (1),
reveals that the gold atom is strongly bonded to structure

Au/SAPO-11 — [SAPO-11] + Au(® (1)
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Table 1

Relevant bond distances (R) and bond angles of SAPO-11, Au/SAPO-11 and
Au,/SAPO-11, thiophene(Th)-Au/SAPO-11 and thiophene(Th)-Au,/SAPO-11. Val-
ues corresponding to Auy/SAPO-11 are in parentheses.

Bond/angle SAPO-11 Au/SAPO-11(Auy) Th-Au/SAPO11(Auy)
R 014-Si 1.61A 1.65A (1.64) 1.63 A (1.60)
Si-014-Al 150.6° 133.3° (137.8) 133.9° (151.1)
R 014-Al 1.68A 1.79A (1.74) 1.74A (1.69)
R 017-Si 1.65A 1.66 A (1.65) 1.66 A (1.66)
Si-017-Al 140.6 131.9° (136.5) 132.0° (137.5)
R 017-Al 1.74A 1.78 A (1.80) 1.78 A (1.80)
Au-S 2.43A(2.44)
Au-Au (2.98A) (3.12A)
Au-014 2.08A (2.36) 3.24A(3.17)
Au-017 2.09A (2.29) 2.09A (2.17)
014-Au-017 146.6° (110.3) 91.6° (97.2)
RO1-Si (1.68A) (1.67A)
Si-01-Al (131.1°) (137.1°)
RO1-Al (1.80A) (1.79A)
RO33-Si (1.65A) (1.65A)
Si-033-Al (131.4°) (138.1°)
RO33-Al (1.79A) (1.774)
Au-01 (2.09A) (2.06A)
Au-033 (2114) (2.07A)
01-Au-033 (144.8°) (164.5°)

The Au binding AH is defined as AH=Hpysaro-11

— (Hisapo-11]+ Hau) where AH is the binding enthalpy or adsorption
enthalpy; and Haysapo-11, Hsapo-11],» and Ha, are the enthalpies of
the aggregate Au/SAPO-11, the neutral support SAPO-11 without
the hydrogen of the acid Bronsted site, and the atomic Au.

It has been reported experimentally, that the Au3* species
present in the supported gold catalyst, can be reduced to Au* by
CO [8,38,39]. In order to investigate this possibility, quantum cal-
culations were performed for the reaction of Au3* reduction in
agreement with reaction (2a). The Au3* species was modeled by
the [OAu]* moiety.

OAu/SAPO-11 + CO — Au/SAPO-11 + CO, (2a)

In the OAu/SAPO cluster the [OAu]|" moiety is localized between
two T6 ring oxygens at 2.04 and 2.05 A, respectively, as shown in
Fig. 3. These distances are shorter than the corresponding to the
Au*.The total bond indexes (BI=0.60) indicate that the [OAu]* moi-
ety is bonded to the SAPO-11 structure in a similar way to Au®.
The [OAu]* net charge is +1.36 therefore, the formal Au charge is
3+. The enthalpy change AH for reaction (2a) (—108.6 kcal/mol)
reveals that reaction (2a) is highly exothermic consequently, the
Au3* species can be reduced by CO. In order to estimate the influ-
ence of the support on the reduction of the AuO supported species,
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Fig. 3. OAu/SAPO-11, showing the [OAu]* moiety, see reaction (2a).

we performed enthalpy calculations for the following reactions in
gas phase:

AuO0® 4+ CO = CO, +Au® AH= —73.0kcal/mol (2b)
AuO* 4+ CO = COy +Aut AH= —135.5kcal/mol (20)

The enthalpy values for reactions (2b) and (2c¢) show that the AH
value for reaction (2a) is between both values and close to the corre-
sponding values of reaction (2c). Considering that the net charge of
the [OAu]* moiety in the OAu/SAPO-11 models has a formal charge
quite close to 1+, the difference between the enthalpy values for
reactions (2c¢) and (2a) could be attributed to the support effect,
that stabilize the [OAu]* moiety as well as the Au*. Consequently,
this suggests that if the Au* is the active site, the catalytic activity
of Au/SAPO-11 catalyst can be increased by a pre-treatment with
co.

