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Abstract

Our research project has been carefully developed to focus on molecular design,
fabrication and characterization of nanostrcutured and nanoporous materials, in particular, on
design, synthesis and reaction mechanism of the industrially important zeolite catalysts. Our
newly developed synthetic methods are able to effectively control their crystals and pore sizes for
facilitating the diffusion of the large chemical molecules such as the long chain hydrocarbon
compounds. These excellent properties are very important and one of the essential key factors for
cracking reactions frequently undertaken in Thai chemical industries. In addition to this, fine
experiments, either state-of-the-art syntheses or the high performance of catalysts, the Nanoscale
ab initio electronic structure theory and cutting-edge simulations are also employed as effective
tools to design the molecular structure and reaction mechanisms and, more importantly, to derive
kinetic and thermodynamic parameters which are employed to predict the feasibility of reaction.
Thus, the combined state-of-the-art methods lead to the fabrication of novel and high efficiency
nanoporous and nanostructured materials. Moreover, other porous materials including nanoporous
carbons, metal-organic frameworks and nanoporous alkali halide polymophs are investigated.
Such systematic and accurate findings provide not only reliable data for experimental and
theoretical researchers for further development, but real-time beneficial information for utilizing
them as nano-materials for many important areas such as, chemical, electronic, energy and
medical applications.

Our small project of 3 MB could generate 29 articles published in prestige international
journals, each with a very high impact factor, including the American Chemical Society Journals
and Royal Society of Chemistry, England. These scientific outputs are crucial and indeed
beneficial information for creating nano-materials used in chemical and petrochemical industries
and do lead to collaboration between academic and industrial sections to propel the development

of the potential researches in Thailand.
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functional theory study of the carbonyl-ene reaction of encapsulated
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Limtrakul, The quantum confinement effect on the adsorption and reaction
of aliphatic and aromatic hydrocarbons on ‘nano reactor’ ZSM-5 zeolite: A
newly developed density functional theory (DFT) investigation.

Chawanwit Kumsapaya, Karan Bobuatong ,Saowapak Choomwattana, Pipat
Khongpracha,Yuthana Tantirungrotechai, Jumras Limtrakul, A mechanistic
investigation on 1,5- to 2,6-Dimethylnaphthalene isomerization catalyzed by
acidic Beta zeolite: An ONIOM study with a newly developed density
functional theory.

Jittima Meeprasert, Saowapak Choomwattana, Piboon Pantu, Jumras Limtrakul,
Dehydration of ethanol into ethylene over H-MOR: A quantum chemical
investigation of possible reaction mechanisms in the presence of water.
Karan Bobuatong, Jakkapan Sirijaraensre, Pipat Khongpracha, Piboon Pantu,
Jumras Limtrakul, The Theoretical Investigation of Oxidative
dehydrogenation of ethane to ethene over Fe-ZSM-5: A QM/MM study.
Sudarat Yadnum, Saowapak Choomwattana, Pipat Khongpracha, Jumras
Limtrakul, structures and mechanism of MOF-505 and Cu-ZSM-5 promoted

Mukaiyama aldol reaction: An ONIOM study.
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Alexander Kuhn, Dissymetric metal deposition on carbon nanotubes.
Teeranan Nongnual, Saowapak Choomwattana, Somkiat Nokbin, Pipat
Khongpracha, Jumras Limtrakul, Electron hopping process in SWCNT-
mediated redox reaction: An evidence observed by DFT theory.

Winyoo Sangthong, Jumras Limtrakul, Francesc Illasa, Stefan Thomas Bromley,
Comparing the stabilities of nanoclusters and cluster-based materials: alkali

halides and the first row element compounds.
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Limtrakul, Propane cracking reaction over different types of nanostructured
zeolites: A newly developed DFT approach.

Supalak Khueanphet, Bundet Boekfa, Tanin Nanok, Jumras Limtrakul,
Adsorption of a basic probe molecule over nanostructured zeolitic catalysts
(H-FAU, H-MOR, and H-MCM-22): A newly developed density functional
M06-2X study.

Chularat Wattanakit, Butdet Boekfa, Somkiat Nokbin, Piboon Pantu, Jumras
Limtrakul, Skeletal isomerization of 1-Butene over ferrierite zeolite: A
quantum chemical analysis of structures and reaction mechanisms.
Kanokwan Kongpatpanich, Tanin Nanok, Bundet Boekfa, Jumras Limtrakul,
Structures and reaction mechanisms of glycerol dehydration over H-ZSM-5
zeolites.

Bundet Boekfa, Piboon Pantu, Pailin Limtrakul, Michael Probst, Jumras
Limtrakul, Application of newly developed MO06-2X functional for
identifying A suitable industrially important petrochemical zeolite catalyst

for a particular reaction.
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chemical analysis of reactions between Pyridine and the industrially
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Sippakorn Wannakao, Bundet Boekfa, Pipat Kongpracha, Jumras Limtrakul,
Oxidative dehydrogenation of propane over a VO,-exchanged MCM-22: A
newly developed DFT study.

Thana Maihom, Piboon Pantu, Chaiwat Tachakrittikul, Jumras Limtrakul,
Adsorption and cracking reaction of n-Hexane over H-ZSM-5: A M06-2X
study.

Sudarat Yadnum, Soawapak Choomwattana, Pipat Kongpracha, Jumras
Limtrakul, Density functional study of epoxide ring-opening reaction with
methanol promoted by dicopper carboxylate in metal-organic framework.
Chardchalerm Raksakoon, Saowapak Choomwattana, Jumras Limtrakul,
Molecular dynamics simulation of otho-, para- and meta-xylenes diffusion
in MOF-5 with a model potential of Zn-O bonds for MOF materials.
Panvika Pannopard, Pipat Kongpracha, Chompunuch Warakulwit, Jumras
Limtrakul, Decomposition of nitrous oxide on transition metal-doped carbon

nano-tubes.
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Bundet Boekfa, Thana Maihom, Sippakorn Wannakao, Karan Bobuatong,
Jumras Limtrakul, Structures and reaction mechanisms of propene oxide
isomerization to propanal on H-FER zeolite: A theoretical study using the
newly developed density functional theory.

Bundet Boekfa, Thana Maihom, Sippakorn Wannakao, Pailin Limtrakul, Jumras
Limtrakul, Catalytic dehydrogenation of ethylbenzene to styrene over Fe-
ZSM-5 zeolite: A newly developed density functional theory (M06-L) in

ONIOM scheme.
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Karan Bobuatong, Bundet Boekfa, Sippakorn Wannakao, Jumras Limtrakul,
Structures and Reaction pathways of Methylation of 2-methylnaphthalene
with Methanol over HBEA zeolite.

Sippakorn Wannakao, Thana Maihom, Winyoo Sangthong, Bundet Boekfa,
Pipat Khongpracha, Jumras Limtrakul, DFT study of oxidative
dehydrogenation of propane over a VO2-exchanged MCM-22 and ZSM-5
zeolites.
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Reaction mechanisms of ethene formation via ethanol dehydration
catalyzed by Fe-ZSM-5 zeolitez An ONIOM study with an MO06-L
functional.
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of the hydrogenation reaction of encapsulated formaldehyde in Na-FAU

zeolite.
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Teeranan Nongnual, Jmras Limtrakul, Healing of a vacancy defect in a Single-
Walled Carbon Nanotube by carbon monoxide disproportionation.
Sippakorn Wannakao, Pipat Khongpracha, Jumras Limtrakul, Carbonyl-ene
reaction of encapsulated formaldehyde in Cu(I), Ag(I) and Au(I) exchanged
FAU zeolites.

Thana Maihom, Jumras Limtrakul, Theoretical investigation of the effect of
the zeolite acidic strength on the reaction mechanism of n-Hexane cracking.
Anawat Thivasasith, Panvika Pannopard, Pipat Khongpracha, Chompunuch
Warakulwit, Jumras Limtrakul, H-Bond formation assisted by a single Au

atom and an Au,, cluster: A DFT study.
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Theoretical studies of nitrous oxide decomposition reaction in transition
metals (TM) ion exchanged ZSM-5 zeolite.
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framework and cation on dehydrogenation of methanol over Na-exchanged
faujasite zeolite: A newly developed density functional (M06-2X).
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The mechanism and energetic profile of the Beckmann rearrangement reaction of cyclohexanone

oxime to e-caprolactam catalyzed by the H-[AI]-MFI and H-[B]-MFI zeolites were investigated
by both the bare cluster and the ONIOM models at the B3LYP/6-31G(d,p) and the B3LYP/
6-31G(d,p) : MNDO levels of theory, respectively. In order to improve the energetic properties
and take into account the whole zeolite framework effect, single point calculations are
undertaken at the embedded ONIOM?2 schemes; MP2/6-311G(d,p) : HF/6-31G(d) with an
additional long-range electrostatic potential from the extended zeolite framework. The reaction
mechanism of the Beckmann rearrangement over the acid site of zeolites consists of three steps:
the 1,2 H shift, the rearrangement and the tautomerization. The activation energies for the
Beckmann rearrangement of cyclohexanone oxime on the H-[AI]-MFI zeolite are calculated to
be 31.46, 16.15 and 18.95 kcal mol™', for the first, second and third steps, respectively, whereas
in the H-[B]-MFTI zeolite, the energy barriers for each step of the reaction are 24.33, 7.46 and
20.43 kcal mol ™!, respectively. The rate-determining step of the reaction is the first step, which
is the transformation from the N-ended cyclohexanone oxime adsorption complex and the
O-ended one. These results signify the important role that the acid strength of zeolites plays in
altering the energy profile of the reaction. The results further indicate that the weak Bronsted
acid sites in the [B]-MFI zeolite could better catalyze the Beckmann rearrangement of
cyclohexanone oxime than the strong acid sites in the [Al]-MFI zeolite, as compared with

the quantitatively low activation energy of most steps. However, the turnover reaction of the
H-[B]-MFI zeolite might be delayed by the quantitatively high desorption energy of the product

as compared to the adsorption energy of the reactant.

Introduction

The Beckmann rearrangement' ® is one of the most important
industrial reactions for producing the e-caprolactam, an
important intermediate for the production of the Nylon-6
polymer. In the conventional method, this process uses acid
solution, ammonia and cyclohexane as the principal raw
materials. However, it is both environmentally unfavorable;
due mainly to the use of corrosive sulfuric acid, instrument
corrosion occurs and wastes the resources; and ammonium
sulfate, a by-product formed during the neutralization process,
is produced at approximately 1-5 times that of e-caprolactam.
Hence, a range of heterogencous catalysts are used in this
reaction with the objective of overcoming these problems.
Zeolites have been widely investigated on this reaction,
for example MFL ' FAU,"> 2 Beta,”*2° and MOR!>16-2°
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zeolites. From previous studies, it is of interest to note that
porous catalysts like zeolites show both high activity and
provide a highly selective product. As a result of these
investigations, Sumitomo Chemical Co., Ltd., have industria-
lized the production of e-caprolactam, using high-silica
MEFI zeolite as the catalyst for the vapor phase Beckmann
rearrangement. This process does not produce any ammonium
sulfate, a by-product through the Beckmann rearrangement
without a catalyst.

The Beckmann rearrangement catalyzed by solid catalysts
(usually called the vapor-phase Beckmann rearrangement)
has been the subject of many researchers who have deve-
loped suitable experimental and computational techniques
for finding an efficient catalyst which can enhance the pro-
cess of manufacturing the desired product. In earlier
studies, '®19-23-26.31 strong Brensted acid sites in zeolites were
suggested as playing a crucial role in catalyzing this reaction
by protonating the oxime molecule, whereas external silanols
appear to be nonreactive, while in some previous
works,3!1:12:21:3233 they have reported that the weak acidic
groups in zeolites such as high-silica MFI, [B]-MFI and
[B]-Beta are also active catalysts for the rearrangement reac-
tion with high activity and selectivity toward e-caprolactam.
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Scheme 1 The reaction mechanism for the Beckmann rearrangement.

Therefore, the role of the acid site strength in the Beckmann
rearrangement is a matter of debate.

The reaction mechanism over the Bronsted acid site of zeolite
catalysts is intensively investigated both experimentally?>>33+3¢
and theoretically.?®2%3¢37 The reaction mechanism, commonly
suggested for the Beckmann rearrangement, is described in
Scheme 1 as follows:

The reaction initially involves the protonation of the oxime
molecule at the nitrogen atom of the oxime molecule (designated
by N-Bound). Then, in the first TS step, named the 1,2 H-shift
step, the hydrogen is transferred from the nitrogen-end to the
oxygen atom of the oxime molecule (designated as O-Bound)
and followed by migration of an R group (R = alkyl, aryl or
hydrogen), which is anti to both the hydroxyl group and to the
nitrogen atom, and a water molecule is displaced. This second
step is called the rearrangement step. Subsequently, the dis-
placed water molecule binds to the carbon atom, simultaneously
transferring a proton to the acid catalyst. The last transforming
step is the tautomerization from the enol-amide complex to the
amide complex and desorption of the amide molecule in the final
step. Recently, theoretical investigations reveal that the transfer
of proton from the nitrogen-end to the oxygen-end of oxime
molecules is the rate-determining step of the reaction when it
occurs over zeolite catalysts. Nevertheless, the theoretical
investigation of the Beckmann rearrangement on zeolite systems
is not yet well-founded.

The aim of this work is to investigate the effect of the
Bronsted acid site strength in isomorphously substituted MFI
zeolites: H-[AI]-MFI and H-[B]-MFI zeolites, on the reac-
tion mechanism and the energetic profile of the Beckmann
rearrangement of cyclohexanone oxime. To the best of
our knowledge, no theoretical study has investigated the
Beckmann rearrangement mechanism of cyclohexanone oxime
catalyzed by as large a unit cell zeolite as MFI zeolite. This
finding can provide more insight into the role of the acidic
strength of zeolite on the Beckmann rearrangement reaction.
The interaction of the MFI zeolite and the oxime molecule has
been investigated by using the bare cluster and embedded
ONIOM approaches.

Computational details

To determine the adsorbed structure of cyclohexanone oxime
molecules in H-[Al]-MFI and H-[B]-MFI zeolites, the ONIOM
models were used. The T12 site, which has been widely used
to model the active site of MFI in many theoretical studies,
is substituted with two different types of trivalent atoms;

AP and B** . Either B substitution or Al substitution introduces
a net negative charge in the zeolite framework which is compen-
sated by a proton acting as a Bronsted acid site to preserve
neutrality. Due mainly to the large unit cell of the MFI zeolite,
the use of periodic calculation is computationally too expen-
sive and even impractical. Recently, hybrid methods such as
the embedded cluster,’®?”-3 4 QM-Pot*” * as well as the
ONIOM methods®® % have been used for including the frame-
work effects of zeolite with the benefit of the computational
cost becoming economically feasible. In the ONIOM?2 scheme,
the MFI zeolite is represented by the 128T model which covers
the nanometer-sized cavity that is the intersection of the main
and sinusoidal channels and the location of the active site of
MEFI zeolite. The 128T ONIOM model (see Fig. 1) is divided
into two layers: only the small active region (12T) located at
the intersection of the main and sinusoidal channel is acces-
sible to the adsorbates (see Fig. 1a—b), the active site of the
H-MFI zeolite was treated accurately with the density func-
tional theory (B3LYP) with the 6-31G(d,p) basis set, while the
contribution of influences from the rest of the model was
approximated by a less expensive method (MNDO). This
combination was previously used to investigate the adsorp-
tion of NH; and H,O in H-CHA zeolite.® These results
showed that the adsorbed structures obtained from the
ONIOM2(B3LYP: MNDO) scheme are in agreement with
those obtained from periodic calculations. In order to obtain
more accurate adsorption energies, single point calculations
were carried out at the ONIOM2(MP2/6-311G(d,p): HF/
6-31G(d)) level of theory. Attempts have been made to
demonstrate that the geometry constraints imposed in this
work do not influence the results. Some test calculations on
cyclohexanone oxime over the H-[Al]-MFI and H-[B]-MFI
zeolite have been performed using two different sizes of QM
region: 12T and 30T atoms with a different degree of relaxa-
tion in QM regions (see ESI, Fig. S1 and Table S1).1 It was
found that no significant structural differences were obtained
when using 5T, 8T and 24T clusters during optimization.
Furthermore, the combination of B3LYP and UFF, which
has shown good results in predicting the structural parameters
and reaction energies in previous works, is preformed to
compare the results with the MNDO environment.
The B3LYP: UFF combination®*® has been found to pro-
vide a good description of the short range van der Waals

Fig. 1 Presentation of the 128T ONIOM?2 model of H-MFI zeolite.
The atoms belonging to the high-level region are presented as bonds
and sticks, while the rest of the atoms belong to the low-level region.
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interactions. The ONIOM calculation using B3LYP: MNDO
with the 12T :128T cluster leads to geometry similar to that
obtained from the B3LYP: UFF calculations. The adsorption
energy computed from MP2/6-311G(d,p) : HF/6-31G(d) single
point calculations at the B3LYP/6-31G(d,p): MNDO opti-
mized structures, is also in agreement with the B3LYP: UFF
value. Consequently, the use of the MP2/6-311G(d,p) : HF/6-
31G(d)//B3LYP/6-31G(d,p) : MNDO approach seems to be a
good strategy to model this system (see ESI, Table S2).7 All
optimizations have been preformed on the 12T/5T cluster
embedded in the 116T cluster treated by the MNDO method.
However, the 128T ONIOM model neglects the long-range
effects from the remaining infinite lattice of zeolite (excluding
the 128T ONIOM model). Hence, in order to fulfil the entire
behavior of the adsorption properties of the probe molecule in
the zeolite pore, the ONIOM model is embedded in the zeolitic
Madelung potential field which is represented by two sets of
point charges generated by the SCREEP method.?%27-40-46
The detailed description of the SCREEP method which
reproduces the correct Madelung potential calculated from
the Ewald-sum method was previously reported elsewhere.**4
This new model can take into consideration the long-range
effects extended from the general ONIOM model. The com-
bination of the SCREEP and ONIOM approach is called
the embedded-ONIOM approach (e-ONIOM) which is a
sufficiently accurate and practical model for studying reaction
mechanisms on zeolite systems.®**®¢7 Verification that the
optimized transition state connects the intended reactant and
product, was made by normal mode analysis. All calculations
were carried out using the Gaussian 03 program.®®

Results and discussion

The local structure of the isomorphously substituted MFI
structure

Selected parameters of the active sites of both zeolites are
listed in Table 1 and illustrated in Fig. 2a-b. It is obvious that
the type of trivalent atom substituted into the zeolite frame-
work has a significant effect on the structure of the zeolite
framework and the length of the O—H bond of the Bronsted
acid site. For the acid site structure, the O-H bond distance of
the H-[B]-MFI zeolite is slightly shorter than that of the

Table 1 Optimized geometries and proton affinity (PA) of H-[B]-MFI
and H-[Al-MFI at the ONIOM2(B3LYP:6-31G(d,p): MNDO)
scheme

Parameters H-[B]-MFI H-[Al-MFI
0Ol1-H1 0.970 0.973
Sil-01 1.656 1.653
M3}T-01 1.782 1.802
Si-02 1.607 1.582
M3}T-02 1.402 1.663
M-H 2.195 2.301

/. Sil-01-M 137.6 127.8

/ Si2-02-M 149.2 133.8
g(H1)" 0.5419 0.5755

¢ The atomic charges from the Mulliken population analysis
were carried out by single point calculations with the full quantum
calculation, HF/6-31G(d) level of theory.

Fig. 2 Optimized geometric parameters of the 128T ONIOM model
of zeolites at the B3LYP/6-31G(d,p) : MNDO scheme: (a) H-[Al]-MFI
zeolite and (b) H-[B]-MFI zeolite.

H-[AI-MFI zeolite by 0.003 A. The negligible difference
of the O1-H1 bond distance has an effect on the charge-
population changes for the Hl atom (0.5419 vs. 0.5755),
suggesting that the acid site of the H-[Al]-MFI zeolite is more
acidic than that of the H-[B]-MFI zeolite. Some significant
differences are found in the bond distances and bond angles of
the zeolite framework. The distances between the silicon atom
and the bridging oxygen atom (Si—-O bond distance) of
the H-[B]-MFT zeolite are slightly longer than those of the
H-[A1]-MFT zeolite and the angles between the substituted site
and neighboring silicon atoms (M**—O-Si) in the H-[B]-MFI
zeolite are larger than those in the [Al]-MFI by around 10-13°.
The distances between the substituted site and the bridging
oxygen atoms (M®"—0) in the H-[B]-MFI are significantly
shorter than those in the [Al]-MFI zeolite by 0.02 and 0.26 A
for the M?*~0O1 and M?*"-02 bond distances, respectively.
Because of the small size of the B> cation, the length of the
B-O1 bond distance no bonding occurs between the B and the
bridging hydroxyl group, and the structure is in the form of a
trigonal BO3; and a terminal silanol group is formed in the
H-[B]-MFI zeolite. These observations are consistent with
previous experimental and theoretical studies.®*7*

The Beckmann rearrangement on an isomorphously substituted
MFI structure

The 1,2 H-shift step. The geometrical parameters of
the N-bound complex, the H-shift transition state and the
O-bound complexes calculated by the ONIOM?2 scheme
are illustrated in Fig. 3a—c for the H-[AI-MFI zeolite and
Fig. 3d—f for the H-[B]-MFI zeolite. At the initial step, the
cyclohexanone oxime molecule interacts with the acidic site of
the zeolite via its nitrogen atom. The reaction subsequently
proceeds in three consecutive steps. The first step is called
1,2 H-shift step. The initial adsorption complex; N-bound com-
plex on both zeolites: H-[Al]-MFI and H-[B]-MFTI zeolites, is
in the form of a protonated complex, which is consistent with
previous experimental studies®>** that observed the proto-
nated form of cyclohexanone oxime over the Bronsted acid
site. In both zeolitic systems, the O1-H1 bond in the N-bond
complex is lengthened to 1.775 and 1.764 A to form the N-H1
single bond. The N-H1 bond distance is predicted to be 1.035
and 1.043 A for the H-[A1]-MFT and the H-[B]-MFI systems,
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Fig. 3 Optimized geometrical parameters of the stationary points
corresponding to 1,2 H-shift step of cyclohexanone oxime:
(a) N-bound complex, (b) 1,2 H-shift transition state complex and
(¢) O-bound complex, respectively. They are catalyzed by the
H-[Al]-MFI zeolite. Sections (d)—(f) present the corresponding
complexes on the H-[B]-MFI zeolite.

respectively. This complex consists of the two strong hydrogen
bond interactions between O5-H2-O2 and N-H1-O1 and
corresponds to the previous theoretical studies on the MFI®
and FAU?" zeolites. The adsorption energy of this complex
is calculated to be —50.67 and —39.91 kcal mol~' for the
H-[Al]-MFI and H-[B]-MFI systems, respectively. The diffe-
rence of the adsorption energy of this complex is due mainly to
the acidic strength of the Bronsted acid sites of both zeolites.
Due to the H-[AI]-MFI zeolite being more acidic than the
H-[B]-MFTI zeolite, the adsorption energy of cyclohexanone
oxime on the H-[AI]-MFI zeolite is more exothermic.
The transition state (c¢f. Fig. 3b and e) of the first step is the
transfer of the active proton (H1) from the nitrogen-ended
site to the oxygen-ended site of the cyclohexanone oxime. The
structural changing from the N-bound complex to the other

one in this transition state can be observed from the N-H1,
O3-H1 and N-O3 bond distances. At the TS, the N-O3
bond distance is elongated by about 0.08 and 0.06 A for the
H-[AI-MFI and H-[B]-MFI systems, respectively. For the
active H1 atom, the bond distance between it and the nitrogen
atom is broken and located in the midway point between the N
and O atoms, with the N-H1 and O3-HI1 active distances
being 1.876 and 1.935 A for the H-[AI]-MFI system, and 1.946
and 1.874 A for the H-[B]-MFI system. These distances
correspond to a previous observation in the zeolitic systems:
MOR?® (1.90 A), MFI*® (1.95 A) and FAU? (1.85 A). With
assistance from the zeolite framework in shuttling the proton,
the barrier height of this step is 31.5 and 24.3 kcal mol~" for
the H-[Al]-MFI and H-[B]-MFI zeolites, respectively. They are
quantitatively similar to the activation energies of the oximes
in the zeolite systems in previous studies?®* by 21-31 kcal mol ™.
The reduction of the activation energy for this step in the
H-[B]-MFI zeolite, as compared to that in the H-[Al]-MFI
zeolite, is due mainly to the decrease of the acidity of Bronsted
site of the zeolite that leads to a significantly weak interaction
in the initial-state adsorption of reaction, N-bound complex.
This observation is consistent with previous works,**?” con-
cluding that the barrier height of this step corresponds to the
strength of the adsorption in the N-bound complex. Sub-
sequently, after the 1,2 H-shift process, the O-bound complex,
which is an interaction between the oxygen atom of cyclo-
hexanone oxime and the Bronsted acid site of zeolite, is formed
with the adsorption energy of —31.51 and —18.91 kcal mol ™.
Contrary to the N-bound complex, it can be seen clearly
from Fig. 3c and f that only the H-[AI]-MFI zeolite promotes
the protonation of the O-bound complex, whereas the
corresponding complex on the H-[B]-MFI system is in a
molecularly adsorbed state. In the [AI]-MFI system, the
protonated-oxygen cyclohexanone oxime interacts with the
bridging oxygens of zeolite via two strong hydrogen bonds:
Ol---H1-03 and 02---H2-03 (1.984 and 1.435 A), while for
the [B]-MFT system, the physisorbed oxime molecule is stabi-
lized by one strong O3- - -H1-O1 hydrogen bond (1.510 A) and
one weaker O2---H2-O3 hydrogen bond (2.414 A), The
difference between the geometrical O-bound complex and
the calculated heat of adsorption values corresponds to the
acidic strength of the Bronsted acid site of the zeolites.

The rearrangement step. The key parameters of the rearrange-
ment transition state and the corresponding intermediate product
are illustrated in Fig. 4a-b for the H-[AI-MFI zeolite and
Fig. 4c—d for the H-[B]-MFI, respectively. In the transition state
of the [Al]-MFI zeolite, the C1-C2 bond is broken and the C2 is
shifted toward the N atom and located above the C1-N bond,
causing a shortening of the N—C1 bond distance from 1.280 to
1.187 A. The bond distances of the C1-C2 and N-C2 bonds are
predicted to be 1.864 and 1.995 A, respectively. Concurrently
with the breaking of the C1-C2 bond, the N-O3 bond is broken
and a water molecule is separated from the rest of the molecules.
The intermolecular N-O bond distance is significantly elongated
t0 2.545 A. The O3-H1 and O3-H2 bond distances are shortened
to 0.966 and 0.976, respectively, and the bond angle of
H1-02-H2 is slightly spread from 103.0 to 103.7°, while in
the rearrangement TS step over the H-[B]-MFI zeolite, the

This journal is © the Owner Societies 2009
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Fig. 4 Optimized geometrical parameters of the stationary points
corresponding to the rearrangement step of cyclohexanone oxime:
(a) the rearrangement transition state complex and (b) the enol—
amide adsorption complex, respectively. Those are catalyzed by the
H-[Al]-MFT zeolite. Sections (c¢) and (d) present the corresponding
complexes on the H-[B]-MFT zeolite.

elimination of the C1-C2 bond and the transfer of the C2 to the
N atom take place with low activation energy. The C2 atom is
located in between the C1 atom and N atom with bond distances
of 1.841 and 1.999 A for the C1-C2 and N-C2 bond lengths,
respectively. Furthermore, comparing the rearrangement transi-
tion state between both zeolitic systems, we found that
the protonation occurred during the rearrangement in the
H-[B]-MFI zeolite. The activation energy for this step is calcu-
lated to be 16.15 and 7.46 kcal mol~! for the H-[Al]-MFI and the
H-[B]-MFI zeolites, respectively. The reduction of the energy
barrier for this step is due mainly to the adsorption strength of
the O-bound complex. In the H-[B]-MFT zeolite, this complex is
in the neutral form complex, whereas in the other zeolite, it is in
the protonated complex. Therefore, the effects from the zeolite
framework have a much larger degree of stabilization of
the O-bound complex in the H-[AI]-MFI zeolite than that in
the H-[B]-MFI zeolite. Our results compare well to the periodic
calculation® that predicted the activation energies to be 21.05
and 15.31 kcal mol ! for the 1,2 H-shift and rearrangement steps
on the Bronsted acid site of MOR zeolite. After the rearrange-
ment process, the enol-amide complex is formed. The distances
of the forming bonds, N—C2 and C1-03, are 1.465 and 1.469 A,
respectively, resulting in slight shortening of the N—C1 bond. The
adsorbed complex is in a protonated form, forming two slightly
stronger hydrogen bonds to the bridging oxygen atoms of zeolite
with the -OH, group. The intermolecular O1-HI1 and O2-H2

bond distances are 1.754 and 1.398 A, respectively. In the
H-[B]-MFI zeolite, the enol-amide complex is in the neutral
complex consisting of only a strong hydrogen bond between the
O3 atom and the Brensted acid site of [B]-MFI zeolite. The
distances of the newly formed N-C2, C1-O3 and O3-H1 bonds
are 1.460, 1.402 and 1.562 A, respectively. The adsorption
energies are predicted to be —59.86 and —52.19 kcal mol ™! for
H-[AI-MFI and H-[B]-MFI zeolites, respectively. The diffe-
rence in the adsorption energies of these complexes is in agree-
ment with their structural adsorption complexes, as shown in
Fig. 4b and d.

Tautomerization step. The optimized structures of this state
are illustrated in Fig. 5a-b for H-[AI]-MFI zeolite and
Fig. 5c—d for H-[B]-MFI, respectively. The transition state of
this step (¢f. Fig. 5a and c) is the migration of the H atom from
the —OH group to the N atom to form the e-caprolactam. In
the H-[Al]-MFT system, the migrating proton (H2) is close to the
midway point between the O3 and N atoms (the distances of
0O3-H2 and N-H2 bonds are 1.218 and 1.414 A) where it is
nearly in the same plane with the O3 and N atoms of the
enol-amide complex (the N-C1-O3-H2 dihedral angle is 3.0°%;
see Fig. 5a and c). These take place simultaneously with
shortening of the C—O bond (by about 0.05 A) and the slight
elongation of the N—C1 bond (by about 0.02 A) for transfer-
ring to the amide compound, the keto—amide complex. Whilst
in the H-[B]-MFI zeolite, the migration proton is located in a

Fig. 5 Optimized geometric parameters of the complexes corres-
ponding to the tautomerization step of cyclohexanone oxime: (a) the
tautomerization transition state complex and (b) the keto—amide adsorp-
tion complex, respectively. Those are catalyzed by the H-[AI]-MFI
zeolite. Sections (c) and (d) present the corresponding complexes on
the H{B]-MFT zeolite.
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similar geometry as that found in the H-[Al]-MFI zeolite. The
N-H2 and O3-H2 bond distances are 1.406 and 1.213 A,
respectively. These are quantitatively similar to the corres-
ponding bonds in the H-[AI]-MFT zeolite. Concurrently with
the migration of the H2 atom, the proton of the Bronsted acid
site is transferred to protonate the O2 atom of the enol-amide
complex during the transition state. The activation energy for
this step, using the embedded-ONIOM?2 model, is evaluated
to be 18.95 and 20.43 kcal mol~' for the H-[AI-MFI and
H-[B]-MFI zeolites, respectively. The barrier for this step
in the H-[AI]-MFI zeolite is slightly lower than that in the
H-[B]-MFT zeolite because of the enhancement of the acidity
of the H2 atom caused by the protonation at the oxygen atom
of the enol-amide product. After the tautomerization process,
the keto—amide product or e-caprolactam 1is formed
(cf- Fig. 5b and d). The interaction between the keto—amide
complex and the Bronsted acid site of both zeolites is in
the form of a protonated complex which agrees well with the
experiment observation®*” that the O-protonated e-caprolactam
is formed over the Bronsted acid sites of zeolite. The desorption
energy of the e-caprolactam molecule is calculated to be —44.96
and —39.11 kcal mol™" for the H-[AI-MFI and H-[B]-MFI
zeolites, respectively. The high value of the desorption energy
indicates that the desorbing process of the reaction product from
the zeolites possibly obstructs the adsorption of the oxime
molecule in the first step of the reaction. These results agree
well with previous experimental studies,'*'> concluding that
the reaction on the strong Brensted acid of MFI is very active
in the rearrangement of the cyclohexanone oxime to the
g-caprolactam, but a problem will be encountered due to a
difficulty in the desorption step, which also leads to the catalyst
deactivation because of coke deposition in the zeolite pores.
Because the produced e-caprolactam remains on the acid sites, it
is converted to an oligomer, which could be a precursor of coke.

A comparison of the results of the embedded ONIOM model
and the bare cluster model (see ESI),T reveals that the effects
from the zeolite framework play an important role in lowering
the activation energies in each step of the reaction, excepting the
1,2 H-shift step. It is because of the zeolite framework effect
having a much larger degree of stabilization of the adsorption
complex, N-bound complex, than at the TS complex. Con-
sequently, this step is the rate-determining step of the reaction
in both zeolites which have activation energies of 31.46 and
24.33 kcal mol~! for the H-[AIl-MFI and H-[B]-MFI zeolites,
respectively (cf. Fig.6). The largest effect is at the rearrangement
step, which is the connection between the O-bound complex
and the enol-amide complex. The zeolite framework effects
lower the energy barrier by about 10 and 25 kcal mol ™! for the
H-[AI]-MFI and H-[B]-MFI zeolites, respectively.

Conclusions

In this work, we have examined both the role of acid strength
and the zeolite framework effects on the Beckmann rearrange-
ment of cyclohexanone oxime catalyzed by the isomorphously
substituted MFI zeolites: the H-[Al]-MFI and the H-[B]-MFI
zeolites. All of these systems have been investigated by both
the bare cluster and the ONIOM2 scheme. By use of the
ONIOM2 scheme in combination with the electrostatic potential

Lags | Cposime
- +
{kecal/moly LIAZS S
-19.21 e
Gt &-Caprolactan,
§ LE,731.46 -40-91_ v
i O-bound } IHALZSM-S
I complex /1:.218.95 #45.54
-50.67 AT
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290.50
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{kcal/mol) 11-|BJ;SM-.<
-11.45
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-1891
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-39.91 complex TL{RJ7SM-5
N-bound F— _;'"45 54
complex -52.19 H
enol-amide
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3465
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Fig. 6 The energetic profile along the pathway of the Beckmann
rearrangement of the cyclohexanone oxime molecule on zeolites at the
embedded ONIOM?2 scheme (MP2/6-311G(d,p):HF/6-31G(d)//B3LYP/
6-31G(d,p):MNDO) level of theory: (a) H-|{AI-MFI zeolite, (b) H-[B]-
MFI zeolite. The energetic changes for complexes are in kcal mol ™.

obtained from the SCREEP method, it demonstrates that
the electrostatic potential from the extended zeolite framework
plays a dominant function in the reduction of the energy
barrier. The reaction is initiated by the strong interaction of
the N-ended cyclohexanone oxime on the acid sites of the
zeolite. The N-ended adsorption complex is transformed to
the O-ended adsorption complex via the 1,2 H-shift step. Sub-
sequently, the e-caprolactam is yielded rapidly via the rearrange-
ment step and the tautomerization step, respectively. From the
embedded ONIOM2 scheme, the rate determining step of the
reaction is the 1,2 H-shift step which has an energy barrier of
31.46 and 24.33 kcal mol ! for the H-[AI-MFI and the H-[B]-
MFT zeolites, respectively (¢f. Fig.6). Furthermore, we found
that the protonation of the reaction product g-caprolactam
occurs in both zeolites H-[Al]-MFI and H-[B]-MFI. This leads
to a strong adsorption on the catalyst surface. It should be noted
that the catalyst deactivation might take place due to the
irreversibly adsorbed e-caprolactam molecule. One may expect
that the addition of diluting solvents may play a crucial role in
the desorption of the products from the zeolite micorpores, and,
consequently, decrease the deactivation of the catalyst.
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The mechanisms of ethene methylation with methanol and dimethyl ether have been investigated using a
128T cluster of ZSM-5 zeolite modeled by ONIOM(B3LYP/6-31G(d,p):UFF) and ONIOM(MO06-2X/6-
311+G(2df,2p):UFF) calculations. The effects of the infinite zeolitic framework on the model of the zeolite
nanopocket, which consisted of a quantum cluster of 34 tetrahedral units and of 128 tetrahedral units modeled
on the UFF level, were also included. The zeolitic Madelung potential was reproduced by a set of point
charges generated by the SCREEP method. The energies for the adsorption of methanol and dimethyl ether
on H-ZSM-5 from an ONIOM2(M06-2X/6-311+G(2df,2p):UFF)+SCREEP calculation are —26.3 and —29.4
kcal/mol, respectively, which are in good agreement with the experimental data. Dissociative and associative
mechanisms of the ethene methylation by methanol and dimethyl ether have been considered. For the
dissociative mechanism, the methylation reaction of ethene starts with the protonation of methanol or dimethyl
ether by the acidic zeolite proton to form a surface methoxide intermediate, which subsequently reacts with
an ethene molecule forming a propoxide intermediate. The propoxide intermediate is then deprotonated to
form the propene product. The activation energies for the first step are computed to be 41.2 and 42.9 kcal/
mol for methanol and dimethyl ether, respectively. The activation energies for the subsequent second and
third reaction steps are 21.4 and 26.5 kcal/mol, respectively. For the associative mechanism, protonation and
methylation take place simultaneously without formation of a surface methoxide. The calculated activation
barriers are 29.0 and 33.0 kcal/mol for methanol and dimethyl ether, respectively, suggesting that methanol
should be slightly more reactive than dimethyl ether for the methylation of ethene. The final step in the
associative mechanism, the deprotonation of the propoxide intermediate to give the adsorbed propene product,
has an activation energy of 25.4 kcal/mol. The results indicate that the associative pathway is favored over

the dissociative one and that the rate-determining step of this reaction is the ethene methylation step.

1. Introduction

Methylation is one of a number of reactions that increase
the number of C atoms in a hydrocarbon chain. Methyl halides
(CHjsl, CH;Br, and CH;Cl), dimethyl ether, and methanol are
important conventional methylating agents. Among these,
methanol is the one used most frequently in the petrochemical
industry. It is supplied as a feedstock in the conversion process
of methanol to hydrocarbons (MTH),!? an industrial process
making use of heterogeneous catalysis invented by Chang and
Silvestri® in 1977. Presently, the MTH technology is the most
interesting process besides the transformation of natural gas or
coal into olefins or gasoline because the synthesis gas (CO and
H,) generated from the transformation processes of natural gas
or coal can be reused in the synthesis of methanol.

