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Abstract

The mechanism of thiophene cracking catalyzed by Brønsted acidic zeolites was computed at the level of B3LYP density functional theory. It
was found that this catalytic reaction involves two major steps: (1) protonation of thiophene associated with an electrophilic aromatic substitution
to another thiophene in a concerted way to form 2-(2,5-dihydrothiophen-2-yl) thiophene, and (2) C–S bond dissociation in 2,5-dihydrothiophene
promoted by further protonation. The intermediate, 4-mercapto-1-(thiophen-2-yl)but-2-en-1-ylium, was found to have a CH2 group close to a C=C
bond and a SH group, in agreement with the experimental findings. A strong stabilization effect of the zeolite framework on the transition states
was found by embedding the 5T cluster into the larger 34T and 56T clusters. The rate-determining step is the electrophilic aromatic substitution.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Due to the worldwide environmental restrictions on sulfur
content in fuels, minimizing sulfur-containing organic com-
pounds in fluidized catalytic cracking (FCC) gasoline to the
greatest degree possible is desirable. Because thiophene sulfur
represents a large fraction of the total sulfur content in FCC
gasoline [1–4], traditionally attention has focused on thiophene
hydrodesulfurization (HDS).

The conventional HDS catalysts generally consist of tran-
sition metal (e.g., M–Ni or W–Ni) sulfides dispersed over
γ -alumina or acidic zeolite supports [5–7], and the HDS
processes require an H2 atmosphere, often at high pressures.
Interestingly, it has been found that acidic zeolites alone also
can catalyze thiophene desulfurization [8–13]. In 1975, De An-
gelis and Appierto [14] observed the cleavage of thiophene C–S
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bond and the formation of –SH groups over HY zeolites by an
infrared method. Garcia and Lercher [8,9] studied thiophene
adsorption on NaZSM-5, KZSM-5, and HZSM-5 and found
that thiophene adsorption at a coverage of less than 1 mole-
cule per acid site is too stable to initiate further reaction. They
also found that the catalytic process could occur only at higher
thiophene coverage on HZSM-5, where it undergoes intermole-
cular hydrogen transfer with the opening of the thiophene ring
and produces thiol-like compounds containing CH2– groups
close to a double bond or to a sulfur atom. However, no such
activity could be observed on NaZSM-5 and KZSM-5. Simon
et al. [15] found that the C–S bond in thiophene could be broken
on strong Brønsted acid sites with the formation of unsaturated
thiol-like species at ambient temperatures. Welters et al. [13]
studied H(x)NaY-supported metal sulfide catalysts and found
that acidic zeolite supports improve thiophene HDS conversion,
and that the reactions of thiophene on these zeolites cannot be
explained by the conventional thiophene HDS mechanism over
metal sulfide catalysts.
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Scheme 1. Thiophene cracking mechanism proposed by Rozanska et al. [18].

As the first theoretical study on this reaction, Saintigny
et al. [16] investigated thiophene desulfurization on a small
H3SiOHAl(OH)2OSiH3 (3T) cluster cut from acidic zeolites by
means of a density functional theory (DFT) method, and found
that the calculated activation barrier for thiophene ring cracking
was about 222 kJ/mol (Scheme 1). Later, Rozanska et al. im-
proved this approach by using a larger 4T model [17] and then
a periodic model [18]. Those theoretical studies demonstrated
that one of the oxygen atoms in the framework of the zeolite
was the catalytic center for the reaction, whereas the Brønsted
acid sites played only a limited role. However, the calculated
barrier of 318 kJ/mol [18] was too high for reactions occur-
ring at ambient temperature [8,9,12,14]. On the other hand, the
proposed thiophene-cracking mechanism could not explain the
formation of the observed products and the coverage effect of
thiophene [8,9,12].