Some authors [40,41] have suggested that besides the Au* and
Au3* species, some kind of Au,®* clusters can be present in gold cat-
alysts. The SAPO-11 internal structure and atom distribution types
are such that allows having two near Brgnsted acid sites. In this situ-
ation it is possible to have two gold atoms closed enough that could
be considered as an Au,®* cluster. To study this possibility, quan-

(b)

Fig. 2. (a) SAPO-11 structure employing a larger high level model (39 atoms). (b) Two gold atoms interacting with the structure 2a.
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Fig. 4. Thiophene interaction with: (a) Au/SAPO-11 and (b) Au,/SAPO-11.

tum chemical calculations were performed on Au;/SAPO-11 model.
To have two gold atoms inside the SAPO-11 cavity, it is necessary
to increase the size of the high level. Fig. 2 shows the new SAPO-
11 model (Fig. 2a). The Auy/SAPO-11 minimum enthalpy structure
AH=-111.5kcal/mol is set in Fig. 2b. AH was calculated according
to reaction (3)

Au, /SAPO-11 — [SAPO-11] + Au,© (3)

Table 1 points up that in the Au,/SAPO-11 cluster one of the Au
(Au1)isbonded to two oxygen atoms, 01 and 033 at2.09and2.11A
respectively, and to other one (Au2),tothe 017 at2.29and toO14 at
2.36 A. The Au1 bond indexes are 0.30 and 0.23, whereas for the Au
weakly bonded, Au2, the bond indexes are 0.12 and 0.16, confirming
that there is an Au stronger bonded than the other one. The Aul and
Au2 net charges are +0.77e and +0.69e. The high Au net charges [42]
and the relative low Au Bl indicate that the Au-support interaction
has an important electrostatic component higher than the covalent
interaction. On the other hand, the Au-Au BI=0.12 as well as the
Au-Au distance, 2.98 A, show that there is an inter-metallic inter-
action between both Au atoms. This Au, moiety geometry does not
correspond to a ground state Au, dimer. Calculation for Au, dimer
in gas phase show that the Au-Au distance is 2.57 A and the Bl =1.0.

3.2. Thiophene adsorption on -Au/ and —Au,/SAPO-11

Contradictory reports have been published in the literature
regarding the interaction between thiophene (Th) and gold. Ear-
lier works, both experimental [43] and theoretical [44] suggested
that the gold surface does not react with thiophene. On the other
hand, several studies have shown the opposite, the strong affinity
of gold for sulfur compounds [45-47]. Recently, it has been shown
that self-assembled monolayers result from the strong interac-
tion of Au with thiophene adsorbed from solutions [48-53] and
thiophene adsorbed from the gas phase under reduced pressures
weakly chemisorbs on the gold surface [54,56]. Moreover, this affin-
ity of gold with sulfur compounds is exploited in gas sensors for
the detection of H,S and in molecular electronics devices [2,56].
Since the gold atoms in the Au/SAPO-11 catalyst are located inside
the pores, it is reasonable to expect that the thiophene molecule
be forced to interact with the Au atoms. In order to investigate
this possibility quantum chemical calculations were performed on
thiophene-Au and thiophene-Au,/SAPO-11 systems.

Calculations show that there are several low energy conforma-
tions. The most stable conformations are m'-type adsorption modes
(trough the electron pair of S) as displayed in Fig. 4 for both Au
and Au,/SAPO-11. This adsorption mode is similar to the reported
in the literature for Mo case [57]. In Fig. 4b it can be observed

that in Au,/SAPO-11, the thiophene adsorption takes place on
the Au weakly bonded to the substrate. The calculated thiophene
adsorption enthalpy change for Au/ and Au,/SAPO-11 systems are
AH=-13.2 and —9.5 kcal/mol respectively. The calculations show
that the thiophene adsorption enthalpy in Au/ and Au, /SAPO-11 are
similar. As long as the adsorption AH is a relevant parameter for
describing the Th-Au interaction, our results seem to indicate that
the thiophene interacts with only one Au atom in Au,/SAPO-11, as
in the Au/SAPO-11 case.

