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a Laboratorio de Quı́mica Inorgánica Teórica, Facultad Experimental de Ciencias, La Universidad del Zulia, Ap. 526,
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bstract

The interaction of ethanethiol (C2H5SH) with a model cluster of three tetrahedral zeolite sites (T3) and a larger zeolite model represented by a
2-membered ring with one hydroxyl Brönsted acid site (T12), has been investigated by Hartree–Fock (HF) and the B3LYP approach of the density
unctional theory methods using the 6-31+G(d,p) basis set. The molecular formula of the T12 cluster is Al(OH)2(OH)(SiOH2)11. The deprotonation
nergy was evaluated for the T3 and T12 clusters as a criterion to account for the acidity strength of the zeolite models. The interaction between
2H5SH and these clusters leads to the formation of planar vander Waals 1:1 adsorption complexes, dominated by hydrogen bonding between the
atom of C2H5SH and the H atom of the hydroxyl group in the Al–O–Si zeolite bridge. The results of structures and interaction energies, show

hat these complexes are similar to other sulfur–zeolite complexes reported in the literature. A vibrational analysis was also performed to estimate

he shift of frequency of the OH vibrational mode of the zeolite hydroxyl group on coordination, where the corresponding shifts are negative and
re of the same order of magnitude as the corresponding experimental values shown by R–SH compounds adsorbed on SiO2 and acidic zeolites.
dditionally, the SH mode frequency shift in ethanethiol complex is positive. The size of the cluster is significant for the estimation of the properties
f the ethanethiol–zeolite adsorption complex.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Studies of the surface chemistry and adsorption of sulfur
rganic compounds (SOC) on acid zeolites have long been

f interest in catalysis, mainly because of implications in the
reas of hydrotreatment of crude oils, catalytic cracking of fuels
nd because of the reactions of SOCs with molecular sieves
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1–4]. Such studies are topical because the SOC content in fuel
ransportation has been recently regulated by the environmen-
al agencies of different countries; therefore, further research is
imely in order to develop fuels with low SOC concentrations.
or example, gasoline after the fluid catalytic cracking (FCC)
rocess results in a fuel that can have as much as 2000 ppm
ulfur content. This sulfur concentration is problematic because
t generates high air pollution on automobile combustion. The
rigin of this S content in crude oil is due to the presence of

romatic compounds such as thiophene and benzothiophene
erivatives and mercaptans or thiol compounds compounds such
s methanethiol (CH3SH) and ethanethiol (C2H5SH). The mod-
rn hydrocracking processes are based in rational mixtures of
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i-Mo and Ni-W catalysts supported in an acidic zeolitic phase,
here removal of sulfur also occurs by catalytic action of the
rønsted acid sites of the zeolite support [5]. It is important to
ote that these processes are able to catalyze mainly the decom-
osition of the aromatic compounds. In this context, a novel
atalytic gasoline desulfuration acting on thiols compounds has
een recently developed via the so-called dehydrosulfidation
DHS) process which uses acidic zeolites; their performance
s similar to that observed in the methanol dehydration process
1]. The products of this DHS process are hydrocarbon com-
ounds, plus H2S. The main advantage of DHS is to reduce
rastically the sulfur content in gasoline without changing the
ctane number index and without using H2. This is therefore a
elevant topic of research because few experimental and theo-
etical works have been published in this area yet several patents
ave been registered [1].

The details of HDS acid catalyzed reactions are not well know
nd only have been reported theoretical studies dedicated to the
echanism of the S aromatic species, such as thiophene [6],

lkilated thiophene [7] and dibenzothiophene [8] in presence
f zeolite models. These investigations shown that acid zeolites
re able to catalyze aromatic sulfur compounds in presence of
ydrogen.

On the other hand, sulfur compounds such as thiols can inter-
ct – in absence of hydrogen – either chemically or physically
ith both ionic and acidic forms of zeolites [1–3] and the nature
f these interactions are similar to those observed for alco-
ols [2]. Garcia and Lercher [3] have reported the adsorption
f C2H5SH and n-butanethiol on H-ZSM5, Na-ZSM5 and on
iO2. In this study, the authors investigated the nature of the
omplexes formed during the adsorption process using infrared
pectroscopy, temperature programmed, and gravimetric tech-
iques. From these experiments, it has been proposed that stable
:1 reversible molecular thiol–zeolite can be formed. Three
orms of adsorption structure have been proposed for these com-
lexes: (a) a linear hydrogen-bonding complex between the thiol
nd the SiOHAl framework of the zeolite, (b) a cyclic hydrogen-
onding zeolite–thiol complex, and (c) a cyclic protonated
eolite–thiol complex, were the sulfur compound is hydrogen-
onded to oxygens on the zeolite surface. The structural forms
f the linear (a), cyclic (b), and protonated (c) complexes are

hown in Fig. 1.

