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A theoretical study of the cracking reaction of thiophene by small
zeolitic cluster catalysts is reported. Cluster density functional the-
ory calculations have been performed. It is shown that cracking of
thiophene is catalyzed by Lewis basic oxygen atoms. Several active
sites are proposed and tested. Moreover, it appears that the use of
a partner molecule, strongly adsorbed to the acidic proton, allows
for an important decrease of the cracking activation energy barrier.
The effect of hydrogenation of thiophene prior to the cracking reac-
tion has been checked. Interestingly, hydrogenation does not affect
dramatically the activation energy barrier (—10 kJ/mol). However
a large stabilization of the product of the reaction has been found
(—40 kJ/mol). (© 2001 Academic Press
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1. INTRODUCTION

Severe environmental regulations reduced the minimum
specifications for sulfur concentration in fuel (1). There is
an interest in studying desulfurization on acidic catalysts.
Theoretical studies of the cracking reaction of thiophene,
which is used as a test molecule to measure rates of desul-
furization (2), are reported to understand acidic catalyst
hydrodesulfurization.

Recently, Saintigny et al. performed a density func-
tional theory (DFT) study of the desulfurization reaction
of thiophene catalyzed by the zeolitic cluster H3SiOHAI
(OH),0SiHj3, also called 3TOH (3). They investigated a
cluster approach method in order to investigate the reac-
tion energy diagram of this reaction (4). Following earlier
leads of Garcia and Lercher (5) and the experimental evi-
dence of Welters et al. (6), their objective was to understand
the mechanism of this reaction. They investigated the thio-
phene desulfurization reaction in the presence and absence
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of H, and established that H, is an important reactant for
the reaction to be achieved.

Acidic zeolite catalysts are used in cracking, isomeriza-
tion, transalkylation, or alkylation reactions (7), and also
in hydrotreating reactions (8). Actually, in the case of the
hydrodesulfurization reaction, pure acidic zeolites are not
used as catalysts. They are part of bifunctional catalysts.
The industrial hydrodesulfurization catalysts are y-alumina
supported transition metal sulfides, containing a Mo (or W)
disulfide phase promoted by Co (or Ni) (1, 9). Until recently,
acidic supports were avoided because they were thought to
lead to a deactivation of the active sites by coke formation
and also to cracking reactions, reducing the octane rating
of the resulting fuel (10). But it is now well established that
an acidic zeolite support allows an enhanced activity of the
deep desulfurization reaction (6, 11).

Moreover, it has been shown that prehydrogenation of
thiophenic aromatic species greatly enhances the desulfur-
ization reaction rates (11, 12). In particular, Yu et al. (12¢),
using alkane as hydrogen source and thiophene as acceptor
for this hydrogen, described a significant improvement of
the thiophene desulfurization yield when the reaction was
catalyzed by acidic zeolite.

In the following, we will focus on the cracking reaction of
thiophene. This step has been shown to be an energetically
demanding step of the thiophene desulfurization reaction
catalyzed by a 3TOH zeolitic cluster (3). This cracking re-
action leads to the formation of a thiol alkoxy species. This
intermediate is not very stable and undergoes transforma-
tion to butadiene-thiol with the help of H,. Thiol species
are not difficult to desulfurize (12). First this cracking reac-
tion catalyzed by an acidic zeolite small cluster model will
be extensively described. The mechanism of this reaction
step will be analyzed. This analysis leads us to question the
structure of the catalytically active site. Several active sites
are proposed that may ease the activation of this reaction
and are computationally tested. Thiophene isa medium size
molecule that can fit without difficulty into medium size
pore zeolite catalysts. There is no steric hindrance, which
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makes the use of the cluster approach useful for a compar-
ison of activation barrier energies and mechanisms.

2. METHODS

Within the cluster approach, the catalytically active site
model system is a small neutral zeolite fragment, termi-
nated with hydrogen atoms or hydroxyl groups. This clus-
ter aims to represent the Brgnsted acid site, in interaction
with thiophenic species. Such a methodology has been ex-
tensively used in the literature to study reactions where
proton activation is involved (3, 4). No constraints have
been used for the cluster and molecules in interaction with,
as recommended before (4e, 13). A tetrahedral T, cluster
(AI(OSiH3)2(OHSIH3)(OH)) has been mainly chosen for
our studies. Incidentally, other clusters with four tetrahedral
units have also been used (see Results and Discussion).