The mechanistic aspects of the MTH process have been
reported in many publications.>*”!> More than 20 different
mechanisms have been suggested. However, during the past
decade, the conversion mechanism of methanol to hydrocarbons
over acidic zeolites through “the hydrocarbon pool mechanism”

* Corresponding author. Tel.: +66-2-562-5555 ext 2159. E-mail:
jumras.]@ku.ac.th.

 Department of Chemistry, Kasetsart University.

* National Nanotechnology Center, Kasetsart University.

$ University of Innsbruck.

10.1021/jp809746a CCC: $40.75

has been verified as the dominating route. This mechanism was
originally proposed by Dahl and Kolboe.!®"!® The reaction
proceeds via repeated methylations and dealkylations of car-
bonaceous compounds. Light alkenes are formed from these
compounds via an elimination process. It is observed that the
initial C—C bond formation leading to the formation of organic
compounds is one of the important steps in the hydrocarbon
pool mechanism. Therefore, this work studies the C—C bond
formation between methanol and ethene, which is one of the
hydrocarbon pool species.

Experimental and theoretical efforts have been carried out
to gain an understanding of the methylation reaction of small
olefins with methanol over the zeolite catalysts. Experimental
studies'~%* found that the methoxide intermediate can be
observed inside the cavity of zeolites during the conversion of
methanol. This species is generated from methanol dissociation
on the acid site of zeolites. The surface methoxide intermediate
is able to act as a reactive species for the C—C bond formation
in the hydrocarbon-pool mechanism and could thus react directly
with alkanes, alkenes, and aromatics molecules.'*'°~2 However,
some studies'*?*~26 indicated that the coadsorption of methanol
(end-on adsorption) and the alkene molecule on the acid site of
zeolite is responsible for the methylation. Recently, Svelle et
al.'®!" have studied the methylation of ethene, propene, and
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n-butylene with methanol on acidic ZSM-5 by means of an
isotopic label technique. They found that the intrinsic activation
energies for the methylation of ethene, propene, and n-butene
are 32.3, 26.3, and 21.5 kcal/mol, respectively. In theoretical
studies,**?’73! it was shown that the methylation reaction
proceeds via either a stepwise or a concerted mechanism. In
the stepwise mechanism, the intermediates are consecutively
generated along the reaction path. The formation of methoxide
species is the first step of the reaction, followed by the
methylation of alkenes and arenes. In the concerted mechanism,
the methylation takes place in a single step. The C—O bond
dissociation of methanol occurs simultaneously with the C—C
bond formation without the formation of an intermediate. Vos
et al.>! have studied the methylation of benzene and toluene
theoretically using a 4T quantum cluster model of H-ZSM-5 at
the B3LYP/6-31G(d,p) level of theory. They found that the
reaction occurs preferably via the concerted mechanism rather
than via the stepwise mechanism. However, the stepwise
pathway was found to be entropically favored over the concerted
mechanism because only one molecule is required to interact
with the active site. In other works, the methylation of some
alkenes and arenes with methanol and dimethylether was
investigated by a quantum chemical cluster model at the MP2/
6-311G(d)//B3LYP/6-31G(d) level of theory via the concerted
pathway only.>** However, in these works, the acidic zeolite
lattice was represented by an unconstrained 4T cluster model,
and therefore the short- and long-range effects of the zeolite
framework were neglected. Previously, it had been found??~3*
that the long-range effect of the zeolite framework must be taken
into account for accurate results.*> To account for the effects
of the zeolite framework, various techniques such as periodic
ab initio calculations and quantum mechanics/molecular me-
chanics (QM/MM) hybrid methods have been widely used. The
former approach is computationally too expensive and impracti-
cal for studying the large unit cell zeolites. The recent deve-
lopment of QM/MM hybrid methods, such as the embedded
cluster methods,**™* QM/MM methods with coupling
Hamiltonians,*>*>~* as well as the ONIOM methods,* >’ were
employed to keep the calculations feasible. These methods can
properly describe the effect of the zeolite framework. Especially,
the ONIOM method has been used successfully to investigate
the adsorption of hydrocarbons such as ethene, benzene, and
ethylbenzene®* 7 and the reactions of organic molecules over
zeolites. 8734

In the present study, the ONIOM2 method was employed
for investigating the formation of propene via the methylation
of ethene with methanol and dimethyl ether over H-ZSM-5
zeolite. This reaction can, in principle, proceed via a dissociative
(stepwise) or an associative (concerted) mechanism, and both
mechanisms are considered. We have investigated the effects
of the zeolite framework on the energetic profiles of both the
dissociative and the associative routes. Dimethyl ether was
chosen as a reactant in this work because it can be generated
easily by the reversible condensation of two methanol molecules.

2. Models and Methods

The crystal lattice of the acidic ZSM-5 zeolite is represented
by a 128T (127 tetrahedral atoms of Si and 1 tetrahedral atom
of Al) cluster model, which covers the intersection of the straight
and zigzag channels, as shown in Figure la. One silicon atom
at the T12 site is replaced with an aluminum atom to generate
the Brgnsted acid site. For computational efficiency, the 128T
cluster model is subdivided into two layers according to the
ONIOM2 scheme. The inner layer comprises 12T atoms and is
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considered as the active region and is treated at the B3LYP/6-
31G(d,p) level of theory. The outer layer, which is the rest of
the 128T cluster, is treated with a computationally less expensive
method, the universal force field (UFF) to represent the
confinement effect’®~% of the zeolite pore structure. This force
field has been reported to give a good description of the short-
range van der Waals interactions. During geometry optimiza-
tions, only the 5T cluster of the active region,
[(=Si0);A1(OH)Si=], and the adsorbing molecules are relaxed.
The frequency calculations are performed at the same level of
theory to ensure that transition state structure has only one
imaginary frequency that corresponds to the desired reaction
coordinate. We have made attempts to cover the dispersion
interaction in the zeolite system. Some test calculations on
adsorbing molecules (methanol and dimethyl ether) over the
Brgnsted acid site of MFI zeolite have been performed using
MP2 and the newly developed density functional, M06-2X,! ¢4
which we expected to be able to reproduce adsorption on
zeolites. Single-point calculations with M06-2X and MP2 at
B3LYP-optimized complex geometries yield very similar results
(27.7 vs 29.8 kcal/mol for adsorption energies of dimethyl ether
and 25.2 vs 26.5 for methanol complexes; see Table S1 of the
Supporting Information). This indicates that the MO06-2X
functional can indeed recover the dispersion interaction in these
zeolite systems as reliably as the MP2 method with the benefit
of feasible computational costs. To cover both the active
Brgnsted acid site and the nanopocket surrounding the reactive
center, 34T QM clusters were employed in the ONIOM scheme:
34T/128T (see Figure 1b and c).

To include the electrostatic effect of the infinite zeolitic
framework, the zeolite nanopockets were embedded in a set of
point charges, generated by the SCREEP method, that reproduce
the zeolitic Madelung potential. A detailed description of the
method to optimized magnitude and positions of the point
charges that accurately reproduce the electrostatic effect of the
infinite lattice has been given previously.®>% This embedded
scheme (see Figure 1d) has been successfully used in our
previous studies on unsaturated hydrocarbons adsorption®*>7-67
and on the mechanisms of the Beckmann rearrangement over
H-MFI zeolites.%® With 34T/128T single point calculation using
the ONIOM2(M06-2X/6-311+G(2df,2p):UFF)+SCREEP com-
bination, the adsorption energies of methanol and dimethy] ether
over the H-ZSM-5 zeolite were computed to be —26.3 and
—29.4 kcal/mol, respectively, in good agreement with the
experimental data.®” While the adsorption energy of methanol
is insensitive to the size of the QM region, the confinement
effects from the zeolite framework significantly affect the
adsorption energy of dimethyl ether. This is due mainly to the
size of the adsorbing molecule inside the nanocavity of zeolite.
Hence, ONIOM2(M06-2X/6-311+G(2df,2p):UFF) seems to be
well suited to investigate adsorption properties and reaction
mechanisms of the methylation of ethene with methanol and
dimethyl ether over H-ZSM-5. All calculations were performed
using the Gaussian 03 code.”

3. Results and Discussion

The catalytic methylation of ethene with methanol and
dimethyl ether over H-ZSM-5 was systematically investigated,
and the results were compared to experimentally established
facts whenever possible.!” Two previously proposed mecha-
nisms, dissociative and associative, were theoretically investi-
gated within the model described above. The side-on structure,
the weak adsorption mode (cf., Figure 2b), was taken as the
starting geometry for the dissociative mechanism, while the end-
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Figure 1. ONIOM?2 model of the 128T cluster from H-ZSM-5 zeolite. Atoms belonging to the quantum region in the ONIOM2 scheme are drawn
as bond and stick models: (a) 12T/128T ONIOM model, (b) sinusoidal channel view, and (c) straight channel view of 34T/128T ONIOM model

and (d) SCREEP embedded model.

on structure, the strong adsorption mode (cf., Figure 2a), was
used to describe the initial step of the associative mechanism.
3.1. Structures and Energetics of Methanol and Dimethyl
Ether Adsorption. The optimized adsorption structures of
methanol on the Brgnsted acid site of H-ZSM-5 are shown in
Figure 2a and b. It can be seen that methanol is adsorbed on
the acid site by either the end-on (Ads1_M_S) or the side-on
(Ads2_M_S) hydrogen-bond complex structure, in agreement
with the theoretical studies mentioned above.**!371=7* In the
side-on structure, there is only one strong hydrogen bond
between the OH group of methanol and the OH group of zeolite,
whereas in the end-on geometry methanol is stabilized by two
strong hydrogen bonds. The adsorption energies, for the side-
on and end-on structures, are calculated to be 24.2 and 26.3
kcal/mol, respectively, which are consistent with the experi-
mental observation that methanol adsorbed by the side-on
structure is weaker than that by the end-on structure.'* The later
estimated adsorption energy is in good agreement with the
reported experimental adsorption heat of end-on adsorption of
methanol in H-ZSM-5 of 27.5 + 1 kcal/mol.*” The acidic O—H
bond of zeolite is stretched upon adsorption of methanol by
0.07 and 0.10 A for the weak and strong adsorption modes,
respectively (O+++H—O intermolecular distance: 2.53 and 2.48
A). The O—H bond of methanol is virtually unaffected by the
adsorption. It is stretched from the isolated gas phase by 0.01
and 0.02 A, for side-on and end-on adsorption, respectively.

Figure 2c shows the adsorption structure of dimethyl ether
(Ads_D_S) on the Brgnsted acid site of H-ZSM-5, which
resembles the end-on adsorption structure of methanol. Two
methyl groups are weakly bound to the zeolite oxygen frame-
work. No stable side-on structure could be obtained from the
ONIOM2(12T/128T) scheme. The end-on adsorption energy is
calculated to be —29.4 kcal/mol. The interatomic distance
between the oxygen atom of dimethyl ether and the acidic
hydrogen atom of zeolite (O3+++H1 = 1.51 A) is longer than
that of the corresponding O3-++H1 distances in the methanol
case (1.49 and 1.41 A for side-on and end-on structures,
respectively), and, consequently, also the elongation of the
zeolite O—H bond (1.03 A) is less. These overall consistent
results make it likely that the structures from the 12T/128T
ONIOM?2(B3LYP/6-31G(d,p)//UFF) model with the single point
calculation at the 34T/128T embedded-ONIOM2(MO06-2X/6-
311+G(2df,2p)//UFF) model constitute a suitable QM/MM
hybrid method for studying the adsorption of small polar
molecules in zeolites, to be used to study ethene methylation,
as discussed in the following sections.

3.2. Reaction and Mechanism of Ethene Methylation with
Methanol and Dimethyl Ether. Experimental reports seem to
indicate that the methylation of toluene by methanol and
dimethyl ether that are adsorbed side-on onto the Brgnsted acid
site of zeolite takes place through the dissociative mechanism,
while the methylation of end-on adsorbed molecules proceeds
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Figure 2. Optimized geometries of the adsorption complexes on 12T/128T ONIOM model: (a) end-on methanol adsorption, (b) side-on methanol

adsorption, and (c) dimethyl ether adsorption.

through the associative mechanism.'* In the dissociative mech-
anism, the surface methoxide species is generated as the key
intermediate prior to the methylation process. This species was
found to react with water and methanol at room temperature.!*~23
However, in the absence of other species, it remains stable up
to a temperature of 523 K.!197%3

3.2.1. Dissociative Reaction Pathway. 3.2.1.1. Surface Meth-
oxide Intermediate Formation. The surface methoxide interme-
diate formed by methanol is illustrated in Figure 3a, and selected
geometrical parameters are listed in Table S2 (Supporting
Information). This reaction is initiated by the adsorption of
methanol on the active acidic site of ZSM-5 through the
formation of a strong hydrogen bond between the alcoholic
oxygen atom of methanol and the OH group of zeolite (“side-
on” adsorption complex, Ads2_M_S). Here, its adsorption
energy is —24.2 kcal/mol. The O1—HI1 bond of ZSM-5 is
lengthened from 0.97 to 1.04 A. In the methanol molecule, the
C1—03 length increases by 0.02 A because it is weakened by
the hydrogen-bond formation and the subsequent electron
transfer from O3 to HI.

The H-bonded adsorption complex reacts to form the surface
methoxide intermediate via the transition state TS1_M_S shown
in Figure 2c. In this transition state, the Brgnsted proton H1 is
transferred to the methanol oxygen atom O, and the C—O bond
of methanol is cleaved leading to the formation of a water
molecule. The leaving methyl group is stabilized by the bridging
oxygen O2 of the zeolite. This results in an elongation of the
C1—-03 bond distance from 1.44 to 1.94 A. The Cl++-02
distance is reduced to 2.16 A, while the 02—C1—03 angle stays
nearly linear (171°). The activation energy for this transition
state is 41.2 kcal/mol, considerably lower than what has been
reported for the bare cluster models (51—54 kcal/mol).*773~77
This shows that the transition state is stabilized by the
confinement effect of the zeolitic framework. Relative to the
methanol end-on adsorption complex, the transition state is 43.2
kcal/mol higher in energy.

TS1_M_S proceeds then by the formation of a covalent
C1—02 bond (bond length 1.50 A) to the surface methoxide
product (Intl_M_S). In it, the Si—02 and Al—0O2 bonds are
shortened by 0.08 and 0.13 A, respectively, as are the Sil—O1
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Figure 3. Energy profiles for the surface methoxide intermediate
formation step of the dissociative mechanism for the embedded 34T/
128T cluster calculated with the ONIOM2(M06-2X/6-311+G(2df,2p):
UFF) model: (a) methanol protonation and (b) dimethyl ether proton-
ation (energies in kcal/mol).

and Al—O1 bonds (0.06 and 0.13 A, respectively). The
Al—01-Sil angle decreases by 4.6°. The adsorption energy
of the methoxide—water complex with respect to the isolated
reactants is —7.8 kcal/mol, significantly less than the adsorption
energy of methanol. The fact that the covalent bond between
the methoxide intermediate and the zeolite is weak is also in
agreement with experiments'® and has been related to the steric
forces of the zeolite pore walls in previous studies.”® 8! It is an
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active, unstable species that can easily interact with incoming
molecules such as ethene.

If we consider now the corresponding surface methoxide
formation from dimethyl ether, the reaction starts with the
adsorption of dimethyl ether on the Brgnsted acid active site of
ZSM-5 zeolite, as the end-on adsorption complex. The energy
profile for this reaction is shown in Figure 3b, and selected
geometrical parameters are listed in Table S3 (Supporting
Information). The dimethyl ether adsorbs on the acidic site
through the hydrogen-bonding interaction between its oxygen
and H1. The H1—O1 distance, therefore, increases from 0.97
to 1.03 A (Ads_D_S). Similar to the methanol case, electron
density is transferred from the O3 to the H1 atom, and C1—03
is slightly lengthened by 0.02 A. The adsorption energy of this
complex is —29.4 kcal/mol. Next, the C1—03 bond of the
adsorbed dimethyl ether is cleaved and the HI—O3 bond is
formed. Again, the surface methoxide species and a methanol
molecule are generated on the zeolite framework. In the
transition state TS_D_S, the proton (H1) is transferred to the
oxygen of dimethyl ether to form the leaving methanol molecule.
Its oxygen atom O3, C1, and the surface oxygen atom, O2, are
aligned in a linear way (173.4° for the O3—C1—02 bond angle).
The breaking C1—03 bond is elongated from 1.43 to 1.96 A,
and the C1++-02 distance decreases to 1.37 A. The activation
energy for the protonation step is 42.9 kcal/mol, which is close
to the one for the methanol protonation reported above. The
surface C1—02 distance in the surface methoxide species is
1.50 A (Int_D_S). Again, the calculated adsorption energy of
the methoxide—methanol complex calculated is quite small,
—6.0 kcal/mol, even less than for methanol. We can summarize
that the reaction of dimethyl ether proceeds in the same way as
for methanol and also that the energetics are similar.

3.2.1.2. Methylation and Deprotonation Reaction Step. Sub-
sequently, the surface methoxide species in the zeolite pore
structure acts as a methylating agent. It is assumed that an ethene
molecule diffuses into the zeolite pore and adsorbs on the
reactive methoxide intermediate, enabling the formation of an
ethene—methoxide coadsorption complex (Ads3_M_S). The
calculated energy profile of this part of the overall reaction is
shown in Figure 4; geometric parameters are listed in Table S4
(Supporting Information). Ethene and the methoxide coadsorp-
tion complex are interacting only weakly (—10.5 kcal/mol) in
this coadsorption complex. Next, the reaction proceeds via the
transition state TS2_M_S that involves the concerted bond
breaking of the C1—02 bond and the formation of the C1—C2
bond. The C1—02 distance increases from 1.50 to 2.19 A. The
length of the newly formed C1—C2 bond in Ads3_M_S is 2.23
A, and the C2—C3 bond distance is slightly increased by 0.02
A. The activation energy is 21.4 kcal/mol. The small primary
carbocation CH;CH,CH,™, which is produced by the methyla-
tion of ethene, has the opportunity to stay in the zeolite
nanocavity. However, theoretical studies indicate that carboca-
tion intermediates formed by catalytic processes in zeolite are
short-lived when the positive charge of the carbon atom can be
approached by atoms of the framework.??

The propoxide intermediate produced for methylation of
ethene by the methyl group is formed with a covalent bond to
the Ol oxygen bridging atom of the zeolite framework
(Int2_M_S). The C3—01 bond length is 1.54 A. The C1—C2
and C2—C3 bond distances of 1.53 and 1.52 A, respectively,
are typical for C—C single bonds. The adsorption energy of
the propoxide intermediate is —36.8 kcal/mol. In the last step,
the propene product is formed via the deprotonation transition
state (TS3_M_S) in which the breaking of the C3—0O1 bond
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Figure 4. Energy profiles for the ethene methylation and deprotonation
reaction step of the dissociative mechanism for the embedded 34T/
128T cluster calculated with the ONIOM2(M06-2X/6-311+G(2df,2p):
UFF model (energies in kcal/mol).

and the H3 proton transfer from propoxide to the oxygen
bridging atom of zeolite begin. This transition state is very
similar to the carbenium—ion complex. The C3—O1 and
C2—H3 bond distances are elongated by 0.78 and 0.10 A,
respectively, while the O2++<H3 distance decreases to 1.57 A.
The predicted activation energy of this step of 26.5 kcal/mol is
again lower than the one obtained with a small 10T cluster
model (33.4 kcal/mol)®® due to the effects of the zeolite
framework. After the back-migration of the proton to the zeolite
framework, the propene product is formed (Prod_M_S). It is
adsorbed on the acidic site of the zeolite through a z-bond
interaction with an adsorption energy of —32.5 kcal/mol. Finally,
the propene product is desorbed. This endothermic step requires
19.5 kcal/mol.

3.2.2. Associative Reaction Pathway. An associative reaction
mechanism is an alternative for the ethene methylation with
methanol or dimethyl ether. For the ethene methylation with
methanol, the energy profile is shown in Figure 5a, and selected
geometrical parameters are listed in Table S5 (Supporting
Information). This reaction is also initialized by the coadsorption
complex between methanol and ethene over the Brgnsted acid
site (Ads_M_C). Next, however, ethene is methylated directly
by methanol without the formation of the methoxide intermedi-
ate. Methanol is adsorbed on the acidic proton in the end-on
formation via two hydrogen bonds. The neighboring ethene
molecule is adsorbed weakly. The O1—HI distance increases
from 0.97 to 1.08 A upon absorption, and the C1—03 bond
distance increases by approximately 0.03 A. The C1+++C2 and
Cl1---C3 intermolecular distances between the methanol and
the ethene molecule are 3.99 and 4.05 A, respectively. The
coadsorption energy of the methanol and ethene on the acidic
site of ZSM-5 zeolite with respect to isolated reactants is
calculated to be —36.6 kcal/mol. In the transition state (TS1_M_C)
of this step, methanol is protonated by the HI of zeolite and

Figure 5. Energy profiles for the associative ethene methylation
pathway. The calculations on the embedded 34T/128T cluster were
performed with the ONIOM2(M06-2X/6-311+G(2df,2p):UFF) method:
(a) methanol and (b) dimethyl ether (energies in kcal/mol).

simultaneously the C1—0O3 bond is broken to give a methoxo-
nium cation, which at the same time reacts with the C2 of ethene
to form the primary alkoxide. As a result, the methanol C1—03
bond is broken, while the Cl1+++C2 and C1--+C3 distances
decrease (2.14 and 2.16 A, respectively). The activation energy
of this step is 29.0 kcal/mol, which compares well with the
experimental results of Svell et al.'® (approximately 32.3 kcal/
mol). On the product side, the primary propoxide is formed with
a neighboring water molecule adsorbed in the zeolite pore with
the C3—02 distance of 1.55 A (Int_M_C). This propoxide—water
complex is even more strongly adsorbed (—47.5 kcal/mol) than
methanol at the beginning of the process. Finally, the desorbtion
of the water molecule requires 14.5 kcal/mol.

The energy profile of the equivalent ethene methylation with
dimethyl ether is shown in Figure 5b, and selected geometrical
parameters are listed in Table S6 (Supporting Information). This
reaction proceeds like the one with methanol discussed above.
Ads_D_C shows the dimethyl ether—ethene coadsorption
complex. In this complex, the O1—H1 bond length increases
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slightly less (0.08 A) than when interacting with methanol. The
adsorption energy of this complex is —39.3 kcal/mol. Next, the
adsorbed dimethyl ether is protonated at the O3 atom, and the
free methyl group is transferred to react with the C2 of the
ethene molecule leading to the formation of the propoxide
intermediate (TS1_D_C). The HI—O1 bond and C1—03
distances are elongated to 1.80 and 2.24 A, respectively, and
the O3+++HI distance is shortened to 0.99 A. These and the
other geometrical changes follow the trends found for methanol.
The calculated activation energy of 33.0 kcal/mol is slightly
higher than the activation energy of the methanol reaction (29.0
kcal/mol). Afterthetransitionstate, TS1_D_ C, the propoxide—methanol
complex (Int_D_C) is formed with a C3—02 bond length of
1.53 A and an adsorption energy of —46.3 kcal/mol. Finally,
desorption of the methanol molecule from propoxide requires
17.9 kcal/mol.

After the active primary propoxide is generated by eliminating
water or methanol, the H3 proton connects to O1. This reaction
to the final propene product is formed via the transition state
TS2_M_C. In the reaction as well, the breaking of the C2—H3
and C3—O02 bonds starts by an increase of their lengths from
1.54 t0 2.30 and 1.09 to 1.20 A, respectively. The C2—C3 bond
distance is shortened by 0.11 A, reflecting its double bond
character. The activation energy of this step is 25.4 kcal/mol.
—33.7 and —29.1 kcal/mol are then gained by formation of the
final product bound to the zeolite for ethene methylation with
methanol and dimethyl ether, respectively. The desorption of
the r-complexed product requires 18.6 kcal/mol.

4. Comparison of Dissociative and Associative Pathways

From the energetic profiles for the dissociative and associative
reaction pathways of ethene methylation with methanol and
dimethyl ether, it can be seen that the protonation of methanol
and dimethyl ether to form the active methoxide intermediate
is found to be the rate-determining step in the stepwise
mechanism with activation energies of 41.2 and 42.9 kcal/mol,
respectively. The methoxide intermediate is stabilized by the
framework of zeolite that is active for the incoming molecule
as ethene. Therefore, the methylation of ethene with the
methoxide intermediate and the deprotonation step of the
subsequent reaction are more facile than the methanol proton-
ation step with lower activation energy barriers of 21.4 and 26.5
kcal/mol, respectively. However, considering the energy barrier
for the ethene methylation reaction and for the hydrolysis
reaction of the methoxide species, it is found that the hydrolysis
reaction, reversing the methoxide complex to the methanol
molecule, is kinetically and thermodynamically favored over
the ethene methylation. Furthermore, the water molecule is more
strongly adsorbed on the methoxide than is the ethene molecule.
Therefore, an ethene molecule cannot easily be inserted into
the methoxide active site. For the associative mechanism of
ethene methylation with methanol or dimethyl ether, the
simultaneous protonation and C—C bond formation reaction is
regarded as the rate-determining step with activation energies
of 29.0 and 33.0 kcal/mol, respectively. These results indicate
that methanol is more reactive than dimethyl ether (DME) as a
methylating agent in our system. This is in disagreement with
a previous study,” which was performed on a cluster consisting
of only four tetrahedral units, showing that such a model is too
small. In this work, we found that the zeolite lattice has an
important effect on both the reaction mechanism and the
energetic profile. The coadsorption of the dimethyl ether and
ethene molecules is stronger than that of methanol (MeOH) and
ethene molecules. Considering the transition state (TS) structure
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of the ethene methylation with methanol as compared to that
of ethene methylation with DME, it was found that the TS of
the ethene + MeOH complex forms two hydrogen bonds
between the leaving water and the bridging oxygens of zeolite
(H1++-O1 and H2---0O2), while the TS structure of the ethane
+ DME complex forms only one hydrogen bond between the
leaving water and the oxygen of zeolite (H1+:+O1). This
indicates that the TS of the ethene + methanol complex is more
stable than the TS of the other complex. The weaker coadsorp-
tion in the adsorption step and the more stable TS state both
lead to the lower activation energy of the methylation of ethene
with MeOH as compared to that of the methylation of ethene
with DME. However, experimentally an activation energy of
DME that is about 1.2 kcal/mol lower than the one for the
methanol complex has been found.” Also, the conversion of
methanol into DME in the methanol + propene system is
observed to be around 20%, which is higher than the conversion
of methylation process. This implies that the coadsorption of
methanol can occur in the MFI zeolite favorably. As results, it
might be expected that, although the methanol is more reactive
than the DME in methylation reaction, the sizable turnover of
a reaction catalyzed by the methanol might be delayed by the
coadsorption of methanol over the acid sites of zeolite. In fact,
the nature of the methanol coadsorption complex is found to
strongly interact with the Brgnsted acid sites and is stronger
than the coadsorption of the methanol and ethene molecules.
From this behavior, it leads to obstruct the methylation process
of alkenes. That might be one of the reasons why the activity
of DME is higher than that of methanol in experiments.

5. Conclusions

The reaction mechanism of ethene methylation with methanol
or with dimethyl ether over H-ZSM-5 zeolite has been inves-
tigated by applying two ONIOM schemes: one with a popular
density functional, ONIOM2(B3LYP/6-31G(d,p):UFF), and one
with a newly developed density functional, ONIOM2(MO06-2X/
6-311+G(2df,2p):UFF). Two different pathways, the dissocia-
tive and associative mechanism, were considered in this study.
For the dissociative mechanism, the methylation of ethene
initiates from the protonation of methanol or dimethyl ether
leading to the surface methoxide intermediate formation, which
is followed by the C—C formation between the methoxide and
the incoming ethene molecule to produce a propoxide interme-
diate. This intermediate is finally deprotonated to form the
propene product. The calculated energy barrier for the rate-
determining protonation step is 41.2 and 42.9 kcal/mol, respec-
tively. The subsequent reactions, the methylation and the
deprotonation, require the energy barriers of 21.4 and 26.5 kcal/
mol, respectively.

For the associative mechanism, the simultaneous C—O bond
breaking and C—C bond formation occur in the single step
without the methoxide intermediate. The activation energy of
this step is calculated to be 29.0 and 33.0 kcal/mol for methanol
and for dimethyl ether, respectively. In the case of methylation
with methanol, this is consistent with the experimental value
of 32.3 kcal/mol. The deprotonation of the propoxide intermedi-
ate to give the adsorbed propene product has an activation
energy of 25.4 kcal/mol.

The calculated pathways and energetics suggest that the
ethene methylation reaction with methanol and the one with
dimethyl ether proceeded preferably via the dissociative mech-
anism. Our calculations also demonstrated the important effect
of the zeolite framework in lowering the activation barriers for
these reactions.
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Chawanwit Kumsapaya,’* Karan Bobuatong,”* Pipat Khongpracha,™*
Yuthana Tantirungrotechai,’ and Jumras Limtrakul®#

Laboratory for Computational and Applied Chemistry, Chemistry Department, Faculty of Science, Kasetsart
University, Bangkok 10900, NANOTEC Center of Excellence, National Nanotechnology Center (NANOTEC),
Kasetsart University Research and Development Institute, Bangkok 10900, and NANOTEC, National Science
and Technology Development Agency, Khongluang, Pathumthani 12120, Thailand

Received: May 3, 2009; Revised Manuscript Received: July 3, 2009

The isomerization of 1,5- to 2,6-dimethylnaphthalene (DMN) over 3 zeolite has been investigated by applying
a newly developed density functional named MO06-L, incorporated into the ONIOM scheme: M06-L/6-31G(d,p):
UFF. Two consecutive reaction mechanisms over the extended zeolite framework have been carefully examined:
the 1,5- to 1,6-DMN isomerization followed by the 1,6- to 2,6-DMN isomerization. Both catalytic processes
take place via the same mechanism. The isomerization process starts from the protonation of the DMN step,
creating the naphthalynic carbocation. Subsequently, the intramolecular methyl shift occurs from the o-position
to the adjacent S-position of the naphthalynic carbocation. In the final step, the anionic zeolite framework
takes a proton away from the naphthalynic carbocation, yielding a desired 1,6-DMN or 2,6-DMN molecule.
The methyl migrations are the rate-determining steps and require activation barriers of 25.69 and 21.05 kcal/
mol for the 1,5- to 1,6-DMN and 1,6- to 2,6-DMN processes, respectively. The calculated reaction profiles
are in agreement with the experimental prediction that the 1,5- to 1,6-DMN isomerization is the kinetically
controlled step. The results in this study show the excellent performance of a combination of the newly
developed functional and the confinement effect represented by the universal force field (M06-L/6-31G(d,p):

UFF) for investigating the transformations of aromatic species in the zeolite system.

Introduction

Polyethylene naphthalate (PEN) is a thermoplastic polyester
which shows very good gas barrier, mechanical, thermal, and
electrical properties. These properties are indicative of promising
innovative applications such as high-performance fibers and
films and novel packaging, e.g., plastic beer bottles.!™ The
current production process involves the condensation polym-
erization of ethylene glycol and dimethyl 2,6-napthalenedicar-
boxylate (2,6-NDC). The 2,6-NDC is in turn prepared from 2,6-
dimethylnaphthalene (2,6-DMN).* However, the low availability
and high production cost of 2,6-DMN result in the price of PEN
being higher than that of polyethylene terephthalate (PET).*
These, unfortunately, limit the successful commercialization of
PEN, even though it shows superior properties in comparison
with the widely used PET polymer. Current large-scale produc-
tion (30 kton/year) of 2,6-DMN is made by BP-Amoco using
its patented process. The employed process based on butadiene
and o-xylene involves four subsequent reaction stages in four
separate reactors: alkylation, cyclization, dehydrogenation, and
finally catalytic isomerization from 1,5- to 2,6-DMN.?> The 1,5-
to 2,6-DMN isomerization step is thought to be a limiting step
which leads to the low availability and the high cost of 2,6-
DMN.® Although there are some available reports concerning
the detailed investigation of this limiting step, there is no study
that provides sufficient information on this reaction at the
molecular level.>67% A better understanding of this reaction at
the molecular level which would help increase the yield of 2,6-
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Figure 1. Isomerization reaction of 1,5-DMN to 2,6-DMN proceeding
via an intramolecular 1,2-methyl shift.

DMN is crucial for the improvement of the 2,6-DMN production
process, hence lowering the cost of 2,6-DMN and also of PEN
production.

The isomerization of 1,5-DMN to a more profitable 2,6-DMN
molecule occurs via the intramolecular 1,2-methyl shift; i.e.,
the methyl group migrates one at a time from the o-position to
the B-position (see Figure 1).°~!! The intramolecular 1,2-methyl
shift is widely recognized as a key mechanistic step in the
rearrangements of methylbenzenes, trimethylbenzenes, tetrameth-
ylbenzenes,”!? methylnaphthalenes, and dimethylnaphthalenes.
From the isomer distribution at the thermodynamic equilibrium
sets, 1112 the shift of a methyl group from the a-position to the
fB-position of the naphthalene nucleus in the same ring is
observed to be facile. A single methyl shift of 1,5-DMN leads
to 1,6-DMN. A further methyl shift of 1,6-DMN leads to 2,6-
DMN. The reaction can be promoted by both Lewis and
Brgnsted acids. Thus, catalysts such as BF;+HF and zeolite can
be used to speed up the reaction and, therefore, reduce the cost
of the 2,6-DMN production.

When new “green chemistry” industrial processes are being
developed, the heterogeneous catalyst is considered more

© 2009 American Chemical Society
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favorable than its homogeneous counterpart. Zeolite is a unique
choice of catalyst for this purpose. Its porous structure can
provide specific pathways to desirable products. Several zeolites
are candidates for catalyzing this isomerization reaction.*
Recently, Kraikul et al. conducted a catalytic activity test of
three zeolites, H-f3, H-mordenite, and H-ZSM-5, on the isomer-
ization of 1,5-DMN to 2,6-DMN.% Among the tested catalysts,
the H-f3 zeolite was found to be the best catalyst which provided
the highest yield of 2,6-DMN. They observed that no 2,6-DMN
was detected when using H-ZSM-5 as a catalyst under the
testing condition. This finding demonstrates the framework
selectivity of zeolitic materials. Millini et al. conducted a
molecular dynamics simulation to estimate the diffusional energy
barrier of DMN in zeolites.!* The H-ZSM-5 pore structure has
a very high diffusional energy barrier, rendering it difficult for
DMN to move in and out of the framework. For H-mordenite
and H-f zeolite, the diffusional energy barriers are much less
than that of H-ZSM-5. For the porous systems considered, the
diffusivity of the DMN isomer is in the order 2,6-DMN > 1,6-
DMN > 1,5-DMN."

At 265 °C, when using H-{ zeolite as the catalyst to isomerize
1,5-DMN, the equilibrium composition of 1,5-DMN:1,6-DMN:
2,6-DMN is 9.33:43.52:47.16, respectively. The percentage of
2,6-DMN is greater than that of 1,6-DMN. An analysis of the
reaction quotient at 1 h and the equilibrium constant led Kraikul
et al. to conclude that the 1,5- to 1,6-DMN isomerization is the
kinetically limiting step for the 1,5- to 2,6-DMN conversion
process.® However, no chemical kinetics parameter can be
deduced from their study. On the other hand, Suld and Stuart
studied the isomerization kinetics of several di- and monom-
ethylnapthalenes catalyzed by BF;+HF.!! For a set of 2,6-DMN,
1,6-DMN, and 1,5-DMN molecules, they deduced the rate of
isomerization to be in the temperature range of 20—50 °C.
Assuming the reversible first-order kinetics, the activation
energies for the 2,6- to 1,6-DMN and the 1,6- to 1,5-DMN steps
were estimated to be 20.1 £ 1 and 20.3 &+ 1 kcal/mol,
respectively.

To our knowledge, there is no report on the activation energy
of this reaction catalyzed by heterogeneous catalysts, zeolite in
particular, available in the literature. In addition, although the
isomerization from 1,5-DMN into 2,6-DMN over the hetero-
geneous catalysts is known to occur with two single methyl
shift steps, the reaction mechanism has not been investigated
in detail. In this paper, we report a detailed reaction mechanism
of 1,5- to 2,6-DMN isomerization catalyzed by acidic 8 zeolite
by means of the hybrid quantum mechanics/molecular mechan-
ics (QM/MM) approach.

Computational Methods and Material Models

Computational Methods. Quantum chemical calculation is
accepted nowadays by practical chemists as a very useful tool
to provide insights into reaction mechanisms at the molecular
level.!* It is the only practical way to comprehend the transition
states and intermediates of a complex reaction. The density
functional theory (DFT) is by far the most common choice of
method for chemical applications. As one deals with complex
reactions taking place in a heterogeneous catalyst of infinite
size, a certain approach is required to incorporate the framework
effect while keeping the computational cost as low as possible.
A periodic DFT is a straightforward approach, but it is very
computationally demanding.!> The typical zeolites, such as
ZSM-5 and f zeolite, possess hundreds of atoms per unit cell,
making a periodic calculation too expensive to be employed
for these systems. At the other extreme, a bare cluster calcula-
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tion, taking only the catalytic active site and the reactants,
ignores all of the framework effect. A practical approach is one
that incorporates the framework effect on the chemically active
region in some approximate way. Examples are the embedded
cluster or a combined quantum mechanics/molecular mechanics
(QM/MM) approach,'72° as well as the more general ONIOM
(our-Own-N-layered-Integrated molecular Orbital and molecular
Mechanics) method.?! 27 We adopted the ONIOM approach in
this work. Several reports by our groups indicate its good
performance on modeling the adsorption and reaction mecha-
nism in zeolite.?8™38

The ONIOM scheme we adopted consists of an inner layer
of the active region calculated by the M06-L/6-31G(d,p) level
and a large outer layer of the framework calculated by the
universal force field (UFF). The M06-L functional, as developed
by the Minnesota group,* uses the meta generalized gradient
approximation in which the density functional includes the spin
densities gradient and spin kinetic energy densities and their
reduced gradient.*~*! This local functional allows the use of
density fitting algorithms and plane wave algorithms that require
much less computational effort than the best algorithms for the
nonlocal functional; thus, it is preferred for practical computa-
tions on large systems.*! All calculations were performed by
using the Gaussian 03 code** incorporated with the Minnesota
density functionals module 3.1 by Yan Zhao and Donald G.
Truhlar.

Material Models. The extended 120T cluster, covering the
active region, of the H-{3 zeolite is used to represent the Brgnsted
acid site and the zeolite framework in this investigation. This
was taken from the H-f zeolite crystal lattice structures.*>** It
includes the 12-membered ring (12MR) representing the main
gateway to the intersection of two perpendicular 12MR channel
systems, where the reactions normally take place (see Figure
2b). A silicon atom at a T5 position in the 3 zeolite is substituted
by an aluminum atom. A proton is added to the bridging oxygen
atoms bonded directly to the aluminum atom, conventionally
called the OS5 position but is designated as the O1 position in
this study.*

In the ONIOM model, an inner layer consists of a 14T cluster
including the 12-membered ring and the other two Si atoms
around the Al atom and the DMN molecules. The DFT treatment
in this region accounts for the interactions of the adsorbates
with the Brgnsted acid site of the  zeolite. A large outer layer
consists of the remainder of the extended framework up to 120T.
This layer takes the confinement of the extended zeolite structure
and the effect of the framework into account. The UFF that is
selected to represent the effect in this layer also accounts for
the van der Waals interaction.* This interaction is the dominant
contribution for adsorption—desorption mechanisms in zeo-
lites.*~*® During optimization, only the 5T region [(=SiO);Al-
(OH)Si=] was allowed to relax while the rest of the model was
fixed along the crystallographic coordinates.