Ziolek and Decyk have reported the adsorption and transfor-
ation of C2H5SH and diethyl sulfide on faujazite-type zeolites,

oth alkali-metal-exchanged and protonated types [4]. These

e
b
c
t

ig. 1. Structural forms of the adsorption complexes between R–SH sulfur compounds
omplex Ref. [3].
lysis A: Chemical 278 (2007) 165–172

tudies have demonstrated that protonated forms of zeolites are
ighly active in the transformation of sulfur compounds due to
he formation of hydrogen bonding complexes. The existence of
his hydrogen bonding between the SOC S atom and the acid pro-
on of zeolites has been studied by theoretical methods, where
he zeolites have been represented by cluster models of finite
imension. Modeling studies of the CH3SH [2] and the C2H5SH
dsorption on HZSM-5 zeolites have been recently reported
y Soscún et al. [2] and by Lu et al. [9], using Hartree–Fock
HF) and density functional theory (DFT) methods, respectively.
oscún et al. employed a 10 membered cluster ring as a zeolite
odel with 43 atoms and only one Brönsted acid site (BAS), and

n this investigation was found that the interaction of CH3SH
ith acidic zeolite site leads to the formation of a complex that

s dominated by the bonding between the SOC S atom and the
atom of the O bridged between the Al and Si atoms [2]. On

he other hand, Lu et al. [9] employed a series of three tetrahe-
ral atoms (two Si and one Al atoms only) to model the ZSM5
cid zeolite and reported the formation of a weak vander Waals
ond between the sulfur molecule (C2H5SH) and the zeolite
lusters. It is important to note that the calculated structures of
he observed complexes correspond to the linear conformation
a) of Fig. 1, and not cyclic ones (Fig. 1(b and c)).

The present paper is dedicated to a theoretical study of the
nteractions of C2H5SH molecule with acid zeolites of large size.
ur aim is to gain an understanding at the molecular electronic

evel of the interaction mechanism in SOC and zeolites. We
hose C2H5SH as the SOC model is because it represents the
econd most important industrial RSH compound in the series
f mercaptans, after CH3SH.

It is well known that the intrinsic acidity of the OH groups
n a zeolite model depends on the size of the model cluster [10],
herefore two models were used to represent the zeolite, the T3
nd T12 that will be explained in the next section. The cluster
f three tetrahedral sites, referred as T3 and shown in Fig. 2,
as been chosen as the simplest zeolite model. A more realistic
epresentation of the zeolite structure, a ring of 12 tetrahedral
ith 11 Si atoms and only one Al atom to simulate an isolated
rönsted acid site that will be referred as T12 membered ring
as been also employed. The structure of T12 is shown in Fig. 3.

The main objectives of this work is therefore the structural,

nergetic and vibrational characterization of the complex formed
etween ethanethiol and the zeolite models, and to make the
orresponding comparison with previously reported values for
he complex between CH3SH and acidic zeolites [2].

and acidic zeolites: (a) linear complex; (b) cyclic complex; (c) cyclic protonated
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ig. 2. Model of the T3 cluster and the interaction with the CH3CH2SH molecule
C2H5SH–T3 complex).

. Methods and models

The zeolite models used in this work therefore consist
f two clusters: one formed by three tetrahedral with only
ne acid site, named T3 with the chemical composition of

l(OH)2(OHp)(OSiH3)2 (See Fig. 2), and other with 11 Si

etrahedral and one Al atom in the window of 12 O atoms (12-
embered ring cluster), Al(OH)2(OHp)(SiOH)11 named T12,