In 2002, Shan et al. [19] found that cracking of the C–S bond
and hydrogen transfer are two major steps for thiophene and
alkyl-thiophene desulfurization over USY zeolite. It was found
that high temperature favors cracking, whereas low tempera-
ture favors hydrogen transfer, and that the optimal temperature
for both steps is about 400 ◦C. Based on these findings, Shan
et al. proposed an overall thiophene desulfurization reaction
mechanism with the formation of a carbonium ion as an inter-
mediate, which further reacts with a second thiophene molecule
to get the ring-opening product (Scheme 2). A similar mecha-
nism was recently proposed by Aksenov et al. [20] and Chica
et al. [21,22].

Although the reaction pathways for sulfur or sulfur-free
compounds proposed by Shan et al. [19], Aksenov et al. [20],
and Chica et al. [21,22] can reasonably explain the experimen-
Scheme 2. Thiophene cracking mechanism proposed by Shan et al. [19].

tal findings in various reactive environments, the thiophene-
cracking mechanism is questionable from a theoretical stand-
point. To clarify why the C–S bond in thiophene can be broken
on the Brønsted acid sites at ambient temperatures, and why the
thiophene ring-opening process can occur only at higher thio-
phene coverage, and also inspired by the suggested mechanism
in Scheme 2, we proposed a different mechanism of thiophene
C–S bond-cracking on Brønsted acidic zeolite on the basis of
DFT calculations, in which one additional thiophene molecule
is introduced near the acidic site as an assisting molecule.

2. Method and models

Small clusters for modeling zeolite Brønsted acid sites have
been used extensively to explore reaction mechanisms. It has
been proven that cluster approach is valid in predicting qual-
itative results in zeolite-catalyzed reactions [18]. In our work,
a Si4AlO4H13 cluster (5T; Fig. 1), including a complete coordi-
nation shell of oxygen around the aluminum site and represent-
ing a typical zeolite active site, was used to explore the potential
energy surface. The B3LYP hybrid DFT method [23,24], the
best choice for zeolite systems [25], in combination with the
6-311G(d,p) basis set, was used for full geometry optimiza-
tion. Frequency calculation at the same level was carried out
Fig. 1. 5T, 34T and 56T cluster models used in this work to represent ZSM-5 zeolite.
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Fig. 2. Embedding scheme of 5T cluster into 34T cluster.

to verify that the stationary points thus obtained were minimum
structures with only real frequencies or as transition states with
only one imaginary frequency along the reaction coordinates.
Zero-point energies (ZPEs) with the recommended scaling fac-
tor of 0.9877 [26] were added to the total energies of each
species. Single-point energy calculations at the B3LYP/6-311
+ G(2d,p) level were conducted on the optimized structures to
get more accurate energies. All calculations were done using
the Gaussian 03 program [27]. The molecular graphics were
produced using VMD software [28].

Because long-range Coulomb interaction and some short-
range interaction are not included in the 5T cluster, we used
the “embedding” method of Zygmunt et al. [29] to put the 5T
cluster into the larger 34T and 56T clusters to demonstrate the
stabilization effect of the zeolite wall (Fig. 1). The 34T and
56T clusters, cut from the crystallographic data of HZSM-5
[30], have two characteristic channels and the intersection re-
gion of the MFI framework. ZSM-5 has 12 unique tetrahedral
sites (from T1 to T12) in which one silicon atom can be substi-
tuted by an Al atom to form a Brønsted acid site. In this study,
the active site was assumed to be the T12 site, because it was
predicted to be the most stable Al-substituted sites [31–33], and
it has been used to model the active site of ZSM-5 in many theo-
retical studies [34–40]. The proton is located at the intersection
of the straight and sinusoidal channels, and thus is accessible to
the adsorbates. In addition, the terminating hydrogen atoms are
fixed at the 1.498 Å position along the lattice Si–O bonds, as
determined from crystallographic data [30].