As the zeolite catalyst is only described by the Bransted
acid site, adsorption energies computed here correspond
only to a fraction of the adsorption energies. It is missing all
energy contributions of molecules with atoms of the zeolite
wall. Therefore, the adsorption energies we present actually
describe the affinity of molecules for the Bransted acid site.
It has been discussed elsewhere how to correct empirically
the adsorption energies (14).

Moreover, the zeolite framework electrostatic contribu-
tion is missing. This can influence the activation energy sig-
nificantly. Because our study is limited to the very first step
of the desulfurization reaction of thiophene, one may as-
sume that the relative differences obtained for the activa-
tion energies are conserved when a more realistic model is
used. It has been observed that framework contributions
can decrease activation energies by 15 to 30% (15). The
framework stabilization of charged or transient species ap-
pears to be uniform for a given zeolite topology and a given
reactant size (16).

Calculations have been performed with Gaussian98 (17)
using the density functional method B3LYP (18). This DFT
method is a hybrid method which uses a Hartree—Fock
core and a Becke exchange functional (18a, ¢) with the
correlation functionnals developed by Lee, Yang, and Parr
(18b). Zygmunt et al. (19) have shown that this method
constitutes the best choice for DFT treatment of zeolite
systems.

Basis set d95 has been used in order to make possible
comparison with previous results (3). The basis set super-
position error (BSSE) correction has been computed on
intermediates and transition states using the counterpoise
method (20). Quantum chemistry codes like Gaussian98
use basis sets to describe electrons. These basis sets are
incomplete but convenient models. Due to the incomplete-
ness of basis sets, when two molecules or molecular frag-
ments A and B are in interaction, electrons of A use basis
sets of B and vice versa. This leads to an overestimation of

the interaction energy between A and B. BSSE can be es-
timated and corrected using, for instance, the counterpoise
method. The BSSE correction for A-B interaction is given

by

AcpE(AB) = (EA(A) — EA(AB)) + (Es(B) — Es(AB)),
[1]

where Ex(Y) is the energy of system X using basis sets of
system Y. The geometries of A and B are the same as those
for the A-B system. Once the BSSE has been computed,
one has to add this value to the energy of the system in
order to obtain the BSSE corrected energy. In the case of
transition states it can be impossible to define independent
molecular fragments and BSSE is then impossible to com-
pute (20c). This happens for some of the transition states
in this study. Therefore, BSSE have been computed but en-
ergies are not BSSE corrected. BSSE corrected activation
energy is obtained from the relation

AcpEact = AcpEts — AcpEads, [2]

where AcpETsisthe BSSE correction for the transition state
energy and AcpEags the BSSE correction for the ground
state energy.

Geometry optimization calculations have been carried
out to obtain a local minimum for reactants, adsorption
complexes, and products and to determine the saddle point
for transition states (TS). The frequencies were computed
using analytical second derivativesin order to check that the
stationary point exhibits the proper number of imaginary
frequencies: none for a minimum and one for a transition
state (first-order saddle point). Zero-point energy (ZPE)
corrections have been calculated for all optimized struc-
tures. All energies presented hereafter are zero-point ener-
gies.

3. RESULTS AND DISCUSSION

3.1. Thiophene Cracking Reaction

In this section, we describe the cracking reaction of thio-
phene catalyzed by a small cluster that models an acidic ze-
olite catalyst active site. This reaction leads from thiophene
to buta-1,2-diene-thiol alkoxy. Civalleri et al. (21) stressed
recently that the B3LYP method shows a significant basis
set dependence, even though it is one of the methods that
shows better agreement with experimental data for zeolite
systems. We computed the BSSE values for intermediates
and transition states (see Table 1). BSSE values obtained
with basis set d95 on intermediates and transition states are
very reasonable (19, 21).

Only the »(S) adsorption mode of thiophene with re-
spect to the acidic proton has been considered in this study.
It has been proven experimentally to correspond to the
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TABLE 1

Adsorption Energies and Energies, Free Energies, Free Enthalpies, and Entropies of Activation
of the Cracking Reaction of the Thiophenic Ring?