ig. 3. Model of the zeolite structure (T12 cluster) and the interaction with the
H3CH2SH molecule (C2H5SH–T12 complex).
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ith Cs symmetry (See Fig. 3). The advantage of using the
12 model is that besides the interaction between the adsor-
ate molecule and the acid site, further interactions are possible
ith the O atoms of the pore. In both models each Si atom
as been capped with H atoms and the Al one has been sat-
rated with two OH groups. The catalytic activity of zeolites
s mainly due to the Brönsted acidic sites (BAS). These are
ormed when a silicon atom is replaced by an aluminum atom
nd a proton Hp is attached to the bridge oxygen atom between
l and the adjacent Si atom, giving a chemically stable struc-

ure, Al(OHp)Si, where the Si and Al atoms are four-coordinated
tructures. In this sense, we expect that a four-oxygen coor-
ination around the Al atom in the studied clusters will give
more realistic representation of the OHp acid site and this

eature allows a better representation of the zeolite adsorption
ite.

The interaction of C2H5SH with the T3 and T12 zeolite ring
as been considered as a planar interaction, i.e., the C, S and H
toms of C2H5SH and the Al, O, Si and H of the BAS of the
eolite cluster lie in the same plane, such as the linear adsorption
omplex shown in Fig. 1(a). The corresponding complexes are
eferred as C2H5SH–T3 and C2H5SH–T12 models.

Our calculation strategy was performed with full opti-
ization of the T3 and T12 clusters, C2H5SH molecule and

he C2H5SH–T3 and C2H5SH–T12 complexes, constrained to
s symmetry, with HF/6-31+G(d,p) and B3LYP/6-31+G(d,p)

evels of theory [11,12]. Additionally, harmonic vibrational anal-
sis was performed for the T3 cluster, C2H5SH and the complex
tructure at both levels of approximations. For the T12-complex
he IR frequencies were calculated at HF level of theory only.
ll calculations were carried out with the Gaussian98 suite of
rograms [13].

Finally, despite extensive searches for a cyclic adsorption
tructure such as that illustrated in Fig. 1(b), no stable structure
or this coordination mode was found.

. Results and discussions

.1. Structure and energetics

Relevant optimized geometric results of the structures of
3 and T12 clusters of zeolite are displayed in Table 1. The
AS for our T3 and T12 models are structurally characterized
y the Al O, Si O and O Hp bond distances. The corre-
ponding optimized values for T12 are 1.9298 Å (1.9389 Å),
.6983 Å (1.7170 Å) and 0.9496 Å (0.9693 Å) determined
t HF/6-31+G(d,p) (and B3LYP/6-31+G(d,p) in parenthesis),
espectively. The optimized Al O Si and Al O Hp bond
ngles are 124.9◦ (124.2◦) and 115.6◦ (116.1◦), respectively.
his indicates that the acid proton Hp is located in the same
lane that Si, O and Al atoms. The rest of Si O bonds (not
eported in Table 1) for the T12 structure varies in the range of
.6041 Å (1.6253 Å) to 1.6447 Å (1.6658 Å), and the comple-

entary Al O bond that does not participate in the BAS have the

alues of 1.7195 Å (1.7350 Å). The results illustrate well-known
ehavior that the DFT geometry optimization consistently pro-
uces bond lengths greater than HF and in some cases smaller
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Table 1
Relevant optimized geometric parameters of the T3, T12, C2H5SH–T3 and C2H5SH–T12 structures, total energies ET and interaction energies Ei

T12 cluster C2H5SH–T12 complex

HF/6-31+G(d,p) B3LYP/6-31+G(d,p) HF/6-31+G(d,p) B3LYP/6-31+G(d,p)

Bond length (Å)
Al O 1.9298 1.9389 1.9150 1.9187

1.9479a 1.9529a 1.9369 1.9369a

Si O 1.6983 1.7170 1.6934 1.6453
1.7047a 1.7227a 1.7023a 1.7205c

O Hp 0.9496 0.9693 0.9560 0.9843
0.9485a 0.9692a 0.9518a 0.9763a

Bond angles (◦)
Al–O–Si 124.9 124.2 124.7 123.5

132.9a 133.8a 130.5a 130.0a

Al O Hp 115.6 116.1 116.6 118.0
107.7a 106.4a 111.6a 113.8a

Si O Hp 119.7 119.5 118.7 118.5
119.4a 119.8a 118.0a 117.2a

Bond length (Å) and Bond angle (◦)
S· · ·Hp 2.4607 2.2441

2.6513a 2.3947a

S· · ·Hp O 167.0 171.0
161.7a 165.9a

Total and interaction energies
ET (a.u.) −4483.992106 −4496.290991 −4960.748019 −4974.326716

−1124.737436a −1128.026119a −1601.489464a −1606.057580a
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a With the T3 cluster.

ond angles (Al O Si, Si O Hp). However, the differences are
maller than 0.02 Å for the bond lengths and less of 1◦ for the
ond angles. It is important to note that there are small variations
n the optimized Al O, Si O and O Hp bond lengths between
3 and T12 clusters. However, large differences are observed

or the Al O Si and Al O Hp bond angles of these clusters,
eing these changes in about 8◦, where in the T12 cluster these
ngles are closer than in T3 one.