In the embedding procedure, the structure of thiophene or
subsequent derivatives adsorbed on the 5T cluster was embed-
ded in the 34T cluster (Fig. 2). Due to the large size of the
Table 1
Calculated relative energies (kJ/mol) on 5T, 34T, 56T clusters

Structures 5Ta 5Tc 34Tc 56Td

ZOH + 2 thiophene 0.0 (0.0)b 0.0 0.0 0.0
MIN-1 −28.0 (−33.1)b −44.0 −45.4 −47.8
TS-1 +115.1 (109.0)b +80.4 +61.8 +53.1
MIN-2 −26.7 (−40.8)b −63.8 −51.4 −55.0
TS-2 +76.4 (73.6)b +52.4 +19.5 +11.1

a B3LYP/6-311 + G(2d,p)//B3LYP/6-311G(d,p) + ZPE (B3LYP/6-311G
(d,p)).

b B3LYP/6-311 + G(2d,p)//B3LYP/6-311G(d,p).
c B3LYP/6-31G(d)//HF/3-21G(d).
d B3LYP/6-31G(d).

Table 2
Selected geometrical parameters for thiophene derivatives adsorbed on 5T
framework (see Fig. 3 for the numbering system)

Thiophene derivatives 5Ta 5Tb

In TS-1
C4–C5 1.99 Å 2.07 Å
H2–C5 1.10 Å 1.08 Å
C1–H1 1.09 Å 1.08 Å

In MIN-2
C4–C5 1.50 Å 1.51 Å
S1–C4 1.89 Å 1.85 Å
C3–C4–C5–S2 142.7◦ 143.7◦

In TS-2
S1–C4 2.92 Å 2.79 Å
S1–H2 1.37 Å 1.33 Å
C3–C4–C5–C6 168.9◦ 170.5◦

a Optimized at B3LYP/6-311G(d,p) level.
b Optimized at HF/3-21G(d) level.

34T cluster, we first fully optimized the structure of thiophene
derivatives adsorbed on a 5T cluster at HF/3-21G(d), and then
cut the optimized thiophene derivatives for embedding into the
34T cluster. In the embedded 34T cluster, only the HAlO4 or
AlO4 of the 34T cluster was further partially optimized at HF/3-
21G(d) (the rest kept their crystal positions), whereas the ad-
sorbed thiophene derivatives from the HF/3-21G(d) optimiza-
tion were fixed (without internal relaxation) but were allowed
to adjust the relative positions (distance, angle, and torsion an-
gle) to zeolite or the acidic center. On the basis of this partially
optimized structure, we carried out single-point energy calcula-
tion at the B3LYP/6-31G(d) level. Furthermore, we expanded
the embedded 34T cluster into the 56T cluster along its ex-
perimental orientation for single-point energy calculations at
the B3LYP/6-31G(d) level. The computed relative energies for
5T cluster are given in Table 1, and the optimized structural
parameters at both B3LYP/6-311G(d,p) and HF/3-21G(d) are
compared in Table 2. The nice agreement between structure and
energy validates the application of the HF/3-21G(d)-optimized
geometries for the embedding scheme.

3. Results and discussion

Thiophene adsorbed on the Brønsted acid site in a 1:1 com-
plex has been reported to be rather stable. The cracking reaction
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Scheme 3. Thiophene cracking mechanism proposed in this work.
occurs only at excess amounts of thiophene and immediately
converts thiophene into a chemisorbed olefin–thiol-like inter-
mediate at the zeolite wall [8,9,12]. Based on these experimen-
tal results and the proposed cracking mechanism in Scheme 2,
we introduced one additional thiophene molecule to aid the
cracking reaction.

The reaction path is supposed to have three steps, as shown
in Scheme 3: (1) co-adsorption of two thiophene molecules in
the channel of the zeolite, (2) dimerization of the co-adsorbed
thiophene molecules (in a concerted way, one thiophene mole-
cule is protonated by the acidic site and undergoes an elec-
trophilic aromatic substitution on another thiophene molecule
with its proton back to the nearby acid site), and (3) C–S bond-
breaking and ring-opening of thiophene by further protonation
of the same nearby acid site. Unlike the mechanism proposed
by Shan et al. [19], our theoretical study shows that the C–S
bond-cracking of thiophene occurs after the dimerization step.
According to the different dimerization sites (α or β) with the
assisting thiophene molecule, two possible reaction paths (paths
1 and 2) are available (Scheme 3). The α site is known to be
more reactive than the β site or the sulfur center, as was also
demonstrated by our calculation results; that is, protonation of
the α site is favored thermodynamically over that of the β site or
the sulfur center by 38.0 or 90.0 kJ/mol (Scheme 4). Therefore,
the following discussion focuses on path 1. For comparison, we
have computed path 2 (not competitive); these data are given in
the supporting information.