AzpeE
Eads(ZPE) Eact(ZPE) A298Hact AZQBG‘a\ct AZE)BSamt (al kOXy'adS)
Molecules Catalyst Reaction (kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol) (I/mol/K) (kd/mol)
Thiophene H-cluster 1) —18(+6) 226(+8) 224 242 —60 108
Thiophene D-cluster (@) —14(+6) 226(+8) 224 242 —60 —
Thiophene Cluster (charged) 3) —21(+6) 197(+6) 196 205 -31 136
Thiophene CHa-cluster @) -5 240 241 252 -35 44
Thiophene Li-cluster (5) —32(+8) 205(+8) 203 228 —10 136
Thiophene-H,S H-cluster (6) —38(+12) 219 219 231 —40 123
Thiophene-H,O H-cluster @ —86(+20) 202 200 211 —38 —
Dihydrothiophene H-cluster () —38(+8) 214(+8) 212 224 —40 70
Tetrahydrothiophene H-cluster (©) —41(+9) 237(+7) 235 246 —36 79

2The differences in energy for all reactions between reactant and product (alkoxy species) are also shown. Values in parentheses for Eqs and Eact

are BSSE corrections in (kJ/mol).

more stable adsorption mode for adsorption of thiophene
within the acidic zeolite (5). In this study, it has also been
found that the »*(S) adsorption mode is slightly more favor-
able than the »?(CC) adsorption mode (AEags ~ 1 kd/mol).
The adsorption energy of thiophene is Eags = —18 kJ/mol
(see Table 1). This adsorption energy is low and does not
correspond to the experimentally found adsorption energy
of thiophene on a Brgnsted acidic within a zeolite microp-
ore (see Method) (14).

The activation barrier energy of the thiophene cracking
reaction step is 226 kJ/mol (Reaction (1), see Fig. 1 and
Tables 1 and 2). The visualization of the imaginary fre-
guency of vibration (i.e., the negative frequency of vibra-
tion) that characterizes the saddle point on the potential

TABLE 2

Geometries of the Transition State Mechanisms for Reactions
as Labels Defined in Table 12

Reaction Reaction Reaction Reaction Reaction
@ ®) (@) ®) ©)
AlO; 1.78 1.74 1.90 1.89 1.88
AlO; 1.76 1.83 1.83 1.84 1.81
AlO; 1.76 1.75 1.72 1.71 171
H.S 2.33 — — 2.14 2.03
CiC, 1.37 1.36 1.43 1.51 1.50
O1H, 1.01 — — 1.03 1.06
SC, 2.59 2.61 2.65 2.76 2.83
SCy 1.76 1.75 171 1.81 1.89
C,0, 1.85 1.95 1.92 1.87 2.09
SC,0; 148.7 165.3 166.7 171.8 1275
AlO,C, 101.9 1184 714 99.0 103.1
C;1SCy 81.5 81.9 81.9 735 81.0
O;1H,S 176.0 — — 171.8 167.8
C1C,C3Cy 6.5 0.0 -2.9 —25.4 —66.2
SC4C,Cy -11 1.4 -15 —26.3 -9.8

2The atom labels are defined in the corresponding pictures of the
reactions (Figs. 1, 4 and 8).

energy surface and the mechanism involved in this reaction
step seems to indicate that the zeolite proton is not directly
involved in this reaction step (see Fig. 2). The replacement
of this proton by its isotope ?H should change the zero-
point activation energy if it participates in the transition
state mechanism. The deuterium acidic site (Reaction (2))
gives an activation similar to E,.; computed for Reaction (1)
(see Table 1).