On the other hand, the optimized structural results of the T12
luster indicate that the diameter of the 12 tetrahedral windows
as a value of 7.4 Å at HF and B3LYP levels of theory which
s in excellent concordance with experimental results for the
2-member ring window of the faujasite (FAU) structure (7.4 Å
14]).

The degree of acidity was evaluated for the T12 cluster in
erms of the deprotonation energy (DPE) of the acid zeolite

odel; this determines the ability of the cluster to release the
cid proton of the BAS. This property is defined for the process

12–Hp → T12− + Hp
+

s

PE = ET(T12−) − ET(T12–Hp) (1)
d
(

−19.1 −23.5
−14.8a −12.4a

here ET(T12−) and ET(T12–Hp) are the total energies of the
eprotonated species and the neutral cluster, respectively. The
esults obtained for DPE of T12 evaluated at HF/6-31+G(d,p)
B3lYP/6-31+G(d,p)) is 339.7 kcal/mol (330.6 kcal/mol). The
3LYP value is within the accepted range of the faujasite depro-

onation energy (321–330 kcal/mol) as shown in reference [2]
or a great variety of zeolites using different methods of deter-
ination. For the particular case of T3 the corresponding DPE

s 340.9 kcal/mol (332.9 kcal/mol). These results suggest that
he acidity of both clusters, T3 and T12, are reasonable values
or a protonated zeolite cluster and these models are appro-
riate to study the interaction of BAS of zeolites with polar
olecules.
With respect to the feasibility of the formation of the (c)

omplex (see Fig. 1(c)), we expect that this process depends
ot only on the zeolite DPE value but on the energetic gain
ue to the protonation of the thiol, according to the following
eaction:

H3 CH2SH + Hp
+ → CH3 CH2SHHp

+

E = E (CH CH SHH +) − E (CH –CH SH) (2)
T 3 2 p T 3 2

The (c) complex formation can be described in two steps:
eprotonation of the zeolite (Eq. (1)) and the thiol protonation
Eq. (2)). The calculated protonation energy PE value (Eq. (2)) at
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Table 2
Optimized relevant geometric parameters of CH3CH2SH and interacting with T12 and total energy

Isolated CH3CH2SH CH3CH2SH in the C2H5SH–T12 complex

HF/6-31+G(d,p) B3LYP/6-31+G(d,p) HF/6-31+G(d,p) B3LYP/6-31+G(d,p)

Bond lengths (Å)
C C 1.5248 1.5273 1.5228 1.5246
C S 1.8276 1.8490 1.8354 1.8545
S H 1.3275 1.3489 1.3249 1.3444
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otal energy (a.u.)
ET (a.u.) −476.748645 −478.026757

3LYP/6-31+G(d,p) is −193.9 kcal/mol. Therefore, the energy
ain in this step (PE = −193.9 kcal/mol) does not compensate the
nergy loss (DPE = 330.6 kcal/mol) required to deprotonated the
eolite and consequently the (c) complex can not be formed.

The structure of ethanethiol was fully optimized under the
s symmetry constraint, and the main results are shown in
able 2. These results are in agreement with the standard geom-
try of C2H5SH (http://webbook.nist.gov). We observe longer
quilibrium bond lengths in calculations carried out with DFT
ompared to HF, particularly for the S X bonds (X = C, H).