3.1. Thiophene cracking over 5T cluster

The fully optimized structures of the reaction intermediates
in path 1 are shown in Fig. 3, and the corresponding potential
energy surface of thiophene cracking is shown in Fig. 4. The
structure of MIN-1 with two thiophene molecules co-adsorbed
on the 5T cluster is shown in Fig. 3. It can be seen that one of
the thiophene adopted the η2 (C=C) mode on the Brønsted acid
center; that is, its two carbon atoms had shorter distances (2.36
and 2.25 Å) to the zeolite acidic proton, whereas the thiophene
Scheme 4. Thiophene protonation energy (kJ/mol, B3LYP/6-311 + G(2d,p)//
B3LYP/6-311G(d,p) + ZPE (B3LYP/6-311G(d,p))).

S atom had a longer distance (of 3.27 Å) to the zeolite acidic
proton. The second thiophene plane was almost perpendicular
to the first thiophene plane.

In the second step, the co-adsorption complex of MIN-1
passes through a transition state TS-1 and forms an interme-
diate MIN-2. This step is indeed an electrophilic aromatic
substitution. At first, the adsorbed thiophene molecule is pro-
tonated by the zeolite proton (H1 at O2) at its α-site (C1).
This protonated thiophene immediately attacks the second thio-
phene molecule at its α-site (C5), finally producing 2-(2,5-
dihydrothiophen-2-yl) thiophene and restoring the Brønsted
acid site by transferring H2 at C5 back to O2. The reaction bar-
rier is 143.1 kJ/mol. Because the protonation and thiophene
dimerization steps occur simultaneously, no protonated thio-
phene intermediate can be found. It has been shown that only
bulky carbocations can be observed experimentally within the
zeolite pore [41,42].

In TS-1, the C1–H1 had a length of 1.09 Å, and the dis-
tances of H1 to O2 and O1 were 2.66 and 2.59 Å, respectively.
The distance of C4 and C5 coupling was 1.99 Å, and H2 at C5
directing to O2 had a distance of 1.90 Å. In MIN-2, the regener-
ated acidic proton (H2) directed to S1 with a distance of 2.14 Å,
enabling further protonation and ring-opening.

The cleavage of the C–S bond between S1 and C4 was
achieved through a transition state TS-2 from MIN-2, result-
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Fig. 3. Structures of stationary points in path 1 with selected parameters optimized at the B3LYP/6-311G(d,p) level.
ing in 4-mercapto-1-(thiophen-2-yl)but-2-en-1-ylium interme-
diate MIN-3. The activation barrier for this process was only
103.1 kJ/mol, 40.0 kJ/mol lower than that of the first step
(143.1 kJ/mol). In addition, the cleavage of S1–C1 bond was
also possible, but the computed energy barrier of 204.0 kJ/mol
was much higher than that of S1–C4; therefore, the cleavage
of S1–C1 bond was not competitive. For comparison, we also
computed the C–S bond-cracking barrier proposed by Saintigny
et al. [16] using the same model and the same method. The cal-
culated barrier was 287 kJ/mol, much higher than our value
(103.1 kcal/mol). Such a large energy difference can be at-
tributed to the stabilizing effect of TS-2 by the second thiophene
ring.

It is notable that intermediate MIN-3 contained CH2 frag-
ments close to a double bond or to a sulfur atom, in agreement
with the experimental results. It is also noteworthy that MIN-3



B. Li et al. / Journal of Catalysis 253 (2008) 212–220 217
Fig. 4. Energy profile of 5T cluster and the relative energies (kJ/mol) calculated at B3LYP/6-311 + G(2d,p)//B3LYP/6-311G(d,p) + ZPE (B3LYP/6-311G(d,p)).