The nonparticipation of the acidic proton in the crack-
ing mechanism step is more convincingly shown when
a deprotonated cluster is used to catalyze this reaction
(Reaction (3), see Tables 1 and 2). This deprotonated cluster
is an extreme situation that will not occur experimentally:
the energy cost to separate the proton from the cluster with
our T4 cluster is Eqep=1313 kJ/mol. However, the use of
such a cluster confirms that the acidic proton does not par-
ticipate in the transition state (Eact =197 kJ/mol for Reac-
tion (3), see Figs. 1 and 3). Comparison of the transition state
structures of Reaction (1) and Reaction (3) shows the in-
duced differences in thiophene geometry when the proton
is present. The thiophene ring orients itself in closer inter-
action with the cluster in the case of Reaction (1), with the
induced negative charge on the sulfur atom being stabilized
partially by the acidic proton (distance H,S =2.33 A). This
interaction brings about a deformation of the thiophene
ring (dihedral angle C,C,C3C,=6.5°) whereas for Reac-
tion (3) this deformation does not occur (dihedral angle
C1C,C3C4 =0.0°). This may partially explain the difference
in activation barrier energies shown between the two crack-
ing steps. The acidic behavior of the Brgnsted acidic site is
not required to achieve this reaction. For instance, a methyl
alkoxy species, not displaying a strong acidic characteristic
(the energy of formation of the methyl alkoxy species is
Ealkoxy, release = 839 kd/mol), can successfully break the thio-
phenic ring (Reaction (4), see Figs. 4 and 5 and Tables 1
and 2). In this case, the activation energy is 240 kJ/mol.
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FIG. 1. Geometries of the intermediates (a, c) and transition state (b) of the cracking reaction of thiophene catalyzed by an acidic T, clus-

ter AI(OHSiH3)(OSiH3),(OH) modeling the active Bransted site of an acidic zeolite catalyst (Reaction (1)) and by a deprotonated T, cluster
AIl(OSiH3)3(OH) (Reaction (3)).

Negative frequency 3167.8 cm-1

FIG. 2. Visualizations of the imaginary frequency involved in the thiophenic ring cracking transition state of thiophene catalyzed by an acidic T,
cluster (left) and of the more intense frequency of vibration of this transition state with its calculated value (in cm™1) (right) (Reaction (1)).
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Negative Frequency

FIG. 3. Visualization of the imaginary frequency involved in the thio-
phenic ring cracking transition state of thiophene catalyzed by a charged
deprotonated T, cluster (Reaction (3)).

This is only 14 kJ/mol higher than the activation energy
obtained for Reaction (1). This may explain the fast deacti-
vation by coke formation of the thiophene desulfurization
reaction catalyzed by acidic zeolite catalysts as observed by
Welters etal. (6a). Thiophene undergoes as easily a reaction
to butadiene-thiol alkoxy as to bigger alkoxy species.

Saintigny et al. (3) used in their study a smaller cluster
than that used in the present case. The smaller cluster has
a higher intrinsic acidity than the one used in this study
(deprotonation energies are Egep = 1329 and 1313 kJ/mol,
respectively). It is well known that E, varies linearly as
a function of the deprotonation energy (14b). However,
Saintigny et al. found an activation energy of 222 kJ/mol for
the cracking reaction of thiophene. In the present study we
found 226 kJ/mol. This small variation of E as a function
of Egep indicates again that the acidity can be considered
not a key factor in this reaction step.

In order to go further in the investigation of the absence
of the effect of acid strength on the thiophene cracking re-
action, the case of the reaction catalyzed by a Li-exchanged
zeolite has been considered (Reaction (5)). Ono (22) and
Yu et al. (12¢) have shown that cation-exchanged zeolites
can induce the thiophene cracking reactions. In particu-
lar, Ono pointed out that alkali metal-exchanged zeolites
catalyze the thiophene-to-furan reaction: one of the inter-