From our previous work,* attempts have been made to
demonstrate that the geometries of reaction intermediates in the
zeolite system do not influence the results. Several test calcula-
tions on zeolite models have been performed using different
zeolite models: 5T, 12T, 34T, 46T, and 128T QM clusters. It
was found that some important structural parameters (e.g.,
O1—Hz and Al--+Hz) are insignificantly different on those five
zeolite models. The estimates for the geometry error of the
method are 0.966 & 0.001 A for O1—Hz and 2.364 + 0.02 A
for Al-++Hz. From these findings, one could propose that the
14T QM size is reliable enough in the ONIOM model for
studying such a complicated reaction mechanism in the bulk
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Figure 2. Extended 120T cluster model of H-S zeolite considered in
this study. (a) The oval dashed line encloses an intersection of two
perpendicular 12-membered ring (12MR) channel systems which serves
as a nanoreactor. The ball-and-stick graphics represent the 14T active
region including the main gateway to a channel intersection of H-f3
zeolite (12MR) where the DMN isomerization takes place. (b) View
along the main channel.

catalytic system. Furthermore, to improve the energetic proper-
ties and take into account the whole zeolite framework effect,
single-point energy calculations at a high level of theory on
the prior optimized structures by the ONIOM method have been
performed to cover the drawbacks of ONIOM models observed
via the so-called S values,” being in the range of 0.00826—
0.01864 au for the adsorption energy (see Table S2 of the
Supporting Information). The adsorption energy computed from
MO06-L/6-31g(d,p) single-point calculations of 120T extended
along the reaction coordinate at the ONIOM(MO06-L/6-31G(d,p):
UFF) optimized structures has been found to provide a good
description of dispersion interactions and is also in agreement
with the experimental data.’! Consequently, the use of the 120T
MO6-L/6-31G(d,p)//14T ONIOM(MO06-L/6-31G(d,p):UFF) ap-
proach seems to be a good strategy to model this system (see
Figure 10).

The isomerization reaction from 1,5-DMN to 2,6-DMN is
shown in Figure 3. This reaction mechanism is proposed on
the basis of the 1,2-methyl shift in methylbenzene and dimeth-
ylnaphthalene catalyzed by acid solution.”!! It involves suc-
cessive intramolecular 1,2-methyl shift reactions from 1,5-DMN
to 1,6-DMN and finally to 2,6-DMN. Each reaction is basically
a shift of a single methyl group from the a- to the S-position
that is catalyzed by the acidic proton. We do not consider the
situation in which the shift of two methyl groups takes place
simultaneously since it is unlikely to find two acidic protons at
the right position. Each reaction begins with the adsorption of
DMN on the Brgnsted acid site followed by the protonation,
methyl shift, and proton back-donation to become the neutral
adsorbed product. The geometry optimizations were performed
on all important species along the reaction coordinate. These
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include the isolated reactant, adsorbed reactant, intermediate,
transition state, adsorbed product, and isolated product.

Results and Discussion

Reaction Mechanism of 1,5- to 1,6-DMN Isomerization.
Figure 3a summarizes the reaction mechanism of 1,5- to 1,6-
DMN isomerization. In this mechanism, the 1,5-DMN molecule
is first adsorbed at the Brgnsted acid site of the acidic /3 zeolite.
Then the adsorbed 1,5-DMN complex is protonated to form a
o-complex (Int_1). This is followed by the intramolecular methyl
shift between the adjacent C5 and C6 positions. This results in
the formation of a new o-complex (Int_2) which donates a
proton back to the zeolite framework, yielding the 1,6-DMN
molecule in the adsorbed state (Prod_1). The following subsec-
tions describe the structural and energetic information for each
step of the 1,5- to 1,6-DMN isomerization.

Protonation of the 1,5-DMN Adsorption Complex. The
optimized geometric parameters of species in the 1,5-DMN
protonation step are documented in Table S2 of the Supporting
Information. The C5—C6 and C6—H2 bond lengths of the
isolated 1,5-DMN are 1.379 and 1.088 A, respectively. These
bond lengths compare well with the corresponding experimental
bond lengths of benzene of 1.397 and 1.084 A, respectively.
The adsorption mode takes place with the C5—C6 double bond
interacting with the acidic proton (H1) with C5—HI1 and C6—H]1
distances of 2.901 and 2.576 ;A, and the O1—H1 bond length
increases from 0.967 to 0.980 A (see Table S2 and Figure 4).
The 1,5-DMN molecule shows few structural changes. The 1,5-
DMN molecule was slightly perturbed by the zeolite cavity when
adsorbed at the Brgnsted acid site. The C5—C6 double bond
lengthens only slightly by 0.005 A. No change is observed in
the C6—H2 bond length. Furthermore, this weak interaction does
not significantly perturb the zeolite structure. Compared with
the isolated zeolite, the A1—0O1, AlI—02, and Si2—O02 bond
distances are decreased only by 0.005, 0.004, and 0.009 A,
respectively, while the Sil—O1 bond distance is increased only
by 0.002 A. The Sil—O1—Al bond angle decreases by 2.4°,
whereas the Si2—02—Al bond angle increases by 2.0°.

The adsorption energy of 1,5-DMN is computed to be —22.13
kcal/mol. There is, unfortunately, no report of an experimental
adsorption energy of this molecule in the literature. Nevertheless,
this value is in accord with the experimental adsorption energy
of —20.4 kcal/mol for the adsorption of ethylbenzene”' in H-Y
zeolites. Our calculated adsorption energy for the 1,5-DMN
molecule is larger than the experimental report for ethylbenzene.
This is due to the fact that 1,5-DMN is a more basic molecule
than the ethylbenzene molecule. Therefore, the adsorption
energy of 1,5-DMN on a highly acidic 3 zeolite should be larger
than that of ethylbenzene adsorbed on a less acidic H—Y zeolite.
These results show that the 120T MO06-L/6-31G(d,p)//14T
ONIOM(MO06-L/6-31G(d,p):UFF) model is reasonable for in-
vestigating the interactions between the adsorbate and the zeolite
catalyst.

In the next step, the protonation of the adsorbed 1,5-DMN
complex, Ads_1, takes place at the C5 position. A new o-bond
is formed, and the original conjugation is disrupted. Figure 4
shows the calculated energy profile for the protonation step.
Selected geometric parameters of the transition state and the
intermediate of the first part of the isomerization are tabulated
in Table S2 of the Supporting Information. The protonated 1,5-
DMN is in the form of a carbenium ion in which the positive
charge can delocalize over the remaining five carbon atoms of
a benzene ring in DMN. At the transition state, TS_1, the zeolite
proton moves toward a carbon atom of 1,5-DMN as evidenced
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Figure 3. Reaction mechanism of (a) the 1,5- to 1,6-DMN and (b) the 1,6- to 2,6-DMN isomerizations over H-f zeolite. Schematically they
consist of protonation, methyl shift, and proton back-donation of the adsorbed species.

Figure 4. 120T MO06-L/6-31G(d,p)//14T ONIOM(MO06-L/6-31G(d,p):UFF) energy profile (kcal/mol) for the protonation step of the 1,5- to 1,6-
DMN isomerization over H- zeolite. The sum of isolated 1,5-DMN and 120T zeolite cluster energies is taken as a reference. The values in
parentheses are calculated at 14T ONIOM(MO06-L/6-31G(d,p):UFF). Only DMN and the 14T active region are displayed.

by a great reduction of the C5—HI distance from 2.901 to 1.278
A. The O1—H1 and C5—C6 bond lengths are also elongated
by 0.717 and 0.058 A with respect to those of the Ads_l
complex. It is then transformed to a stabilized intermediate,
Int_1. This dimethylnaphthalenonium ion is stabilized by the
resonance energy of the intact benzenoid nucleus.!!

The energy barrier for the protonation is 11.67 kcal/mol, and
the corresponding reaction energy is endothermic by 5.81 kcal/
mol. The formation of the o-bonded complex is accompanied
by the structural changes of the zeolite. The A1—01, Sil—0l,
and Si2—02 bond distances are decreased by 0.091, 0.069, and
0.009 ;A, respectively, whereas the Al—02 bond distance
increases by 0.020 A. The Si2—02—Al angle increases by 3.3°
compared with those of the adsorbed 1,5-DMN (Ads_1). We
observe that the geometry of the transition state, TS_1, is more

similar to that of Int_1 than to that of Ads_1. This results in
the reaction tendency to proceed with the forward direction to
the methyl shift step (cf Table S2 of the Supporting Information).

Methyl Shift Step of Protonated 1,5-DMN. The reversible
intramolecular 1,2-methyl shift moves a methyl group from the
o-position to the adjacent S-position. With reference to Figure
5, this is the formation of a second intermediate (Int_2) from
the first intermediate (Int_1). The selected geometrical param-
eters of Int_1, the transition state (TS_2), and Int_2 are reported
in Table S3 (Supporting Information), while the reaction profile
is illustrated in Figure 5. The TS_2 transition structure has the
shifting methyl group located in between with a C5—Cm—C6
bond angle of 45.4° and a C5—C6 bond distance of 1.412 A.
At this unstable tricentric transition state, the methyl group is
moving slightly toward the C6 carbon atom with Cm—C5 and
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Figure 5. 120T M06-L/6-31G(d,p)//14T ONIOM(MO06-L/6-31G(d,p):UFF) energy profile (kcal/mol) for the methyl shift of the 1,5- to 1,6-DMN

isomerization over H-{ zeolite.

Cm—C6 distances of 1.842 and 1.812 A, respectively. In the
Int_2 structure, a Cm—C6 bond of 1.520 A is formed. This
process causes rather insignificant perturbation on the zeolitic
structure (see Table S3). The AlI—0O1, Al—02, and Si2—02
bond lengths are increased by 0.005, 0.006, and 0.004 A,
respectively, while the Sil—O1 bond length is decreased by
0.002 A. The Sil—O1—Al bond angle increases by 0.4° and
the Si2—02—Al bond angle decreases by 1.8° with respect to
those of Int_1.

The calculated binding energy of Int_2 is —15.50 kcal/mol
(see Figure 5). This is slightly less stable than that of Int_1 by
0.82 kcal/mol. Therefore, the reaction energy is almost ther-
moneutral. This may be attributed to the reduction of steric
hindrance between the methyl group in the naphthalene ring
and the zeolitic pore. The activation energy for the 1,5- to 1,6-
DMN methyl migration step is 25.69 kcal/mol. This actually
compares well with the reported experimental activation energy
of 20.3 & 1 kcal/mol of Suld and Stuart.!!

Proton Back-Donation to the Zeolite Framework. The final
stage of the 1,5- to 1,6-DMN isomerization involves the proton
back-donation from Int_2 to the zeolite framework. This leads
to the 1,6-DMN molecule adsorbed on the Brgnsted acid site.
Figure 6 shows the energy profile for this step and the geometric
parameters of all species involved: Int_2, the transition state
(TS_3), and adsorbed 1,6-DMN (Prod_1) are documented in
Table S4 of the Supporting Information. The H2 atom of Int_2
is transferred from C6 back to the active oxygen Ol site of the
zeolite framework to form adsorbed 1,6-DMN. This is ac-
companied by an increase of the C6—H2 distance from 1.213
A'in TS_3 t0 2.528 A in Prod_1 and a decrease of the O1—H2
distance from 1.765 A in TS_3 to 0.988 A in Prod_1. The TS_3
transition-state configuration is very similar to that of Int_2.
This proton back-donation occurs very fast as evidenced by the
predicted energy barrier being only 2.64 kcal/mol. The reaction

energy for this step is exothermic by 12.95 kcal/mol. This
indicates that the proton prefers to sit on the zeolite framework.

The proton back-donation process has a slight impact on the
zeolite framework. With reference to the Int_2 configuration,
the AI—01, Sil—O01, and Si2—02 bond distances increase by
0.012, 0.009, and 0.001 A, respectively, while the A1—02 bond
distance and the Sil—O1—Al and Si2—02—Al bond angles are
decreased by 0.005 A, 0.5°, and 0.4°, respectively. The back-
transferred proton forms a chemical bond with the O1 atom
with a distance of 0.988 A. The C6—H2 and C5—H2 bond
distances of the adsorbed product are 2.528 and 2.252 A,
respectively. The C5—C6 bond is shortened to 1.384 A, which
resembles the double bond. Finally, a desorption energy of 28.36
kcal/mol is required to remove the 1,6-DMN product from the
Brgnsted acid site (see Figure 6).

The energy profile for all steps of the 1,5- to 1,6-DMN
isomerization is summarized in Figure 10a (see also Table
1). The results show that the rate-determining step of the
isomerization from 1,5- to 1,6-DMN is the methyl shift step.
This step has the highest activation energy of 25.69 kcal/
mol compared with 11.67 and 2.64 kcal/mol for the proton-
ation and the proton back-donation steps. These results are
in good agreement with the experimental observation in
which the acid-catalyzed intramolecular 1,2-methyl shift is
the rate-determining step for this isomerization with an
activation energy of 20.3 kcal/mol.!!

Reaction Mechanism of 1,6- to 2,6-DMN Isomerization.
The reaction mechanism of 1,6- to 2,6-DMN isomerization is
outlined in Figure 3. Once 1,5-DMN is converted to 1,6-DMN,
the 1,6-DMN molecule isomerizes further to become 2,6-DMN
over the same Brgnsted acid site of the f zeolite catalyst.
However, 1,6-DMN must orientate itself inside the pore and
point another methyl group at the a-position toward the acidic
proton for the reaction to occur. The considered mechanism
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Figure 6. 120T M06-L/6-31G(d,p)//14T ONIOM(MO06-L/6-31G(d,p):UFF) energy profile (kcal/mol) for the proton back-donation step of the 1,5-

to 1,6-DMN isomerization over H-f3 zeolite.

TABLE 1: Summary of the 14T ONIOM(MO06-L/
6-31G(d,p):UFF) and 120T M06-L/6-31G(d,p) Energies of the
Important Species along the Reaction Coordinate of the 1,5- to
2,6-DMN Isomerization over H-f Zeolite (See Figure 10)

complex ONIOM(MO06-L/6-31G(d,p):UFF)  MO06-L/6-31G(d,p)
Ads_1 —32.98 —22.13
TS_1 —17.30 —10.46
Int_1 —21.50 —16.32
TS_2 2.47 9.38
Int_2 —21.77 —15.50
TS_3 —19.79 —12.86
Prod_1 —39.24 —28.45
Ads_2 —33.12 —21.43
TS_4 —18.36 —11.37
Int_3 —20.44 —13.90
TS_5 0.44 7.14
Int_4 —23.13 —16.89
TS_6 —19.45 —12.95
Prod_2 —38.78 —27.72

“The 120T MO06-L/6-31G(d,p) energies reported are the single-point
energies at the ONIOM(MO6-L/6-31G(d,p):UFF)-optimized structures.

begins with the adsorption of orientated 1,6-DMN over the acid
site (Ads_2). Then the acidic proton is transferred to form the
o-complex (Int_3) followed by the intramolecular 1,2-methyl
shifts from the adjacent C, to Cg positions. This step leads to
a new o-complex (Int_4) which can transfer a proton back to
the zeolite framework, yielding the adsorbed 2,6-DMN (Prod_2).
Finally the adsorbed 2,6-DMN desorbs from the zeolite
framework to become an isolated 2,6-DMN molecule.

Protonation of the 1,6-DMN Adsorption Complex. Within
a 3 micropore, the 1,6-DMN molecule orientates its a-methyl
group toward a Brgnsted proton at the 12-membered ring
channel intersection. The adsorbed complex Ads_2 has its
geometric parameters given in Table S5 of the Supporting
Information. The C1—C2 double bond of the 1,6-DMN molecule
interacts with the acidic proton (H3) with C1—H3 and C2—H3
distances of 3.272 and 3.528 A. Upon adsorption, the Brgnsted
O1—H3 bond is weakened with the bond length lengthened by
0.005 A. The structure of the B zeolite is slightly perturbed upon
interacting with 1,6-DMN. With reference to the isolated zeolite
framework, the A1—0O1 and Sil—O1 bond distances increase
by 0.837 and 0.006 A, respectively, as the Si2—02—Al bond
angle is increased by 1.4°. The Al—02 and Si2—O02 bond
distances are decreased by 0.156 and 0.087 A, respectively, and
the Sil—O1—Al bond angle is decreased by 1.7°.

The calculated adsorption energy for the adsorbed 1,6-DMN
complex prior to isomerization is —21.43 kcal/mol. This is close
to the —22.13 kcal/mol energy of 1,5-DMN and approximately
close to the —20.4 kcal/mol energy of ethylbenzene®! in H-Y
zeolite. The adsorbed 1,6-DMN complex, Ads_2, is protonated
to initiate the second isomerization. The protonation step leads
to dimethylnaphthalenonium ion (Int_3) via the transition state
(TS_4). For this transition-state (TS_4) configuration, the
C1—H3 bond distance is significantly decreased from 3.272 to
1.222 A, as the O1—H3 and C1—C2 bond distances increase
by 0.955 and 0.073 A, respectively. The TS_4 transition state
has its structure closer to that of Int_3 than to that of Ads_2
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Figure 7. 120T MO06-L/6-31G(d,p)//14T ONIOM(MO06-L/6-31G(d,p):UFF) energy profile (kcal/mol) for the protonation step of the 1,6- to 2,6-
DMN isomerization over H-f zeolite. The sum of isolated 1,6-DMN and 120T zeolite cluster energies is taken as a reference. The values in
parentheses are calculated at 14T ONIOM(MO06-L/6-31G(d,p):UFF). Only DMN and the 14T active region are displayed.

Figure 8. 120T M06-L/6-31G(d,p)//14T ONIOM(MO6-L/6-31G(d,p):UFF) energy profile (kcal/mol) for the methyl shift step of the 1,6- to 2,6-

DMN isomerization over H-f zeolite.

(see Figure 7 and Table S5, Supporting Information). The
activation energy for the protonation step is 10.06 kcal/mol,
and the reaction energy is endothermic by 7.53 kcal/mol. In
comparison with the protonation step in the earlier reaction, the
protonation step of Ads_2 takes up less energy than that of
Ads_1 because of the steric hindrance inside the zeolite of the
two methyl groups at the o-positions of 1,5-DMN.!3

Methyl Shift Step of Protonated 1,6-DMN. The formation
of the fourth intermediate (Int_4) via the intramolecular 1,2-

methyl shift follows the protonation step. The optimized
geometric parameters of all species in this step, Int_3, transition
state (TS_5), and Int_4, are reported in Table S6 of the
Supporting Information together with the reaction profile shown
in Figure 8. This step shares common features with the methyl
shift step of the 1,5- to 1,6-DMN isomerization. At the TS_5
transition state, the Cm—C]1 distance increases from 1.538 to
1.838 A, while the Cm—C2 distance decreases from 2.465 to
1.826 A. The tricentric transition state also has a C1—C2 bond
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Figure 9. 120T M06-L/6-31G(d,p)//14T ONIOM(MO06-L/6-31G(d,p):UFF) energy profile (kcal/mol) for the proton back-donation step of the 1,6-

to 2,6-DMN isomerization over H-f3 zeolite.

distance of 1.413 A and a C1—Cm—C2 bond angle of 45.3°.
Most of the structure constraints seen in this tight transition
state are relieved when a o-complex (Int_4) is formed.

The zeolitic structure is slightly changed when Int_4 is
formed. The Al—O1 and Sil—O1 bond distances are incresed
by 0.003 and 0.002 A, while both AI—02 and Si2—02 bond
distances decrease by 0.001 A. The Si2—02—Al bond angle
increases by 0.5°, whereas the Sil—O1—Al bond angle de-
creases by 0.1°. The Int_4 structure has a binding energy of
—16.89 kcal/mol; it is more stable than the Int_3 intermediate
by 2.99 kcal/mol. The energy barrier for the methyl shift step
is 21.05 kcal/mol. This is less than that of 25.69 kcal/mol of
the 1,5 to 1,6-DMN isomerization. The reaction energy is
exothermic by 2.99 kcal/mol. Although there is no report of an
experimental activation energy for the 1,6- to 2,6-DMN reaction,
the activation energy of 19.2 kcal/mol can be estimated from
the experimental activation energy of the reverse 2,6- to 1,6-
DMN reaction (20.1 kcal/mol).!" Our activation energy agrees
well with this estimated activation energy. Both experimental
and theoretical results agree with the fact that the activation
energy for the methyl shift step in 1,5- to 1,6-DMN is greater
than that in 1,6- to 2,6-DMN.

Proton Back-Donation to the Zeolite Framework. The proton
is transferred back to the zeolite framework from protonated
2,6-DMN in this step. The optimized geometric parameters of
species involved in this proton back-donation step are listed in

Table S7 of the Supporting Information. The corresponding
reaction profile is shown in Figure 9. In this step, a proton of
Int_4 is transferred back to a zeolite-bridging oxygen (O1) at
the acid site, hence leading to the adsorbed 2,6-DMN (Prod_2).
This differs from the data obtained in the 1,5- to 1,6-DMN
isomerization. The energy profile indicates that this proton back-
donation step is very fast. The calculated activation energy in
this second isomerization process is 3.94 kcal/mol, which is
greater than that in the first isomerization. This proton back-
donation step releases an energy of 10.83 kcal/mol. With
reference to the Int_4 configuration, this proton back-donation
step does not perturb the zeolite structure significantly. The
Al—01, Sil—01, and Si2—02 bond lengths increase by 0.106,
0.082, and 0.011 A, respectively. The AlI—O2 bond length and
the Sil—O1—Al and Si2—02—Al bond angles decrease by
0.027 A, 0.6°, and 4.0°, respectively. For the geometry of 2,6-
DMN, the C2—H4 distance increases from 1.144 to 2.502 A,
indicating C2—H4 bond breaking and O1—H4 bond formation.
The O1—H4 bond length is now 0.988 A. The C1—C2 bond
shows double bond character as supported by the reduced bond
length of 1.384 A from 1.450 A. The 2,6-DMN is now in the
adsorbed state with the Brgnsted acid site. The adsorbed 2,6-
DMN product is subsequently separated from the framework
by a desorption energy of 27.48 kcal/mol.

For convenient discussion, the energetic profiles for the
overall steps of the 1,6- to 2,6-DMN isomerization are sum-
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Figure 10. Summary of the overall 120T M06-L/6-31G(d,p)//14T ONIOM(MO06-L/6-31G(d,p):UFF) energy profile (kcal/mol) of the (a) 1,5- into 1,6-
DMN and (b) 1,6- into 2,6-DMN isomerizations over H-f3 zeolite. The values in parentheses are calculated at 14T ONIOM(MO6-L/6-31G(d,p):UFF).

marized in Figure 10b (see also Table 1). The reaction starts
with 1,6-DMN adsorbed on the acidic proton of zeolite (Ads_2).
The subsequent step is the protonation to form the Int_3
intermediate with an activation barrier of 10.06 kcal/mol. The
following step is the 1,2-methyl shift within bonded C—C atoms,
leading to Int_4 with an energy barrier of 21.05 kcal/mol. This
is followed by the proton back-donation step to generate the
adsorbed 2,6-DMN product (Prod_2) with a rather low reaction
barrier of 3.94 kcal/mol. The methyl shift step is considered to
be the rate-determining step for the 1,6- to 2,6-DMN isomer-
ization. This finding corresponds well with the work of Suld
and Stuart.!!

Comparison between the complete energy profiles of the 1,5-
to 1,6-DMN and subsequent 1,6- to 2,6-DMN isomerization
reactions can be made with the data from Figure 10 and Table
1. The methyl migration step is the rate-determining step in
both reactions. The activation energy of the 1,5- to 1,6-DMN
reaction is 25.69 kcal/mol, which is greater than the 21.05 kcal/
mol energy of the 1,6- to 2,6-DMN reaction. This suggests that,
for successive 1,5- to 1,6-DMN and 1,6- to 2,6-DMN reactions,
the former isomerization reaction takes place more slowly than
in the latter. This conclusion is in line with the thermodynamic
view observed by Kraikul et al. that the 1,6-DMN to 2,6-DMN
isomerization occurs rapidly with a higher isomerization rate.®

These results agree with the observation that the catalytic
1,5- to 1,6-DMN isomerization over H-/3 zeolite is the kinetically
limiting step for the production of 2,6-DMN from 1,5-DMN.
Under a thermodynamic condition as performed by Kraikul et
al., the ratio of 2,6-DMN to 1,6-DMN product can be rational-
ized from the Boltzmann distribution of the two species. Our
MO06-L/6-31G(d,p) calculation indicates that the 2,6-DMN:1,6-
DMN ratio is greater than 1, which agrees with the experimental
observation that 2,6-DMN is obtained in a higher percentage
than 1,6-DMN.5 Although only the 14T cluster representing the
active site of zeolite and the adsorbate are allowed to relax in
this 120T M06-L/6-31G(d,p)//14T ONIOM(MO6-L/6-31G(d,p):
UFF) model, the energetic information of the isomerization
reaction such as the adsorption energies and the activation
energies are rational and compared well with experimental data
reports in the literature 611-13:51.52

Conclusion

The isomerization of 1,5-DMN into 2,6-DMN over the acidic
B zeolite is investigated at the molecular level by using the 120T
MO6-L/6-31G(d,p)//14T ONIOM(MO6-L/6-31G(d,p): UFF) method.
The isomerization reaction involves two consecutive methyl shift
processes through the conversion of 1,5- into 1,6-DMN and of
1,6- into 2,6- DMN, respectively. The reaction mechanism
begins with the adsorption of the reactant on a Brgnsted acid
site of the /3 zeolite followed by the protonation, 1,2-methyl
shift, and proton back-donation steps and the product desorption.
The methyl shift is shown to be the rate-determining step, with
the 1,5- to 1,6-DMN isomerization reaction having a greater
activation barrier than the 1,6- to 2,6-DMN reaction (25.69 vs
21.05 kcal/mol). The predicted activation barriers are in
agreement with the available experimental data. Under ther-
modynamic control, 2,6-DMN is expected to be the main
product of the isomerization reaction.

The present work is another successful example for the
ONIOM approach, with proper selection of each layer that
can be used to study the chemical reaction catalyzed by acidic
zeolite. The M06-L/6-31G(d,p)//ONIOM(MO06-L/6-31G(d,p):
UFF) method of the 120T cluster is recommended to be used
as an accurate and practical model to explore the structure,
adsorption, and reaction mechanisms of 8 zeolite.
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The confinement effect on the adsorption and reaction mechanism of unsaturated aliphatic, aromatic and
heterocyclic compounds on H-ZSM-5 zeolite has been investigated by the four ONIOM methods (MP2:M06-2X),
(MP2:B3LYP), (MP2:HF), and (MP2:UFF). The H-ZSM-5 ‘nanoreactor’ porous intersection, where chemical
reactions take place, is represented by a quantum cluster of 34 tetrahedral units. Ethene, benzene, ethylbenzene, and
pyridine are chosen to represent reactions of various adsorbates of aliphatic, aromatic and heterocyclic compounds.
Among the four combined methods, (MP2:M06-2X) outperforms the others. The results confirm that the method that
takes weak interactions, especially the van der Waals interaction, into account is essential for describing the confinement
effect from the zeolite framework. The effects of the infinite zeolitic framework on the cluster model are also included
by a set of point charges generated by the embedded ONIOM model. The energies for the adsorption of ethene, benzene,
ethylbenzene, and pyridine on H-ZSM-5 from an embedded ONIOM(MP2:M06-2X) calculation are predicted to
be —14.0, —19.8, —24.7, and —48.4 kcal/mol, respectively, which are very close to available experimental observations.
The adsorption energy of pyridine agrees well with the experiment data of —47.6 kcal/mol. We also applied the same
computational methodology on the systematic investigation of the H/H exchange reaction of benzene and ethylbenzene
with the acidic H-ZSM-5 zeolite. The H/H exchange reaction was found to take place in a single concerted step. The
calculated apparent activation energies for benzene and ethylbenzene are 12.6 and 4.9 kcal/mol, which can be compared
to the experimental estimates of 11.0 and 6.9 kcal/mol, respectively. The confinement effect of the extended zeolite
framework has been clearly demonstrated not only to stabilize the adsorption complexes but also to improve their

corresponding activation energies to approach the experimental benchmark.

1. Introduction

Zeolite, one of the industrially important microporous cata-
lysts, is of great interest for its range of applications in adsorption
and separation, particularly for catalysis. One of the most notable
catalyst zeolites for modern petrochemical processes is ZSM-5.
With its size- and shape-selectivity, thermal stability and the
ability of ion-exchange, ZSM-5 is the catalyst of choice for
important hydrocarbon reactions such as cracking, isomeriza-
tion, and oligomerization.'®

Theoretical study can offer a practical tool that provides clear
insight to the reaction mechanism complementing experimental
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investigations or, in certain cases, offering an understanding that
is not possible by experimental investigations. Most of the
theoretical studies of chemical reactions on heterogeneous cata-
lysts are based on the use of wave function methods and density
functional theory (DFT). Wave function methods, especially
post-Hartree—Fock methods such as configuration interaction,
coupled cluster, and Mgller—Plesset perturbation theory, cer-
tainly give accurate results. However, the high accuracy comes
with the price of higher computational cost. DFT has gained
increasing interest by providing good predictions of important
properties for a wide range of applications in chemistry with a
lower required computational demand. However, the conven-
tional DFT functionals are not able to properly describe van der
Waals effects, which are very important in the interactions of
host/guest systems. The selection of the functional in DFT is
crucial for correctly exploring the properties and reaction me-
chanisms of chemical reactions. Considerable effort has been
invested to overcome this severe deficiency of DFT. Grimme’
has proposed a new semiempirical functional by introducing
atom-pairwise dispersion corrections to the generalized gradient

(9) Grimme, S. J. Comput. Chem. 2006, 27, 1787.
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approximation (GGA) part of the B97 functional. Zhao and
Truhlar'®™"® have recently developed the M06 family of local
(M06-L) and hybrid (M06, M06-2X) meta-GGA functionals that
show promising performance for studying main group thermo-
chemistry, kinetics, noncovalent interactions, excited states, and
transition elements.

Nevertheless, zeolites that have high impacts in industrial
processes usually possess hundreds of atoms per unit cell, making
the use of sophisticated methods, such as periodic ab initio
calculations, computationally too expensive and even impractical
when very large zeolites are concerned. Therefore, the electronic
properties of zeolites are usually modeled with quantum chemical
methods for relatively small clusters where only the most im-
portant part of the zeolites is focused on.'*”" Such limited
models do not take into account the effect of the framework,
which can significantly change the structure and energetics of the
system and has been shown to lead to discrepancies between the
cluster results and the actual zeolite behaviors.?>?!

The confinement effect was proposed to explain the interac-
tions between the zeolite framework and the adsorbed molecule,
which is confined within the pore of the zeolite.>** The confine-
ment effects play an important role on the sorption and catalytic
properties of zeolites by stabilizing adsorbed molecules, inter-
mediates, and reaction transition states. The quantum mechanics/
molecular mechanics (QM/MM) scheme was successfully applied
to study the interactions and reactions of hydrocarbon molecules
on zeolites.'"* ! Those calculated adsorption and activation
energies are very close to the available experimental benchmarks.
One of the successful combined approaches in our previous works
is the ONIOM(B3LYP:UFF). This method usually gives surpris-
ingly good results for studying systems in which confinement
effects play a significant role on adsorptions and reactions in the
zeolite pore.'® However, it is due to the fact that the overestimated
van der Waals interactions represented by the universal force field
compensate for the weak interactions from small quantum cluster
calculations treated by the B3LYP method. One could expect
worse results by increasing the size of the quantum cluster. In
order to avoid these unfavorable errors, we have to find another
method that is more reliable and also economically viable for
studying the chemistry of zeolites.

We performed the quantum chemical calculation to study (1)
the adsorption of chosen molecules not only to represent various
industrially important hydrocarbons and heterocyclic com-
pounds, but also because they are known to be common failures
for conventional DFT calculations: unsaturated aliphatic
(ethene), aromatics (benzene and ethylbenzene), and heterocycles
(pyridine) and (2) the hydrogen exchange reaction of aromatics
(benzene and ethylbenzene). The hydrogen exchange is chosen
because of its simplicity; it consists of a single concerted step, and
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Figure 1. Presentation of H-ZSM-5 models in different sizes: (a)
5T quantum cluster and (b) 5T:34T ONIOM model. Atoms treated
with the MP2 level of theory are shown in balls, whereas the area
treated with a lower level of calculation is symbolized with wire-
frames.

the availability of experimental data. To investigate the confine-
ment effect, the ONIOM scheme on the widely used 34T model
was chosen specifically. The active site is calculated with the MP2
method, whereas the outer part is treated with different ap-
proaches: M06-2X, B3LYP, HF methods and UFF force field.
The discrepancy between the benchmark of experimental data
and our calculated results in the adsorption and reaction energies
of probe molecules are discussed below.

2. Method

The adsorption and reaction of ethene, benzene, ethylbenzene,
and pyridine on H-ZSM-5 have been initially studied with a five
tetrahedral unit (5T) model. The Al atom is selected to substitute
a Si atom at the T12 position, which is the most energetically
favored position.15 AT19° Afterward, the zeolite framework is
expanded to become the 34T quantum cluster (AlSi33046H4s) to
cover the so-called “nanocavity”, which is the intersection be-
tween straight and zigzag channels. For computational cost
efficiency, the ONIOM scheme®* is applied on this 34T model.
The 5T quantum region of the Bronsted acid site, illustrated in
Figure 1a, is assigned to be the inner layer, whereas the extended

(24) Dapprich, S.; Komiromi, I.; Byun, K. S.; Morokuma, K.; Frisch, M. J.
THEOCHEM 1999, 461—462, 1.
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34T model is the outer layer. Only the active region (AlSi;O4H)
and the probe molecule are allowed to relax while the rest is kept
fixed with the crystallographic structure.?® The various combina-
tions of methods for the ONIOM scheme are compared to find
the best approach for the best prediction. The full quantum
calculation of the ST inner layer of the ONIOM model is
optimized with the MP2 method. A lower level of calculation
for the outer layer is varied with M06-2X, B3LYP, HF, and UFF
approaches. Therefore, the four combined ONIOM schemes,
(MP2:M06-2X), (MP2:B3LYP), (MP2:HF), and (MP2:UFF)
methods, are compared. All geometry optimizations in each
method were performed by using the 6-31G(d,p) basis set. Curtiss
et al. reported the close agreement between the adsorption results
of MP2/6-31G(d,p) and the more accurate G2(MP2, SVP)
[effectively QCISD(T)/6-311+G(3df,2p)+ ZPVE] for the adsorp-
tion complex of ethane and small 3T and 5T clusters of zeolite,
which appears to be a cancellation of the high level effects:
correlation, basis set and zero-point energies.%“27 Thus, the
MP2/6-31G(d,p) adsorption energy may be reasonably reliable.
To obtain more reliable interaction energies, the single-point
energy calculations at the 5T quantum cluster with the MP2/6-
311+G(2df,2p)//MP2/6-31G(d,p) level and the 5T:34T with the
ONIOM(MP2/6-3114G(2df,2p):M06—2X/6-31G(d,p)//MP2/6-
31G(d,p):M06—2X/6-31G(d,p)) method are carried out. How-
ever, the long-range effects from the extended framework that is
neglected in any truncated finite quantum cluster are essential for
exploring adsorption and reaction properties in the zeolite sys-
tems. We have also incorporated the long-range electrostatic
potential from the infinite zeolite lattice to our systems by
performing single-point calculations with the electronic embed-
ding approach. The Madelung potential from the extended lattice
is reproduced by well-calibrated point charges enclosed around
the 34T quantum cluster.”® " The ONIOM and optimized
point charges embedded method called the embedded-ONIOM
(e-ONIOM) approach has been successfully applied to pre-
dict adsorptions and reaction mechanisms in several zeolite
systems.'>*°73* All calculations were carried out using the Gauss-
ian 03 program® incorporated with the Minnesota Density
Functionals module 3.1 by Zhao and Truhlar.
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3. Results and Discussion

3.1. Molecular Cluster and Nanocluster Models of Zeo-
lites. Before giving details on the molecular adsorptions of our
chosen adsorbates, we first clarify how the Bronsted acid in H-
ZSM-5 is modeled. It is known that the proton can reside on any
of the four nonequivalent neighboring oxygen atoms at a given Al
T-site.*® From the total of 96 tetrahedral centers and 12 topolo-
gically distinct sites in a unit cell of ZSM-5, T12 is found to be the
most favored for an aluminum (Al) substitution.’” One proton,
known as Bronsted acid, is required to compensate the charge of
the Al-substituted framework. From the Al position, the proton
then points to the 10T ring, thus providing a catalytic cavity for
acid-mediated reactions.'***° The Bronsted active site is there-
fore chemically composed of AlSi4O4H;3, called a ST cluster,
illustrated in Figure 1a. The zeolite model is further expanded to
represent the more realistic system, i.e., the 34T cluster for the
components of zigzag and straight channels connected with the
intersection, shown in Figure 1b. With the extended framework,
dominant interactions for adsorbate molecules can be taken into
account. From our previous studies,'”" the adsorption site for
small molecules such as ethene is in the zigzag channel, whereas a
larger molecule such as benzene is generally located at the
intersection of the channel system.

For our theoretical study of the effects of the framework on the
adsorption and H/H exchange of hydrocarbons on the nanos-
tructured zeolite, we evaluate the method combined into the
ONIOM scheme to find the approach that gives the best predic-
tion. The quantum calculation of the 5T cluster optimized with
the MP2 method is performed to analyze the energy contribution
from the high level of calculation in ONIOM schemes with four
combined computational methods: (MP2:M06-2X), (MP2:
B3LYP), (MP2:HF), and (MP2:UFF).

From the bare H-ZSM-5, the optimized structural parameters
of the 5T cluster and ONIOM model with different approaches
[the (MP2:MO06-2X), (MP2:B3LYP), (MP2:HF), and (MP2:
UFF) methods] are listed in Table S1 in the Supporting Informa-
tion. Itis found that a different lower level of calculation leads to a
different result on the acidity of the zeolite active site. As was
expected, the 5T cluster gives an underestimated Bronsted O1-Hz
bond length of 96.7 pm, which is smaller than the value from all of
the ONIOM approaches. The bond distance is predicted with the
ONIOM methods to be in the range of 96.8—97.0 pm. The
difference of those calculated bond lengths reveals the influence
of the extended framework on the optimized structure and the
effective reactivity of the acid site. In this case, the framework is
found to enhance the acidity. To evaluate the quality of the
method combination, the computed values of the Al---Hz
distances are compared to the experimental observation
(238.0-248.0 + 4 pm).*** The Al---Hz distance from the
MP2:B3LYP (235.9 pm), MP2:HF (235.7 pm), and MP2:UFF
(228.5 pm) ONIOM approaches are underestimated. The most
comparable computed value is from the ONIOM(MP2:M06-2X)
(236.4 pm) method.