These adsorption enthalpy values are relatively low compared
to the thiolate molecules adsorption energy values, which are in
the range —23.5 to —37.1kcal/mol [47]. In order to estimate if
the adsorption enthalpy values of —13 to —10kcal/mol are rea-
sonable, we calculated the adsorption enthalpy of methyl thiolate
on Au/SAPO-11. The result, —28.7 kcal/mol, is in the range for
the thiolate molecules adsorption energies. Therefore, the val-
ues of AH=-13.2 and —9.5 kcal/mol are coherent. Besides, these
results could be supported by the Th desorption energies reported
[54,55,58]. Liu et al. [54] described three estimated desorption
energies, 18, 16 and 11 kcal/mol. These desorption energies were
obtained for different amount of thiophene exposures. Nambu et al.
[55] published that the desorption energies are 13 and 11 kcal/mol
for flat and compressed monolayer of thiophene adsorption on Au.

These values indicate that thiophene could adsorb on Au/SAPO-
11 catalysts at room temperature. The SAPO-11 cavity constrains
the thiophene molecule helping the processes of the thiophene
adsorption on gold.

Comparing some bond distances (R) and bond angles (BA) in
thiophene-Au/ and thiophene-Au, /SAPO-11 systems (see Table 1),
it can be observed that one of Au-O bonds (Au-014) is broken or
enlarged, due to the Au interaction with thiophene. In the case of
thiophene-Au/SAPO-11, the distance RAu-0O14 increases from 2.08
to3.24 A and in the case of thiophene—Au, /[SAPO-11, the same bond
increases from 2.36 to 3.17 A. Whereas, BA contracts (tightens) from
146.6° to 91.6° in thiophene-Au/SAPO-11 and from 110.3° to 97.2°
in Auy /SAPO-11. The distance Au-Au increases after the thiophene
interaction from 2.98 to 3.12 A. The rest of substrate geometrical
properties remained almost unaffected.

The C-S bond distance in thiophene-Au/SAPO-11 is 1.82 A and
in thiophene-Au,/SAPO-11, one bond is at 1.81 A, whereas in free
thiophene is 1.79 A. This fact seems to indicate a small activation
of C-S bond. The bond indexes (BI) and the net charges revealed
that in both cases: Au and Au,/SAPO-11, the thiophene molecule
is adsorbed with charge transference from it to the Au. Thus, Au
charge is +0.70 before thiophene adsorption and +0.60 after the
adsorption. Whereas in Au,/SAPO-11 the Aul and Au2 net charges
are +0.77 and +0.69 before thiophene adsorption and +0.65 and
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Fig. 5. 2,5-DHT obtained by hydrogenation of thiophene: (a) on Au/SAPO-11 and (b) on Au,/SAPO-11.

+0.66 after the adsorption. The charge analysis shows that the
charge transfer comes from the thiophene Catoms. They are slightly
oxidized while the Au is reduced. C-S BI changes from 1.17 in
free thiophene to 1.04 and 1.07 in thiophene-Au/SAPO-11 and
thiophene-Au,/SAPO-11. These facts point to an activation process
of the bonds due to the adsorption.

3.3. Modeling of HDS reaction of thiophene-Au/ and
-Au/SAPO-11

In a published theoretical study by Yao et al. [59] about
the reaction mechanism of thiophene hydrodesulfurization
(HDS) on a Mo3S9 model catalyst, the authors identified the
2,5-dihydrothiophene (DHT) molecule as the most important inter-
mediate of HDS processes, and responsible for the direct formation
of butadiene as the principal product. The butadiene molecule is
obtained by direct intramolecular elimination of sulfur from 2,5-
DHT. Butane and cis-butene could also be obtained but with larger
activation energies through stepwise hydrogenation of 2,5-DHT or
either from hydrogenation or the formed butadiene.