mediates of this reaction has been identified as the same
butadiene-thiol alkoxy species as that obtained for the
thiophene cracking reaction. In our calculations, we used a
T, Li-exchanged zeolitic cluster: the Li cation interacts with
two Brgnsted site oxygen atoms (LiO;=LiO,;=1.81 A).
Thiophene has been considered to interact with the Li
atom via the sulfur atom (SLi=2.61 A) (see Fig. 6 and
Table 3). The adsorption energy is Eags = — 32 kJ/mol (see
Table 1). As in the previous transition states, the cleav-
age of a thiophene C-S bond is induced by a Lewis basic
oxygen atom (see Figs. 6 and 7). Compared with the ad-
sorbed state, the distance LiS becomes shorter in the tran-
sition state (SLi=2.55 A), whereas the Li-oxygen atoms
bonds weaken (ALiO; = ALiO,=0.10 A). The thiophene
ring atoms remain almost coplanar (SC4C,C; =—2.3° and
C1C,C3Cy =5.1°). The activation energy of this reaction
step is 205 kJ/mol with respect to adsorbed thiophene. This
activation energy is comparable with E;.; of Reaction (3)
and 21 kJ/mol lower than E,; of Reaction (1). This reaction
step leads to the formation of an alkoxy complex in which
the Li atom is shared by the sulfur atom (SLi=2.39 A) and
by two Bransted site oxygen atoms (LiO; = LiO, =2.00 A)
(see c in Fig. 6). The energy level of this complex is
136 kJ/mol with respect to adsorbed thiophene. The alkoxy
species that is formed when the Li atomis released from the
oxygen atoms is considerably less stable (E =239 kJ/mol)
(see d in Fig. 6). One should note that for this alkoxy
species the distance SL.i is 2.26 A and the Li atom interacts
with a C=C bond (LiC3=2.35 A and LiC,=2.25 A) (see
Table 3).

The cracking reaction of thiophene appears to be cata-
lyzed by a Lewis basic site. The presence of the Brgnsted
acidic site proton allows for the “neutralization” of the

TABLE 3

Geometries of the Intermediates and Transition State for the
Reaction Catalyzed by Li-Zeolite (Reaction (5)) 2

(CY (b) © (d)

AlO; 182 AIO; 1.79 AIO; 1.76 AIO; 171
AlO, 182 AIO; 179 AIO; 176  AIO; 171
AlO; 173  AlO; 1.82 AIO; 1.89 AIO; 1.90
OsLi 1.83 OslLi 193 OiLi 2.00 OsC; 1.42
OyLi 183 OsLi 1.93 OqLi 2.00 LiS 2.26
LiS 261 LiS 255 LiS 239 LiCs; 2.35
AILIS 1729 CiC, 137 0O3C 147 LiC4 2.25
LiSC; 946 SC; 257 OjLis 1239 SC4 1.80
LiSC, 982 SC,4 1.77 O,LiS 140.3

C,03 191 SC, 1.79

SC,03 151.5

AlOsC; 100.8

C1SCy 81.9

C1CoC3Cy 5.3

SC4C,Cy —-2.3

2The atom labels are defined in the corresponding picture of the reac-
tion (Fig. 6).
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FIG. 4. Geometries of the intermediates (a, d) and transition state (b, c) of the cracking reaction of thiophene catalyzed by a methyl alkoxide
cluster (Reaction (4)). Between b and c a transient zwitter-species exists but transforms easily to neutral species d (the activation energies for the
backward and forward mechanisms are around 40 and 50 kJ/mol respectively).

consecutively formed charged alkoxy species. No charged
intermediate nor protonated transition state could be
found. This is in agreement with experimental (23) and the-
oretical (15a) data. It is well known that acidic zeolite cata-
lysts are not strong enough to allow for the existence of
charged aromatic species. Furthermore, cation-exchanged
or hydrocarboxy zeolites have been shown to catalyze this
reaction. In the case of Li-exchanged zeolitic cluster, the
activation energy is around 20 kJ/mol lower than for the
reaction catalyzed by an acidic zeolitic cluster, whereas in
the case of a methoxy zeolitic cluster it is around 15 kJ/mol
higher.

3.2. Assisted Cracking Reaction

Itis now established that the thiophene cracking reaction
requires mainly the acidic proton as a cation source. The
distortion of the thiophenic ring to allow its sulfur atom to
be in close interaction with this proton appears to increase

the activation barrier energy. One way to overcome this
costly distortion is to use external molecules. An external
molecule can assist the protonation of sulfur and avoid the
distortion of thiophene. H,O and H,S will be used for this
purpose (Reaction (6) and Reaction (7), see Figs. 8 and 9,
and Tables 1 and 4).