3.2. Adsorptions of Aliphatic (Ethene), Aromatic (Benzene,
Ethylbenzene) and Heterocyclic Compounds (Pyridine) with
H-ZSM-5. Adsorption is one of the most important chemical

(36) Derouane, E. G.; Fripiat, J. G. J. Phys. Chem. 1987, 91, 145.

(37) Lonsinger, S. R.; Chakraborty, A. K.; Theodorou, D. N.; Bell, A. T. Catal.
Lett. 1991, 11, 209.

(38) Brand, H. V.; Curtiss, L. A; Iton, L. E. J. Phys. Chem. 1993, 97, 12773.

(39) Simperler, A.; Bell, R. G.; Foster, M. D.; Gray, A. E.; Lewis, D. W
Anderson, M. W. J. Phys. Chem. B 2004, 108, 7152.

(40) Klinowski, J. Chem. Rev. 1991, 91, 1459.

(41) Freude, D.; Klinowski, J.; Hamdan, H. Chem. Phys. Lett. 1988, 149, 355.
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processes that lead to numerous chemical reactions. Ethene,
the simplest molecule with w-bonding, thus representing inter-
molecular 7 interaction, was studied to represent the unsatura-
ted hydrocarbon adsorption. Benzene and ethylbenzene were
chosen to study aromatic hydrocarbons adsorption on H-ZSM-
5. Ethylbenzene was considered for the influence of the substitu-
tion on the aromatics adsorption. Finally, the acidity of the zeolite
is observed with pyridine, which is known as the basic probe
molecule.

3.2.1. Unsaturated Hydrocarbon Adsorption: Ethene. The
ethene molecule weakly adsorbs over the Bronsted acid site
forming a m-adsorption complex. The ONIOM(MP2:M06-2X)
optimized structure of the adsorption is illustrated in Figure 2.
The key geometrical parameters of the adsorption complexes are
shown in Table S2 in the Supporting Information. Almost
symmetrical distances between Hz---Cl (218.8 pm) and
Hz---C2(218.1 pm) can be found in the optimized 5T adsorption
complex. When the framework is extended to be the 34T in the
ONIOM scheme, the unsymmetrical impact on the Hz---C
distance from the framework is observed (216.3 pm vs 220.5 pm).
In all models, the structures of Bronsted acid sites and the ethene
molecule have little perturbation upon the adsorption. Focusing
on the O—Hz parameter, the acid bond length is elongated during
the adsorption, corresponding with the slightly elongated C1=C2
bond of ethene, from 133.5 to 134.3 pm. From the MP2
optimization for the 5T model, the O—Hz distance was extended
from 96.7 to 98.1 pm. The structural change from other methods
is found to have the same trend.

As for the MP2 calculation on the 5T quantum cluster,
the predicted adsorption energy is just —S8.7 kcal/mol. The
values from the ONIOM scheme are —13.3, —10.5, —10.4, and
—16.6 kcal/mol for ONIOM(MP2:M06-2X), (MP2:B3LYP),
(MP2:HF) and (MP2:UFF) methods, respectively. Due to the
lack of information for ethene adsorption on H-ZSM-5 zeolite,
we select the ethene adsorption on H-FAU zeolite to make a
validation for our calculated values. Ethene adsorbs on H-FAU
with the adsorption energy of —9.0 kcal/mol.** It is known that
the acidity of H-ZSM-5 is higher than that of H-FAU. The
interaction energy of ethene on H-ZSM-5 is expected to be
stronger than that on H-FAU and should be greater than a value
of 10 kcal/mol. Since then, the (MP2:M06-2X) and (MP2:UFF)
methods are found to give reasonable results.

3.2.2. The Aromatic Hydrocarbon Adsorption: Benzene
and Ethylbenzene. Benzene and ethylbenzene also interact with
the zeolite acid site via zr-interaction, illustrated in Figures 3 and 4.
Selected structural parameters of the benzene and ethylbenzene
molecules are shown in Tables S3 and S4 in the Supporting
Information. In order to discuss this in a concise manner, only the
structure complexes at the most reliable and well-calibrated
ONIOM(MP2: M06-2X) scheme will be the main focus . The
C=C double bond in the benzene ring that forms the sm-interac-
tion with the zeolite is slightly increased and the acidic O1—Hz
bond distance is slightly increased from 97.0 to 98.4 and 98.3 pm
for both benzene and ethylbenzene adsorption complexes, respec-
tively. Similar to the adsorption of ethene, the zeolite structural
parameters are slightly changed by the weak interactions (changes
in bond distances and bond angles are less than 0.02 A, and 2°,
respectively).

As for the bare 5T quantum cluster, the interaction of benzene
calculated with the MP2 method is —12.1 kcal/mol. Considering
the surrounding framework, the calculation with the ONIOM
scheme gives adsorption energies of —18.4, —12.9, —11.8, and

(42) Cant, N. W.; Hall, W. K. J. Catal. 1972, 25, 161.
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Figure 2. Presentation of an ethene molecule adsorbed on the
5T:34T model of H-ZSM-5 zeolite. Atoms treated with the MP2
level of theory are shown in balls, whereas the area treated with a
lower level of calculation is symbolized with wireframes. Bond
lengths are in picometers.

Figure 3. Presentation of a benzene molecule adsorbed on the
5T:34T model of H-ZSM-5 zeolite. Atoms treated with the MP2
level of theory are shown in balls, whereas the area treated with a
lower level of calculation is symbolized with wireframes. Bond
lengths are in picometers.

—26.0 kcal/mol for the ONIOM(MP2:M06-2X), (MP2:B3LYP),
(MP2:HF), and (MP2:UFF) methods, respectively. The energies
that are larger than those from the quantum cluster are mainly
attributed to “nonlocal interactions”, which are the van der Waals

DOI: 10.1021/1a901841w 12993
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Figure 4. Presentation of an ethylbenzene molecule adsorbed on
the 5T:34T model of H-ZSM-5 zeolite. Atoms treated with the
MP2 level of theory are shown in balls, whereas the area treated
with a lower level of calculation is symbolized with wireframes.
Bond lengths are in picometers.

interactions, due to confinement of the zeolite. According to the
nonpolarity of benzene, only the van der Waals interactions are
expected to be significant. Since only the adsorption energy,
measured as —15.3 kcal/mol for H-FAU zeolite, is available®
and the ZSM-5 zeolite pore is smaller, the interaction inside its
pore should be stronger than the value in the H-FAU system.
Only the energy from the ONIOM(MP2:M06-2X) gives a reason-
able adsorption energy.

The adsorption energies for ethylbenzene on H-ZSM-5 were
calculated to be —13.9, —23.3, —13.3, —11.6, and —35.3 kcal/mol
with the full ST quantum MP2 and ONIOM(MP2:M06—2X),
(MP2:B3LYP), (MP2:HF), and (MP2:UFF) methods, respec-
tively. Obviously, the van der Waals interaction for the case of
benzene is weaker than for the ethylbenzene adsorption and,
hence, the corresponding adsorption energies at ONIOM(MP2:
MO06-2X) are —18.4 and —23.3 kcal/mol for benzene and ethyl-
benzene, respectively. These values compare well with the experi-
mental values of —15.3 and —19.6 kcal/mol* for the adsorption
of benzene and ethylbenzene in a weaker acid zeolite, and H—Y
zeolite, respectively. This discrimination of adsorption energies is
due partly to the confinement effect of H-ZSM-5 being larger than
the H=Y zeolite. The accurately predicted adsorption energies
clearly demonstrate that the ONIOM(MP2:M06-2X) model used
in this work can represent the interactions between the adsorbates
and zeolite very well. The combination of the MP2 method at the
active region embedded in the extended structure modeled by the
MO06-2X apparently works well in representing van der Waals
interactions in the zeolite system as compared to B3LYP and HF.
The adsorption results of the ONIOM(MP2:UFF) tend to yield
overestimated values (see Table 1).

3.2.3. Heterocyclic Compounds Adsorption: Pyridine. The
acidity of the H-ZSM-5 zeolite can be studied with pyridine,
known as the basic probe molecule. The molecule also has been

(43) Coker, E. N.; Jia, C.; Karge, H. G. Langmuir 2000, 16, 1205.
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Table 1. The Contribution Analysis on Adsorption Energies of Ethene,

Benzene, Ethylbenzene, and Pyridine Molecules on ST Models Cal-

culated with MP2 Full Quantum Calculation and the 5T:34T Model
with Different ONIOM Approaches”

model method ethene benzene ethylbenzene pyridine
5T MP2’ —8.7 —12.1 —13.9 —24.9
5T:34T ONIOM(MP2: —13.3 —184 —233 —43.7
M06—2X)“
high level —-88 —11.7 —12.8 —23.6
low level —4.5 =67 —10.5 —20.1
5T:34T ONIOM(MP2: -10.5 —12.9 —13.3 —39.1
B3LYP)“
high level -9.1 —11.0 —12.0 —24.2
low level -14 -19 -1.3 —14.9
5T:34T ONIOM(MP2:HF)* —104 —11.8 —11.6 -38.7
high level —-9.0 —10.7 —11.8 —23.9
low level -14 -1.1 0.2 —14.8
5T:34T ONIOM(MP2:UFFY —16.6 —26.0 —35.3 —38.6
high level -85 —109 —11.8 —26.3
low level 8.1 —15.1 —23.5 —12.3
Expt H-ZSM-5 —47.6
FAU -9 —153 —19.6 —43.1

“Energies are in kcal/mol. (high level means contribution from a
high level of theory: AE(model,high); low level means contribution
from a low level of theory: AE(real, low) — AE(model, low)). ”MP2/6-
3114+G(2df,2p)//MP2/6-31G(d,p). ¢ ONIOM(MP2/6-3114+G(2df,2p):M06—
2X/6-31G(d,p)//MP2/6-31G(d,p): M06—2X/6-31G(d,p)).  ONIOM(MP2/
6-3114+G(2df,2p):B3LYP/6-31G(d,p)//MP2/6-31G(d,p):B3LYP/6-31G(d,p)).
¢ ONIOM(MP2/6-3114+-G(2df,2p):HF/6-31G(d,p)//MP2/6-31G(d,p):HF/
6-31G(d,p)). ONIOM(MP2/6-311+G(2df2p):UFF//MP2/6-31G(d.p): UFF).

widely studied as the representative for the heterocyclic molecule.
Pyridine is held over the Bronsted acid site of the H-ZSM-5 zeolite
with the ion pair intermolecular interaction, illustrated in
Figure 5a. Selected structural parameters of the pyridine molecule
on H-ZSM-5 are shown in Table S5 in the Supporting Informa-
tion. From the calculation of the ST model, the nitrogen atom of
pyridine is spontaneously protonated by the zeolite proton. The
formation of an ion pair consisting of a pyridinium cation and the
deprotonated zeolite can be seen by the bond distance between N
and the acidic proton Hz of 110.2 pm, concurrently with the
increase of its distance to O1 from 96.7 to 144.5 pm. The results
are in accordance with Gutmann’s rules,* i.e., a lengthening of
the O1—Hz bond, a shortening of Al-01, and a lengthening of
Al—02 (not adjacent to the bridging O1—Hz). Similar structural
changes are also found from the ONIOM calculation on
the model with the extended framework. The intermolecular
O1- - -N distance of the pyridine/zeolite adduct increases on the
model expansion from 253.7 pm (5T) to 257.4—274.7 pm
(ONIOM).

The experimentally determined adsorption energy of pyridine on
the acidic H-ZSM-5 zeolite of 47.6 kcal/mol® is considered as the
benchmark. We computed the adsorption energy on the ST model
with the MP2/6-31G(d,p) level of theory to be —24.9 kcal/mol.
Once the model is expanded up to 34T, the adsorption energies are
considerably increased to —43.7, —39.1, —38.7, and —38.6 kcal/mol
for the ONIOM(MP2:M06—2X), (MP2:B3LYP), (MP2:HF), and
(MP2:UFF) methods, respectively. As in the former cases, the
ONIOM(MP2:M06—2X) result most closely approaches the
benchmark. As expected, this result is due to the M06-2X method

(44) Gutmann, V. The Donor-Acceptor Approach to Molecular Interactions;,
Plenum Press: New York, 1978.
(45) Parrillo, D. J.; Lee, C.; Gorte, R. J. Appl. Catal., A 1994, 110, 67.
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Figure 5. Presentation of a pyridine molecule adsorbed on the
5T:34T model of H-ZSM-5 zeolite (a) without charge embedding
and (b) with well-calibrated charge embedding. Atoms treated with
the MP2 level of theory are shown in balls, whereas the area treated
with a lower level of calculation is symbolized with wireframes.
Bond lengths are in picometers.

including the nonlocal interactions, which are a vital contribution
from the outer framework, into the calculation.

By using the ONIOM(MP2:M06-2X) scheme in combination
with the embedded approach, referred to here as the “embedded
ONIOM”, we demonstrate that the electrostatic potential from
the extended framework plays a much larger role in the stabiliza-
tion of the adsorption complex of the ion-pair of pyridine cation
interacted with anionic zeolite than at the other neutral com-
plexes. Consequently, the zeolite framework effects bring the
adsorption energy of the ion-pair complex close to the experi-
mental observation.

Confirmation of the convergence of the model size is listed in
Table 2. The ONIOM(5T:128T) calculations were performed for all
nonpolar adsorbates and found to give no difference in the energy
(—13.3 vs —13.6 kcal/mol for ethene, —18.4 vs —19.0 kcal/mol for
benzene, and —23.3 vs —23.6 kcal/mol for ethylbenzene). Therefore,
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the ONIOM(5T:34T) model is large enough for the chemical
prediction. From the table, we also found that adsorption energies
derived from those of the ONIOM(5T:128T) (—47.0 kcal/mol) and
embedded ONIOM (—48.4 kcal/mol), where long-range electro-
static interactions have been included, can be compared well with
the experimental data (—47.6 kcal/mol) for the case of the ion-pair
system. Moreover, it should be noted that adsorption energies from
M06-2X/6-31G(d,p) with the 34T quantum cluster and the
ONIOM(MP2:M06-2X) with the 5T:34T are in good agreement
with each other.

3.3. Benzene and Ethylbenzene Hydrogen Exchange in
ZSM-5 Reaction. The well thought-out combined method of
ONIOM(MP2:M06-2X) with the 34T model is used to study the
H/H exchange reaction of the adsorbates. Generally, the H/D
exchange can be described as an electrophilic aromatic substitu-
tion.***° The reaction mechanism is composed of (1) the attack
of the Bronsted proton at the aromatic ring, which is protonated
to yield a o complex, and (2) the decomposition of the complex by
transferring a proton to the negatively charged framework oxygen
in the local structure. One can also consider that the adsorbates
and the zeolite active site exchange their protons, as presented in
the chemical eq 1.

RCH + Z(OHz) — RCHz + Z(OH) (1)

where RCH in our study represents benzene and ethylbenzene,
Z(OHz) is the active site, and Hz is the Bronsted proton.

Since ethene and pyridine proceed differently for further
chemical steps, only the reactions of benzene and ethylbenzene
are investigated. Our prediction is then evaluated with the bench-
mark of experimental data.*’

The proton exchange reaction takes place at the bridging OH
group of the zeolite. Considering the transition state of the
reaction between benzene and the active site, the sp® hybridized
CBI atom can be generated from the orginal sp? carbon of the
benzene. The CB1—H1 bond dissociation is found to correspond
to the O2—HI1 bond formation. The Brensted proton (Hz) is
leaving the zeolite acid site (O1) for the three-coordinated carbon
(CBI1). The transition structure is proposed to be in the benzenium
cation (CgH;").*® Receiving the hydrogen atom from benzene,
the O2 oxygen acts as a Lewis base. For the orbital insight, it
is the sp® hybridized carbon (CB1) that proceeds to full aroma-
tization restoration. Similar to the methane case,* ! the proto-
nated carbon (CB1) stays in the main plane of the active site and
becomes a six-membered transition structure, as shown in
Scheme 1.

Figure 6 illustrates the optimized structures of the adsorption,
the transition state, and the product for the hydrogen exchange
reaction of benzene on the zeolite model. From the normal-
mode analysis, one imaginary frequency is identified to confirm
the transition structure. Key structural parameters for these
structures are shown in Tables S6 and S7 in the Supporting
Information.

The reaction starts with the benzene adsorption (AD) over the
Bronsted acid site of H-ZSM-5 zeolite, demonstrated in Figure 6.
The structural parameters are shown in Table S6. From the

(46) Goncalves, V. L. C.; Rodrigues, R. C.; Lorencato, R.; Mota, C. J. A. J.
Catal. 2007, 248, 158.

(47) Huang, J.; Jiang, Y.; Marthala, V. R. R.; Wang, W.; Sulikowski, B.;
Hunger, M. Microporous Mesoporous Mater. 2007, 99, 86.

(48) Nicholas, J. B. Top. Catal. 1997, 4, 157.

(49) Ryder, J. A.; Chakraborty, A. K.; Bell, A. T. J. Phys. Chem. B 2000, 104,
6998.

(50) Zheng, X.; Blowers, P. J. Mol. Catal. A: Chem. 2005, 242, 18.

(51) Zheng, X.; Blowers, P. J. Mol. Catal. A: Chem. 2006, 246, 1.
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Table 2. Comparison of Model Size and Computational Approach on Adsorption Energies of Ethene, Benzene, Ethylbenzene, and Pyridine
Molecule on H-ZSM-5 Zeolite”

model method ethene benzene ethylbenzene pyridine

ST:34T ONIOM(MP2:M06-2X)” —17.7 —22.2 —43.2
5T:34T ONIOM(MP2:M06-2X)“ —18.4 —233 —43.7
ST:128T ONIOM(MP2:M06-2X)“ —19.0 —23.6 —47.0
ST:34T embedded ONIOM(MP2:M06-2X)“ —19.8 —24.7 —48.4
34T MO06-2X“ —18.2 —22.8 —41.5
Expt H-ZSM-5 —47.6

FAU —153 —19.6 —43.1

“The ONIOM(MP2:M06-2X) method on the 5T:34T and 5T:128 T models, the embedded ONIOM(MP2:M06-2X) method on the 5T:34T model, and
the M06-2X quantum calculation on the 34T model. Energies are in kcal/mol. ”ONIOM(MP2/6-31G(d,p):M06—2X/6-3lG(d,p)). ‘ONIOM(MP2/6-
3114+G(2df,2p):M06-2X /6-31G(d.p)//MP2/6-31G(d,p):M06-2X/6-31G(d,p)). “M06-2X/6-31G(d,p)//ONIOM(MP2/6-31G(d.p):M06—2X/6-31G(d,p)).

Scheme 1
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where R = -H for benzene

-C,Hs for ethylbenzene

adsorption state, the acidic proton points to the benzene ring.
The intermolecular distances were measured from the CB1 and CB2
of benzene to the zeolite acid. From the optimized structure with the
ONIOM calculation, the adsorption distances grow significantly
larger to 227.7 and 246.5 pm. Moreover, the acidity of the
framework-included model in the adsorption state is more pro-
nounced as the acid bond length is increased from 97.8 to 98.4 pm.
The O—Hz bond length in the adsorption complex is barely
changed from the bare model (97.0 pm). From the transition
structure (TS), the optimized geometry is consistent with the
asymmetric exchange of the protons. Hz- - - CB1 was found to be
118.2 pm long, whereas the H1- - - CB1 distance is 122.4 pm. The
extended O1—Hz bond of 151.4 pm corresponds to the shortened
Hz—CBI intermolecular distance of 118.2 pm. The aromaticity of
the benzene remains the same as the CB1—CB2 distance and is
constant along the reaction. From a frequency calculation of the
transition state geometry, the imaginary frequency of 605i cm ™
corresponds to the exchange. In the product formation (PR)
shown in Figure 6, CB1---HI1 becomes the definition of the
intermolecular distance for the product/zeolite complex. It is
calculated to be 234.0 pm, similar to the Hz---CBl and
Hz---CB2 values in the adsorption state. Like the reactant
adsorption, benzene in the product state is located at the nano-
cavity, close to the zigzag channel, owing to the influence from the
zeolite framework.

Now we will discuss the energetics of the reaction. The
calculated energies are reported in Table 3. As mentioned in the
previous section, the adsorption energies, before and after the
framework addition, are —12.1 and —18.4 kcal/mol, respectively.
The framework inclusion not only stabilizes the molecular ad-
sorption, but also the transition structure. Thus, the reaction
energies from both the quantum cluster and the ONIOM scheme
are insignificantly different. The relative energy of the transition
is also found to be greatly reduced from 22.7 to 12.6 kcal/mol
while the surrounding framework is considered with the

12996 DOI: 10.1021/1a901841w

ONIOM calculation. The calculated apparent activation energy
of 12.6 kcal/mol corresponds with the experimental apparent
activation energy of 11.0 kcal/mol.*’ Because of the lack of
information for adsorption energy from experiment, we could
not compare the calculated actual activation energy with the
experimental one. From the energies of the adsorption and transi-
tion, the actual activation energy is found to be 31.0 kcal/mol. It is
logical that less energy is required for the reaction of benzene than
methane and ethane since the electron delocalization of the benzene
ring stabilizes the transition state structure. The reaction is found to
be 4.1 kcal/mol endothermic. From the accurate apparent activa-
tion energy, it is obvious that using the M06-2X method for taking
the framework effect into account for the calculation remarkably
improves the computational prediction.

For the reactant with a larger molecular size, ethylbenzene is
studied. Its adsorption and reaction are analogous with the
benzene case. It was reported that meta-substituted alkylbenzenes
showed noticeably less exchange than the ortho or para isomers.>
Further considering the steric hindrance, the ortho postition is the
most preferential for the proton exchange. At the site, the H1
transfer from ethylbenzene to zeolite oxygen (02) is simultaneous
with the Hz transfer back to the adsorbate (CB1). The mechanism
is illustrated in Scheme 1.

Upon the adsorption (AD), the zeolite acid bond length is
elongated as in the previous cases and becomes even more
elongated when the framework is taken into account. From Table
S7 in the Supporting Information, the distances are 97.9 pm for
the 5T cluster (from 96.7 pm) and 98.3 pm for the ONIOM model
(from 97.0 pm). A more distinct change is found compared to the
benzene adsorption. A less asymmetric exchange of the protons is
observed from the transition structure (TS), compared to the
benzene case. Optimized with the ONIOM calculation, the
Hz---CB1 was found to be 117.2 pm long, whereas the
HI1-..-CBl distanceis 119.5 pm. We found that the O1—Hz bond
(153.6 pm) is more extended than the one in the benzene reaction
(151.4 pm). This leads us to expect that both the activation energy
and the energy barrier will be lower than the values of the previous
reaction. Other structural changes correspond to the reaction
coordinate. During the transition, the aromaticity of ethylben-
zene is stable as the CB1—CB2 distance hardly changes. The
imaginary frequency of 282i cm™' of the transition geometry
corresponds to the exchange. When the product is completely
formed (PR), the intermolecular distance (CB1---H1) was pre-
dicted to be 296.4 pm, which is slightly larger than the value in the
first step (240.6 pm). The illustration of the product adsorption at
the active site is presented in Figure 7. Like the reactant adsorp-
tion, the product is held over the intersection close to the zigzag
channel.

(52) Hawthorne, S. B.; Miller, D. J. Anal. Chem. 1985, 57, 694.
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Figure 6. Energy profile for the proton exchange of benzene on the 5T:34T model of H-ZSM-5 zeolite calculated by the ONIOM(MP2/6-
3114+G(2df,2p):M06-2X /6-31G(d,p)//MP2/6-31G(d,p):M06-2X/6-31G(d,p)) method. Atoms treated with the MP2 level of theory are shown
in balls, whereas the area treated with a lower level of calculation is symbolized with wireframes. Bond lengths are in picometers and energies
are in kcal/mol.

Table 3. Reaction Energies for the H/H Exchange Reaction of Benzene and Ethylbenzene on Various Models of H-ZSM-5 Zeolite Calculated with
Different Methodologies”

benzene ethyl benzene
model method AD TS PR AD TS PR

5T MP2° —12.1 22.7 —8.6 —13.9 19.8 —10.4
(34.8) (33.7)

5T:34T ONIOM(MP2:M06-2X)° —18.4 12.6 —143 —23.3 4.6 —20.6
(31.0) (27.9)

5T:128T ONIOM(MP2:M06-2X)° —-19.0 12.6 —13.7 -23.6 4.9 —20.6
(31.6) (28.5)

5T:34T embedded ONTOM(MP2:M06-2X)° —-19.8 10.4 —14.1 —24.7 1.9 -21.9
(30.2) (26.6)

34T MO06-2X“ —18.2 13.5 —14.2 -22.8 4.9 —20.0
(31.7) (27.7)

Expt H-ZSM-5 11.0 6.9

@ Apparent activation energies are presented in bold type, while intrinsic activation energies are in parentheses. Energies are in kcal/mol. * MP2/6-
311+G(2df,2p)//M06-2X/6-31G(d,p). < ONIOM(MP2/6-311+G(2df,2p):M06-2X/6-31G(d,p)//MP2/6-31G(d,p):M06-2X/6-31G(d,p)). “M06-2X/6-

31G(d.p)//ONIOM(MP2/6-31G(d,p):M06-2X/6-31G(d.p)).

The calculated energies for the reaction are reported in Table 3.
The adsorption energy almost doubled as a result of the frame-
work effect, from —13.9 to —23.3 kcal/mol, as previously dis-
cussed. The explanation of this is given in the discussion on the
benzene reaction. The relative energy for the transition structure
is found to be 19.8 and 4.6 kcal/mol for bare quantum 5T and

Langmuir 2009, 25(22), 12990-12999

ONIOM(5T:34T) models, respectively. Considering the experi-
mental estimate of the apparent activation energy (6.9 kcal/mol),
the ONIOM(MP2:M06—2X) method gives us the prediction for
the value of 4.6 kcal/mol, which is comparable to the benchmark.
The energy barrier is calculated to be 27.9 kcal/mol. Compared to
the predicted barrier of the benzene reaction (31.0 kcal/mol), it is

DOI: 10.1021/1a901841w 12997
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Figure 7. Energy profile for the proton exchange of ethylbenzene on the 5T:34T model of H-ZSM-5 zeolite calculated using the ONIOM-
(MP2/6-311+G(2df,2p):M06-2X/6-31G(d,p)//MP2/6-31G(d,p):M06-2X/6-31G(d,p)) method. Atoms treated with the MP2 level of theory
are shown in balls, whereas the area treated with a lower level of calculation is symbolized with wireframes. Bond lengths are in picometers and

energies are in kcal/mol.

in good agreement with an alkyl group bound to aromatic rings
that decrease the energy barrier for the ring protonation or
methylation.**

The energy prediction for the proton exchange reactions of
benzene and ethylbenzene to the H-ZSM-5 zeolite with the
ONIOM(MP2:M06-2X) approach successfully reproduced the
experimental observations. The energies for the adsorption,
transition state, and product are computed to be —18.4, 12.6,
and —14.3 kcal/mol for benzene (see Figure 6) and —23.3, 4.6, and
—20.6 kcal/mol for ethylbenzene (see Figure 7), respectively.
The apparent activation energy (the same as the transition
structure’s relative energy) agrees well with the experimental data
for both reactions.*” We therefore propose that the combined
methodology of the ONIOM(MP2:M06-2X) method and the
5T:34T model is practical for the study of the framework effect
on the adsorption and the reaction for such molecules in the
zeolite pore.

4. Conclusions

Chemical insight on the adsorption and the H/H exchange
reaction of ethene, benzene, ethylbenzene, and pyridine on
H-ZSM-5 zeolite were investigated with the ONIOM scheme
associated with the combination of the MP2 method and various
lower level approaches including M06-2X, B3LYP, HF, UFF.
This is the first time that a newly developed density functional,
MO06-2X, is combined with the MP2 method to perform the

(53) March, J. Advanced Organic Chemistry: Reactions, Mechanisms, and
Structure, 4th ed.; McGraw-Hill Press: New York, 1992.

12998 DOI: 10.1021/1a901841w

ONIOM calculation. The H-ZSM-5 model was carefully cali-
brated to be 5T:34T for the ONIOM(MP2:M06-2X) calculation.
The adsorption energies of ethene, benzene, ethylbenzene, and
pyridine on H-ZSM-5 from the ONIOM(MP2:M06-2X) plus
long-range electrostatic contributions corrected, are predicted to
be —14.0, —19.8, —24.7, and —48.4 kcal/mol, respectively, which
are very close to experimental observations if available. The
adsorption energy of pyridine agrees well with the experiment
data of —47.6 kcal/mol. The ONIOM(MP2:M06-2X) approach
can well describe the reaction mechanisms for the proton ex-
change reactions of benzene and ethylbenzene on H-ZSM-5
zeolite and successfully reproduce experimental observations.
Energies for adsorption, transition state, and product are com-
puted to be —18.4, 12.6, and —14.3 kcal/mol for benzene and
—23.3, 4.6, and —20.6 kcal/mol for ethylbenzene, respectively.
Therefore, the ONIOM(MP2:M06-2X) approach is recommended
to represent the framework effect on the reacting molecule within
the zeolite pore for both studies of adsorption and reaction.
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The adsorption and tautomerization reaction of acetone in H-FER, H-ZSM-5, and H-MCM-22 zeolites has
been studied using full quantum calculations at the M06-2X/6-3114G(2df,2p) level of theory. The combination
of a large quantum cluster and this meta-hybrid density functional results in reasonably accurate adsorption
energies of —26.9, —28.1, and —23.9 kcal/mol for acetone adsorption in H-FER, H-ZSM-5, and H-MCM-22,
respectively. Due to the acidity of the zeolite and the framework confinement effect, the tautomerization of
acetone proceeds through a much lower activation barrier than in the isolated gas phase or in the presence of
water molecules alone. The activation energies are calculated to be 24.9, 20.5, and 16.6 kcal/mol in H-FER,
H-ZSM-5 and H-MCM-22, respectively. The endothermic reaction energy decreases with increasing of the
zeolite pore sizes and amounts to 22.7, 17.6, and 15.9 kcal/mol for the reaction in H-FER, H-ZSM-5 and
H-MCM-22, respectively. In addition, the adsorbed acetone enol is found to be highly unstable in the zeolite
framework and readily reverse-transforms to adsorbed acetone with a very small activation energy. The activity
trend and relative stabilities of the adsorbed keto and enol forms are well correlated with the interactions

within the Brgnsted acid site.

1. Introduction

Aldol condensation is one of the most important C—C bond
forming reactions for organic synthesis.!”* Aldol condensation
of acetone can be readily catalyzed by acidic or basic reagents.
In a confined space of microporous zeolites, reactions of acetone
over the Brgnsted acid site selectively produce mesityl oxide.*~’
The mesityl oxide can be hydrogenated to produce methyl
isobutyl ketone, which is widely used as a solvent for paints,
lacquers, and certain types of polymers and resins. The process
can be carried out in a single step over bifunctional catalysts
(e.g., PYH-ZSM-5.8 PdA/H-MCM-22,° etc.). Aldol condensation
is very important for the transformation of acetone to methyl
isobutyl ketone.*™¢

Acetone tautomerization to the enol form is an important
initial step of aldol condensation and many reactions of
acetone.!™® The activity of tautomerization dependents on the
acidity and the ionic strength of the reaction media. The
fundamental steps of the aldol condensation in acidic zeolites
are believed to be similar to the reaction in solution.*”7 The
mechanism consists of the acid-catalyzed tautomerization of
acetone. Acetone is transformed to an o,(-unsaturated carbonyl
compound. A number of theoretical studies on keto—enol
tautomerization of acetaldehyde and acetone have been
reported.'® !> Previous theoretical calculations reported that in
the gas phase, acetone tautomerization requires a high activation

* Corresponding author. Phone: +66-2-562-5555 ext 2159. E-mail:
jumras.]@ku.ac.th.

T Department of Chemistry, Kasetsart University.

* Kasetsart University Research and Development Institute, Kasetsart
University.
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* Institute of Ion Physics and Applied Physics, University of Innsbruck.
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energy of 64.0—69.2 kcal/mol.''~" In solvent-assisted systems,
the presence of water molecules can greatly reduce the energy
barrier by about 20—30 kcal/mol.'>~!> Theoretical results for
the tautomerization reaction over a zeolite catalyst have also
been reported!>!® with the synergistic functions of Brgnsted acid
and Lewis basic sites on H-ZSM-5, drastically reducing the
barrier height for the tautomerization of acetaldehyde to 20.2
kcal/mol."

The interaction between the zeolite framework and an
adsorbed molecule, which is generally called the confinement
effect,!”!% also plays an important role for the adsorptions and
reactions on zeolites.'’ 2* Therefore, the details of the interac-
tions between the reactants and the active site in the zeolite’s
framework and the influence of the topology close to the active
site are important to completely understand the reaction mech-
anism inside zeolite pores. Recently, the role of the zeolite
confinement effect on reactions of unsaturated aliphatic, aromatic
and heterocyclic compounds has been successfully studied** by
using full quantum calculations with the new density functional
M06-2X.27%7

In this work, we study the mechanism of acetone tautomer-
ization and relative stabilities of the keto and enol form in the
isolated phase, in the presence of assisting water molecules,
and in zeolite-catalyzed environments. Our aim is to investigate
the effects of confinement in different zeolite structures on the
tautomerization of acetone. Three different zeolites (H-FER,
H-ZSM-5, and H-MCM-22) with different dimensions of pores
and cavities are selected for this investigation. Sufficiently large
clusters are used to represent the zeolite structures, and the full
quantum chemical calculations using the M06-2X method are
performed to attempt to account for all interactions between

© 2010 American Chemical Society
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Figure 1. Optimized structures of acetone adsorbed on the 34T model of (a) H-FER, (b) H-ZSM-5, and (c) H-MCM-22 zeolites.

the reactive intermediates and the zeolite acid site and sur-
rounding pore walls.

2. Methodology

34T clusters were taken from crystallographic data of H-FER,
H-ZSM-5, and H-MCM-22 zeolites.?® 3" The cluster model of
H-FER zeolite covers the 10-membered ring main channel (4.2
x 5.4 A) that is intersected with the 8-membered ring channel
(3.5 x 4.8 10\), as shown in Figure 1a. One silicon atom at the T2
site’! is replaced with an aluminum atom to represent the
Brgnsted acid site. The model of H-ZSM-5 represents the
intersection cavity where the straight channel (5.4 x 5.6 A)
and the zigzag channel cross (5.1 x 5.4 A), as shown in Figure
1b. A silicon atom was substituted with an aluminum atom at
the most favorable position (T12).>> The cluster model of
H-MCM-22 represents the 12-membered ring channels of the
supercage (7.1 x 7.1 x 18.4 A), as shown in Figure 1c. The
substituted aluminum atom is located at the T1 site.?

The M06-2X density functional is used in all calculations.
During geometry optimizations, only the 5T active region of
=SiOHAI(OSi),0Si= and the reacting molecule are allowed
to relax, while the rest of the structure is kept fixed at the
crystallographic coordinates. We also study the reaction of an

isolated acetone molecule and the reaction in the presence of
water molecules. For geometry optimizations, the 6-31G(d,p)
basis set was used. To obtain more accurate interaction energies,
single-point calculations with the 6-311+G(2df,2p) basis set
were carried out. Transition states were located with the Berny
algorithm3*3> and were checked to confirm that they had one
imaginary frequency corresponding to the reaction coordinate.
We did not include the zero-point vibrational contributions
(ZPVE) to the energies, since the systems are too large to
calculate the matrix of second energy derivatives with the M06-
2X functional in reasonable time. We are also not aware that
this has been performed on systems of similar size. Curtis et
al. have performed a study on ethane absorbed on small 3T
and 5T clusters.**” They found close agreement between results
from G2(MP2) (including ZPVE) and MP2/6-31G(d,p) calcula-
tions not including ZPVE, due to cancellation of various effects.
We assume that also in our work, the relative changes caused
by inclusion of the ZPVE are less than the errors inherent in
the functional and basis set. All calculations were performed
with the Gaussian 03 code®® modified to incorporate the
Minnesota Density Functionals module 3.1 by Zhao and
Truhlar.
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Figure 2. Molecular structures and energy profile of the tautomer-
ization of acetone in an uncatalyzed gas phase environment (M06-2X/
6-311+G(2df,2p)//M06-2X/6-31G(d,p) calculations). Distances and
energies are given in A and kcal/mol.