Relevant results of the Cs optimization of the geometry of the
2H5SH–T3 and C2H5SH–T12 complexes, at HF/6-31+G(d,p)
nd B3LYP/6-31+G(d,p) levels are displayed also in Table 1.
he corresponding optimized lengths of the Al O, Si O and

H bonds indicate that, by effect of the interaction between
2H5SH and the OH bridge group of the zeolite model the two
rst bonds decrease, whereas the OH bond increases. This last
eature could be an indication of a partial ethanethiol Hp bond
ormation. The weakening of the O Hp zeolite bond brings as

consequence a strengthened of other bonds attached to O,
.e., O Si and O Al bonds. It is important to note that these
ffects are not quantitatively significant, indicating that the inter-
ction C2H5SH–zeolite is a weak van der Waals type bonding
physisorption). It is important to note that for the T3 and T12
lusters, the observed changes in the geometries are similar when
he SOC is adsorbed.

The calculated S· · ·Hp bond distance of 2.6513 Å (2.3947 Å)
or the T3 cluster, and 2.4607 Å (2.2441 Å) for the T12 com-
lex (Table 1) indicate that the size of the cluster is important
n the stabilization of the complex giving shorter S· · ·Hp bond
istances, in T12 than in T3, at HF as well as DFT level. In addi-
ion, the combined exchanged and correlation effects that were
ccounted for with the B3LYP hybrid functional gives a major
tructural stabilization of T3 and T12 compared to HF, which is
eflected in shorter S· · ·Hp bond distance of about 0.2 Å. A com-
arison with the CH3SH–zeolite complex [2] shows similarity
n the S· · ·Hp distance of 2.4265 Å compared to 2.4607 Å at HF
evel and 2.2499 Å compared to 2.2411 Å using DFT. As one
ould expect chemically, the adsorption complex geometries of
2H5SH–zeolite and CH3SH–zeolite are structurally analogous.
Additionally to the S· · ·Hp hydrogen bonding in the
2H5SH–T12 complex, the distances between the H atoms of

he CH3 group of the sulfur compound and the neighbor O atoms
f the T12 cluster are about of 3.3 Å, showing that there is no

d
i
t
t

hemical bonding between these units. These structural results
how that the interaction between C2H5SH and acid zeolites
s mainly determined by the dipole-induced hydrogen bonding
nteraction between the S atom with the Brönsted acid site of
he zeolite.

Table 2 displays the optimization results for the relevant geo-
etric parameters of isolated C2H5SH and C2H5SH–zeolite

omplex. These results show that the structure of C2H5SH
emains almost constant on complex formation in the zeolite
etwork because the strength of this interaction is rather weak.
owever, in spite of this weak interaction an increasing of the

S bond and a shortening of the S H bond in C2H5SH occur.
hese facts suggest that a strong S· · ·Hp interaction (for exam-
le at high temperatures) could lead to the formation of H2S and
herefore the DHS process would take place. It may be possible
o visualize the C2H5SH physisorption as a precursor state for
he surface reaction:

thanethiol–Hp–zeolite → Hp–zeolite + ethene + H2S

(3)

At this point it is important to mention that the structure of
2H5SH in the zeolite complex does not correspond to the most

table conformation of this sulfur compound in the gas phase.
n fact, it can be inferred that in the process of complexation, a
hange occurs in the position of the S H bond with respect to the
H2 group that leads to a more stable conformation, where the S
tom can interact freely with the hydroxyl group of the BAS of
he zeolite network to form the adsorption complex represented
n Fig. 3.

The total energies of the species involved in the interaction
2H5SH, T3, and T12 are also presented in Tables 1 and 2.
he values of the ethanethiol–zeolite adsorption energy defined
s the difference between the total energy of the complex and
hat of the isolated species and evaluated at HF and B3LYP
evels are −14.8 and −12.4 kJ/mol for T3 and of −19.1 and

23.5 kJ/mol for T12, respectively. On the other hand, the low
alue of the interaction energy (Ei) between the T12 ring and
he C2H5SH thiol to give the C2H5SH–T12 complex reported
n Table 1 confirm the van der Waals interaction type. Also, the

ifference in the interaction energy at DFT level is 11.1 kJ/mol
n spite of the cluster size difference, where the increasing of
he cluster model gives larger adsorption energies because of
he electrostatic contribution of the rest of atoms of the T12

http://webbook.nist.gov/
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Table 3
Mulliken atomic population MAP of the atoms involved in the BAS of the T12 cluster

T12 cluster C2H5SH–T12 complex

Mulliken atomic populations HF/6-31+G(d,p) B3LYP/6-31+G(d,p) HF/6-31+G(d,p) B3LYP/6-31+G(d,p)