In both cases of the optimized geometries of the
thiophene-H,S or -H,0O coadsorbed complex, H,S and H,O
adsorb strongly to the acidic proton and one of their hydro-
gen atoms points toward a thiophene C=C bond. Neither
H.S nor H,0 is protonated by the acidic proton of the clus-
ter. The adsorption energies of these complexes are larger
than the adsorption energy of thiophene (Eaqgs is —38 and
—86 kJ/mol respectively for H,S and H,O). These values
are very close to the adsorption energies of H,S and H,O
alone (Eags=—38 and —88 kJ/mol respectively). Forma-
tion of the complex thiophene-H;S or thiophene-H,O is not
preferred to the adsorption of only H,S or H,O to the clus-
ter. This appears to be in agreement with the experimental
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Negative frequency

Negative frequency
FIG.5. Visualizations of the imaginary frequency involved in the thiophenic ring cracking transition state of thiophene catalyzed by an methyl
alkoxide T, cluster (left) and of the imaginary frequency involved in the methylation mechanism of the consecutively formed species (right)
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FIG. 6. Geometries of the intermediates (a, ¢, d) and transition state (b) of the cracking reaction of thiophene catalyzed by a Li*-exchanged T,

cluster Al(OLIiSiH3)(OSiH3),(OH) modeling the active site of a Li-exchanged zeolite catalyst (Reaction (5)).
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Negative Frequency

FIG. 7. Visualizations of the imaginary frequency involved in the
thiophenic ring cracking transition state of thiophene catalyzed by a Li-
exchanged T, cluster (Reaction (5)).

observations. The presence of H,S, a product of the desul-
furization reaction of thiophenic species, has been demon-
strated to poison the reaction catalyzed by bifunctional
catalysts (2, 10, 11). In the case of acid zeolite catalyzed
reactions, a reversible deactivation has been observed (24).
The presence of H,O iseven more problematic, and its pres-
ence is avoided in hydrotreatment reactions. It leads to a
deactivation of the active sites and at high temperature to
the destruction of the Brgnsted sites (25).

However, H,S and H,0 assist the mechanism in reducing
the cracking step activation energy. One may also consider
H-,0 or H,S adsorbed on the acidic site as the actual active
site of the reaction.

The energy barriers reduce by 7 and 24 kJ/mol respec-
tively for the mechanism step assisted by H,S and H,O.
The orientation of the thiophenic ring in Reaction (6) and
Reaction (7) is very similar to its orientation as observed in
Reaction (3). The same may also be said for the deforma-
tion of the thiophenic ring (dihedral angle SC4C,C;) when
Reactions (1) and (3) and Reactions (6) and (7) are com-
pared. After breaking of the thiophenic ring, the acidic pro-
ton jumps to S or O of the partner molecule. In return H,S
or H,O loses one of its hydrogen atoms to the benefit of the
consecutively negatively charged thiophene sulfur atom.
The visualization of the TS imaginary frequency in both
mechanisms (Fig. 9) shows that as in Reaction (1) hydro-
gen atoms are not involved in the thiophene cracking step.
The frequencies of vibration of these hydrogen atoms seem

rather to indicate that the protonation of thiophene sulfur
via H,O or H,S follows “naturally” the cracking mechanism
step and happens without a transition state.

The use of a coadsorbed molecule that helps the cracking
mechanism step by avoiding distortion of thiophene and by
favoring the protonation of thiophene sulfur allows a de-
crease of the activation barrier energy by ~20 kJ/mol. H,S
and H,O have been used as models of assistant molecules.
Song et al. (26) very recently observed that the presence of
water increases significantly the rate of the cracking reac-
tion of large polyaromatic compounds (coal). In order to
allow this strong synergic effect of water, they used a re-
action temperature lower than those used in the previous
studies of these reactions. Even more recently, Ryder et al.
(27) demonstrated for the zeolitic proton-exchange reac-
tion that assisting molecules can affect considerably the rate
of reaction. Reactions are affected even at very low load-
ing of assisting molecules: water concentration below 1 ppm
was enough to induce transition state assistance. Moreover,
they have shown that the strongest impact of an assisting
molecule occurs at low temperature.