3. Results and Discussion

3.1. Tautomerization of Acetone in the Gas Phase. The
uncatalyzed tautomerization of acetone has been extensively
studied and was found to occur via a concerted mechanism.'!'~1
In this study, we therefore examine the concerted tautomerization
mechanism of acetone to validate the applicability of the new
density functional M06-2X. Figure 2 shows the potential energy
profile and the geometries of acetone, the transition state, and the
enol product computed at the M06-2X/6-311+G(2df,2p)//M06-
2X/6-31G(d,p) level of theory. At the transition state, the
intramolecular proton transfer from the methyl group to the
carbonyl oxygen atom takes place. The C2—Ha bond distance
increases to 1.48 A and the O1—Ha decreases to 1.26 A. At
the same time, the C1—0O1 carbonyl bond increases from 1.21
to 1.28 A and the C1—C2 bond length decreases from 1.52 to
1.42 A. The activation energy is calculated to be 68.0 kcal/
mol, and the reaction energy is 9.9 kcal/mol. The computed
activation energy and reaction energy agree well with previous
theoretical studies that employed the Mgller—Plesset perturba-
tion theory.'>'* In those studies, the activation energies were
found to be 64.0 and 69.2 kcal/mol, and the reaction energies
were 11.6 and 13.1 kcal/mol. The reaction energies computed
in this study are also in reasonable agreement with the
experimental results of 12 + 2 kcal/mol. ¥4

3.2. Tautomerization of Acetone in Aqueous Solution. For
aqueous solutions, it has previously been reported that water
molecules can reduce the energy barrier by stabilizing the
transition state with hydrogen bonds.!' ™3 The tautomerization
reaction occurs via cyclic proton transfer networks with water
molecules acting as proton donors and acceptors facilitating the
reaction. The optimized geometries and energy profiles are
presented in Figure 3. The reaction is considered to proceed
via the concerted mechanism similar to the reaction in the
isolated gas phase. In the presence of a water molecule, acetone
interacts with the water molecule by forming 2 hydrogen bonds.
Then two protons are transferred simultaneously through the
hydrogen bonding network. With two and three additional water
molecules, stronger and larger hydrogen bonding networks are
formed, as indicated by shorter hydrogen bond distances and
angles that are closer to the linear angles of the hydrogen bonds
(O+++*H++-0). The addition of water molecules results in a
significant reduction of activation energy. The computed activa-
tion energies at the MO06-2X/6-311+G(2df,2p)//M06-2X/6-
31G(d,p) level of theory are 40.2, 32.7, and 33.6 kcal/mol and
the reaction energies are 9.7, 7.8, and 8.2 kcal/mol, for the
presence of 1, 2, and 3 water molecules, respectively. These
results agree well with a previous theoretical study'* at the MP2/
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cc-pVTZ//IMP2/6-31G(d,p) level, which included the zero-point
vibrational energy correction and reported activation energies
of 37.5, 30.4, and 29.1 kcal/mol for the presence of 1, 2, and 3
water molecules, respectively. The computed reaction energies
in the presence of water molecules were reported to be similar
to the reaction energy in the gas phase. The measured reaction
enthalpy in aqueous solution was reported as 10.3 4 0.4 kcal/
mol,*! very close to the gas phase value. Therefore, we conclude
that the M06-2X method can give reasonably accurate results
for the activation energy and reaction energy of acetone
tautomerization as compared with the high level of calculations.
3.3. Tautomerization of Acetone in Zeolites. 3.3.1. Struc-
ture of the Zeolites. In this study, we examine the tautomer-
ization of acetone in three different zeolites.”>~” These three
zeolites can be synthesized with a high Si/Al ratio. Therefore,
for the sake of model simplicity, we use a single Brgnsted acid
as an active site for these high silica zeolites. The Brgnsted
acid is placed on the favorable sites predicted by previous
theoretical studies.’'~** H-FER zeolite has a two-dimensional
pore structure with a main straight channel and a smaller
channel. The two channels are perpendicular and intersected.
In the model used in this study, the Brgnsted acid is located at
the most favorable position (T2)*' at the intersection of the 10T
main channel (4.2 x 5.4 A in diameter) and the 8T channel
(3.5 x 4.8 A in diameter) (see Figure 1a). The O1—Hz bond
leans toward the middle of the small 8T channel with an angle
of about 30° to the axial direction of the 10T main channel.

H-ZSM-5 zeolite is a three-dimensional pore zeolite. The
Brgnsted acid is located at the T12 position®? on the window
of the zigzag channel that is connected to the intersection cavity.
The employed model represents the intersection cavity of ~9
A in diameter where the straight channel (10-membered ring,
5.4 x 5.6 A in diameter) and the zigzag channel (10-membered
ring, 5.1 x 5.4 Ain diameter) intersect (see Figure 1b).

H-MCM-22 is also a three-dimensional pore zeolite. The main
straight channel is a 10-membered ring having dimensions of
4.0 x 5.5 A in diameter. It opens to a large cavity called the
supercage (7.1 x 7.1 x 18.4 A). In this study, we consider
the acid site to be located on the 12-membered ring in the
supercages.

Despite different pore structures, the O1—Hz Brgnsted acid
bond distance is approximately the same at 0.97 A in all three
zeolite models. The Al--+Hz distances are in the range of
2.30—2.43 A, which compared well with the experimental values
of 2.38—2.48 + 0.04 A2

3.3.2. Acetone Adsorption on H-FER, H-ZSM-5 and H-
MCM-22. The optimized structures of acetone adsorbed on the
three zeolites are shown in Figure 1, and selected geometric
parameters are given in Table 1. In H-FER, an acetone molecule
forms a hydrogen bond between its carbonyl oxygen (O3) and
the Brgnsted acidic proton (Hz). The adsorbed acetone molecule
is located in the 10T main channel. The O1—Hz—0O3 hydrogen
bond angle is 165.8°. This deviation from the linear hydrogen
bond angle is due to the alignment of the Brgnsted O—H that
initially leans toward the small 8T window. The adsorption
energy is computed to be —26.9 kcal/mol. In the H-ZSM-5
zeolite, the acetone molecule adsorbs by forming a strong
hydrogen bond with the Brgnsted acid site. The O1—Hz—03
bond angle (177.6°) is close to linear, and the adsorption energy
is computed to be —28.1 kcal/mol. This value agrees reasonably
with an experimental report of the adsorption energy of acetone
in H-ZSM-5 of —31.1 kcal/mol.** In the large cavity of
H-MCM-22, acetone also forms a strong hydrogen bond with
the Brgnsted acid site on the 12T-membered ring of the
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Figure 3. Energy profile and complex geometries in the water-assisted tautomerization of acetone from M06-2X/6-311+G(2df,2p)//M06-2X/6-

31G(d,p) calculations: (a) one, (b) two, and (c) three water molecules.

supercage. The O1—Hz—0O3 bond angle (171.7°) is also close
to linear. The adsorption energy is —23.9 kcal/mol.

The computed adsorption energy is found to be dependent
on the pore dimension and also on the local geometry of the
Brgnsted acid site. H-FER is a medium-pore zeolite with a
smaller pore dimension as compared with H-ZSM-5, but the
geometry of the Brgnsted acid site is not suitable for the
adsorption of the acetone molecule. Initially, the acid site bond
points toward the small 8T window that is too small to
accommodate an acetone molecule. The adsorbed acetone
molecule has to be located in the 10T main channel. Therefore,
the O1—Hz—03 hydrogen bond angle deviates from linearity.
As a result, the interaction of acetone with the Brgnsted acid
site in H-FER is not as strong as in H-ZSM-5. The adsorption
energy in the medium pore H-ZSM-5 is higher than the large
pore H-MCM-22 mainly due to the pore confinement effect.

In our previous work,?’ we demonstrated that in studies of
the adsorption of carbonyl compounds in zeolites both van der
Waals and electrostatic interactions have to be carefully ac-
counted for. We were able to calculate the adsorption energies
of acetaldehyde and acetone in H-ZSM-5 by using the embedded
ONIOM(B3LYP:UFF) method. With small cluster models, the

computed adsorption energy is underestimated by as much as
16 kcal/mol. In the embedded ONIOM(B3LYP:UFF) method,
the UFF force field was used to explicitly account for the short-
range van der Waals interactions with the surrounding pore
walls, and the embedded Madelung potential was used to
account for the long-range electrostatic interactions with the
zeolite framework. It has been demonstrated that the short-range
van der Waals interactions and the long-range electrostatic
interactions with the zeolite framework are both very important
to the stabilization of the adsorbed carbonyl compounds in
zeolite.

In this work, aiming at higher accuracy, we decided to use a
large quantum cluster (34T) model calculated with the meta-
hybrid M06-2X method that can account for those two important
interactions in the zeolite framework simultaneously. The
computed results compared well with the experimental measure-
ment, especially in the case of H-ZSM-5. Therefore, we believe
that the combination of models and methods presented here is
appropriate for investigation of the interactions and reactions
of acetone with the Brgnsted acid site of zeolites.
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TABLE 1: Optimized Structural Parameters of the Acetone/Zeolite Cluster Complexes in the Three Zeolites As Obtained from

M06-2X/6-31G(d,p) Calculations

H-FER H-ZSM-5 H-MCM-22
bare AD TS PR bare AD TS PR bare AD TS PR
Distance
Sil—0l 1.67 1.64 1.59 1.59 1.65 1.63 1.59 1.58 1.67 1.63 1.60 1.60
Si2—02 1.58 1.57 1.64 1.66 1.59 1.57 1.62 1.64 1.60 1.59 1.64 1.65
O1—Al 1.87 1.81 1.72 1.71 1.82 1.78 1.71 1.69 1.80 1.75 1.69 1.68
02—Al 1.67 1.67 1.79 1.82 1.68 1.69 1.77 1.80 1.67 1.68 1.76 1.77
Al -+ Hz 2.30 2.44 2.93 3.01 2.35 2.45 3.19 3.52 243 243 3.06 3.08
Ol1—Hz 0.97 1.10 1.74 1.83 0.97 1.11 1.80 2.08 0.97 1.16 1.90 1.94
Hz -+ O3 1.36 0.99 0.98 1.32 0.99 0.97 1.24 0.98 0.97
Ol -+ O3 243 2.71 2.80 2.42 2.74 291 2.39 2.70 2.73
03—ClI 1.21 1.23 1.32 1.34 1.21 1.23 1.31 1.33 1.21 1.24 1.31 1.32
Cl1—C2 1.52 1.50 1.38 1.36 1.52 1.49 1.38 1.36 1.52 1.49 1.38 1.37
C2—H 1.09 1.09 1.56 1.92 1.09 1.10 1.43 1.76 1.09 1.09 1.50 1.60
Cl --- Ha 2.14 2.14 2.24 2.46 2.14 2.10 2.07 2.25 2.14 2.14 2.19 2.23
Ha -+ O2 2.36 1.14 1.02 2.67 1.20 1.04 2.81 1.14 1.09
Ol «-- 02 2.56 2.59 2.65 2.66 2.49 2.52 2.54 2.52 2.60 2.63 2.62 2.61
Cl --- Ol 3.23 3.30 3.37 3.23 3.27 3.37 3.20 3.21 3.23
Cl -+ 02 3.60 3.20 3.31 3.09 3.09 3.19 3.64 3.18 3.18
C2 -+ 02 3.33 2.67 2.89 2.99 2.63 2.79 3.03 2.63 2.68
Angle

Al-01-Sil 141.8 139.5 141.5 141.1 130.6 128.4 127.6 127.4 125.0 123.5 1234 123.2

Al—02-Si2 150.7 153.0 146.3 146.8 133.3 135.8 133.0 133.0 124.5 125.8 126.0 126.2

O1—Hz—03 165.8 167.1 167.8 177.6 156.8 142.0 171.7 137.3 136.1

01-AlI-02 92.5 95.8 98.0 97.8 90.4

3.3.3. Tautomerization of Acetone on H-FER, H-ZSM-5
and H-MCM-22. The tautomerization of acetone on the
Brgnsted acid site of zeolite starts by the adsorption of acetone
on the active site shown in Figure 4. The acetone molecule is
stabilized by forming a hydrogen bond complex with the zeolite
acid site. The computed adsorption energies are in the following
order: —23.9, —26.9, and —28.1 for H-MCM-22, H-FER, and
H-ZSM-5, respectively. These adsorption energies would sug-
gest that the hydrogen bond between the adsorbed acetone and
zeolite acid site on H-ZSM-5 is the strongest and on the
H-MCM-22 is the weakest. However, when looking at the
structural parameters of the optimized complex, it is observed
that the hydrogen bond distance (O1+++O3) in the H-MCM-22
is the shortest at 2.39 A and the hydrogen bond angle (O1-Hz-
03) is also close to the linear angle (171.7°), indicating a very
strong hydrogen bond interaction. In H-MCM-22, the adsorption
causes the Brgnsted O1—Hz bond distance to be significantly
lengthened from 0.97 to 1.16 A. The carbonyl double bond
(03—C1) is lengthened from 1.21 to 1.24 A, and the C1—C2
single bond distance is decreased from 1.52 to 1.49 A, indicating
that the adsorbed acetone is activated. In H-ZSM-5, the
hydrogen bond distance (O1-++O3) is longer than in H-MCM-
22 (2.42 A). Therefore, the adsorbed acetone is somewhat less
activated. The carbonyl double bond (O3—C1) is lengthened
to 1.23 A, and the C1—C2 single bond distance is decreased to
1.49 A. The hydrogen bond complex in H-FER is observed to
have the weakest hydrogen bond interaction. The hydrogen bond
angle (O1—Hz—03) is 165.8°, and the hydrogen bond distance
(01++-03) is 2.43 A. The adsorbed acetone is, thus, least
activated. The O3—C1 bond distance is lengthened to 1.23 A
and the C1—C2 bond distance is slightly decreased to 1.50 A.
At the transition state, the Brgnsted proton is completely
transferred to the carbonyl oxygen atom. For example, in the
case of H-MCM-22, the O1—Hz bond elongates from 1.16 to
1.90 A. The 0O3—C1 bond distance increases to 1.31 A as the
03—Hz hydroxyl bond is formed with a bond length of 0.98
A. The C1—C2 bond distance is reduced to 1.38 10\, indicating
the double bond formation.

93.1 93.7 924 972 100.0 98.8 98.4

The activation energy of acetone tautomerization on the
zeolite acid site is much smaller than in the isolated gas phase
and in the water-assisted system. The zeolite acid site can greatly
reduce the activation barrier. The computed activation energies
are 16.6, 20.5, and 24.9 kcal/mol for the reaction in H-MCM-
22, H-ZSM-5, and H-FER, respectively. The activation energies
for acetone enolization in zeolites are in the same range with
the free energy of activation for the reaction catalyzed by diluted
mineral acid in aqueous solutions of 23.6 kcal/mol (at 298 K).*!
The activation energy trend is directly related to the strength
of the hydrogen bond interactions between the adsorbed acetone
and the Brgnsted acid site but not to the overall adsorption
interactions.

In these three representative cases, the adsorbed acetone
molecule can get closer to the acid site in a geometry with larger
pores and, thus, form a stronger hydrogen bonds and more
activated adsorption complexes. The reaction energies for the
transformation of adsorbed keto to enol of acetone are found
to be 15.9, 17.6, and 22.7 kcal/mol in H-MCM-22, H-ZSM-5,
and H-FER, respectively. These values are significantly higher
than the reaction energy observed in diluted solutions of mineral
acids (10.3 kcal/mol).*! The higher endothermic reaction energy
is due to the fact that the adsorbed acetone is highly stabilized
by a strong hydrogen bond with the acid site but the produced
acetone enol is weakly adsorbed on the acid site by a weak &
interaction. Among these three zeolites, the difference in the
energies between adsorbed acetone and acetone enol decrease
with the increase of pore dimensions. However, the observed
reaction energy trend is not simply due to the confinement effect
of the zeolite walls. It is more likely to be related to the local
interaction of the adsorbed enol form with the Brgnsted acid
site. The large cavity of H-MCM-22 can better accommodate
the bulkier acetone enol, as reflected by a closer intermolecular
distance of the C2 carbon atom of the adsorbed enol to the Ha
proton of the acid site. The distances are 1.60, 1.76, and 1.92
A for H-MCM-22, H-ZSM-5, and H-FER, respectively.

It is noticed that the structures of the transition state and the
product are very similar and the reverse reaction to transform
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Figure 4. Molecular structures and energy profile of the tautomer-
ization of acetone in a 34T model of (a) H-FER, (b) H-ZSM-5 and (c¢)
H-MCM-22 as obtained from M06-2X/6-31+G(2df,2p)//M06-2X/6-
31G(d,p) calculations. Distances and energies are given in A and kcal/
mol.

the adsorbed enol to the adsorbed keto form is very facile on
zeolite surfaces with a small activation barrier. The activation
energy of the ketonization process in these zeolites is calculated
to be 0.7, 2.9, and 2.2 kcal/mol for H-MCM-22, H-ZSM-5, and
H-FER, respectively, although the activation barrier for acetone
ketonization in diluted mineral acid was experimentally mea-
sured to be 12.3 kcal/mol.*! The reason for the small reverse
activation energies and their trend among these three zeolites

Boekfa et al.

should be due to the relative stability of the adsorbed enol
compared with the adsorbed acetone on the zeolite acid site.
Acetone enol is much less stabilized than the adsorbed acetone
on the zeolite acid site. This observation is in agreement with
several experimental studies of reactions of carbonyl compounds
in zeolites in which the enol form could not be detected.*>*
The involvement of the enol form in carbonyl transformations
was experimentally suggested by the observation of H/D
exchange® and chlorination of acetone on the Brgnsted acid
site of zeolites.’ These experimental results would indicate that
the reaction of acetone would be processed through the enol
form, which, however, is highly unstable in the zeolite
framework. Our results clearly illustrate the relative stabilities
of keto and enol forms of acetone in these three zeolites. The
energies of reactants, transition states and products have also
been calculated with the B3LYP functional. As expected, these
adsorption energies are much smaller or there is no binding at
all. Their values are given in the Supporting Information.

4. Conclusions

The effect of zeolite pore confinement on the tautomerization
of acetone has been studied on three zeolites with different pore
sizes. The use of a large cluster model with M06-2X/6-
311+G(2df,2p)//M06-2X/6-31G(d,p) level of theory is found
to be sufficient to account for interactions of acetone with the
zeolite acid site and pore environments. The adsorption energies
are calculated to be —26.9, —28.1, and —23.9 kcal/mol for
H-FER, H-ZSM-5, and H-MCM-22, respectively, which agree
well with the available experimental data for H-ZSM-5. Due to
the involvement of the zeolite Brgnsted acid site and the confine-
ment effect, the tautomerization of acetone in zeolite proceeds
through a much lower activation barrier than in the isolated gas
phase and in the presence of water molecules. The activation
energies and reaction energies decrease with the increase in the
zeolite pore sizes, which are 24.9, 20.5, and 16.6 kcal/mol and
22.7, 17.6, and 15.9 kcal/mol, for the reaction in H-FER,
H-ZSM-5, and H-MCM-22, respectively. The fact that the
adsorption energy and activation energy trends are not correlated
but rather in opposite directions indicates that the interaction
with the acid site and the confinement effect of the pore walls
are equally important and must be carefully accounted for to
understand this reaction in zeolites. These trends are more related
to the relative strength of the interactions of the active
intermediates with the Brgnsted acid site than to the confinement
effect of the zeolite walls. The large pore of H-MCM-22 allows
the adsorbed acetone and acetone enol to be closer to the acid
site for stronger interactions. Therefore, both acetone enolization
and (reverse) ketonization are very facile in this large-pore
zeolite.
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The effects of the zeolite framework on the mechanism of n-hexane monomolecular cracking have been
investigated with M06-2X/6-311+G(2df,2p)//M06-2X/6-31G(d,p) calculations. M06-2X is a recently developed
hybrid-meta functional that is parametrized to include the London dispersion energy. The 38T H-FAU and
34T H-ZSM-5 nanocluster models where T atoms are either Si or Al atoms are used to represent H-FAU and
H-ZSM-5 zeolites. The adsorption energies of hexane are predicted to be —10.8 and —18.2 kcal/mol for
H-FAU and H-ZSM-5, respectively, in good agreement with experimental measurements. This indicates that
the confinement effects on different types of zeolites can be well represented by the M06-2X functional. The
reaction is assumed to proceed in two steps. In the first step, the central C—C bond of adsorbed n-hexane is
protonated to form a hexonium intermediate. The adsorbed 3-C-hexonium is highly unstable and can be
rapidly decomposed to produce the products. The first step is found to be the rate-determining step with
activation energies of 45.7 and 45.8 kcal/mol for H-FAU and H-ZSM-5, respectively. For step two, the
activation energies are calculated to be 8.6 and 9.9 kcal/mol for H-FAU and H-ZSM-5, respectively. The
results clearly demonstrate that the reaction of n-hexane cracking is intrinsically the same in these large- and
medium-pore zeolites. The different apparent activities can be explained by the different adsorption energies

which are mainly due to the van der Waals interactions with the zeolite walls.

1. Introduction

The catalytic cracking of hydrocarbons is an important
reaction in the petrochemical industry. It is used to break down
large hydrocarbons in crude oil into light hydrocarbons for the
production of fuels. Zeolite catalysts, especially Y and ZSM-5,
are widely used in cracking processes due to their advantages
of high catalytic activity and selectivity. Because of the
molecular shape selectivity, zeolites are also widely used in
many other petrochemical processes, for example, hydrocrack-
ing, isomerization, and alkylation of hydrocarbons and aromatics. >

The catalytic cracking of hydrocarbons is proposed to occur
via a bimolecular and a monomolecular mechanism.> The
classical bimolecular mechanism involves hydride transfer
between an alkane and an adsorbed carbenium ion followed by
isomerization and S-scission. This mechanism prevails under
high partial pressure of hydrocarbons and low reaction temper-
ature. Monomolecular cracking is believed to be an important
mechanism for the cracking reaction of hydrocarbons under low
partial pressure of hydrocarbons and high reaction temperature.>*
In this mechanism, the reaction proceeds through a high-energy

*To whom correspondence should be addressed. E-mail: jumras.]@
ku.ac.th. Telephone: +66-2-562-5555 ext 2159.
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carbonium ion which is formed by the direct protonation of
Brgnsted acid to the C—C bond.** Subsequently, the carbonium
ion collapses, leading to the scission of the C—C bond to
produce alkane and alkene products. Many theoretical studies®'?
have attempted to explain monomolecular cracking of alkanes
in zeolites and reported that the nonclassical two-electron three-
center carbonium ions are the transition states of the reactions.
Collins and O’Malley®’ have suggested that a pathway involving
a carbenium ion intermediate could also exist for the protolytic
cracking of alkanes. Kazansky et al.!’> were able to locate
adsorbed carbonium ions as local minima in hydride transfer
between methyl and methane and between ethyl and ethane on
the zeolite surface. However, for hydride transfer involving
secondary and tertiary alkyl cations, carbonium ions are only
present as transition states. The adsorbed carbonium ions are
highly unstable and easily decomposed to give products with a
very small activation energy or presumably without an energy
barrier. Boronat et al.'*!> have reported that the C—H—C bridged
carbonium ions, for example, 1-C-butonium and 2-C-butonium,
can be reaction intermediates for hydride transfer, alkylation,
and cracking of alkanes on zeolites. They have concluded that
only carbonium ions whose positive charges are delocalized and
inaccessible to oxygen atoms on the zeolite surface can exist
as true reaction intermediates.

To understand hydrocarbon reactions, it is of particular
interest to study the reactivity and stability of the carbonium
ions as transition states or reaction intermediates on the zeolite
surface. It is expected that the zeolite framework should have
profound effects on reactive intermediates and the reaction

10.1021/jp911732p  © 2010 American Chemical Society
Published on Web 04/13/2010
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Figure 1. 38T cluster model of H-FAU zeolite with adsorbed n-hexane: (a) front view and (b) side view.

mechanism for catalytic reactions over zeolite catalysts.'®!

Recently, Hansen et al.'® have indicated that to be able to locate
highly reactive intermediates, carbenium or carbonium ions, it
is necessary to use a sufficiently large model. In that report,
they have found protonated ethyl benzene as a stable intermedi-
ate only when a large cluster of zeolite (33T) was used for the
calculations. That finding emphasizes that both short-range van
der Waals interactions and long-range electrostatic interactions
with the zeolite pore walls can significantly affect relative
stabilities of intermediates and transition states of reactions and,
thus, the overall reaction mechanisms. Due to a large number
of atoms per unit cell of zeolites, the periodic ab initio
calculations usually are computationally too expensive and even
impractical when very large zeolites are concerned. Conven-
tional density functional methods are known to be unable to
describe dispersion (van der Waals) forces.!® Therefore, it is
not certain that density functional theory (DFT) calculations on
large zeolite clusters will give the right answer. Previously, we
have successfully used the ONIOM method® to study several
reaction mechanisms in zeolites.?' > The success of the ONIOM
method is, however, strongly dependent on the right partition
of the active region and the environment, and the right
combination of high and low level methods. Recently, the new
meta-hybrid density functional MO06 series’’?® have been
developed and shown to accurately compute binding energies
of adsorbates covalently and noncovalently interacting with the
zeolite acid site. The results were comparable to MP2 calcula-
tions at a high basis set but at much more affordable computer
times. Recently, we have demonstrated that the zeolite confine-
ment effect on reactions of unsaturated aliphatic, aromatic, and
heterocyclic compounds could be successfully studied? by
performing full quantum calculations on sufficiently large
clusters using the MO06-2X method. This approach is, in
principle, not only more accurate compared to the ONIOM
method, but it also makes the selection of zeolite models more
general and systematic.

In this work, we report the theoretical investigation on the
mechanism of n-hexane protolytic cracking of H-ZSM-5 and

H-FAU zeolites by employing relatively large cluster models
to realistically represent the framework of zeolites and using
the M06-2X method. The reaction mechanism and relative
energies and structures of intermediates and transition states are
discussed to understand the effect of the zeolite pore confinement
on the protolytic cracking reaction. n-Hexane is chosen as a
reactant in this work because it is widely used experimentally
as a benchmark in cracking reactions to study the zeolite acidity
and the effect of different zeolite frameworks.’**! Theoretical
studies of the protolytic cracking of n-hexane on different types
of zeolites utilizing realistic models have not been performed
previously.

2. Models and Method

38T H-FAU and 34T H-ZSM-5 cluster zeolite models were
generated from their lattice structures.*>** The 38T cluster model
of H-FAU, illustrated in Figure 1, covers the 12-membered-
ring window connecting two supercages of faujasite. It is
symmetrically extended from the 12T of the 12-membered-ring
to include 38 tetrahedral atoms. Silicon at the T2 position was
replaced by aluminum to model a Brgnsted acid site. For the
ZSM-5 zeolite, the 34T quantum cluster model (see Figure 2)
covers the intersection at the interconnection between the straight
channel and the zigzag channel. One aluminum atom was
substituted for a silicon atom at the T12 site to generate the
Brgnsted acid site.

The M06-2X density functional is used in all calculations.
During geometry optimizations, only the 5T active region of
“SiOHAI(OSi1),0Si” and the reacting molecule are allowed to
relax while the rest of the structure is kept fixed at the
crystallographic coordinates. For geometry optimizations, the
6-31G(d,p) basis set was used. In order to obtain more accurate
interactionenergies, single pointcalculations with the 6-3114+G(2df,2p)
basis set were carried out. Transition states were confirmed to
have one imaginary frequency corresponding to the reaction
coordinate. Furthermore, the internal reaction coordinate (IRC)
method®*> was used to verify that the transition states are
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Figure 2. 34T cluster model of H-ZSM-5 zeolite with adsorbed n-hexane via the two methylene carbon atoms: (a) straight channel view and (b)

sinusoidal channel view.

TABLE 1: Optimized Geometrical Parameters of the Species Involved in the n-Hexane Cracking on FAU Zeolite

isolated hexane adsorption transition state 3-C-hexonium intermediate transition state product
parameter cluster (Ads_FAU) (TS1_FAU) (Int_FAU) (TS2_FAU) (Prod_FAU)
distances (A)
O1—H1 0.97 0.98 1.79 2.15 2.45
Al-01 1.97 1.96 1.83 1.81 1.79 1.74
Al-02 1.72 1.72 1.77 1.78 1.80 1.94
H1-C3 2.40 1.25 1.24 1.71
H1-C4 2.46 1.39 1.26 1.13 1.09
C2—C3 1.53 1.53 1.52 1.51 1.43 1.34
C3—C4 1.53 1.53 1.72 1.91 2.70 4.06
02—H2 3.85 4.02 432 1.81 1.01
C2—H2 1.10 1.10 1.09 1.14 2.11
C3—H2 2.16 2.14 2.01 1.98
C3-01 3.37 2.93 3.14 2.90 3.23
C3-02 4.47 2.89 4.40 3.57 2.98
C4-01 3.32 2.89 3.04 3.15 3.17
C4—-02 3.53 3.12 3.10 3.61 453
angles (deg)

02—Al-01 106.2 107.1 109.3 109.6 109.1 104.8
Sil—01—Al 1323 131.5 128.3 129.9 133.1 132.3
C3—H1-C4 35.0 81.2 100.1 144.0 138.7

connected with the minima. In order to reduce the computational
cost of the frequency and IRC calculations, 14T H-FAU and
12T H-ZSM-5 models based on 38T H-FAU and 34T H-ZSM-5
optimized structures were employed. Profiles of the energy and
of important distances along the reaction coordinate are given
as Supporting Information. All calculations were performed with
the Gaussian 03 code*® modified to incorporate the Minnesota
Density Functionals module 3.1 by Zhao and Truhlar.

3. Results and Discussion

3.1. Adsorption of n-Hexane on H-FAU and H-ZSM-5
Zeolites. Optimized structures of n-hexane adsorption on
H-FAU and H-ZSM-5 zeolites obtained from the M06-2X/6-
31G(d,p) calculations are shown in Figures 1 and 2, respectively.
Selected geometrical structures for the adsorption complexes
are tabulated in Tables 1 and 2. An n-hexane molecule is weakly
adsorbed on zeolite through interactions between two methylene
carbon atoms and the Brgnsted acid site (O1—HT1). In this study,
we focus only on the adsorption on the central C—C bond of

n-hexane because the protolytic cracking of this bond will lead
to the formation of propane and propene molecules which are
the main products of n-hexane cracking.’’** The adsorption
interactions are weak so that the structures of the zeolites and
the adsorbed n-hexane are not significantly changed. The bond
distance in the acidic O—H bond and the C—C bond of n-hexane
differ slightly from the isolated molecules. In H-FAU, the
distances between the carbon atoms of the adsorbed n-hexane
and the zeolite proton are 2.40 and 2.46 A for H1+++C3 and
H1---C4, respectively. The calculated adsorption energy is
—10.8 kcal/mol, which agrees well with an experimental
measurement of —12.7 kcal/mol.*! In the ZSM-5 zeolite, the
calculated adsorption energy is —18.2 kcal/mol. This computed
adsorption energy is also in good agreement with the experi-
mental measurement of —19.6 kcal/mol.*!

Analogous calculations were also performed with the widely
used B3LYP density functional. Selected geometrical parameters
of the complexes and the corresponding adsorption energies
obtained from B3LYP are listed in Table S1 in the Supporting
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TABLE 2: Optimized Geometrical Parameters of All Species Involved in the n-Hexane Cracking on H-ZSM-5 Zeolite

isolated hexane adsorption transition state 3-C-hexonium intermediate transition state product
parameter cluster (Ads_ZSM-5) (TS1_ ZSM-5) (Int_ZSM-5) (TS2_ZSM-5) (Prod_ZSM-5)
distances (A)
Ol1—H1 0.97 0.97 1.74 2.01 2.31
Al-01 1.82 1.82 1.73 1.72 1.71 1.68
Al-02 1.68 1.68 1.70 1.71 1.72 1.81
H1-C3 2.81 1.31 1.26 1.88
H1-C4 3.04 1.32 1.26 1.11 1.09
C2—-C3 1.53 1.53 1.52 1.52 1.42 1.34
C3—C4 1.53 1.53 1.76 1.86 2.72 3.38
02—H2 2.90 2.53 2.67 1.87 1.01
C2—H2 1.10 1.09 1.09 1.15 2.10
C3—H2 2.15 2.14 1.95 2.03
C3-01 3.77 2.87 2.96 3.01 3.32
C3-02 3.96 3.34 3.31 3.47 3.03
C4-01 3.95 2.85 3.00 3.21 3.46
C4-02 3.81 2.98 2.99 3.18 3.57
angles (deg)

02—Al-01 90.4 90.5 94.3 94.2 95.0 91.6
Sil—01—Al 130.5 130.1 126.1 127.5 128.8 128.8
C3—H1-C4 30.0 83.7 95.0 129.3 115.1

Information. While the geometric differences are small, B3LYP
leads to adsorption energies of —1.65 and 1.06 kcal/mol for
H-FAU and H-ZSM-5, respectively, which are much too low
compared to the experimental values given above. This is not
surprising, given the lack of dispersion interactions in B3LYP
which leave exchange repulsion as the only short-range n-
hexane/zeolite interaction.

3.2. Reaction Mechanism of n-Hexane Protolytic Crack-
ing. The adsorbed n-hexane molecule is considered to undergo
a two-step protolytic cracking, consisting of the protonation of
n-hexane and the decomposition of the hexonium intermediate
to produce propane and propene products.

3.2.1. Protonation of n-Hexane. In the first step, the ad-
sorbed n-hexane molecule is protonated by the acidic proton at
the central C—C bond to form the adsorbed 3-C-hexonium
intermediate. Selected geometrical parameters for this reaction
step are shown in Tables 1 and 2, and optimized structures are
shown in Figures 3 and 4 for reactions in H-FAU and H-ZSM-
5, respectively. The energy profiles are shown in Figure 5. At
the transition state, the H1 proton is protonated to the C3—C4
bond of n-hexane. In H-FAU, the Brgnsted O1—H1 bond
distance is elongated from 0.98 to 1.79 A while the C3—C4
bond distance is increased to 1.72 A. The C3—H1 and C4—H1
distances are 1.25 and 1.39 A, respectively. The activation
energy of this step is 45.7 kcal/mol. The transition state structure
in H-ZSM-5 is very similar to that in H-FAU. The activation
energy for n-hexane protonation in H-ZSM-5 is also almost the
same (45.8 kcal/mol). The existence of true transition states has
been confirmed by frequency calculations resulting in one
imaginary frequency at —548.3i and —470.2i cm™! for H-FAU
and H-ZSM-5 zeolites, respectively, related to the movement
of the acidic proton of zeolite (H1) to the n-hexane C3—C4
bond and the breaking of the C3—C4 bond. IRC calculations
(see Figures S1 and S2 in the Supporting Information) were
performed to illustrate the continuous change from products to
the transition state. They also confirm that the C3—C4 bond of
n-hexane is broken by the attacking of the zeolite H1 proton
leading to the formation of the 3-C-hexonium intermediates.

The 3-C-hexonium intermediate is adsorbed on the zeolite
surface by forming hydrogen bond interactions with the
negatively charged oxygen atom (Ol) of the zeolite. The
distance H1+++O1 is at 2.15 and 2.01 A in H-FAU and H-ZSM-
5, respectively. The structure of the adsorbed C3—HI1—C4

bridge hexonium intermediate becomes symmetrical. The
C3—HI1 and C4—H1 bond distances are almost equal at 1.24
and 1.26 A, respectively. The C3—C4 bond distance is 1.91 A
and the C3—H1—C4 angle is 100.1° in H-FAU. In H-ZSM-5,
the C3—H1—C4 bridge angle is narrower at 95.0° and,
consequently, the C3—C4 bond distance is shorter at 1.86 A.
The C3—H1 and C4—HI bond distances are the same at 1.26
A. Kazansky et al."® have pointed out that the C3—HI1—C4
bridge angle is related to the hydride character of the central H
atom. The Mulliken population analysis for the partial atomic
charge of the HI atom is 0.294 and 0.322 in H-FAU and
H-ZSM-5, respectively, and in agreement with the Kazansky
et al.'? report.

The formation of the adsorbed 3-C-hexonium intermediate
is highly endothermic. The reaction energies with respect to
the isolated reactants are 33.6 and 26.9 kcal/mol, in H-FAU
and H-ZSM-5, respectively. The adsorbed 3-C-hexonium in-
termediate is only 1.3 and 0.7 kcal/mol more stable than its
preceding transition state, in H-FAU and H-ZSM-5, respectively.

3.2.2. Decomposition of the Hexonium Intermediate. The
adsorbed 3-C-hexonium intermediates in both zeolites are
unstable and highly reactive. They can be decomposed back to
adsorbed n-hexane with a very small activation barrier. There-
fore, it would be extremely difficult to locate this intermediate
experimentally. The conversion to produce propane and propene
products proceeds through a more energetic transition state
(TS2). At the transition state, the H1 atom is moved toward a
carbon atom (C4) and the C3—C4 bond is dissociated. The
Mulliken population analysis indicates that at the transition state
the H1 atom has a higher hydride character than in its previous
adsorption complex. The partial atomic charge of the H1 atom
is 0.051 and 0.115 in H-FAU and H-ZSM-5, respectively. At
this transition state, the H2 proton on the carbon next to the C3
atom is elongated to be transferred to the oxygen atom of the
zeolite framework. Simultaneously, the C3—C2 bond is con-
tracted. In H-FAU, the C4—H]1 distance is reduced to 1.13 A
while the C3—C4 bond is increased to 2.70 A. The C2—H2 is
elongated from 1.09 to 1.14 A, and the C2—C3 bond distance
is decreased from 1.51 to 1.43 A. The TS2 structure in H-ZSM-5
is also similar but a little bit closer to the product state. The
C2—C3 and C4—HI are a little bit shorter while the C3—C4
and C2—H2 distances are slightly longer than what was observed
in the TS2 of H-FAU. Normal mode analysis reveals one
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Figure 3. Optimized structures of transition states and intermediates involved in the protolytic cracking of n-hexane over H-FAU.

imaginary frequency at —294.9i and —197.7i cm™! associated
with the TS2 of H-FAU and H-ZSM-5 zeolites, respectively,
which corresponds to movement along the reaction coordinate
in which the C2—H2 bond breaks and the H2—02 bond forms
simultaneously. The energy barriers for this step are 8.6 and
9.9 kcal/mol for the reaction in H-FAU and H-ZSM-5,
respectively. After the decomposition is completed, a propane
molecule and a propene molecule are produced. The propene
molecule remains adsorbed on the acidic site of the zeolite
through a z-bond interaction. The desorption of products
requires an amount of energy of 20.4 and 26.2 kcal/mol in
H-FAU and H-ZSM-5, respectively.

The intrinsic activation energies for the protonation of
n-hexane and the decomposition of the 3-C-hexonium interme-

diate are found to be almost the same in both zeolites (cf. Figure
5). The overall reaction barrier is considered to be the energy
difference between the adsorbed n-hexane and the TS2 and is
found to be 53.0 and 55.0 kcal/mol for the reaction in H-FAU
and H-ZSM-5, respectively. These values are very close to the
experimentally estimated intrinsic activation energies of about
56 kcal/mol in these two zeolites.?** The energy profiles of
the reactions in these two zeolites contain very similar features.
However, due to the confinement effect, the reaction intermedi-
ates and transition states in H-ZSM-5 are 6—8 kcal/mol lower
in energies than those stationary points in H-FAU. Therefore,
the apparent reaction barrier would be 36.8 and 42.2 kcal/mol
for the reaction in H-ZSM-5 and H-FAU, respectively. The
predicted apparent reaction barriers are also very close to the
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Figure 4. Optimized structures of transition states and intermediates involved in the protolytic cracking of n-hexane over H-ZSM-5.

Figure 5. Energy profile for the n-hexane cracking mechanisms for both zeolites: H-FAU zeolite (solid line) and H-ZSM-5 zeolite (dashed line)

(energies are in kcal/mol).

values reported in recent experimental studies®**° which reported

the apparent activation energies of 35.5 and 44.4 kcal/mol for
the monomolecular cracking of n-hexane in H-ZSM-5 and
H-FAU, respectively. Since the computed intrinsic activation
energies of the two reaction steps are very similar in these two
zeolites, the different cracking activity on these two zeolites
can only be explained by the different adsorption energies of
the n-hexane reactant. The computed deprotonation energies of
these two models of zeolites are also comparable (295.9 and
293.8 kcal/mol, for H-ZSM-5 and H-FAU, respectively).
Therefore, the intrinsic catalytic activity of zeolites for n-hexane

cracking is not dependent on the type of zeolites, even if their
pores are quite different in shape and size. This confirms
previous experimental results,’” " and the mechanism underlying
this unexpected behavior can now be better understood.