Q(Al) (e) +0.034 −0.446 +0.033 −0.456
Q(Si) (e) +0.767 −0.464 +0.740 +0.441
Q(O) (e) −0.319 −0.157 −0.254 −0.060
Q(Hp) (e) +0.468 +0.448 +0.460 +0.390

C2H5SH compound
Q(H) (e) +0.040 +0.060 +0.070 +0.092
Q(S) (e) −0.085 −0.058 −0.433 −0.248
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frequency mode decreases, as it does in the case of other S–Hp
zeolite interaction complexes [2]. This frequency shift may be
higher when electron correlation effects are taken into account
(not considered here for T12). For example, for T3 at B3LYP
Q (c)� −0.294 −0.3
Q (c)� −0.335 −0.3

indow. Additionally, binding energies for the C2H5SH–T12
omplex are larger than the corresponding values obtained for
he interaction of the CH3SH–T10 acid zeolite cluster, which
alue at the BLYP/6-31+G(d,p) level of theory is −17.6 kJ/mol
2]. These results suggest that the interaction between the proton
H+) and the thiol S atom increases with the molecular size of
he sulfur compound. Likely, the size of the zeolite cluster also
articipates in some degree in the nature of the S· · ·H interaction.

Additionally it is worth to mention, that it is expected that
arger clusters that include extra atomic interactions between
he organic compounds and O atoms of the zeolite windows can
ead to lower adsorption energies that those calculated in this
ork because of the long range van der Waals interactions are

gnored.

.2. Mulliken atomic populations

Mulliken atomic populations (MAP) give a chemical intuitive
epresentation of the degree of charge on one atom in a molecule
nd should be regarded as a qualitative tool for interpreting
endencies about intramolecular charge transfer in a molecu-
ar system. The MAP of the atoms involved in the interaction
etween C2H5SH and the T12 cluster are reported in Table 3. The
ost important changes in these atomic charges are observed in

he O atom of the T12 OH hydroxyl group and the S atom of
he C2H5SH. These MAPs suggest that the formation of the

2H5SH–T12 complex induces electronic charge reorganiza-
ion where the O atom of the BAS acts as electron donor with

polarization charge of +0.07e (HF) or +0.10e (B3LYP). On
he other hand, the S operates as an electron acceptor, where
he corresponding polarization charge values are −0.34e (HF)
nd −0.19e (B3LYP). Fig. 4 displays the model of the charge
olarization of the C2H5SH–zeolite adsorption complex with the
orresponding charge variations. These values are in the same
rder of magnitude reported for the CH3SH–zeolite interaction
2].

Additionally, the charges located at the C atom of the CH3
roup of C H SH are slightly affected by the very weak inter-
2 5
ctions with the neighbor O atoms of the T12 cluster, where the
AP of Table 3 show for the C� atom a small charge transfer

t HF (+0.048e) and at B3LYP (−0.054e) levels of theory occur
n the complex.

F
z

−0.127 −0.272
−0.287 −0.445

.3. Vibrational frequencies

The vibrational frequency of the OH normal mode (νOH)
f the BAS in zeolites is a quantitative measure of the acidity
f the zeolite and the shift of this frequency (δOH) on interac-
ion with a neutral molecule is a measure of the degree of the
trength of the interaction. In this work, we calculated the har-
onic frequencies for the optimized T3 and T12 clusters and the

ptimized C2H5SH–T3 and C2H5SH–T12 complexes. Calcula-
ions with the T3 cluster were performed at HF and B3LYP levels
f theory. However, for the T12 complex these calculations were
erformed only at HF/6-31+G(d,p) level of theory. The results
or νOH are displayed in Table 4. We have scaled the calculated
alues by a factor of 0.90, following a well-documented pro-
edure [14]. The HF/6-31+G(d,p) values for T3 and T12 are
659 and 3706 cm−1. The interaction with C2H5SH leads to a
hift of the frequency δOH of 0 cm−1 for T3 and 127 cm−1 for
he T12 complex at HF level, respectively. This result illustrates
he importance of cluster size for studies on the frequency of
he acid site. In fact, by effect of the interaction between the S
tom of C2H5SH and the OHp zeolite group the OH vibrational
ig. 4. Model for charge polarization for the O atom of the BAS of the T12
eolite cluster and the S atom of the ethanethiol molecule.