3.3. Prehydrogenated Thiophene Cracking Reaction

In this section, we will study the cracking reaction of pre-
hydrogenated thiophene molecules, viz. dihydrothiophene
and tetrahydrothiophene (respectively Reaction (8) and
Reaction (9), see Figs. 10and 11 and Tables 1 and 4). The hy-
drotreatment reactions catalyzed by acidic zeolite usually
take place in the presence of H,. This H, helps to avoid coke

TABLE 4
Geometries of the Transition State Mechanisms for
Reactions with an Assistant Molecule (H,S and H,0) as La-
bels Defined in Table 12

Reaction (6) Reaction (7)

AlO; 1.87 AlO; 1.85
AlO, 1.80 AlO; 181
AlO3 171 AlO; 1.72
HaS: 2.15 H.Ow 1.40
SiHs1 1.41 OwHw1 1.00
HaS 2.29 HwiS 2.19
C,C; 1.36 CiC, 1.36
O1Ha 1.01 O1H, 1.06
SCy 2.65 SCy 2.62
SCy 1.75 SC4 1.77
C,0, 1.92 C,10, 1.94
SC.0, 164.9 SC10, 163.3
AlO,C,q 107.5 AlO,C, 109.0
C45C4 81.4 C1SC, 81.8
O1H,S: 177.0 O;H,Ow 177.3
S1H«S 169.7 OwHw1S 175.9
C1C,C3Cy 1.4 C1C,C3Cy 2.9
SC4C,Cy 11 SC4C,Cy 0.4

2The atom labels are defined in the corresponding picture of the
reactions (Fig. 8).
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FIG.8. Geometries of the intermediates (a, ¢) and transition state (b) of the cracking reaction of thiophene catalyzed by an acidic cluster and

assisted by H,S (top, Reaction (6)) and by H,O (bottom, Reaction (7)). Left images are the geometries of adsorbed H,S and H,O interacting with the
acidic site.
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FIG. 9. Visualizations of the imaginary frequency involved in the thiophenic ring cracking transition state of thiophene catalyzed by an acidic T4
cluster and assisted by H,S (left top) and H,O (left bottom) and of the two more intense frequencies of vibration of this transition state with their
calculated values (in cm~?) (middle and right).
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FIG. 10. Geometries of the intermediates (a, ¢) and transition state (b) of the cracking reactions of dihydrothiophene (top, Reaction (8)) and

tetrahydrothiophene (bottom, Reaction (9)) catalyzed by an acidic cluster.

formation and the consecutive deactivation of the catalyst
(8). Its presence as a mandatory reactant to perform the
desulfurization of thiophene has been demonstrated (3).
However, the introduction of H; gas in the processes has
been shown to be partially useless: Bar et al. (28) demon-
strated that only a small fraction of H, may actually par-
ticipate in the reactions. The formation of H, from alkane
catalyzed by acidic and bifunctional zeolite catalysts has
been shown to greatly enhance the thiophene desulfuriza-
tion reaction (12b). Yu et al. assumed that in this fashion
the H, formed, in close proximity to the active sites, may be
easily involved in later reactions. Only dihydrothiophene
hydrogenated on C; and C, carbon atoms has been con-
sidered. The mechanism of the hydrogenation reaction of
olefin catalyzed by acidic zeolite has been recently investi-
gated in detail (29): the hydrogenation reaction occurs on
two adjacent carbon atoms. Geobaldo et al. (30) showed
that proton attack on the thiophene C; atom was most eas-
ily achieved in acidic zeolite.

The optimized geometry of adsorbed dihydrothiophene
issimilar to that of thiophene in that its Satom interacts with
the acidic proton of the cluster (distances H.S=2.22 A)

(Reaction (8)). On the other hand, it is different in that two
other physical bonds are formed: the hydrogen atoms of
the sp® carbon atoms interact with the Lewis basic oxygen
atoms (distances H10, = 2.74 A and H,05; = 2.75 A). Its ad-
sorption energy is —38 kJ/mol. More important to consider
is that dihydrothiophene ring atoms are no longer copla-
nar. The dihydrothiophene molecule shows a higher distor-
tion in order to adapt its geometry to the cluster one. This
becomes clear when one considers the dihydrothiophene
transition state geometry: the dihedral angle C,C,C3C, is
—25.4° and SC4C,C; is —26.3°. In return the distance H,S
is 2.14 A, which is 0.19 A smaller than in Reaction (1).
The activation energy barrier decreases by 12 kJ/mol with
respect to the thiophene cracking activation energy. More-
over, bond formation between a Lewis basic oxygen atom
with an sp® carbon atom appears to be far more favorable
than that with an sp? carbon atom: formation of the alkoxy
species is 38 kJ/mol lower than in the case of the alkoxy
species obtained with thiophene. This reduces strongly the
possibility of the backward reaction mechanism.
Tetrahydrothiophene is strongly adsorbed on the cluster:
three of its hydrogen atoms interact with Lewis basic oxygen
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FIG. 11. Visualizations of the imaginary frequency involved in the
thiophenic ring cracking transition state of dihydrothiophene (top left)
and tetrahydrothiophene (bottom left) catalyzed by an acidic T4 cluster
and of the more intense frequency of vibration of the transition states
of dihydrothiophene (top right) and tetrahydrothiophene (bottom right)
with their calculated values (in cm™).