4. Conclusion

The cracking reaction of n-hexane over two different types
of zeolite has been investigated by utilizing the 38T H-FAU
and 34T H-ZSM-5 cluster models calculated at the M06-2X/
6-311+G(2df,2p)//M06-2X/6-31G(d,p) level of theory. These



7856 J. Phys. Chem. C, Vol. 114, No. 17, 2010

calculations give adsorption energies which are in good agree-
ment with experimental data. After the adsorption, the acidic
proton of the zeolites is directly protonated to a C—C bond of
n-hexane and the 3-C-hexonium intermediate is formed in the
nanocavity. In the second step, the 3-C-hexonium is readily
decomposed to form propane and propene molecules. The
computational results indicate the plausible existence of 3-C-
hexonium intermediates in the zeolites for the protolytic cracking
of n-hexane. The structures and relative stabilities of the 3-C-
hexonium intermediates in these two zeolites are very similar.
The protonation step is found to be the rate-determining step.
The apparent activation energies are computed to be 42.2 and
36.8 kcal/mol in H-FAU and H-ZSM-5, respectively, which are
very close to the apparent activation energies for monomolecular
cracking of n-hexane reported in literature.®*° The results
confirm that relatively large quantum clusters are needed for
the study of hydrocarbon reactions in zeolites. The M06-2X
method is well-suited for this case, while reference calculations
show that functionals such as B3LYP are not. The different
activities of the two zeolites can only be explained by the
different adsorption energies which are mainly due to the van
der Waals interactions between n-hexane and the zeolite walls.
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The adsorption and the mechanism of the oxidative dehydro-
genation (ODH) of propane over VO,-exchanged MCM-22 are
investigated by DFT calculations using the MO06-L functional,
which takes into account dispersion contributions to the
energy. The adsorption energies of propane are in good agree-
ment with those from computationally much more demanding
MP2 calculations and with experimental results. In contrast,
B3LYP binding energies are too small. The reaction begins with
the movement of a methylene hydrogen atom to the oxygen
atom of the VO, group, which leads to an isopropyl radical
bound to a HO—V—O intermediate. This step is rate determin-
ing with the apparent activation energy of 30.9 kcalmol™', a

1. Introduction

Propene is one of the most important starting materials for
many processes in the chemical industry. It is, for example,
used for polymer production and the scarcity of natural resour-
ces will most likely lead to a significant increase in the demand
for propene in the near future.” However, the conventional
propene production processes exhibit many disadvantages.
For example, due to thermodynamic constraints, larger
amounts of ethylene than propene are produced in the steam
cracking process even though the demand for ethylene is not
growing as much as that for propene. Moreover, industrial
steam cracking is a high energy-consuming process that also
produces CO,.” Dehydrogenation also has the problem of
rapid deactivation of the catalyst by coke production. Thus,
finding competitive ways to produce propene has high priority
and the oxidative dehydrogenation (ODH) of propane has, in
principle, the advantages of low energy consumption, lower
coke and CO, by-products, and high selectivity of the desired
product compared to the conventional dehydrogenation pro-
cess.”

Vanadia-supported catalysts have proven to be active and
selective for this reaction.** Silica-supported vanadium oxide
catalysts especially are highly selective because they do not
favor direct combustion of the propane reactant to CO, spe-
cies, compared to alumina and titania supports. Zeolites
and mesoporous silicas, which are industrially important cata-
lysts, can also be used as the silica support catalysts."* To un-
derstand the mechanistic scheme of the reaction, many theo-
retical studies of the propane ODH over vanadium oxides and
silica-supported catalysts have been conducted. Engeser et al.
found a product allyl complex (n?-C;Hs)V(O)—(OH) ™ when they
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value within the range of experimental results for ODH over
other silica supports. In the propene formation step, the hy-
droxyl group is the more reactive group requiring an apparent
activation energy of 27.7 kcalmol™' compared to that of the
oxy group of 40.8 kcalmol™". To take the effect of the extended
framework into account, single-point calculations on 120T
structures at the same level of theory are performed. The ap-
parent activation energy is reduced to 28.5 kcalmol™" by a sta-
bilizing effect caused by the framework. Reoxidation of the cat-
alyst is found to be important for the product release at the
end of the reaction.

studied alkane oxidation by VO," in a gas-phase system.” Sys-
tems consisting of clusters systematically selected from the
bulk structure have also been studied theoretically.” Rozanska
et al. identified possible reaction pathways for ODH of propane
by vanadium oxide sites on a silica support cluster.” They
found that the first hydrogen abstraction at the O=V site was
the rate-limiting step. In another study on a (001) periodic sur-
face of V,0s, Fu etal. found that the propene formation step
was rate limiting.”! From these observations, one can say that
different systems cause different controls of the rate-determin-
ing step even when they have the same active species. Al-
though porous silica supports have been widely used in many
experimental studies, to the best of our knowledge their atom-
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istic details have never been studied computationally. In reac-
tions such as adsorption and catalysis processes in confined
spaces, van der Waals interactions play an important role. In
previous calculations on various reactions in zeolites, ONIOM
(B3LYP:UFF) was found to be an economical method,” able to
reproduce experimental data for such systems. Its good perfor-
mance is, however, partially due to the compensation between
the overestimated framework confinement effect and the un-
derestimated interaction in the active region. Recently, Zhao
and Truhlar have developed a new type of density functional
(MO06 series) in which London dispersion is taken into account
in the parameterization."” This method has been shown to be
very useful for studying adsorption and reaction mechanisms
in zeolite and metal oxide systems in which van der Waals
interactionspredominate.!'

To understand such a reaction in a confined space, we used
a well-calibrated VO,-exchanged MCM-22 (VO,-MCM22) model
that has been recently studied experimentally.*? We studied
propane adsorption and the reaction mechanism of the pro-
pane ODH reaction over the catalyst by means of DFT calcula-
tions with the MO06-L functional, which Zhao and Truhlar have
shown to be both accurate for transition metals and practical
for large-system studies. The reaction can be divided into
three main steps: 1) methylene (—CH,—) hydrogen activation,
2) propene formation, and 3) reoxidation of the catalyst by
using N,O as an oxidizing agent.

2. Results and Discussion
2.1. Propane Adsorption over the Catalyst

A VO,-MCM-22 cluster, the vanadium oxide component of
which acts as an active site and is embedded in the intersec-
tion cavity at the 12T-membered ring of the supercage, was
used in this study (Figure 1). The cluster model is similar to

Figure 1. Structure of VO,-MCM-22. Balls represent the 14T optimized site
and sticks represent the extended framework on which single-point calcula-
tions were performed.

that used in our previous study on isolated metal oxide on
zeolite."” The [VO,] ionic group lies between the two bridging
oxygen atoms of the zeolite framework forming a tetrahedral
arrangement at the vanadium atom, which is the most stable
configuration. With the MO06-L functional and the 6-31G(d,p)
basis set, the optimized V—O bond lengths are 1.59, 1.59, 1.98,
and 1.98 A for V-01, V-02, V-0a, and V—Ob, respectively. The
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distance between V and the Al atoms is 2.78 A. With the B3LYP
functional, V—O and V-Al distances were the same as those
obtained from the MO06-L functional. Geometry optimizations
with the MP2 method gave longer V-0 distances, that is, V—
01 and V-02 are 1.66 A and V—-Oa and V—Ob are 2.03 A with a
V-Al distance of 2.82 A.

Although the MO06-L functional leads to nearly the same
structure of the active site as the B3LYP functional, when the
van der Waals probe molecule propane was interacting with
the site the relation of the structure obtained with each
method was different. Optimized geometries of the adsorption
complexes and their energies obtained from MO06-L and B3LYP
functional and MP2 calculations are illustrated in Figure 2. The

Figure 2. Optimized adsorption structures from the three methods. The ad-
sorption energies are given in parentheses [kcalmol~'].

propane molecule is weakly adsorbed on the catalyst with H2
binding to O1 and H1 to 02. The M06-L and MP2 methods
lead to about the same O1-H2 and O2—H1 distances (2.57 and
2.59 A, respectively). The weaker interaction from the B3LYP
functional leads to a longer O1—H2 distance of 3.12 A.

Not only the structure but also the energies from MO06-L
(—6.3 kcalmol™") are close to those obtained from the (much
more CPU time-consuming) MP2 calculations (—8.2 kcalmol™).
The adsorption energy from B3LYP is, in contrast, very small
(=1.3 kcalmol™"). The experimental value for the heat of pro-
pane adsorption over supported vanadium oxide material is
about —8 kcalmol ™54 These results indicate that MO6-L is
suitable for studying systems of transition metals in which the
van der Waals interaction plays an important role, as originally
suggested.!'®’

2.2. Methylene Hydrogen Abstraction

The MO6-L functional was used to study the reaction mecha-
nism of the propane ODH over VO,-MCM-22. The reaction
begins with the activation of the methylene C—H bond by an
oxygen atom of the VO, group. The transition structure shows
distortion from the original tetrahedral one (Figure 3). At the
transition state (TS1), the O1—H2 and C2—H2 distances are 1.21
and 1.45 A, respectively. The V—O1 distance changes from
1.59 A in the bare catalyst to 1.68 A. The imaginary frequency
of 1372i cm™' of the transition state corresponds to the move-
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Figure 3. Energy profile for the first hydrogen abstraction step of the ODH of propane over VO,-MCM-22 (M06-L/

6-31G(d,p) calculations on a 14T model).

ment of the H2 atom between the O1 and C2 atoms. This step
requires an intrinsic activation energy of 37.2 kcalmol™" while
the apparent activation energy is 30.9 kcalmol™' (see Figure 3).
The product of this step, the isopropyl radical intermediate
(INT1), has a relative energy of —6.3 kcalmol™". It is closely co-
ordinated to the vanadium atom with a V—C2 distance of
202 A. It is interesting to note that in V,05 bulk® and
clusters,”**' the intermediate was found to be not coordinated
to the vanadium atom but that our intermediate is rather simi-
lar to the one predicted for gas-phase VO, " thus indicating
the flexibility of the active site.

J. Limtrakul et al.

2.3. Propene Formation

The isopropyl radical intermedi-
ate (INT1) can be converted to
propene via abstraction of the
hydrogen atom from C1 to the
hydroxyl group (O1H2) or to the
02 oxygen atom on the vanadi-
um atom, to yield an adsorbed
water molecule and dihydroxy
vanadium intermediates (INT2-
02), respectively. For the former,
the C1-H1 bond of the isopro-
pyl radical is elongated from
1.09 to 1.37 A and correspond-
ingly, H1-O1 decreases from
2.74 to 1.32 A. The normal-mode
analysis shows one imaginary
frequency at 1445icm™' corresponding to the movement of
H1 in the formation of the O1—H1 bond and the breaking of
the C1—H1 bond.

The second pathway proceeds through the transition state
TS2-02, and H1 is transferred towards 02 and the C1-H1 and
H1—02 bond lengths become 1.46 and 1.26 A, respectively.
The associated imaginary frequency at the transition state is
1529i cm™~'. The first pathway is kinetically preferred over the
second one with a required apparent activation energy of
27.7 kcalmol™', which is 13.1 kcalmol™" lower than that for the
second pathway. Moreover, the water formation intermediate
(INT2) is more stable than the dihydroxy vanadium one (see
Figure 4). During this step, the isopropyl radical intermediate
can react with the hydroxyl group (O1H2) of the active site to

1

Figure 4. Energy profiles of the three possible reactions at the propene formation step (M06-L/6-31G(d,p) calculations on a 14T model).
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form an oxygenated product, which leads to a reduced selec-
tivity towards propene. This step was found to proceed via a
triplet state, consistent with the literature.”® However, the cal-
culation shows that propene formation is favored by
5.3 kcalmol™" energy and thus this pathway is kinetically and
thermodynamically preferred. This agrees with observations
from Fu et al. in which the formation of isopropoxide at the va-
nadyl oxygen site was found to be unlikely.” The driving force
of this step is the highly endothermic change of the V oxida-
tion state from +5 (d°) to + 3 (d?, thus overcompensating the
exothermic conversion of propane and oxygen to propene and
water" It is noted that for the transition structure TS2-OH,
the oxygen atoms are tetrahedrally coordinated to the Vatom,
which is different from the distorted square-planar structure
for the other transition states (TS2-02 and TS2-01).

2.4. Reoxidation of the Catalyst

Nitrous oxide (N,0) was used as the reoxidizing agent for the
catalyst recovery step because it has been proven that it pro-
vides a higher selectivity than molecular oxygen.’” After the
propene formation step, the water molecule needs 24.9 kcal
mol~' to desorb while propene is even more strongly coordi-
nated at the vanadia site (41.9 kcalmol™).

The reaction profile for this step is shown in Figure 5. In the
beginning of the reoxidation step, N,O adsorbs on the vanadi-
um atom with N2—-03 and 03—V distances of 1.20 and 2.47 A,
respectively. Its adsorption sets 8.5 kcalmol™ free. After that,
the 03 of N,O interacts with vanadium causing elongation of
the N2—-03 bond to 1.35 A while 03—V contracts to 1.90 A.
This requires an intrinsic activation energy of 15.9 kcalmol™.
The intermediate is stabilized by a relative energy of —37.5 kcal

Figure 5. Reaction profile for the reoxidation step.

ChemPhysChem 2010, 11, 3432 - 3438

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mol~". This indicates that the active site strongly prefers the fi-
vefold coordination over the fourfold one. Finally, removal of
nitrogen and propene from the catalyst requires 5.3 and
14.0 kcalmol ™', respectively. From these results, it can be im-
plied that the reoxidation step is not rate limiting but that the
reduction of the product desorption energy is needed to
recover the active site.

2.5. The Framework Effect

The 120T nanocluster model was used for single-point calcula-
tions, to evaluate how the MCM-22 framework affects reaction
energies during the ODH process. It was found that all struc-
tures are stabilized by the extended framework. The adsorp-
tion energy of propane over the catalyst increases from
—6.3 kcalmol™" for the 14T cluster to —7.0 kcalmol™' for the
120T model. In the methylene hydrogen abstraction step,
which is considered to be a rate-limiting step for this reaction,
the apparent activation energy was reduced from 30.9 to
28.5 kcal mol™". This is in accordance with the 20-30 kcal mol™
from experiments on propane ODH over supported vanadia
catalysts.”""® However, when the reduction of the adsorption
energy is considered, the true activation energy of this system
remains nearly unchanged by the confinement effect of the
MCM-22 framework. This overall shift is similar to the propene
formation step (see Table 1).

Single-point calculations were also performed for the struc-
tures without the whole zeolitic framework. Three model struc-
tures containing VO," and the probe molecule were formed
from the 14T optimized geometries (see Figure 6). In these
models VO,* was neutralized by OH™ (1), (H,0)(OH") (2), and
Al(OH),~ (3) and each structure was fixed at the 14T optimized

geometry. The adsorption ener-
gies of the three models were
similar to each other (—2.4, —2.6,
and —2.2 kcalmol™' for models
1-3, respectively). Taking into ac-
count the value of
—6.3 kcalmol™ for the cluster
with the framework, one can es-
timate that the framework con-
tribution to the adsorption
energy of propane on the cata-
lyst is about 60%. The desorp-
tion energy of the propene
product is 8.1 and 8.2 kcal mol™
for models 2 and 3, respectively,
and 16.4 kcalmol™" for model 1.
The strong interaction obtained
for model 1 might be due to the
unsaturated fourfold coordina-
tion that is found to be the
same as in the initial desorption
of propene before the recon-
struction of the active site takes
place. When considering only
models 2 and 3, one can state
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Table 1. Energies of the components in the ODH process, given relative

to the energy of the reactants.

System Relative Energy [kcal mol™']
14T MO06-L/6-31G(d,p) 120T M06-L/6-31G(d,p)
(Optimized) (Single Point)

VO2-MCM-22 + 0.0 0.0

propane+N,0

ADS —6.3 -7.0

TS1 30.9 285

INT1 —6.3 —10.8

TS2 27.7 231

INT2 7.8 1.1

INT3 327 28.1

INT4 24.2 19.9

TS3 40.1 36.9

INT5 —375 —42.4

INT6 —32.2 —36.8

VO,-MCM-22 + —18.2 —18.2

propene + N,

Figure 6. Three small models of the active site saturated and neutralized by
OH"™ (1), (H,0)(OH") (2), and AI(OH),™ (3). See text for explanation.

that the framework contribution for the propene desorption
energy is less than about 40%, a result of the strong st bond
between alkene and the metal.

Finally, to obtain additional information about the interac-
tions in our system we performed an approximate energy de-
composition”® of the zeolite-adsorbate system. In this
scheme, the self-consistent field (SCF) energy between the zeo-
lite model and propane is “deconstructed” into: 1) the interac-
tion between the two parts, each with its own frozen wave-
function, 2) the mutual polarization due to orbital relaxation,
still with independent wavefunctions, 3) charge transfer, and
4) the change due to orbital delocalization after the wavefunc-
tions are allowed to mix. Since in M06-L the dispersion-like in-
teractions are parameterized into the basic energy expression
of the functional, they ought to appear in part (1). Indeed, the
zeolite-propane interaction energy (1) between the frozen
parts is —9 kcalmol™" for M06-L and + 2 kcalmol™' for B3LYP
in their respective geometries (partially optimized as described
above). The small overall attractive energy in the case of B3LYP
is mostly a result of SCF delocalization (4). The energy decom-
position analysis thus confirms the nature of the improve-
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ments resulting from MO06-L. The calculations were performed
with the Q-Chem 3.22 program'” and, for technical reasons,
the SBKJC basis set."™®

2.6. Rate Constants

Rate constants (k) and equilibrium constants (K.,) were calcu-
lated for the rate-limiting C—H activation step and are summar-
ized in Table 2. Values of k. and K, were calculated in the

Table 2. Kinetic and equilibrium constants of the reaction in the temper-
ature range between 300 and 800 °C.

Temperature [°C] k. (FWD) k_, (REV) Keq
300 427%x107" 1.67%x10° 0.255
350 533x10° 1.99% 10’ 0.268
400 4.63%x10' 1.65% 10 0.281
450 3.01x10° 1.02x10° 0.296
500 1.55%10° 4.96x10° 0312
550 6.56x10° 2.00x10* 0.328
600 2.37x10* 6.87x10* 0.345
650 7.51x10* 2.07x10° 0.363
700 2.12x10° 556X 10° 0.381
750 5.43x10° 1.36x10° 0.399
800 1.28x10° 3.06x 10° 0.418

range of 300-800°C, a typical temperature range for experi-
ments. It was found that k, for the forward reaction increases
dramatically when the temperature increases; K., increases
gradually from 0.255 to 0.418. This finding is consistent with
the experimentally observed temperature dependence of the
propane conversion rate.”

3. Conclusions

The adsorption and the ODH reaction mechanism of the pro-
pane/VO,-MCM-22 system have been investigated by DFT cal-
culations with the MO06-L functional. The adsorption energies
of propane are comparable to those derived from computa-
tionally much more demanding MP2 calculations and to exper-
imental results while, as expected, the values from the B3LYP
functional are too small.

For the reaction mechanism, two main steps were consid-
ered. The reaction begins with the rate-determining step, the
abstraction of the methylene hydrogen. The calculated appar-
ent activation energy for this system is 30.9 kcalmol™', which is
within the range of the experimental values reported for pro-
pane ODH over supported vanadium catalysts. We find that
the formation of propene is indeed preferred over the compet-
ing oxygenated product on the VO,-MCM-22 nanocatalyst. A
single-point calculation showed that the activation energy
with a larger 120T model is 2.4 kcalmol™' lower than it is in
the 14T cluster, which indicates the amount of stabilization
due to the framework.

For the propane adsorption step the framework dominates
the energetics, while for the propene desorption the metal site
dominates. As a consequence, the reoxidation of the vanadium
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site by N,O greatly reduces the amount of energy needed for
propene desorption due to the strong interaction of the unsa-
turated active site. From the very different adsorption energies
of propane and propene, one can suggest this catalyst to be
usable for separating the alkene product from the alkane. A
subsequent study will consider the activity and selectivity of
this reaction on further modified catalysts.

Computational Methods

The geometry of the MCM-22 zeolite cluster was obtained from
the crystal structure," represented by a cluster of 14 tetrahedrally
coordinated Si or Al atoms (14T). The cluster covers the 12-mem-
bered ring at the intersection of two channels, which is considered
to be an appropriate active site of the catalyst (see Figure 1). An Al
atom is located at the T1 position, its most stable configuration in
this model.?” The vanadium oxide species [VO,]* is adsorbed at
the highly accessible Brgnsted acid site. All geometry optimizations
were performed by the MO06-L functional using the 6-31G(d,p)
basis set for H, C, O, Al, and Si atoms, whereas the Stuttgart effec-
tive core potentials (ECPs)?" were employed for the Vatom. Calcu-
lations with the B3LYP functional and with Mgller-Plesset perturba-
tion theory (MP2) with the same basis set were performed for com-
parison. During geometry optimization, only the active sites of the
catalyst (VO,/AISi,O,) and the probe molecule were allowed to
relax, while the rest were kept fixed at the original crystal structure.
A normal-mode analysis of the transition states shows only one
imaginary frequency, the mode of which corresponds to the desig-
nated reaction. The total spin state was assumed to be a singlet,
which was found to be the most stable state.® Rate constants
were calculated by classical transition-state theory (TST) using
Equation (1):

k = KT 915 oA, AT (1)
h qlnt

where AE, is the activation energy, kg is Boltzmann'’s constant, h is
Plank’s constant, T is the temperature, R is the universal gas con-
stant, and gs and g, are the total partition functions for the
transition state and intermediate complex, respectively.

Finally, to cover the confinement effect from the zeolite framework,
the model was extended to a 120T structure which included a su-
percage of MCM-22. All calculations were performed by the Gaussi-
an 03 package™ modified to incorporate the Minnesota Density
Functionals module 3.1 by Zhao and Truhlar.
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The methylation of 2-methylnaphthalene (2-MN) with methanol to the 2,6 (2,6-DMN) and 2,7 (2,7-DMN)
dimethylnaphthalenes catalyzed over nanoporous BEA zeolite has been investigated quantum chemically using
the M06-2X density functional. The catalytic cycle consists of three elementary steps: (1) formation of a
methoxy species from methanol that is bound to a zeolite oxygen atom, (2) methylation of 2-MN to DMN
with methoxy leading to naphthalynic carbocations, and (3) formation of DMN by proton back-donation
from naphthalynic carbocations. The reaction profiles are similar for both the 2,6 and the 2,7 isomer and are
in agreement with the experimental observation that they are produced in equal amounts on acidic BEA
zeolite. A possible side reaction, the formation of dimethyl ether via the self-activation of methanol, is also
discussed. The stability of the intermediates inside the pores is, to a large extent, governed by the steric
constraints and the van der Waals dispersion interactions induced by the pore structure of BEA zeolite. These

are the key parameters for understanding the relationship between zeolite topology and catalytic activity.

1. Introduction

The catalytic conversion of aromatic molecules via methy-
lation, alkylation and isomerization is a very important process
in the petrochemical industry.! Nowadays, zeolites are used
industrially for this purpose. These remarkable aluminosilicate
minerals are capable of catalyzing chemical reactions that take
place in their well-defined nanostructured pore cavity, and also
often provide numerous advantages over the traditional
Friedel—Cerafts catalyst due to their high selectivity to the desired
products and their thermal properties. In addition, the use of
heterogeneous inorganic catalysts like zeolites facilitates the
design of clean technologies and applications that have to take
into consideration environmental concerns.

In the past decade, the demand for 2,6-naphthalenedicar-
boxylic acid (2,6-NDA) as a raw material for the manufacture
of a high-performance polyethylene naphthalene (PEN)>* has
increased significantly. 2,6-Dimethylnaphthalene (2,6-DMN) is
considered as the most suitable feedstock with its high reactivity
toward oxidation into 2,6-NDA.* Therefore, the synthesis of 2,6-
DMN from the ten DMN isomers has been studied.*”” The
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alternative process of 2,6-DMN production, the methylation of
methylnaphthalene (MN), has also been investigated® !>
intensively.

In all these studies, ZSM-5 showed a high - and/or 3,5-
selectivity, approximately 80%. T. Inui et al.'* optimized the
performance of H-ZSM-5 by a mechanochemical method
leading to a significant improvement in the life of the catalyst
as well as the improvement of the shape-selectivity. However,
the ratio of 2,6-DMN/2,7-DMN produced on ZSM-5 was almost
1, and their yields were still not high. S.-B. Pu et al.!! studied
the same reaction over MFI metallosilicates, as well as over
some large-pore zeolites, to improve especially the 2,6-DMN/
2,7-DMN ratio. They reported that these large-pore zeolites
significantly increase the yield of 2,6-DMN. In all the zeolites
used, BEA showed the highest yield of 2,6-DMN and its
deactivation was more gradual than the one of ZSM- 12 and
Y. A three-dimensional large-pore structure without a supercage
as is present in BEA, is necessary for binuclear aromatic
hydrocarbon conversion. Furthermore, the catalytic life of BEA
can be prolonged markedly by using tetralin as the solvent for
S-MN. This is caused by the dehydrogenation of tetralin in the
vicinity of the active sites to prevent coke formation and/or
remove the coke formed. However, the reaction mechanisms
of this reaction inside the zeolite pores are not well understood.

Computational methods based on quantum chemistry have
become reliable techniques to clarify the microstructural proper-
ties of various chemical systems.'* Especially, the computational
investigation of the catalytic mechanisms in zeolites is of
considerable practical importance. Nevertheless, zeolites that
have a high impact in industrial processes usually possess
hundreds of atoms per unit cell, which makes the use of
sophisticated methods, such as periodic DFT calculations,

© 2010 American Chemical Society
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computationally too expensive. Most DFT calculations do not
take into account the van der Waals (vdW) contributions to the
interaction energy."> For example, the popular B3LYP functional
has an unsatisfactory performance for such reactions. Besides
issues such as an underestimation of reaction barrier heights, it
is unable to describe van der Waals complexes bound by
medium-range interactions, and it also exhibits incorrect trends
in the bond energies of organometallic catalytic systems.'%!?

Recently, Zhao and Truhlar'®~2! have developed the M06
class of hybrid functionals, and they suggest that they are
suitable for general-purpose applications. Both M06-L and M06
are intended for applications in transition metal chemistry and
perform markedly better than B3LYP for main-group thermo-
chemistry, barrier heights, and noncovalent interactions. M06-
2X has an improved performance in these areas as compared
with M06-L and MO06, but it is not suitable for describing
transition metal chemistry. In recent works**~>* it has been
demonstrated that the zeolite confinement effect on reactions
of unsaturated aliphatic, aromatic, and heterocyclic compounds
can be studied by performing full quantum chemical calculations
on sufficiently large clusters using the M06-2X method. This
leads to a better overall accuracy than the somewhat arbitrary
QM/MM schemes like the ONIOM method. Furthermore, it
makes the selection of zeolite models more general and
systematic.

The purpose of the present study is to examine the reaction
mechanisms of the methylation of 2-methylnaphthalene (2-MN)
in a model of a large zeolite cluster. The reaction path for the
side reaction, the formation of dimethyl ether, has also been
studied.

2. Computational Details

The crystal lattice structure of H-BEA was taken from the
work of J. B. Higgins, et al.>> An extended 34T (34 tetrahedral
sites) zeolite cluster, covering the active region of the H-§ zeolite
is used to represent the Brgnsted acid site and the zeolite
framework. It includes the 12-membered ring representing the
main gateway to the intersection of two perpendicular 12 MR
channel systems, where the reactions normally take place (See
Figure 1). A silicon atom at a TS5 position in S zeolite is
substituted by an aluminum atom. A proton is added to the
bridging oxygen atoms bonded directly to the aluminum atom,
conventionally called the OS5 position, which is the O1 position
in this study.

The M06-2X functional and the 6-31G(d,p) basis set were
applied for the 34T zeolite cluster. In order to obtain more
reliable results, single point calculations at the M06-2X/6-
311+G(2df,2p) level of theory were also carried out. All
calculations have been performed using the Gaussian 03 code.?
During the structure optimization, the 5T portion of the active-
site region [=SiO(=Si0),AIO0(H)OSi=] and the adsorbates are
allowed to relax while the rest of the active region is kept at
the crystallographic coordinates.

3. Results and Discussion

The results are organized in the following way. First, we
examine the mechanism of the methylation of 2-MN to 2,6-
DMN and 2,7-DMN, the main issue of the present work. Finally,
we explore the possibility of dimethyl ether formation as a
competitive reaction to the methylation of 2-MN.

3.1. The Methylation of 2-Methyl Naphthalene. A graph
of the reaction mechanism is depicted in Scheme 1. The energy
profile containing all species involved is plotted in Figure 2. In
the following, we employ the notation that a postfix ‘a’ (as in

Bobuatong et al.

Figure 1. 34T cluster models of H-BEA. (a) 34T quantum cluster
viewed from the direction of the pore axis. (b) 34T quantum cluster
viewed from the direction of the side pore.

Int_la) denotes the 2,6-isomer, while a postfix ‘b’ is used for
the 2,7-isomer. When energy values are followed by a second
value in parentheses (as 2.6 (2.7) kcal/mol), this also refers to
the 2,6- and 2.7-isomers. In addition, the optimized geometries
of all species in this study are shown in the Supporting
Information (Figure S1). This reaction is initiated by the
adsorption of a methanol molecule on the acidic proton of
H-BEA (denoted Ads in Scheme 1). The adsorption complex
is stabilized by two hydrogen bonds between the OH group of
methanol and the Brgnsted acid site (O1—HI1) of the zeolite:
one between the Brgnsted proton (H1) and the methanol oxygen
atom (O4), and another between the methanol hydrogen atom
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SCHEME 1: Catalytic Cycles of the Methylation of 2-MN to 2,6-DMN and 2,7-DMN over H-BEA Zeolite; Initiation
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(H2) and the basic oxygen atom of the zeolite active site (O3).
No protonation of methanol by the Brgnsted site is observed.
Similar configurations have also been described in previous
studies.?’ " The adsorption of methanol on the hydrogen form
of ZSM-5 was studied in a calorimetric experiment by Gorte et
al.3! At 80% coverage of the Brgnsted sites, a value of 27.5 4
1.2 kcal/mol (115 % 5 kJ/mol) was reported. The average acidic
strength of the ZSM-5 zeolite was found to be similar to or
stronger than that of the BEA zeolite, as determined by various
spectroscopic techniques,*>~** or NH3-TPD? and hydrocarbon
cracking.’>*3 The calculated adsorption energy of —24.2 kcal/
mol therefore seems reliable. It is also compatible with typical
van der Waals contributions inside the zeolite pore.

At the first transition state, the methanol C—O bond is
activated by the attack of the Brgnsted proton H1 on the
methanol oxygen atom O4. The protonated methanol OH group
is leaving as the methyl group is being attacked by the active
zeolite O atom (Figure S1b, Supporting Information). We
observe the dissociation of the C1—04 bond and the association
of the C1—02 bond, respectively. As summarized in Table 1,
the C1—04 bond is lengthened from 1.44 to 1.91 A, whereas
the C1—02 distance contracts to 2.05 A. The corresponding
04—C1—02 angle is 171.4°. In this configuration, the geometry
of the methyl group is altered from tetrahedral to trigonal planar.
The active-site structure of the zeolite is only slightly affected
in the course of the progression of the reaction.

The activation barrier taken with respect to the adsorption of
one methanol molecule at the acidic site (Ads) is predicted to
be 39.8 kcal/mol (Figure 2a). This value is lower than the 51.4
kcal/mol obtained in previous calculations on smaller zeolite
clusters.’3” The stabilizing effect of the zeolite micropore on
the ionic transition state is well-known and can reach 10—30%
of the activation barrier as was found for small zeolite clusters.’®
Upon methanol dehydration, methoxy species and a water
molecule are created and coadsorb at the active site of BEA

zeolite, Int_1. The water molecule then desorbs (Int_2) and is
replaced by the incoming 2-MN. The relative energies of the
coadsorption complexes are exothermic by —20.2 (Int_3a; 2,6-
DMN) and —19.3 kcal/mol (Int_3b; 2,7-DMN).

After the coadsorption, the methyl group from the zeolite
framework is transferred to the 3-position of 2-MN via transition
states TS_2a and TS_2b. The barriers for this reaction are 29.5
and 28.1 kcal/mol for 2,6-DMN and 2,7-DMN, respectively.
The transition states are also shown in Figure 2a. The normal
mode corresponding to the single imaginary frequency was also
calculated and indicates the proceeding of the methylation of
2-MN. In the transition structures, which have the characteristics
of methyl carbocations with a trigonal planar geometry, the C—C
bond between CH; and MN starts to form. The C1—02 bond
of the methoxy species is elongated from 1.48 A (149 A) to
217 A (2.12 A) for 2,6-DMN and 2,7-DMN, respectively.
Simultaneously, the lengths of the C1—C2 and C1—C3 bonds
decrease from 3.77 A to 2.20 A and 3.35 A to 2.20 A for 2,6-
DMN and 2,7-DMN, respectively. The transition states lead to
the formation of the key intermediates, 2,6- and 2,7-naphtha-
lenium (Int_4a and Int_4b). These are adsorbed on the active
site by —14.6 (—11.3) kcal/mol. The difference of the adsorption
energies can be explained by the fact that the 2,6-naphthalenium
intermediate is located closer to the active site than the 2,7-
isomer. The existence of aromatic cations in the zeolite cavity
has been disclosed by the results of N. Hansen et al.*® and X.
Rozanska et al.* They found the aromatic carbocation as a
reaction intermediate and concluded that large models of
medium and micropore zeolites are able to stabilize the benzylic
ionic intermediate.

Our results from above show that the naphthalenium inter-
mediates will stay adsorbed to the active site and can undergo
a proton back-donation process, as shown in Figure 2b. The
hydrogen atoms at the carbon center of the naphthalenium
intermediates are not in close proximity to the three oxygen
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Figure 2. The calculated energy profile for the methylation of 2-MN to 2,6-DMN and 2,7-DMN (kcal/mol). Due to its size, this figure is split into

parts (a) and (b).

TABLE 1: Geometrical Parameters from the 34T Model (M06-2X/6-311+G(2df,2p)//M06-2X/6-31G(d,p)) Calculations of the
H-BEA Zeolite, Adsorption Complex (Ads), Transition States (TS_1 to TS_3b), Reaction Intermediates (Int_1 to Int_5b), and
Products (Pro_a and Pro_b) for the Methylation of 2-MN to 2, 6-DMN and 2,7-DMN over H-BEA Zeolite*

parameter H-BEA Ads TS_1 Int_1 Int 2 Int 3a TS_2a Int_4a Int 5a TS_3a Pro_a Int_3b TS_2b Int 4b Int 5b TS_3b Pro_b
Ol1—H1 0.98 1.10 3.76 4.61 - - - - — - - - - - - - -

C1-02 — 3.17  2.05 148 1.48 1.48 2.17 3.12 3.38 3.24 3.18 1.49 2.12 3.20 3.36 3.32 3.45
Cl1-04 - 144 191 4.01 — — — - — — — — - — — — —

Cl1—-C2 - - - - - 3.92 2.20 1.54 1.54 1.54 1.51 3.58 2.75 2.55 2.55 2.51 2.53
C1—-C3 - - - - - 3.77 2.81 2.52 2.55 2.56 2.53 3.35 2.20 1.53 1.54 1.55 1.51
C2—H3 - — — — — 1.09 1.09 1.16 1.13 1.24 2.46 1.09 1.09 1.12 1.13 1.26 2.56
O1—H3 - - - - - 6.08 4.88 4.57 2.26 1.60 0.99 5.69 5.01 4.36 2.24 1.68 0.99
Al-0l1 1.85 1.81 172 1.69 1.69 1.69 1.68 1.72 1.72 1.72 1.84 1.69 1.71 1.72 1.72 1.71 1.84
Al—02 1.70 1.70 1.76 1.86 1.86 1.86 1.71 1.71 1.72 1.72 1.69 1.85 1.75 1.71 1.72 1.72 1.69
Al—03 1.68 172 1.70 1.69 1.69 1.69 1.67 1.72 1.72 1.72 1.69 1.69 1.71 1.72 1.72 1.72 1.69
Z01—A1-02 93.1 97.1 972 943 943 94.4 96.7 100.0 99.1 98.8 94.9 94.6 97.8 99.9 99.1 99.16 94.9

“ Distances are in A, and angles are in degrees.

atoms around the active site. To allow for the regeneration of
the active site in the final step, the naphthalenium intermediates
need to rotate along the zeolite pore axis which causes these
hydrogen atoms to get closer to the active site. Due to the lack
of data, we use an experimentally derived approximate value
of 6.9 kcal/mol***! for the barriers of rotation of the protonated

species around C2. The reoriented naphthalenium intermediates
stick to the active site (Int_5a and Int 5b) with adsorption
energies of —17.6 and —17.9 kcal/mol, respectively.
2,6-DMN and 2,7-DMN can be generated through direct
proton transfer from the tetrahedral carbon center of the
naphthalenium intermediates to an oxygen atom attached to the



Methylation of 2-Methylnaphthalene over Zeolites

J. Phys. Chem. C, Vol. 114, No. 49, 2010 21615

SCHEME 2: Diagram Showing the Possible Competition between the Dimethyl Ether Formation and the Methylation of

H;C

2-MN over H-BEA Zeolite
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aluminum atom at the active sites (TS_3a and TS_3b) with
calculated barriers of 2.3 and 3.7 kcal/mol. The transition states
are slightly perturbed by the zeolite framework which causes
the optimized structures to be very close to the intermediates.
At the transition state TS_3 where the C—H cleavage occurs,
the C—H bond distances of the naphthalenium intermediates
are elongated from 1.13 A (1.13 A) to 1.24 A (1.26 A). Finally,
after this third transition state, the products, 2,6-DMN and 2,7-
DMN are adsorbed at the acidic active site via a s;-bond
interaction by —38.8 and —34.9 kcal/mol, respectively. These
predicted reactions are exothermic, and finally 2,6-DMN and
2,7-DMN require desorption energies of 26.3 and 22.4 kcal/
mol, respectively. Overall, the reaction profiles for the formation
of 2,6c-DMN and 2,7-DMN are similar to each other, in
agreement with the experimental observation!! that there is no
preference for either of them when synthesized over acidic BEA
zeolite.

3.2. Dimethyl Ether Formation. Finally, we consider
another possible reaction of methanol over zeolite catalysts that
could compete with the naphthalene methylation. It has been
shown earlier’” that at low coverage the methoxy species
described above can react with a second methanol molecule to
dimethyl ether (DME).