H. Soscún et al. / Journal of Molecular Catalysis A: Chemical 278 (2007) 165–172 171

Table 4
Frequency of the OH vibrational mode νOH (cm−1)and the shift of the frequency δOH (cm−1) of the T3 and T12 clusters, vibrational frequency νSH (cm−1) and
frequency shift �SH/cm-1 of the SH normal mode of the ethanethiol molecule

HF/6-31+G(d,p) B3LYP/6-31+G(d,p) HF/6-31+G(d,p) B3LYP/6-31+G(d,p)

Vibrational frequency of the OHp normal mode of the T12 cluster
νOH (cm−1) 3706 3579

3659a 3809a 3659.0a 3659a

Frequency shift (δOH, cm−1) −127
0a −150a

Vibrational frequency of the SH normal mode of the ethanethiol molecule
νSH (cm−1) 2617 (2601)b
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Frequency shift (δSH, cm )

a With the T3 cluster.
b The values between parentheses correspond to the vibration frequency mod

he δOH is −150 cm−1, and the interaction of a cluster of four
etrahedral (T4) with C2H5SH evaluated at B3LYP/6-31+G(d,p)
evel gives a value of −328 was found for δOH. From these results
he δOH of 335 cm−1 at B3LYP for T12 was estimated. Quali-
atively, these results are in the same order of magnitude as the
xperimentally measured frequency shift for the C2H5SH inter-
ction with SiO2 and ZSM5 zeolite, which values corresponds to
283 and −769 cm−1, respectively [3]. It is important to note

hat the SH normal mode of the sulfur compound is slightly
ffected by the interaction with the zeolite network, where the
hift for this mode is 16 cm−1.

In order to reproduce theoretically the experimental fre-
uency shifts due to the S· · ·HpO(zeolite) interaction it is
ecessary to take in account post Hartree–Fock levels of theory
ith extended basis sets and to consider model zeolite clusters
f larger size where the long range interactions can be properly
reated. Further works in this direction are being performed in
ur laboratory.

. Conclusions

In this paper we carried out a theoretical study about the
nteraction of C2H5SH with acid zeolites leading to the forma-
ion of the van der Waals adsorption C2H5SH–zeolite complex.
b initio Hartree–Fock and B3LYP methods were employed for

he calculations with the standard 6-31+G(d,p) basis set. Zeolite
tructure clusters of three tetrahedral (T3) and a 12-membered
ing (T12) containing one hydroxyl Brönsted acid site were
sed. The isolated molecules, zeolite clusters and complexes
ere restricted to maintain Cs symmetry. For these species the
eometries, energies, and vibrational properties were analyzed.
esults for B3LYP show smaller bond distances and stronger

nteractions than HF. Comparison of calculated values of DPE
ith literature are within the accepted range for acid zeolites. It
as also found that the adsorption of C2H5SH in model zeolites
ives a linear structure complex that is similar to previously
eported one for CH3SH–zeolite. The adsorption energy and

eometry structure results show that model clusters of large size
s T12 have a more stabilizing interaction (higher adsorption
nergy) and shorter S· · ·Hp and Hp O bond distances than small
nes (T3). The C2H5SH adsorption energy in a faujasite zeolite
16

e isolated molecule. Ref. [15].

odel is slightly stronger than that of CH3SH in a ZSM5 zeolite
odel. A comparison with results reported in the literature indi-

ates that the nature of C2H5SH adsorption in zeolites is similar
o other sulfur–zeolite complexes. The increase of the S C and
he decreases of the S H bond of ethanethiol by effects of zeo-
ite complexation suggest that C2H5SH–zeolite complex can be
onsidered as a precursor state for the DHs process.

The analysis of the charge distribution of the isolated
olecules and cluster models and the corresponding complexes

hrough the MAP shows that there is an important charge polar-
zation in the O atom of the BAS hydroxyl group and the in the

atom of the thiol molecule. The O acts as an electron donor
nd S as an electron acceptor.

The O–Hp vibrational frequency mode decreases by the effect
f the acid coordination and theoretical shifts are comparable
o the corresponding experimental values of the adsorption of
thanethiol in SiO2 and acidic zeolites, whereas the SH vibra-
ional mode of the sulfur compound increases by effect of the
nteraction.

The results presented in this work are limited because the
ander Waals interactions are ignored. In this sense, further work
s under development in our laboratory in order to account the
ffects of large zeolite clusters – including periodic models –
n the adsorption process of organic compounds in mesoporous
ystems.
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