atoms (H10,=3.39 A, H,0,=2.91 A, and H,0;=2.85 A)
and its sulfur atom interacts with the acidic proton (H,S =
2.16 A). The adsorption energy is Eags = —41 kd/mol. The
sp® carbon atoms allow for a larger deformation of tetrahy-
drothiophene than dihydrothiophene or thiophene in the
transition state geometry (C1C,C3C4=—66.2° and H,S =
2.03 A). However, this does not lead to a decrease of the
activation energy (Eacc=237 kd/mol). This activation en-
ergy is higher than the activation energy barrier of thio-
phene cracking (AEa = 11 kd/mol). Surprisingly, it appears
that the tetrathiophene cracking reaction is more difficult
to achieve than both dihydrothiophene and thiophene ones.
In the case of dihydrothiophene, it is useful to analyze the
thiophene species’ geometries around the sulfur atom to
understand this result. The distances are SC; =1.92 A and
SC4=1.82 A whereas in the case of tetrahydrothiophene
SC1 = SC,=1.92 A for the adsorbed molecules on the acidic
site. The dissymmetry that is shown by dihydrothiophene
C1SC,4 unit will favor cleavage of the SC; bond.

In the case of dihydrothiophene, prehydrogenation leads
to a decrease of the activation barrier energy of the crack-

ing reaction by approximately ~10 kJ/mol. This difference
alone cannot explain the strongly enhanced experimental
activity of cracking. The effect of prehydrogenation re-
actions of thiophene catalyzed by acidic zeolite has been
shown to increase the yield of the reaction by a factor
10 (12c). Moreover, this prehydrogenation reaction affects
considerably the alkoxy product; its energy decreases by
~40 kJ/mol compared with its equivalent in the case of thio-
phene cracking. These results are supported by the experi-
mental observation that the main products of acid catalyzed
thiophene cracking are but-1-ene and butane (6, 12b). Hy-
drogenation prior to cracking leads to a large stabilization
of the product of this reaction.

4. CONCLUSIONS

In this theoretical study, we investigated the mechanisms
involved in the cracking reaction of thiophene. We show
that the Brgnsted acidic site only indirectly participates in
the controlling reaction. Considering these results one pre-
dicts that the acidity of zeolite catalyst is not a key factor
(31). We demonstrated that even methyl alkoxy species or
Li-exchanged zeolite can catalyze this reaction.

The use of a partner molecule (H,O and H,S) in order (i)
to favor the protonation, (ii) to allow an easier protonation
of the product of the cracking reaction, and (iii) to partly
induce stronger Lewis basic behavior of catalytic oxygen
atoms (20b) has been demonstrated to successfully decrease
the cracking activation energy. However, experimentally
H,O and H,S lead to a poisoning of the catalyst. In our
study the coadsorption energy of thiophene and the partner
molecule on the catalytically active site is similar to the
adsorption energy of the partner molecule alone.

Finally, the effect of hydrogenation prior to cracking of
thiophene has been investigated. Interestingly, the crack-
ing reaction has not been shown to be dramatically favored
(Eact decreases by ~10 kJ/mol). On the other hand, the
effect on the product of the cracking reaction is very im-
portant. The stabilization of the alkoxy species product of
the reaction is of the order of ~40 kJ/mol. Full prehydro-
genation of thiophene to tetrahydrothiophene has not been
shown to allow any amelioration of the cracking reaction
rate compared to the dihydrothiophene case.
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