The proposed reaction mechanism of the dimethyl ether
formation involves two elementary steps and is shown in
Scheme 2. Its energetics are presented in Figure 3. We use the
postfix ‘c’, when appropriate, for this reaction cycle. The first
step starts with the initial adsorption of one methanol molecule
at the zeolite acidic site, which is then dehydrated, leaving a
methyl group attached to the basic oxygen of the zeolite. This
step has been discussed already in section 3.1. The dehydration

process is now followed by the activation of another methanol
molecule by the methoxy species. The adsorption of the second
methanol to the methoxy intermediate (Int_3c) is exothermic
by —10.3 kcal/mol. The adsorption energy of this structure is
9.9 kcal/mol higher than the coadsorbed methoxy species and
2-MN (Int_3a), indicating a weaker interaction with the BEA
zeolite cavity. The transition state (TS_2c) has the characteristics
of a methyl carbocation with a trigonal planar geometry that
leads to the formation of the C—O bond with the methanol
molecule. The distance between Cl1 and O2 of methoxy
increases from 1.49 to 1.98 A, and the C1 and OS5 distance
decreases from 3.22 to 1.92 A as their bond is formed (Table
2). Here, the zeolite framework plays an important role in
stabilizing both the adsorption complex and the transition
structure, with the energy barrier lowered by 3.6 kcal/mol
compared to the value obtained from the 3T quantum cluster
model*’ (Table 2). From the reaction profile in Figure 3 it can
be seen that DME requires 26.2 kcal/mol to desorb from the
active site. The rate-limiting step for DME formation according
to this pathway is the dehydration of the first methanol molecule
which requires 39.8 kcal/mol. The activation barrier in the latter
step is 5.1 (6.4) kcal/mol higher than the methylation of 2-MN
to 2,6c-DMN (2,7-DMN). Therefore, also the second side
reaction discussed here, the self-activation of methanol to
dimethyl ether, is not supposed to be competitive with the
methylation of 2-MN.

4. Conclusions

In this theoretical investigation we have shown how steric
constraints and van der Waals contributions of the zeolite
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Figure 3. The energy profile comparing the methylation of 2-MN to 2,6-DMN and the dimethyl ether (DME) formation.

TABLE 2: Geometrical Parameters from the 34T Model
(M06-2X/6-311+G(2df,2p)//M06-2X/6-31G(d,p)) Calculations
of the Intermediates (Int_2 and Int_3c), Transition State
(TS_2c¢), and Product (Pro_c) for the Dimethyl Ether
Formation over H-BEA*

parameters H-BEA Int_2 Int_3c TS_2¢ Pro_c
O1—H1 0.98 - - - -
C1-02 - 1.48 1.49 1.98 2.99
C1-05 - — 3.22 1.92 1.43
C4—-05 - — 1.41 1.44 1.43
O5—H5 - — 0.97 0.97 1.51
O1—H5 - — 4.05 3.97 1.10
Al-0l1 1.85 1.69 1.66 1.71 1.80
Al—02 1.70 1.86 1.80 1.77 1.70
Al—03 1.68 1.69 1.65 1.71 1.70

Z01—-Al-02 93.1 94.3 93.0 98.1 95.8

¢ Distances are in A and angles are in degrees.

framework can affect the reaction pathways of the methylation
of 2-methylnaphthalene and of competing reactions. Our results
can be summarized as follows:

(1) The methylation of 2-MN to 2,6-DMN and 2,7-DMN is
initiated by the adsorption of a methanol molecule at the zeolite
acidic site, which is then dehydrated, leaving a methyl group
attached to the basic oxygen of the zeolite. Subsequently, the
methyl group from the zeolite framework transfers to 2-MN at
the -positions yielding naphthalenium intermediates. Eventu-
ally, 2,6- and 2,7-DMN are generated by direct proton transfer
from the naphthalenium intermediates to the active site. The
formation of the methoxy species is considered to be the rate-
determining step.

(2) The zeolitic framework plays an important role in the
stabilization of the adsorption complexes, transition states, and
intermediates. The calculated adsorption energies are in good
qualitative agreement with experimental results. The stabilizing
effect of the zeolite micropore on the ionic transition state causes
the activation barrier to be about 20% lower than what has been
calculated for small clusters lacking these contributions. The
34T cluster that is used to model BEA zeolite stabilizes the
key reaction intermediates, the naphthalenium cations.

(3) The energy profiles for the formation of 2,6- and 2,7-
DMN formation are similar and in agreement with the experi-
mental data that showed no preference for either of them.

(4) Considering a possibly competing process, the self-
activation barrier of methanol to DME is unfavorably high for

the C—O bond-formation step, compared to that for the
formation of the C—C bond in 2-MN.
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Structures and reaction mechanisms of glycerol dehydration over
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The initial stage of glycerol conversion over H-ZSM-5 zeolite has been investigated using density
functional theory (DFT) calculations on an embedded cluster model consisting of 128
tetrahedrally coordinated atoms. It is found that glycerol dehydration to acrolein and acetol
proceeds favourably via a stepwise mechanism. The formation of an alkoxide species upon the
first dehydration requires the highest activation energy (42.5 kcal mol ') and can be considered as
the rate determining step of the reaction. The intrinsic activation energies for the first dehydration
are virtually the same for both acrolein and acetol formation, respectively, suggesting the
competitive removal of the primary and secondary OH groups. A high selectivity to acrolein at

moderate temperatures can be attributed to the selective activation of the stronger adsorption
mode of glycerol through the secondary OH group and the kinetically favoured subsequent
consecutive steps. In addition, the less reactive nature of acrolein relative to acetol precludes it
from being converted to other products upon conversion to glycerol. In accordance with typical

endothermic reactions, the forward rate constant for glycerol dehydration significantly increases

with increasing reaction temperature.

1. Introduction

Biomass conversion can partially replace petroleum-based
chemical processes.! Among the biomass-based raw materials,
glycerol has gained much attention because of its continuous
overproduction from the biodiesel production process and its
capability of being a sustainable and biodegradable raw
material to synthesize various chemicals.?

While there are many recent attempts concerning the
utilization of glycerol by means of oxidation, hydrogenolysis,
pyrolysis, transesterification, esterification, polymerization
and dehydration, one of the most interesting catalytic
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processes is the catalytic conversion of glycerol to acrolein
by double dehydration. This process could offer a route to the
sustainable production of acrolein, which has broad industrial
and agricultural applications.®> Acrolein is an essential and
versatile starting chemical widely used in the production of
DL-Methionine, acrylic acid, super absorber polymers, and
detergents. Furthermore, it can be directly used as bactericides
in the petroleum drilling branch. Various homogeneous and
heterogeneous acid catalysts have been investigated for glycerol
dehydration in the liquid phase, especially in near- or
supercritical water, and in the gas phase. The main advantage
of using supercritical water is the capability to adjust its
physical properties by varying the pressure and temperature.*”’
However, a heterogeneous catalyst is often more preferable
because of its easy separation at the end of the process.
Moreover, the use of supercritical water results in high invest-
ments because processes dealing with supercritical conditions
need high-quality equipment. Therefore, the development of a
high-performance heterogeneous catalyst and a practical gas
phase reaction is still of great interest.

The dehydration of glycerol in the gas phase can be accom-
plished by three categories of solid acid catalysts:

The first one is supported inorganic acids, including hetero-
polyacids.® The properties required to design effective catalysts
of that type’ are well understood. Although their selectivity for
acrolein is high, these catalysts often lose their activity quite
rapidly. The second group is the mixed-oxide type catalyst.
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Fig. 1 (a) The model of the 128T cluster of H-ZSM-5 zeolite. Atoms
belonging to the 128T region and wires represent the rest of the lattice
structure. (b) Selection of the 12T active site region and the 128T
clusters from the lattice structure of the H-ZSM-5 zeolite.

Mixed-oxide catalyst types are currently called into question
because they have not been extensively studied.'®'? The last
group is acidic zeolites. These groups have been extensively
studied for glycerol dehydration for more than three
years.'? 1% Their general advantages are high catalytic activity,
shape selectivity and thermal stability. The catalytic activity
originates from the presence of the Brensted acid site in the
confined space.l7 Its acidity and, therefore, performance, can
be controlled by tuning the Si/Al ratio. Experimental studies
suggest that the H-ZSM-5 zeolite is one of the best for glycerol
conversion, especially in the gas phase.

It is quite difficult to get comprehensive information about
the detailed mechanism of glycerol dehydration in zeolites
solely from experiments. This is due to the complexity of their
nanoporous structures that prevents them from being investi-
gated by conventional techniques. The most comprehensive
study has been performed by Corma and co-workers.'* These
authors proposed a complex reaction network to explain the
formation of all the observed products. The first dehydration
step in glycerol dehydration leads to either acetol or
3-hydroxypropionaldehyde. The latter further dehydrates in
a second dehydration step to yield acrolein. The progress of
the reaction can be briefly observed experimentally by the in-situ
FTIR study. IR spectra interpretation proved that acrolein is
the major product of the glycerol dehydration over H-ZSM-5
zeolite. The reaction towards acrolein is found to be more
favorable than towards acetol.'®

There are theoretical studies on glycerol dehydration over
homogeneous catalysts'® but, to the best of our knowledge,
there are no theoretical studies reported about the detailed
reaction mechanism of glycerol dehydration over solid acid in
the gas phase, which may offer a different mechanism from the
conventional ones. Therefore, a computational investigation
of the reaction mechanisms with a reliable method should be
useful. In this work we investigate and compare the different

possible reaction mechanisms and product formation pathways
by means of cluster calculations using a density functional that
includes dispersion energy.

2. Computational details

The cluster approach is commonly used to describe the inter-
action between organic molecules and the active sites of
zeolites. Nevertheless, its accuracy is limited to only small
polar molecules in which the effect caused by the extended
zeolite lattice is negligible. For non-polar molecules, the con-
finement effect by the zeolite framework becomes important,
particularly, when the molecular size of adsorbing molecules is
comparable to the dimension of zeolite pores. To take into
account the short- and medium-range effects by the zeolite
framework, a 128T (T = Si and Al tetrahedral sites) cluster
model of the ZSM-5 zeolite, covering the straight channel, the
zigzag channel, and the channel intersection, was used in this
study. The reaction was assumed to mainly take place at the
cavity that emerged at the channel intersection. One silicon
atom of 12 different tetrahedral sites (T1 to T12) was
substituted by an aluminum atom to generate the Bronsted
acidic site. An aluminum atom was chosen to reside at the T12
site located at the 10-membered ring window open to both
straight and zigzag channels. In that position it is accessible to
the diffusing molecules from both types of the channel. Our
previous studies showed that the density functional theory
using the M06-2X functional®®*' provided quite good results
compared to functionals without dispersion energy terms for
the interaction energy of organic molecules in the zeolite
systems.”> 2® The performance of M06-2X has also been
evaluated favourably in other studies. For example, it was
found?’ that short-to medium range correlation effects are well
reproduced and that it’s accuracy for reaction enthalpies is
often comparable to much more expensive methods?® This
functional is, therefore, also used in our present study.
Because the adsorption complex between the 128T cluster
model of zeolite and the adsorbing molecule constitutes a large
and computationally demanding system, we considered the
12T cluster as the smallest unit required to represent the active
site of zeolite (see Fig. 1). The dangling bonds created from the
cluster trimming process, aligning exactly in the same direction
of the corresponding Si—O bonds from the crystallographic
structure, were saturated with hydrogen atoms. During the
geometry optimization, all atoms of the 12T zeolite cluster
model were frozen at their initial position except atoms located
within the second coordination shell of the aluminum centre.
The adsorbing molecule was permitted to fully relax. All
stationary points along the reaction paths were located by
eigenvector following and verified by performing frequency
calculations at the M06-2X/6-31G(d,p) level of theory.” A
negative frequency of the normal mode motion corresponding
to the desired reaction coordinate observed in all transition
states confirmed that our transition states were located at
the saddle point. No negative frequency was found in the
reactants and products. The optimized structure of each
stationary point was then inserted in the rest of the 128T
cluster to impose the realistic short- and medium-range effects
of the zeolite framework. The model was further augmented
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with the long-range electrostatic potential from the periodic
zeolite lattice. For this, the 128T quantum -cluster was
surrounded with point charges derived from the surface charge
representation of the electrostatic embedding potential
(SCREEP)*® method to reproduce the Madelung potential.
The energy was then calculated in a single-point calculation.
This embedding scheme provides a cost-effective way of treating
the extended framework effects on the adsorption and reaction
of organic molecules in zeolites.?>>!

Standard enthalpies and free energy changes of all structures
in the rate determining step were obtained from frequency
calculations. These data were used to predict the rate and
equilibrium constants for the rate determining step of the
reaction. The rate constants were evaluated over the temperature
range of 473-773 K with an interval of 50 K using simple
transition state theory (TST). The equation for calculating the
reaction rate constant is:

kgT AG*
k(T) :3—1exp(— RT)

Where AG* is the free energy of activation, ky is Boltzmann’s
constant, /2 is Plank’s constant, 7 is the temperature in Kelvin
and R is the universal gas constant. Thermodynamic data at
the temperature range of 473 to 773 K were listed in Table S6
(see Supporting Information). All calculations were performed
using the Gaussian 03 code® modified to include the Minnesota
density functionals module 3.1 by Zhao and Truhlar.

3. Results and discussions
3.1 Glycerol adsorption onto the Bronsted acid site

Glycerol has a highly flexible C;-backbone structure with three
hydroxyl (OH) groups in vicinal positions. A variation in the
orientation of the three OH groups leads to different confor-
mations of its gas phase molecule. Recently, it has been
reported that the most stable conformer of glycerol is the
one in which all three of its OH groups form a linear-chain
structure of intramolecular hydrogen bonds.**-**

Adsorption of glycerol onto the zeolite acid site can probably
take place through either its primary or secondary OH groups.
Fig. 2a and b show the optimized geometries of glycerol
adsorption through primary (ads_1) and secondary (ads_2)
OH groups, respectively. The nearly linear O1-Hz-O5 and

Fig. 2 Optimized structures of glycerol adsorption using (a) the
primary OH group ads_1 and (b) the secondary OH group ads_2.

O1-Hz-04 angles (177.2° for both structures) suggest a strong
hydrogen bond between glycerol and the zeolite which
normally increases the proton transfer capability. As can be
seen, the O1-Hz bond separation (1.07 and 1.06 A for the
primary and secondary OH groups, respectively) increases
significantly from that of an isolated zeolite (0.97 A). The
close contact of one glycerol OH group with the zeolite
Bronsted proton Hz results in a significant lengthening and
weakening of its corresponding C—-O bond (1.44 and 1.43 A for
ads_1 and ads_2, respectively) with respect to the other two
C-0 bond distances (an average of 1.42 A).

As a result, the protonation of glycerol by the zeolite could
give support to enhancing the glycerol dehydration. However,
we could not locate the completely protonated form, an
ion-pair complex, as a stable intermediate, even when carrying
out the geometry optimization using the 34T quantum cluster
at the same level of theory. This situation is similar to the
monomolecular adsorption of small alcohols on the proton
zeolites.>* The adsorption energies for the ads_1 and ads_2
structures are estimated to be —39.4 and —42.5 kecal mol ™!,
respectively.

These values are considerably higher than the experimental
values for simple alcohols on the H-ZSM-5 zeolite of —27.5
and —31.1 kcal mol ™' for methanol and ethanol, respectively.*®
The higher value for glycerol adsorption indicates a stronger
interaction with the zeolite, which results mostly from two
additional hydrogen-bondings of the non-adsorbed OH
groups with the partially negatively charged oxygen atoms
of the zeolite framework. The dehydration of ads_1 is believed
to result in the acetol formation, while acrolein is formed upon
the dehydration of ads_2. Statistically, from the number of
primary and secondary OH groups in a glycerol molecule, the
possibility for acetol formation would be twice that for
acrolein formation. Recently, the product distribution'* and
FT-IR studies'® of glycerol conversion at low temperatures
(< 646 K) have revealed that the H-ZSM-5 zeolite is selective
to acrolein formation, whereas the selectivity to acetol is only
very small. To clarify if the removal of the secondary OH
group is more favourable than that of the primary OH group,
the detailed mechanisms of the initial reaction pathways for
glycerol dehydration to acrolein and acetol are to be explored
and discussed in the reaction mechanism sections.

3.2 Conversion of glycerol to acrolein

As mentioned above, the conversion of glycerol to acrolein is
presumably initialized from ads_2. Based on the previous
FT-IR study,I8 the reaction mechanism for acrolein formation
consecutively proceeds through the three main steps: (1) the
removal of the secondary OH group of glycerol by the
dehydration reaction to produce an enol-intermediate, (2)
the tautomerization of the enol into the keto-intermediate,
and (3) the removal of the primary OH group from the
keto-intermediate to form the acrolein product. Each step of
the reaction is considered to take place in the monomolecular
fashion. The water molecules developed in the dehydration
process are assumed not to be further involved in the reaction
progress. The three steps for acrolein formation are shown in
Scheme 1.
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ZeOH + CH,-CH-CH, ZeOH + CH=CH-CH, (1)
| | | 1¥ dehydration | |

OH OH OH OH OH

ZeOH + CH=CH-CH; ZeOH + HC-CH,-CH, (2)
| | tautomerization ] |
OH OH (8] OH

Z¢OH + HC-CH,-CH, Ze¢OH + HC-CH=CH, (3)
g (I)H 2" dehydration g
Scheme 1 The reaction pathway of glycerol dehydration: the acrolein
formation pathway.

3.2.1 Dehydration at the secondary OH group (the first
dehydration). In the first dehydration step, the adsorbed
glycerol is protonated by the acidic proton of the zeolite at
the secondary OH group. This results in the weakening of the
secondary C-O bond and promotes the removal of the
secondary OH group as a water molecule. The dehydration
can in principle proceed through either the stepwise or the
concerted mechanism.

For the stepwise mechanism, the water molecules are devel-
oped upon the formation of alkoxide species. It is noted that
the attempt to locate the transition state closely related to
the corresponding adsorption complex ads_2 is discarded by
the proton back donation from the adsorbed glycerol to the
zeolite. The proton exchange is also expected to occur readily
under normal experimental conditions. We, therefore, propose
an activated complex as shown in Fig. 3a for the first transition
state structure, ts_dehyd_1. The secondary carbon C2 is
centred between the protonated OH group and the zeolite
lattice oxygen O2. The protonated glycerol is ionized by the
assistance of the basic zeolite oxygen to form a secondary
carbocation.

However, it is found that the secondary carbocation created
at the transition state does not exist as an intermediate. From
the vibrational mode with an imaginary frequency, it can be
seen that the transition state already indicates the formation of
a water molecule and the alkoxide. The secondary surface
alkoxide species, alk_1, and a water molecule are the stable
products of the first elementary step. The transition state
requires an activation energy of 42.5 kcal mol~!. From the
bond distance parameters, the formation of a water molecule
is more advanced (C2-04 = 2.40 A) than the formation of the
alkoxide species (C2-02 = 2.28 A). With respect to the
adsorption complex ads_2, the alkoxide formation is
endothermic by 27.7 kcal mol~'. This is consistent with the
Hammond-Leffler postulate’’ which states that for an
endothermic reaction the transition state structure resembles
the final products. To shift the reaction forwards, it is essential
that the water molecule generated in this step is desorbed from
the system. The desorption energy of a water molecule
adsorbed nearby the surface alkoxide is estimated to be
16.3 kcal mol~". This value is close to the reported desorption
energy of a water molecule from the Bronsted active site of
about 12-14 kcal mol '3 After the water molecule is
eliminated from the system, the surface alkoxide, alk_1, can
readily desorb from the zeolite surface by undergoing the
proton back donation to regenerate the zeolite Bronsted active
site. The hydrogen atom attached to the alkoxy primary
carbon Cl1 is abstracted by the basic zeolite oxygen O3 to

release 1,3-dihydroxypropene, hyd_enol_1, as a resulting
product. This elementary step proceeds through the transition
state ts_alk_1 as depicted in Fig. 3b and requires an activation
energy of 19.7 kcal mol™". 1,3-dihydroxypropene has an
enol-form structure and binds strongly to the zeolite Bronsted
active site using its vinyl hydroxyl group. As a result, the
transformation of the alkoxide species to 1,3-dihydroxypropene
adsorbed onto the zeolite Bronsted active site is an exothermic
elementary step.

In the concerted mechanism, the water elimination and the
enol formation occur without passing through the alkoxide
intermediate. 1,3-dihydroxypropene is, therefore, obtained in
a single elementary step. Fig. 4a shows the transition state
structure, tsc_dehyd_1, for the E2 mechanism. The secondary
glycerol OH group is protonated by the Bronsted proton at the
same time that the primary hydrogen is abstracted by the basic
zeolite oxygen. In concomitance with the elongation of the
C2-04 bond distance from 1.43 to 2.20 A upon glycerol
protonation, the C1-C2 bond distance is contracted to 1.39 A
upon the primary hydrogen abstraction. Such a simultaneous
action of two functions (proton donor and proton acceptor)
of the zeolite active site requires an activation energy of
72.0 kcal mol~!, which is higher than that required in the
stepwise mechanism (42.5 and 19.7 kcal mol™"). A slightly
smaller amount of the energy (14.3 kcal mol ™) relative to that
used to desorb a water molecule from the alkoxide intermediate
(16.3 kcal mol ™) is necessitated for extracting a water molecule
from 1its coadsorption with 1,3-dihydroxypropene in the
zeolite pore.

3.2.2 Tautomerization of 1,3-dihydroxypropene to 3-hydroxy-
propionaldehyde. 1,3-dihydroxypropene can isomerize to its
keto-form through the tautomerization reaction. The n-bonding
interaction of the double bond with the Brensted acid site is
considered to facilitate a double proton transfer and leads to
the formation of 3-hydroxypropanal. As shown in Fig. 3c, the
transition state, ts_tauto_1, for the tautomerization involves
the concerted action of the zeolite active sites. The acidic
proton at the zeolite O3 transfers to the C2 of glycerol at
the same time that the hydroxyl proton on the glycerol O6
transfers back to the zeolite O1 to regenerate the acidic site.
A small activation energy of 3.6 kcal mol™' implies that the
keto-enol tautomerization of 1,3-dihydroxypropene to
3-hydroxypropionaldehyde on the acidic site occurs readily
under the experimental conditions. As it is typical for the
tautomerization of the enol-form to the keto-form, the reaction
is exothermic. The keto-product strongly adsorbs onto the
Bronsted acid site with its carbonyl group, keto_CO, via the
hydrogen bonding interaction.

3.2.3 Dehydration of at the primary OH group (the second
dehydration). In order to stimulate the second dehydration, the
orientation of the strongly adsorbed keto-form is readjusted to
the weaker adsorption mode, keto_OH. The interaction of its
OH group with the Bronsted acid site is adopted as the starting
geometry for the second dehydration step. Similar to the first
dehydration step, the OH group is protonated by the zeolite
and acts as a leaving group. The dehydration can proceed
through either the stepwise or concerted mechanism.
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Fig. 3 Optimized structures of the transition states and a product
(acrolein) along the stepwise mechanism for glycerol conversion to
acrolein: (a) ts_dehyd_1 (b) ts_alk_1 (c) ts_tauto_1 (d) ts_alk_2 (e)
ts_acrolein and (f) acrolein.

Fig. 4 Optimized structures of the transition states along the con-
certed mechanism for glycerol conversion to acrolein: (a) tsc_dehyd_1
(b) tsc_dehyd_2.

For the stepwise mechanism, the attack of the 3-hydroxy-
propanal primary carbon by the basic zeolite oxygen takes
place in concomitance with the elimination of a water

molecule, generating the primary alkoxide intermediate
alk_2. The transition state ts_alk_2 (see Fig. 3d) requires an
activation energy of 35.8 kcal/mol. The primary alkoxide
intermediate alk_2 generated from this step is coadsorbed by
a single water molecule. To remove an adsorbed water molecule
from the alkoxide species requires the desorption energy of
12.6 kcal mol™". The dehydrated alkoxide species undergoes
proton back donation from the secondary carbon to the basic
zeolite oxygen leading to the acrolein product formation. The
corresponding transition state ts_acrolein (see Fig. 3e) requires
an activation energy of 24.0 kcal mol ™. Finally, the desorption
of acrolein from the zeolite surface requires the energy of
30.5 kecal mol ™.

In the concerted mechanism, the elimination of the
protonated primary OH group occurs simultaneously with
the hydrogen abstraction at the secondary carbon atom. The
single imaginary frequency of —1145i cm ™! indicates that at
the transition state tsc_dehyd_2 the protonation is more
complete than the hydrogen abstraction. This can be
confirmed by the selected bond distances depicted in Fig. 4b.
The concerted activation energy for the second dehydration is
estimated to be 39.3 kcal mol™!, which is still higher than the
activation energies in the stepwise case. The coadsorption
complex of a water molecule and acrolein are the final
products of this mechanism. These two constituents require
the energy of 41.4 kcal mol™' to desorb from the zeolite
framework.

3.3 Comparison of the stepwise mechanism with the concerted
mechanism

The energetic profiles for the stepwise and the concerted
mechanisms are shown in Fig. 5 and 6. Elementary steps in
Fig. S refers to the first and the second steps of Scheme 1 while
Fig. 6 relates to the third step of Scheme 1. It can be seen that
the production of acrolein from glycerol is an endothermic
process. The first dehydration reaction requires the highest
activation energy and is therefore the rate determining step for
both reaction mechanisms. Since the dehydration is thermo-
dynamically and kinetically unfavourable, it is necessary to
introduce a sufficiently high temperature to the system.'**°
The selectivity to acrolein is, however, significantly decreased
when increasing the reaction temperature while the selectivity
to products resulting from the combustion and cracking of the
coke such as CO, CO,, light olefins, methane, and hydro-
carbons become dominant'* On the other hand, when the
reaction is carried out under low to moderate temperatures,
selectivity close to 60% can be achieved for acrolein as the
major product. Therefore, the large amount of energy
(39.5-42.5 kcal mol ™) released by glycerol adsorption could
also be an additional internal energy for driving the conversion
at low and moderate temperatures. From our calculated activa-
tion energies, it is apparent that the dehydration of glycerol in a
stepwise mechanism is more favoured than that in a concerted
mechanism. In addition, our result is also in agreement with
experiments that have detected stable alkoxide intermediates for
methanol and ethanol dehydration on zeolites.*!

The temperature dependence of the rate constants of the
reaction is often useful for understanding the reaction

6466 | Phys. Chem. Chem. Phys., 2011, 13, 6462-6470

This journal is © the Owner Societies 2011



Downloaded by University of Southern California on 09 May 2011
Published on 03 March 2011 on http://pubs.rsc.org | doi:10.1039/COCP01720E

View Online

Fig.5 Energy profile for the glycerol dehydration to acrolein calculated using the M06-2X/6-31G(d,p) method including SCREEP charges on the
128T//12T cluster of H-ZSM-5 zeolite for the first two steps (the first dehydration and the keto-enol tautomerization). Energies are in kcal mol .

Fig. 6 Energy profile for the glycerol dehydration to acrolein calculated using the M06-2X/6-31G(d,p) method including SCREEP charges on the
128T//12T cluster of H-ZSM-5 zeolite for the first two steps (the second dehydration, and the product desorption). Energies are in kcal mol ™.

mechanism. In this study, the forward and reverse rate
constants (k) as well as the equilibrium constants (K) for
the first dehydration step of glycerol have been calculated by
using the transition state theory (TST)** based on thermo-
dynamic parameters obtained from the simplified 12T
cluster. Over a temperature range of 473-773 K, the rate
constant for both forward and reverse reactions increases
with increasing the temperature (see Fig. 7), in an accor-
dance with the typical endothermic reaction behavior. No
related experiment on reaction rates over the H-ZSM-5
zeolite has been reported and so we provide only a qualita-
tive discussion of the results. At an optimal temperature of
563 K, we find that the reaction rate for the alkoxide
formation is about eight orders of magnitude lower
than the alkoxide decomposition. However, since the free

energy for water desorption from the zeolite surface is
—4.10 kcal mol™! lower than the one for adsorption on the
surface alkoxide implies that the water molecule developed
from the first dehydration will be suddenly desorbed from
the zeolite surface at this temperature. As a result, the
hydration rate must be considerably very slow to shift the
reaction backwards. This is consistent with results obtained
from previous reaction optimization experiments which
require a continuous feed reactor for shifting the reaction
forwards.>!'* Since the water molecule generated by the
dehydration process can readily react with the active alkoxide
intermediate, the continuous removal of water from the system
is another crucial point. We can also note that these results can
well explain why the gas phase reaction is preferred over the
liquid phase.
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Fig. 7 Arrhenius Plot for the rate determining step.

3.4 Conversion of glycerol to acetol

The reaction pathway for glycerol conversion to acetol is
proposed to consist of two main steps. The results of reaction
mechanisms for acrolein formation demonstrated that the
analogous dehydration of glycerol could favor the stepwise
mechanism. Therefore, only the stepwise mechanism is con-
sidered for glycerol conversion to acetol. Two steps of acetol
formation are shown in Scheme 2.

For the first step, the adsorbed glycerol, ads_1, loses its
primary OH group upon the attack of the zeolite basic oxygen
at the primary carbon through the transition state TS1 shown
in Fig. 8a. Similar to the removal of the secondary OH group,
the water formation is more advanced than the alkoxide
formation. The primary OH group is already protonated by
the zeolite and readily eliminated as a water molecule while the
primary carbon Cl1 is forming a covalent bond with the zeolite
basic oxygen O2. The activation energy for the removal of the
primary OH group is calculated to be 42.3 kcal mol .
Subsequently, the alkyl group is covalently bound to the basic
oxygen atom of zeolite (C1-O2 1.49 A) forming the
alkoxide intermediate, ALK. The removal of a water molecule
from the system requires the energy of 13.3 kcal mol~!. During
the alkoxide intermediate being desorbed from the zeolite
surface, it returns the proton back to regenerate the zeolite
active site through the transition state TS2 (see Fig. 8b). This
process requires an activation energy of 26.8 kcal mol™!. The
one imaginary frequency exhibits the simultaneous actions of
the proton back donation to the zeolite surface and the double
bond formation of the resulting enol product.

In the second step, the adsorbed enol tautomerizes to its
corresponding keto-form leading to the formation of acetol.
The tautermerization of the enol-form proceeds through a

Ze¢OH + (|ZH2-(|JH-(|]H2
OH OH OH

ZeOH +CH=C-CH, (1)
OH OH

dehydration

ZeOH + CH,= C - CH, ZeOH + H;C-C-CH, 2)
| | tautomerization [

OH OH O OH

Scheme 2 The reaction pathway of glycerol dehydration: the acetol
formation pathway.

Fig. 8 Optimized structures of the transition states and a by-product
(acetol) for glycerol conversion to acetol (a) TS1 (b) TS2 (c) TS3 and
(d) acetol.

transition state TS3 (see Fig. 8c). The hydrogen abstraction by
the zeolite basic oxygen occurs simultaneously with the
protonation of the secondary carbon by the zeolite Bronsted
proton. The activation energy for this step is 11.3 kcal mol .
Desorption of acetol from the zeolite active site requires
30.9 kcal mol ™.

Fig. 9 shows the energy profiles of acrolein and acetol
formation in a stepwise mechanism. The first two elementary
steps in Fig. 9 are equal to the first step in Scheme 2. It can be
seen that the first dehydration is the rate determining step for
both acrolein and acetol formation. The removal of the
primary and secondary OH groups competes with one another
with virtually the same activation energy. Therefore, the
selective dehydration is determined by the binding strength
of the primary and secondary OH groups to the Bronsted acid
site. Our adsorption results support the selective removal of
the glycerol secondary OH group over H-ZSM-5."® The
selectivity to acrolein formation becomes more noticeable
after the first dehydration has taken place. Desorption of the
secondary surface alkoxide to regenerate the zeolite acid site
requires less energy than for the primary surface alkoxide. This
is due to the smaller steric hindrance in the primary hydrogen
abstraction than in the secondary hydrogen abstraction by the
basic oxygen of the zeolite. In contrast to the hydrogen
abstraction, upon the keto-enol tautomerization, the protonation
by the zeolite proceeds more readily at the secondary carbon
atom than on the primary one. These results indicate that
acrolein formation is more kinetically favored over acetol
formation. In addition, the study of acetol conversion reveals
that, even at the moderate temperature, acetol is almost
completely converted to other products.'* From this information,
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Fig. 9 Energy profile for the acetol formation calculated using the M06-2X/6-31G(d,p) method on the 128T/12T cluster of H-ZSM-5 zeolite.

Energies are in kcal mol™".

one can conclude that acetol is more reactive than acrolein and
it is further converted to other products during the glycerol
conversion.

4. Conclusions

The structures and reaction mechanisms for the initial stage of
glycerol dehydration over the H-ZSM-5 zeolite are investi-
gated. The effects of the zeolite framework imposed on the
reaction mechanism are described by using the embedded M06
approach utilizing a 128T cluster. As proposed by the recent
experimental studies,'* the glycerol dehydration mechanism is
started with two different glycerol adsorption modes. The
adsorption with the primary OH group leads to acetol formation,
while the adsorption with the secondary OH group directs to
acrolein formation. The dehydration through the alkoxide
formation in the stepwise mechanism is apparently more
favourable than that in the concerted mechanism. The first
dehydration is considered as the rate determining step for both
acrolein and acetol formation with the intrinsic activation
energies of 42.5 and 42.3 kcal mol™!, respectively. These
results imply that the removal of the primary OH group
competes with the removal of the secondary OH group
in the glycerol dehydration. However, modes of glycerol
adsorption onto the zeolite Bronsted site might exhibit selective
dehydration. The stronger adsorption of glycerol through its
secondary OH group favourably supports the secondary OH
dehydration. Details of the reaction mechanism subsequent to
the first dehydration reveal that acrolein formation is more
kinetically favoured over the competitive formation of acetol.
Also, it is expected that acrolein is less reactive than acetol
and, at moderate temperatures, it is not converted to other
products, thus remaining the major product for glycerol
conversion. Consistent with experimental findings, conversion
of glycerol to acrolein or acetol is an endothermic reaction.
The increase of reaction temperature causes a more significant
increase in the forward rate than that in the reverse rate.
Further studies of the reaction network of acrolein and acetol
conversion could lead to a better understanding of the

experimental product selectivity of glycerol conversion. We
believe that such information can be important as a guideline
to find the best reaction conditions.
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Introduction

S ince the introduction of synthetic zeolites as
catalysts in fluid catalytic cracking of heavy
petroleum distillates in 1962, catalysis has become
the single most financially-important application
of zeolites in terms of financial impact. Driven by
the potential economic impact, progress in zeolite
catalysis has focused largely on the synthesis,
postsynthesis modification, physiochemical char-
acterization, and testing. Much less has been
achieved in improving the fundamental under-
standing of the structure and functions of zeolites
and their catalytic roles. This is indicated by the
fact that there are a very large number of zeolite
topologies are known today, yet only a very lim-
ited number of such zeolites are actually used in
applications [1-7]. Fundamental molecular-level
understanding of structure-function relationships
of the catalytic activity of zeolites and mecha-
nisms of reactions at the active sites have a signif-
icant impacts on catalytic and process design and
thus drastically improve the industrial competi-
tive edge. The presence of Al replacing Si in zeo-
lite structure generates a bridging hydroxyl group
so called [“Brensted acid site” (BAS)]. Many of
the catalytic properties of zeolites can be directly
related to this Brensted acidity. In fact, hetero-
atoms such as B, Ga, Fe, and Zn can be intro-
duced into the framework of zeolite [8-12] by the
replacement of Si atoms. Many of these studies
were focused on predicting the acid strength of
isomorphously substituted ZSM-5. The ability to
vary the acidity of the catalyst is of importance in
determining the extent and selectivity of the cata-
lytic process. In previous experiments in which
results were mostly obtained by IR spectroscopy
and TPD of NH;, Chu and Chang [9] predicted
that the Bronsted acidity of substituted ZSM-5
increases in the order B-ZSM-5 « Fe-ZSM-5 <
Ga-ZSM-5 < Al-ZSM-5, indicating that the cata-
lytic properties can be tuned for a particular reac-
tion. There have been several theoretical studies
on zeolite structure and reactivity [3, 8, 13-16]
using the cluster method.

The cluster methodology recognizes the most
important region of the chemistry of the system
as that surrounding the active site and the ad-
sorbate, and treats it explicitly within full quan-
tum mechanical formalism as an isolated system
and ignoring the effects of the remaining crystal
framework. Therefore the cluster methodology

cannot provide information on the effects of the
zeolite framework. Periodic electronic structure
methods, on the other hand, provide an accurate
framework to model interactions in extended sys-
tems such as crystals or surfaces [17, 18]. Zeolites
often have large unit cells; for instance, the unit
cell for ZSM-5 has 288 atoms (96 silicon atoms
and 192 oxygen atoms). Because of the large num-
ber of reactions involved in this mechanism, the
use of accurate periodic electronic structure meth-
ods is limited due to the demand of enormous
computational resources and time. The only alter-
native is to use the embedded cluster approach.
This approach recognizes the most important
region of the chemistry of the system as that sur-
rounding the active site and the adsorbate and
thus treats it explicitly within full quantum me-
chanical formalism and adding the effects of the
crystal framework in the Hamiltonian of the
quantum region in an approximated manner.
Some previous works employed a charge repre-
sentation of the external electrostatic potential
[19-23]. The electrostatic component of the Made-
lung potential, which makes the largest contribu-
tion, is represented by a set of surface charges.
This is done by the SCREEP method [24-27].
However, in several systems, it was found to be
technically difficult to obtain an accurate Made-
lung potential for the cluster embedded inside by
means of surface charges [28]. To obtain a more
accurate method, as in the study of the structure
of BAS, the E-ONIOM method has been used to
improve the energetic information.

In this article, the focus was on using the
ONIOM embedded [29] approach in fine tuning
the strength of the acid sites of the isomorphously
substituted zeolites. This technique is a simple
method that uses only the atomic positions of the
lattice and is, therefore, easy to use while requiring
a similarly small computational effort compared
with periodic calculations. The structure and elec-
tronic properties of the BAS in [B], [Al], and [Ga]
isomorphously substituted ZSM-5 zeolites were
studied by using the ONIOM embedded approach
with the B3LYP/6-31G (d,p) level of theory.

Computational Details

There are three different models that have been
used to study the isomorphously substituted zeo-
lites. The first model is the small 5T cluster model
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FIGURE 1. The 5T cluster model of H-ZSM-5. [Color
figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

(see Fig. 1), which are parts of the 10-membered
ring of ZSM-5 zeolites, consisting of five tetrahe-
drally coordinated atoms (Si, Al). They were
taken from the crystal structure of the ZSM-5 lat-
tice [30]. These rings are at the intersections of the
channels and are accessible to the adsorbates.
Hydrogen atoms were used to cap the dangling
bonds. These capped hydrogen atoms are located
along the direction of corresponding Si—O bonds.
The resulting 5T clusters, Si4AlO4H13, have a
total of 22 atoms. The second models are a larger
12T clusters, Sil1AIO12H25, consisting of a total
of 49 atoms (see Fig. 2). They were selected to
study the effects of unphysical interactions
between small adsorbates and capped hydrogen
atoms. These effects were remarkably observed in
5T cluster models. The T12 site was selected to
represent the active site of ZSM-5 because it was
found to be among the most stable sites for Al
substitution [29, 31], and this site provides suffi-
cient space and can be accessed easily by small
adsorbates. Most previous theoretical works have
also chosen the T12 site as the Al substitution site
for ZSM-5.