Sullivan and Ekerdt [57] proposed a similar mechanism for thio-
phene HDS on silica-supported molybdenum catalysts. The major
path for HDS of thiophene is the elimination of sulfur from 2,5-DHT
to produce butadiene. 1-Butene, 2-butene, and n-butane are formed
by hydrogenation and isomerization. Prins et al. [60], published that
on deep HDS of 4,6-dimethyldibenzothiophene using Pd catalyst,
the de-hydrogenation reactions were relatively fast compared to
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the C-S bond breaking reactions, whereas the reverse was true over
the metal sulfide catalyst. Saintigny et al. [61] proposed an alter-
native mechanism. This mechanism corresponds to the thiophene
cycle opening and the consecutive formation of thiols derivatives
as intermediates. These authors used, however acid zeolites [61].

Concerted mechanisms were used to explain the heterogeneous
catalysis by sulfides [62] in which, there is a synchronous interac-
tion of the reactive molecules in the coordination sphere of the
bimetallic active centers (proton and electron transfer), involving
the electronic structure of metals, the sulfide component, the di-
hydrogen. In this sense, catalytic transformations over the sulfide
HDS catalysts are considered to belong to the acid-base catalysis.

Recently Joshi et al. [63] published a theoretical investigation
of the active phase-support interaction for HDS catalysts using
DFT to calculate the thiolysis and hydrolysis reaction energies
for the metal support linkages. These metal-support bonds are
represented by simplified cluster models simulating thiolysis and
hydrolysis reactions. The calculated rank order of the metal oxide
supports Type [ (strong interaction) agrees with the experimentally
observed.

Hinnemann et al. [64] highlighted some recent density func-
tional theory (DFT) studies of hydrodesulfurization (HDS) of both
un-promoted MoS; and promoted Co-Mo-S and Ni-Mo-S nanos-
tructures. They give a picture not only of the structure of the active
phase but on the reaction path way for thiophene HDS. The cal-
culations provided a detailed picture of the reaction network of
thiophene HDS on MoS,. One important result is that the HDS reac-

Fig. 6. Thiophene HDS to 2-butene: (a) Au/SAPO-11 and (b) Au,/SAPO-11 with separated Au atoms (thiophene +3H,).
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Fig. 7. Thiophene HDS to butadiene, via 2,5-dihydrothiophene on Au,/SAPO-11
(thiophene +2H,).

tion uses different active sites depending on the specific reaction
conditions, and that the reaction is a complex interplay between
Mo-edge brim sites and S-edge vacancy sites. The calculations
revealed that the hydrogenation steps in the hydrogenation (HYD)
pathway should preferably take place at the Mo edge. However,
all S-C bond scission steps, i.e. the final S-C scission step in the
HYD pathway and S-C scission in the direct desulfurization (DDS)
pathway, seem to be more facile at the S edge, and therefore they
probably take place there. Also a combination of theoretical and
experimental results was published to support these mechanisms
[65,66].

In order to investigate the thermodynamic of the hydrodesulfu-
rization for the adsorbed thiophene on Au/ and Au,/SAPO-11 we
follow the mechanism proposed by Yao et al. [59] and Sullivan
and Ekerdt [57]. The reaction enthalpy changes calculations were
performed for the following reactions:

Thiophene-Au/SAPO-11 + Hy; — 2, 5-DHT-Au/SAPO-11 (4)
Thiophene-Au, /SAPO-11 + Hy — 2, 5-DHT-Au,/SAPO-11  (5)