Fig. 5. 5T, 34T and 56T energy evolution (the given charge is the total charge only on the adsorbate).
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Fig. 6. Reaction coordinate for thiophene cracking over 56T cluster (kJ/mol, at B3LYP/6-31G(d)).
can be considered to be the chemisorbed state of the interme-
diate C in Scheme 3, which is similar to the intermediate A
in Scheme 2 proposed by Shan et al. However, our mecha-
nism for obtaining intermediate A differs from that shown in
Scheme 2.

3.2. Influence of zeolite framework on the activation energies
for thiophene cracking

It is well known that zeolite structures play an important role
in stabilizing carbonium ion and positively charged transition
states, and that the more positively charged the transition state,
the stronger the stabilization effects. This stabilization effect
can be achieved only by long-range and electrostatic interac-
tion between the adsorbates and the zeolite framework. In our
5T cluster, both TS-1 and TS-2 were positively charged due to
the proton transfer; therefore, a strong stabilization effect by the
zeolite framework should be expected. To demonstrate this ef-
fect, we used the embedded 34T and 56T clusters, as described
in Section 2, and the computed results are summarized in Figs. 5
and 6.

As shown in Fig. 5, the adsorbed thiophene derivatives
in MIN-1 and MIN-2 were neutral (0.05e and 0.07e Mul-
liken charge, respectively), whereas TS-1 and TS-2 were posi-
tively charged (0.96e and 0.97e Mulliken charge, respectively).
Therefore, both TS-1 and TS-2 should have had a greater sta-
bilization effect in the 34T and 56T clusters. The stabiliza-
tion effect of MIN-1 and MIN-2 from 5T to 34T and 56T
was rather small, whereas that of TS-1 and TS-2 from 5T
to 34T and 56T was very large (Table 1). In TS-1, the sta-
bilization effects from 5T to 34T and 56T were −18.6 and
−27.3 kJ/mol, respectively. The most pronounced stabilization
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effect was found for TS-2 from 5T to 34T and to 56T by −32.9
and −41.3 kJ/mol, respectively. The result was lowered reac-
tion barriers (Fig. 6).

Comparing our results with those in the literature yields
some interesting findings. As discussed earlier, the previously
calculated barriers for C–S bond-cracking of 222–318 kJ/mol
are too high, considering that C–S bond has a average strength
of about 290 kJ/mol and that thiophene cracking can occur at
ambient temperatures. In contrast, our proposed barrier of about
101 kJ/mol is much lower than the literature values and is rea-
sonable based on the experimental findings. Also note that the
intermediate in our mechanism has a CH2 group close to the
C=C double bond and the SH group, in agreement with the ex-
perimental findings.

4. Conclusion

We have proposed a new mechanism for thiophene crack-
ing catalyzed by Brønsted acidic zeolite on the basis of B3LYP
DFT calculations. Based on a 5T cluster model, a second thio-
phene molecule was found to be necessary to promote the cat-
alytic reaction. Our proposed mechanism involves two major
steps. The first step is the protonation of the α site of thiophene
close to the acidic center, followed by an electrophilic aromatic
substitution to the second thiophene molecule and regeneration
of the acidic center on zeolite in a concerted way; this step
forms 2-(2,5-dihydrothiophen-2-yl) thiophene as the first inter-
mediate. The second step is the protonation of the sulfur center
in the 2,5-dihydrothiophene moiety, followed by the simultane-
ous C–S bond dissociation; this step results in formation of the
second intermediate, 4-mercapto-1-(thiophen-2-yl)but-2-en-1-
ylium.

A strong stabilization effect of the zeolite framework was
demonstrated by embedding the 5T cluster into the larger 34T
and 56T clusters. The long-range and electrostatic interactions
strongly stabilize the two transition states and lower the cor-
responding barriers. The rate-determining step is electrophilic
aromatic substitution (101 kJ/mol), whereas the subsequent
C–S bond dissociation has a lower barrier (66 kJ/mol). Our
results agree reasonably with the experiments: The intermedi-
ate, 4-mercapto-1-(thiophen-2-yl)-but-2-en-1-ylium, has a CH2
group close to a C=C double bond and a SH group, and the esti-
mated barrier of 101 kJ/mol explains the fact that such catalytic
reactions can occur at room temperature.
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