The calculated energy changes were AH=-23.0 for reaction
(4) and —36.8 kcal/mol, for reaction (5). The 2,5-DHT-Au/SAPO-11
structure is displayed in Fig. 5. Some other hydrogenation inter-
mediates were calculated but 2,5-DHT always resulted to be the
lower energy structure. The Au-S BI on thiophene-Au/SAPO-11
is 0.38 and 0.48 with 2,5-DHT. In the dimer case, one Au-S BI is
0.35 and the corresponding value on 2,5-DHT is 0.50. These values
point out that the 2,5-DHT interaction is greater than the thiophene
interaction with the Au/SAPO-11 catalyst. Further stepwise hydro-
genation leads to the C-S scission, and then to the formation of
2-butene and H,S, in both cases (Au and Au, with separated Au).
The product of HDS of thiophene (2-butene) is displayed in Fig. 6,
for both Au/SAPO-11 and Au,/SAPO-11. The HDS reaction presents
a AH=-50.0 and —60.5 kcal/mol respectively.

The direct elimination of butadiene, from 2,5-DHT is obtained
only with Au,/SAPO-11 (see Fig. 7). This reaction has a
AH=-17.5kcal/mol, and from the thiophene, it presents a
AH=-54.3kcal/mol. This intramolecular elimination could not
be attained with the Au/SAPO-11 model. This fact suggests that
the mechanism is strongly dependent of the type of Au aggre-
gate supported on SAPO-11. When S interacts with two Au, the
direct elimination of butadiene could be achieved. Whereas, when
there is only one Au, scission of one of the C-S bond is pro-

duced and the other C-S bond remains interacting with gold. In
thiophene-Au,/SAPO-11 (see Fig. 4b) the S-Au bond distances are
2.44 and 3.09 A respectively and Au-Au bond distance (R)is 3.19 A.
This situation is similar in 2,5-DHT on Au,/SAPO-11 in which the
S-Au bond distances are 2.37 and 3.09 A, and Au-Au Ris 3.12 A (see
Fig. 5b). Thus, in the two precursor’s molecular structures in the
HDS, there is an interaction of one S with the two Au. This interac-
tion could promote the direct intramolecular butadiene elimination
(see Fig. 7), and this fact could explain that this mechanism is not
reached with one single Au nor with the two Auatoms when S inter-
acts only with one of the Au atom. HDS proceeds stepwise when
S interacts with only one Au to obtain 2-butene (3 steps hydro-
genation). On the contrary if S interacts with two Au atoms, then
the direct intramolecular elimination of butadiene could occur (2
steps hydrogenation).

Recently, Suo et al. [67], have published an Au-Ni/SiO, bimetal-
lic catalysts with high performance on HDS. The activity is affected
by nickel and gold, as well as pre-treatment. It is found that the pres-
ence of gold partially reduce nickel sulfide phase, and significantly
increases the HDS activity.

4. Conclusions

1. The Au/SAPO-11 and Au, /[SAPO-11 clusters are stable suggesting
that their formations are amply probable on these type molecu-
lar structures.

2. The most stable conformations of thiophene adsorption on both
Au/ and Au,/SAPO-11 are m! type adsorption (trough the elec-
tron pair of S). This type of adsorption has a defined conformation
with respect to the pore.

3. 2,5-DHT is obtained, by thiophene hydrogenation in both aggre-
gates.

4, Thiophene HDS on Au/SAPO-11 produces 2-butene trough 2,5
intermediate, by step wise hydrogenation.

5. Thiophene HDS to 2-butene is also achieved on Au,/SAPO-1.

6. Butadiene intramolecular direct elimination is attained on
Au,/SAPO-11 but exclusively when there is an interaction of S
with the two Au atoms. This direct elimination is not obtained
with the Au/SAPO-11 model. This fact indicates that the mech-
anism of reaction is highly dependent on the Au aggregate type
supported on SAPO-11.

7. The simultaneous interaction of S with 2Au, could favor butadi-
ene direct elimination on Au,/SAPO-11.

8. The SAPO-11 could be of great interest as host material for dis-
persing Au.
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