The third model is termed “embedded
ONIOM”[29] and is used to include the long-range
interactions of the zeolite lattice beyond 12T (see
Fig. 3). As point charges close to the quantum
region can easily cause problems, we place our
point charges only in a region defined by a mini-
mal distance to the center of the quantum region
and a maximal distance that determines the num-
ber of point charges. This finite number of point
charges is further divided into an inner and an

FIGURE 2. 12T-[Al]-ZSM-5 cluster model. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

outer zone. Point charges in the inner zone (which
might be a shell with a typical thickness of 5-10 A
and a few hundred point charges) are not opti-
mized and have values one-half the formal charges
of the zeolite atoms. Such “effective” charges Qg; =
+2 and Qo = —1 are often used for a supermole-
cule such as zeolite and appear to be more realistic
than the formal charges. The point charges in the
outer region, which is a shell region immediately
adjacent to the zone of the fixed charges, are

FIGURE 3. Embedded ONIOM 12T-[Al]-ZSM-5 model.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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FIGURE 4. Embedded ONIOM Scheme. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

optimized (typically there are a few thousand of
them). We can define them by AQ, the vector of
deviations from the values

Qz)uter = Qouter + AQH (1)

FIGURE 5. 5T-[B]-ZSM-5 cluster model. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

where AQ is derived in the following way. The
electrostatic potential from the infinite crystal is
calculated at the grid points using the Ewald
method. The electrostatic potential from the zeo-
lite cluster and from the point charges in both
zones are then subtracted from it as follows:

Voutside = Vewald — Veluster — Vinner/outer (2)

We find the AQ that reproduces Vysige by solv-
ing the matrix of simultaneous linear equations:

A- AQ = Voutside (3)

TABLE |

The distances (pm) of T—O1 in isolated H-ZSM-5
with B3LYP/6-31G (d, p) level of theory.

Level of theory Al—0O1 B—O1 Ga—01
5T Cluster 185.60 207.16 193.22
12T Cluster 183.98 204.57 191.61
12T E-ONIOM 179.40 176.88 187.46
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FIGURE 6. Embedded ONIOM 12T-[B]-ZSM-5 model.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Ag =1/IRi = Rj| - R;

where Vusige 18 @ column matrix with m rows
and m is the number of grid points. A is the dis-
tance matrix having m rows and 7 (the number of
charges in the outer zone) columns. Its elements
are defined as R; being the position of grid point
i, and R; is the position of charge j. The Embed-
ded ONIOM scheme is shown in Figure 4. We
now have a complete set of charges consisting of
the point charges in the inner zone and the opti-
mized point charges in the outer zone and their
respective positions. This allows us to add the
crystal potential to the quantum region. The sys-
tem of equations described in Eq. (3) also contains
the four equations needed to guarantee the over-
all neutrality of charges and vanishing dipole
moments along x, y, and z [31]. In all three mod-
els, the geometry optimizations were done at the

TABLE Il

PA and vy calculated with B3LYP/6-31G (d, p) level
of theory.

Substituted PA (kcal/mol)

ZSM-5 12T Cluster E-ONIOM 12T

B-ZSM-5 320.12 363.69

Ga-ZSM-5 313.36 362.31

Al-ZSM-5 308.98 357.68

Acidity B-ZSM-5 < Ga-ZSM-5 < Al-ZSM-5
sequence

B3LYP/6-31G (d, p) level. All calculations were
performed using the GAUSSIAN 03 program [32].

Results and Discussion

THE EFFECTS OF THE ZEOLITE LATTICE
FRAMEWORK

To take into account the effects of the electron
correlation of a large basis set and of the BSSE cor-
rection in the determinations, the effects of the lat-
tice framework were included by the use of the em-
bedded ONIOM (E-ONIOM) method. It is outlined
in Figure 1. It was found that the 5T cluster with
the fully optimized model at B3LYP/6-31G (d, p)
level of theory leads to structures that did not resem-
ble experimental zeolite geometry, see Figure 5. The
T—O1 distances are listed in Table I. However, the
inclusion of the Madelung potential, which was
determined by improving optimized point charges
to reproduce the infinite zeolitic lattice crystal inte-
grated into the ONIOM (E-ONIOM method), the
optimized model with electron correlation, and the
large basis set, B3LYP/6-31G (d, p), resulted in more
accuracy (see Figure 6). Furthermore, OH distances
and the acidic proton in zeolite obtained from em-
bedded ONIOM models were able to predict the
trend of acid strength as: B-ZSM-5 < Ga-ZSM-5 <

TABLE 1l

The distanced of O—H (pm) in isolated H-ZSM-5 with B3LYP/6-31G (d, p) level of theory.

Level of theory Al-ZSM-5 B-ZSM-5 Ga-ZSM-5 Acidity
5T Cluster 96.80 96.45 96.83 B < Al < Ga
12T Cluster 96.98 96.66 97.01 B < Al < Ga
12T E-ONIOM 97.07 96.93 97.06 B < Ga < Al

Experimental sequence of acid strength

B-ZSM-5 < Ga-ZSM-5 < Al-ZSM-5
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TABLE IV

The distances (pm) of O—H, in isolated H-ZSM-5
with B3LYP/6-31G (d, p) level of theory.

Level of theory Al B Ga Acidity trend

5T Cluster 96.80 96.45 96.83 B < Al< Ga

12T Cluster 96.98 96.66 97.01 B <Al<Ga

12T E-ONIOM  97.08 96.93 97.06 B < Ga < Al

von (€m™7) 3604 3616 3608 B < Ga<AI
calculated

IR frequency

Al-ZSM-5, showing strong agreement with the ex-
perimental sequence (see Table II).

PROTON AFFINITY OF THE SUBSTITUTED
ZSM-5

Proton affinity (PA) can serve as a measure of
the acid strength of ZSM-5. While direct experi-
ments related to PA are not feasible, the data can
be easily obtained from quantum calculation in
which PA is considered as the energy required to
remove the acidic proton from the zeolite struc-
ture. This is calculated by equation (4):

PA = Ezo — Ezou 4)

In this equation, Ezo and Ezop are the energies of
the deprotonated and the neutral clusters, respec-
tively. It is obvious that the larger the PA, the
weaker the acidity of the bridged hydroxyl group.
The predicted PA data listed in Table II are calcu-
lated from two models, the 12T cluster and the 12T
E-ONIOM giving the same trends of acid strength.
These results are consistent with the experimental
trend: B-ZSM-5 < Ga-ZSM-5 < Al-ZSM-5. It is
obvious that the larger the PA, the weaker the acid-
ity of the bridged hydroxyl group. The PA data cal-
culated from the three models 12T cluster, 12T
ONIOM, and 12T E-ONIOM give the same trends

TABLE V

FIGURE 7. NH3/12T-[Al]-ZSM-5 complex. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

of acid strength, which is consistent with the experi-
mental trend: B-ZSM-5 < Ga-ZSM-5 < Al-ZSM-5 (see
Table III).

OH STRETCHING FREQUENCY

It is generally accepted that the stretching fre-
quency of the OH bond (voy) can be taken as an in-
dicator of Brensted acidity [16]; and that the lower
wave number of vy is related to weaker O—H bond
strength and hence corresponds to stronger acid
strength. The calculations were performed directly
after the geometry optimization by the B3LYP
method with three different 12T models: cluster,
ONIOM, and E-ONIOM. Positions of voy are given
in Table IV. The data calculated with 6-31G (d,p)
require scaling by 0.950 [33]. It was shown that the

The charged form NBO population analysis using 12T E-ONOM model with B3LYP/6-31G (d,p) level of theory.

NBO population analysis

Substituted ZSM-5 q(M) g (Hz) q(O1) Electronegativity
[B]-ZSM-5 1.3610 0.5722 —1.0415 2.01
[Ga]-ZSM-5 1.8265 0.5851 —1.1238 1.82
[Al-ZSM-5 2.0013 0.5905 —1.1390 1.47

Acidity sequence

B-ZSM-5 < Ga-ZSM-5 < Al-ZSM-5
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FIGURE 8. NH3/Embedded ONIOM-[Al]-ZSM-5 com-
plex. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

three different methods give different acidity
sequences. The voy calculated from the 12T E-
ONIOM provide trends corresponding to the experi-
mental result; and the results of this study also sup-
ported the voy in the region 3600-3700 cm ™' sug-
gested by Chu and Chang [9] as the fingerprint for
Brensted OH species. It was shown that the DFT
method with the 12T E-ONIOM model was suffi-

cient for this article.

THE NATURAL BOND ORBITAL POPULATION
ANALYSIS OF ATOMIC CHARGE

The atomic charges from natural bond orbital
(NBO) population analysis with M (M = B, Al,
Ga), O1, and Hz (acidic proton) are presented in
Table V. It has been shown that q(M), charges on

TABLE VII

TABLE VI

The calculated voy with B3LYP/6-31G (d,p) level of
theory.

Tetrahedral atom

von (em™7) Acidity trend Al Ga B

12T E-ONIOM B < Ga <Al 3604 3608 3616
12T Cluster B <Al <Ga 3614 3612 3658
von [33] 8T cluster B < Ga < Al 3816 3825 3830
von from IR [9] B < Ga <Al 3610 3620 3725

heteroatom M, increase with the decrease of its
electronegativity (1.47, 1.82, and 2.01 for Al, Ga,
and B, respectively). The charge on the oxygen
bridge atom (O1), g(O1), increase with the
increases with the escalation of gM, leading to a
boost in the charges on the acidic proton (qHz)
corresponding with an increase of the acidity. It
can be stated from the g(Hz) data that the acid
strength of the substituted ZSM-5 increases in
order: B-ZSM-5 < Ga-ZSM-5 < Al-ZSM-5, which
is consistent with the PA.

ADSORPTION OF NH3 ON ZSM-5

The optimized adsorption structures of NH; on
ZSM-5 are shown in Figures 7 representing the
cluster model and Figure 8 showing the E-
ONIOM model. Table VI illustrates the energy of
the adsorption of NH; on the acid site of the sub-
stituted ZSM-5 zeolites calculated by Eq. (5)

AE,4s = E(complex) — E(ZOH) — E(NH3)  (5)

The relative acid strength predicted by the
adsorption energy of NHj; is shown to be

Comparisons of calculated adsorption energies of NH3/zeolite including BSSE at 6-311++G (d, p) basis set

with previous theoretical and experimental results.

Level of theory Cluster Model AE

Al B3LYP/6-31G (d,p) 12T E-ONIOM 33.98

Al [16] B3LYP/3-21G 8T Cluster 50.7

Al [33] Experiment 33.5-35.6
Ga B3LYP/6-31G (d,p) 12T E-ONIOM 31.43
Ga [16] B3LYP/3-21G 8T Cluster 50.0

Ga [33] Experiment 34.52-36.90
B B3LYP/6-31G (d,p) 12T E-ONIOM 24.86

B [16] B3LYP/3-21G 8T Cluster 41.0
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consistent with that derived from the PA and voy
of this article, B-ZSM-5 < Ga-ZSM-5 < Al-ZSM-5.
Moreover, the adsorption energies calculated with
B3LYP/6-31G (d,p) for the 12T E-ONIOM model
more strongly correspond with the experimental
results compared to those of previous work [16,
33] (see Table VII).

Conclusions

It was shown that the acidity is the adsorption
energy of NH; which showed that the acid
strength of the substituted ZSM-5 increases in the
sequence: B-ZSM-5 < Ga-ZSM-5 < Al-ZSM-5, in
strong agreement with experimental results. The
interaction of NHj; with the BAS indicated that
NH; becomes protonated in contact with the zeo-
lite cluster and the configurations in which the
protonated NHj interacts with two lattice oxygen
atoms are favored energetically. In addition, the
calculated adsorption energy of NH; on Al-ZSM-5
is comparable with the experimental data. This
indicates that it is essential to take into account
the effects of the Madelung potential due to
atoms outside the quantum cluster by using the
E-ONIOM method are essential to be taken into
account. Furthermore, the results show a prospec-
tive trend to predict properties of metal-substi-
tuted zeolites, with a special emphasis on the
Bronsted acid strength of zeolites.
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Glycine Peptide Bond Formation Catalyzed by Faujasite**

Oranit Phuakkong,” ® 9 Karan Bobuatong,” " Piboon Pantu,® " 9 Bundet Boekfa,® ¢ ¢

Michael Probst,” and Jumras Limtrakul* >

The catalysis of peptide bond formation between two glycine
molecules on H-FAU zeolite was computationally studied by
the MO08-HX density functional. Two reaction pathways, the
concerted and the stepwise mechanism, starting from three
differently adsorbed reactants, amino-bound, carboxyl-bound,
and hydroxyl-bound, are studied. Adsorption energies, activa-
tion energies, and reaction energies, as well as the correspond-
ing intrinsic rate constants were calculated. A comparison of
the computed energetics of the various reaction paths for gly-

1. Introduction

Peptide bond formation is an essential step in the synthesis of
proteins and peptides. Understanding this process allows the
control of construction and organization of these polymers
with useful applications in medical, biological, and food scien-
ces.!" Its reaction mechanism has attracted much attention
over the last five decades. It is relevant to the synthesis of pep-
tides from amino acids or their esters under prebiotic condi-
tions” and numerous attempts from the experimental and
computational side were performed to examine the basic
steps of peptide bond formation.®! Of even more practical im-
portance is that many current works deal with designing pep-
tides as parts of biocompatible units and take advantage of
their self-assembly features. Peptides are also increasingly used
as sensing devices.'>“%

For the acid/base-catalyzed aminolysis of alkyl esters, the
mechanism of peptide bond formation has been studied ex-
perimentally in aqueous solution by Jencks et al.>® The basic
step is the nucleophilic attack of the lone electron pair of the
amino group onto the carbon atom of the carboxyl group fol-
lowed by proton transfer from the amino group to one of the
oxygen atoms of the carboxyl group. In the proposed concert-
ed and/or stepwise reaction mechanisms, a possible formation
of a relatively stable zwitterionic intermediate is considered.
The relative stability of this adduct depends on the acid-base
properties of the solvent, and its lifetime can be an important
factor in the whole reaction mechanism.

Despite the intensive experimental works mentioned above
and various studies using silica,” clays®®, and aluminas®” as
catalysts for the peptide formation, mechanistic discussions are
rare and no detailed molecular picture is available for these
processes. Nevertheless, some mechanisms have been suggest-
ed in the past to interpret the experimental evidence of the
formation of small oligopeptides, albeit at the level of very
simple schemes by Zamaraev et al.,”™ for adsorption of glycine
on zeolites and kaolinite and by Basiuk et al. for silica and alu-
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cine indicates that the catalyzed reaction proceeds preferen-
tially via the concerted reaction mechanism of the hydroxyl-
bound configuration. This involves an eight-membered ring of
the transition structure instead of the four-membered ring of
the others. The step from the amino-bound configuration to
glycylglycine is the rate-determining step of the concerted
mechanism. It has an estimated activation energy of
51.2 kcal mol™". Although the catalytic reaction can also occur
via the stepwise reaction mechanism, this path is not favored.

mina.”® Recently, zeolites have found potential applications in

amino acid separation,® immobilized peptide synthesis,”” and
biomedical sensors."”

Theoretically, the mechanism of the uncatalyzed amide
bond formation has been investigated by Oie et al. and Jensen
et al.,®>" who have shown that stepwise and concerted mech-
anisms may compete since both involve comparable activation
energies. The latter authors also performed a study for the gly-
cine +glycine reaction, and the main conclusion was that the
model system glycine+glycine appears to be a good repre-
sentative of a dipeptide system. Moreover, the mechanisms of
amide bond formation in various catalytic systems have been

[a] O. Phuakkong, K. Bobuatong, Prof. Dr. P. Pantu, Prof. Dr. J. Limtrakul
Laboratory for Computational and Applied Chemistry, Department of
Chemistry, Faculty of Science and Center of Nanotechnology
Kasetsart University Research and Development Institute
Kasetsart University, Bangkok 10900 (Thailand)

Fax: (4 66) 2-562-5555 ext 2159
E-mail: Jumras.l@ku.ac.th

O. Phuakkong, K. Bobuatong, Prof. Dr. P. Pantu, Dr. B. Boekfa,
Prof. Dr. J. Limtrakul

Center for Advanced Studies in Nanotechnology and Its Applications in
Chemical, Food and Agricultural Industries

Kasetsart University, Bangkok 10900 (Thailand)

O. Phuakkong, K. Bobuatong, Prof. Dr. P. Pantu, Dr. B. Boekfa,
Prof. Dr. J. Limtrakul

NANOTEC Center of Excellence, National Nanotechnology Center
Kasetsart University, Bangkok 10900 (Thailand)

Dr. B. Boekfa

Chemistry Department, Faculty of Liberal Arts and Science
Kasetsart University Kamphaeng Saen Campus

Nakhon Pathom 73140 (Thailand)

Prof. Dr. M. Probst

Institute of lon Physics and Applied Physics

University of Innsbruck, 6020 Innsbruck (Austria)

=

[c

=

[e

[**] A Density Functional Theory Study

Supporting information for this article is available on the WWW under

http://dx.doi.org/10.1002/cphc.201100047.

ChemPhysChem 2011, 12, 2160-2168



Peptide Bond Formation Catalyzed by Zeolite Faujasite

theoretically investigated. Rimalo etal. examined the role of
Lewis and Brgnsted catalysts on peptide formation using HF
and AIF;"" anorthite and sanidine"” as the catalytic models,
respectively. It has been found that the synergy of those cata-
lysts dramatically lowers the activation barrier for the amide
bond formation, a fact relevant in the prebiotic synthesis of
peptides on the surface of oxide minerals that are rich in
Lewis/Brgnsted sites.

Brgnsted acid sites are usually well characterized in the inte-
rior of zeolites. To our knowledge, their catalytic role in the
peptide bond formation process has never been addressed to-
gether with a realistic representation of the zeolite. Therefore,
we investigated the reaction mechanisms and kinetics of the
zeolite-catalyzed peptide bond formation between two glycine
molecules as the simplest model of such a reaction.

Quantum chemical calculations are reliable theoretical tools
for studying chemical reactions which cannot be readily char-
acterized by experimental techniques. Moreover, it is possible
to compute valuable information about the nature of the tran-
sition states and the stable intermediate states as well as de-
tails of thermodynamics, kinetics of reaction, and spectroscopic
properties such as the frequencies of vibration of the
system. Thus, direct insight into the reaction mechanism is
possible, provided that the data are checked against available
experimental results.

Zeolites usually possess hundreds of atoms per unit cell
which makes the use of sophisticated methods, such as peri-
odic ab initio calculations, computationally too expensive. The
recent development of hybrid methods, such as the embed-
ded cluster or combined quantum mechanics/molecular me-
chanics (QM/MM) methods,™' has brought accurate results
on large systems within reach."™" This was, for example,
demonstrated in a study of the interaction of glycine with
H-ZSM-5 zeolite."* Complementary to this development, den-
sity functionals like the M06 set"® can be applied to account
for a more accurate treatment of the interactions in these sys-
tems, as has, for example, been done when studying the reac-
tions of hydrocarbons inside zeolites.'**"'”’ Herein we proceed
along similar lines but apply a newer density functional and
discuss its performance.

The aims of the present work are: 1) to investigate the pep-
tide bond formation on zeolite and 2) to study the effect of
the zeolite framework on the reaction. Two possible reaction
mechanisms are investigated, a concerted and a stepwise one.
The results of this study may be helpful for understanding the
fundamentals of peptide formation of amino acid catalyzed by
zeolite.

2. Results and Discussion

It was assumed that the reaction can either occur via a con-
certed reaction mechanism (Figure S1 in the Supporting Infor-
mation) or by a stepwise reaction mechanism through the for-
mation of the diolic intermediate (Figure S2 in the Supporting
Information).
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2.1. Concerted Reaction Mechanism

The peptide bond formation of two glycine molecules cata-
lyzed by faujasite zeolite (Figure 1) via a concerted reaction
mechanism is shown in Figure S1 in the Supporting Informa-
tion. Depending on the site of initial adsorption, three possible
energy profiles are presented for the concerted reaction in Fig-
ure 2a. The reaction is catalyzed by the Brgnsted acidic proton
acting as a proton donor to the oxygen atom of the amino
group (amino-bound, Figure 3a), the carboxyl group (carboxyl-
bound, Figure 4a), and the hydroxyl group (hydroxyl-bound,
Figure 5a) of the glycine molecule, respectively. All of them are
involved in the nucleophilic attack of the amino group on the

Figure 1. The 120T cluster models of H-FAU. Atoms belonging to the 21T
quantum cluster are drawn as balls and sticks. a) Front view showing the 12-
membered-ring window connecting the two supercages. b) Side view show-
ing the two supercages connected to the 120T quantum cluster.
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Figure 2. Energy profile (kcal mol™") of the peptide bond formation from dif-
ferent configurations of two glycine molecules interacting with H-FAU zeo-
lite model 120T//21T calculated at the M08-HX/6-31G(d,p) level. Amino-
bound configuration (s«««+ ), carboxyl-bound configuration (-—-), and hy-
droxyl-bound configuration (—): a) concerted reaction mechanism;

b) stepwise reaction mechanism.

carboxyl carbon atom and the indirect transfer of a hydrogen
atom from the nucleophilic amino group to a hydroxyl of an-
other glycine molecule, which results in adsorbed glycylglycine
and an adsorbed water molecule which is desorbed in the final
step.

2.1.1. Interactions of Two Glycine Molecules in Different
Configurations with H-FAU Zeolite

The calculated adsorption energies of two glycine molecules in
different configurations on H-FAU zeolites are shown in the
energy profile (Figure 2a) and in Table S1 in the Supporting In-
formation, together with selected geometrical parameters.

The reaction proceeds as follows: First, two glycine mole-
cules adsorb on the Brensted acidic proton of the active zeo-
lite site. This can occur via the amino group (amino-bound,
Ads_1, Figure 3a), the carboxyl group (carboxyl-bound, Ads_2,
Figure 4a) or the hydroxyl group (hydroxyl-bound, Ads_3, Fig-
ure 5a). In the first two configurations the adsorption (amino-
bound and carboxyl-bound) of glycine is accompanied by a
barrierless proton transfer from the active site to its C=0 and
—NH, groups. This causes the second hydroxyl group of gly-
cine and the —NH;™ group to interact through two strong hy-
drogen bonds; the computed adsorption energies are —71.2
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Figure 3. Optimized geometries of adsorption complexes, transition states,
and products. a) Adsorption complex of the amino-bound configuration in
the concerted reaction mechanism, Ads_1. b) Transition structure of the
amino-bound configuration in the concerted reaction mechanism, TS_1.

c) Adsorption complex of the products glycylglycine and water in the
amino-bound configuration in the concerted reaction mechanism, Pro_1.

and —48.1 kcalmol™', respectively. In the hydroxyl-bound con-
figuration glycine is adsorbed at the active site by hydrogen
bonding between —OH of glycine and the Brgnsted acidic
proton. Its adsorption energy is —46.5 kcalmol™". It is difficult
to directly compare calculated adsorption energies of glycine
in zeolites with experimental results, and, to the best of our
knowledge, there are no experimental data available on the
glycine adsorption energy. The result for the amino-bound
configuration can be compared with experimental data for am-
monia which is protonated in zeolite with adsorption energies
in the range of 24.9-25.6 kcalmol™"."¥ Glycine is a more basic
substance than NH;. Moreover, the other glycine molecule is
involved in the adsorption of the first one via hydrogen bond-
ing between —NH; and the hydrogen atom of the carboxylic
group of the first glycine, enhancing the adsorption energy of
this configuration. Therefore, the adsorption energy of the
amino-bound configuration over H-FAU should exceed that for
ammonia, which agrees well with the known adsorption trend
of this zeolite. The result shows that these adsorption energies
are determined by both chemical (heat of protonation) and
physical (confinement) factors. The latter, which arise from van
der Waals interactions, cannot be ignored.

The first configuration is amino-bound (Ads_1, Figure 3a).
Selected geometrical parameters of this configuration are pre-
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Figure 4. Optimized geometries of adsorption complexes, transition states,
and products. a) Adsorption complex of the carboxyl-bound configuration in
the concerted reaction mechanism, Ads_2. b) Transition structure of the car-
boxyl-bound configuration in the concerted reaction mechanism, TS_2.

c) Adsorption complex of products glycylglycine and water of carboxyl-
bound configuration in the concerted reaction mechanism, Pro_2.

sented in Table S1 in the Supporting Information. The Brgnsted
acid of the zeolite O1-Hz bond is broken while the N1-Hz
bond is formed. The O1--Hz distance in the amino configura-
tion is about 1.77 A. Both distances of N1-H1 and N1-Hz are
virtually the same, indicating that there is a complete transfer
of Brgnsted acid. The second glycine is adsorbed by the hydro-
gen bond with a distance between H2--N2 of about 1.58 A.
The two hydrogen-bound adducts of glycine and zeolite
(N1-Hz--O1 and N1-H1--02) generate an "ion-pair-like struc-
ture” resulting in the highest adsorption energy of
—71.2 kcalmol™".

For the carboxyl-bound configuration (Ads_2, Figure 4a), the
adsorption of glycine involves a barrierless proton transfer
from the active site to C=0. The O1—Hz bond distance of the
Bronsted acidic proton is increased from 0.97 to 1.47 A as com-
pared to isolated H-FAU, indicating the weakening of the C=0
bond. The C=0 bond of glycine is elongated from 1.20 A to
1.27 A as compared to the isolated glycine molecule. The par-
tial charge of the C atom changes from +0.8 in isolated gly-
cine to +0.9 (Table 1). This shows that the catalyst facilitates
the nucleophilic attack by the lone pair of the amine. Since the
C2-+-N2 distance between the nitrogen atom of the —NH,
group and this carbon atom (2.59 A) is shorter than in the hy-
droxyl-bound configuration (3.13 A) this co-adsorption com-
plex is also stronger.
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Figure 5. Optimized geometries of adsorption complexes, transition states,
and products. a) Adsorption complex of the hydroxyl-bound configuration
in the concerted reaction mechanism, Ads_3. b) Transition structure of the
hydroxyl-bound configuration in the concerted reaction mechanism, TS_3.
c) Adsorption complex of the products glycylglycine and water of the hy-
droxyl-bound configuration in the concerted reaction mechanism, Pro_3.

In the hydroxyl-bound configuration (Ads_3, Figure 5a) the
hydrogen atom (H2) of the hydroxyl group of the first glycine
points outward to interact with the oxygen atom (O5) of the
carboxyl group of another glycine, with an O5--H2 distance of
1.58 A and an 04-H2—-05 angle of 174.3°. The C2-03 bond
distance and the positive charge on the C atom at the reaction
center are slightly increased with respect to the isolated gly-
cine molecule. In summary, the carboxyl-bound configuration
is more perturbed by the Breonsted acidic proton of H-FAU zeo-
lite, explaining why the hydroxyl-bound configuration is the
least stable one of the three configurations.

2.1.2. Peptide Bond Formation

The reaction pathways of the concerted mechanism for the
three different configurations are shown in Figure ST with se-
lected geometries given in Table S1 of the Supporting Informa-
tion. At the transition state of the amino-bound (TS_1, Fig-
ure 3b) and carboxyl-bound (TS_2, Figure 4b) configurations
the concerted mechanism proceeds via four-center transition
structures. This step is the nucleophilic attack of the lone elec-
tron pair of the amino group onto the carbon atom of the car-
boxyl group while simultaneously the proton transfer from the
amino group to one of the oxygen atoms of the hydroxyl
group takes place. The activation barriers in this step were cal-
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(charges are in e).

Table 1. Activation barriers, AE,. [kcalmol™'], intrinsic rate constants for concerted and stepwise reaction mechanism, k, of peptide bond formation from
two glycine molecules over H-FAU at 298 K [s'] and atomic charges, g(C), on the carbon atom of the carboxyl group of glycine at the reaction center

Concerted Stepwise
Amino Carboxyl Hydroxyl Amino Carboxyl Hydroxyl
TS_1 TS_2 TS_3 TS_4a TS_4b TS_5a TS_5b TS_6a TS_6b
AE,. 51.2 27.6 5.7 44.4 322 1.8 22.7 44.6 24.8
k 1.48x10% 637x107° 421x10° 6.15x10°% 1.95x10°° 6.30x 10" 1.81x1073 235%10°% 7.67x10°°
q(Q) 0.73 0.76 0.80 0.76 0.74 0.92 0.76 0.76 0.74

culated to be 51.2 and 27.6 kcalmol™', respectively, at which
the adsorbed glycylglycine and a water molecule are formed.

In the transition state of the amino-bound configuration
(TS_1, Figure 3b), C2 and N2 atoms form the peptide bond
(C2--N2 distance: 1.53 A) and the transfer of H3 from N2 to the
oxygen atom of the hydroxyl group ends with an O4—H3 dis-
tance of 1.22 A. The activation barrier of the amino-bound con-
figuration, 51.2 kcalmol™’, is similar to 47.7-52.7 kcalmol™" for
the uncatalyzed reaction of two glycine molecules obtained by
MP2 calculations.*™ This means that protonation of the amino
group by the Brgnsted acidic proton does not significantly en-
hance the electrophilicity of the C=0 group. In summary, the
high barrier is a consequence of the most stable adsorption
configuration together with the strained four-center ring at
the transition state.

The carboxyl-bound configuration is about 23.1 kcalmol™
higher in adsorption energy. Since the transition state energy
is similar, this brings the activation barrier down to
27.6 kcalmol™" (Table 1). The transition structure is also a four-
membered ring.

The hydroxyl-bound configuration is the least stable one
and its transition state is also the lowest (TS_3, Figure 5b). The
total activation barrier is therefore only 5.7 kcalmol™. The
reason for such a low barrier is the presence of an eight-mem-
bered ring in the transition structure in which a double proton
transfer occurs: one Brensted acidic proton from the H-FAU
zeolite toward the glycine OH group and the other one from
NH; back to the H-FAU zeolite in order to regenerate the
active site. The C—02 distance is elongated from 1.37 A to
2.05 A and the peptide bond is generated by the C—N bond
formation when the C-N distance decreases from 3.20 A to
1.61A.

From the energetic data we calculated the intrinsic rate con-
stants, k, to be 1.48x10°%, 6.37x10°°, and 4.21x10*s™" for
the amino-bound, the carboxyl-bound, and the hydroxyl-
bound configurations, respectively.

The peptide bond formation is endothermic with a reaction
energy of 2.9 kcalmol™ for the amino-bound configuration
and exothermic with a reaction energy of 11.6 kcalmol™' for
the carboxyl-bound and 13.7 kcalmol™ for the hydroxyl-
bound configurations. The latter one is different from the first
two because of the back donation of the proton from glycine
to 04 instead of O3, which is the most stable position of the
proton in H-FAU zeolite."” The endothermicity compares well
with the value of 2.0-10.0 kcalmol™" from a theoretical study
of the uncatalyzed reaction reported by Jensen et al.®"
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2.2, Stepwise Reaction Mechanism

Alternatively, the peptide bond formation of two glycine mole-
cules can proceed via a stepwise mechanism [Egs. (1)-(4)]:

2 Glycine + H-FAU — 2 Glycine—H-FAU (1)
2 Glycine—H-FAU — Diol—H-FAU (2)
Diol—H-FAU — Glycylglycine—H,0—H-FAU (3)

Glycylglycine—H,0—H-FAU — Glycylglycine + H,0 + H-FAU
(4)

First, step (1) is the adsorption of two glycine molecules on
the active site of the H-FAU. Then, in step (2), the nucleophilic
attack of the amino group on the carboxyl carbon atom coin-
cides with the intramolecular hydrogen transfer in order to
form a diolic intermediate. Step (3) involves the diolic inter-
mediate and the intramolecular rearrangement to form glycyl-
glycine and the water molecule adsorbed over H-FAU which is
desorbed in the final step (4).

The energy profile of the reaction mechanisms from three
starting orientations of the first glycine adsorption is shown in
Figure 2b and selected geometric parameters are listed in
Table S3 in the Supporting Information.

2.2.1. Interactions of Two Glycine Molecules in Different
Configurations with H-FAU Zeolite

The same three configurations for the adsorbtion of two gly-
cine molecules adsorbing on the active site are possible. Ad-
sorption in the amino-bound (AD_1, Figure 3a), carboxyl-
bound (AD_2, Figure 4a), and hydroxyl-bound (AD_3, Fig-
ure 5a) configuration is identical to the concerted mechanism
discussed above. The adsorption energies are —71.2, —48.1,
and —46.5 kcalmol™" for the amino-bound, carboxyl-bound,
and hydroxyl-bound glycine interaction, respectively.

2.2.2. Peptide Bond Formation

Starting from the amino-bound configurations, the peptide
bond is generated simultaneously with hydrogen transfer in
the four-membered transition structure (TS_4a, Figure 6a). The
amino hydrogen atom from the second glycine is moved to
the carboxyl oxygen atom on the first glycine as the C2—N2
bond is formed. At the first transition state, the C2--N2 dis-
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Figure 6. Optimized geometries of adsorption complexes, transition states,
and products. a) First transition structure of the amino-bound configuration
in the stepwise reaction mechanism, TS_4a. b) Intermediate of the amino-
bound configuration in the stepwise reaction mechanism, Int_4. ¢) Second
transition structure of the amino-bound configuration in the stepwise reac-
tion mechanism, TS_4b.

tance is 1.56 A and N2—H3 is elongated to 1.24 A. The activa-
tion barrier (44.4 kcalmol™) is smaller than for the hydrogen
transfer in the concerted reaction mechanism (51.2 kcalmol™)
from the amino group to the more basic oxygen atom of the
carboxyl group and is preferred over the transfer to the less
basic hydroxyl group. The diolic intermediate (Int_4, Fig-
ure 6b), with a tetrahedral sp® configuration on the carbon
atom at the peptide bond, is produced and adsorbed over the
deprotonated active site. Its energy is —58.4 kcalmol™".

At the second transition state (TS_4b, Figure 6c), water is
eliminated from the planar four-membered ring transition
structure and a distorted tetrahedral configuration at the
carbon atom of the peptide bond of the diolic intermediate re-
arrangement is formed. Its activation energy is 32.2 kcalmol™.
At the C2 atom previously linked to the N2 atom, H,O is
formed through hydrogen transfer from one hydroxyl group to
the leaving one. The hydroxyl cleavage is accompanied by an
extension of the C2—04 distance from 1.39 A to 1.64 A and a
contraction of the C—N bond from 1.43 A to 1.39 A. The water
molecule is co-adsorbed between the framework and the
newly formed glycylglycine (Pro_1). The relative energy of the
product is —68.3 kcalmol™".
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For the carboxyl-bound configuration, the peptide formation
involves only a nucleophilic attack of the amine nitrogen to
the carboxyl carbon (TS_5a, Figure 7a). An activation energy of

Figure 7. Optimized geometries of adsorption complexes, transition states,
and products. a) First transition structure of the carboxyl-bound configura-
tion in the stepwise reaction mechanism, TS_5a. b) Intermediate of the car-
boxyl-bound configuration in the stepwise reaction mechanism, Int_5.

c) Second transition structure of the carboxyl-bound configuration in the
stepwise reaction mechanism, TS_5b.

1.8 kcalmol™' is required. The intermolecular C2-+N2 distance is
shortened to 2.22 A while the reacting molecules move further
from the active site by 1.46 A. In the intermediate (Int_5, Fig-
ure 7b) the C2-N2 bond length is 1.58 A and its energy is
—55.7 kcalmol™". The intermediate consequently loses a water
molecule through hydrogen abstraction from the amino group
to the leaving group with an energy barrier of 22.7 kcalmol™".
In the four-membered transition structure (TS_5b, Figure 7c¢)
the N2—H3 bond length is extended to 2.26 A and the 03-H4
distance is contracted to 0.96 A. The departure of the hydroxyl
group is promoted by a C2-04 bond length of 1.62 A. The
final step is then again the co-adsorption of protonated glycyl-
glycine (Pro_2) and water molecules over the zeolitic frame-
work. The relative energy for this step is —59.7 kcal mol™.
Concerning the hydroxyl-bound configuration, no transfer of
the zeolitic proton is involved in the first transition state
(TS_6a, Figure 8a). The diolic intermediate (Int_6, Figure 8b) is
generated via the four-membered transition state. The conver-
sion, like for the amino-bound configuration discussed above,
consists of the proton transfer and the formation of the inter-
molecular C2-+-N2 bond. The protonic H3 from the second gly-
cine N2 moves towards O3 of the first glycine molecule as
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Figure 8. Optimized geometries of adsorption complexes, transition states,
and products. a) First transition structure of the hydroxyl-bound configura-
tion in the stepwise reaction mechanism, TS_6a. b) Intermediate of the hy-
droxyl-bound configuration in the stepwise reaction mechanism, Int_6.

¢) Second transition structure of the hydroxyl-bound configuration in the
stepwise reaction mechanism, TS_6b.

shown in the distances of N2—-H3 and O3—-H3 of 1.25A and
1.32 A, respectively. The C—03 bond length is extended to
1.33 A as O3 receives the proton H3. The intermolecular dis-
tance of C2-N2 is shortened from 3.13 A to 1.53 A. As the
O1-Hz length is 1.01 A and 04-Hz is 1.51 A, the Bronsted
proton is moving slightly closer to 02 of the first glycine and
the reacting molecules are stabilized by adsorbing closer to
the framework with a distance of 2.28 A. At the adsorption
complex of this configuration, the positive charge of the C
atom at the reaction center (0.83) is in between the ones of
the amino-bound and the carboxyl-bound configurations (0.82
and 0.890, respectively). The formed diolic intermediate has an
adsorption energy of —42.15 kcalmol™'. The four-membered
transition structure (TS_6b, Figure 8¢) is similar to the other
configurations. The zeolitic proton is then transferred to the re-
acting molecule. The protonic H2 is abstracted from the leav-
ing OH group and the transition structure adsorbs 2 A closer
to the framework. The process needs an activation energy of
24.8 kcalmol™" yielding as products protonated glycylglycine
(Pro_3, Figure 5d) and water located over the active region of
the zeolite.

The barriers at the first transition state, 44.4, 1.8, and
44.6 kcalmol™, result in intrinsic rate constants, of 6.15x 1072,
6.30x 10", and 2.35x 107%™ for the amino-bound, carboxyl-
bound, and hydroxyl-bound configurations, respectively. The
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activation barriers of the second transition state for the three
configurations (32.2, 22.7, and 24.8 kcalmol™', respectively)
lead to intrinsic rate constants of 1.95x107°, 1.81x 107, and
7.67x107° 7', respectively.

For the stepwise reaction mechanism, the peptide bond for-
mation is an exothermic reaction with a reaction energy of
0.7 kcalmol™. The energies required for desorption of the
water molecule are 20.6, 14.2, and 15.0 kcalmol™' for the
amino-bound, carboxyl-bound, and the hydroxyl-bound config-
uration, respectively.

The complete energy profiles for the peptide formation
mechanisms of glycine on H-FAU are shown in Figure 2. The
three types of adsorptions, amino-bound, carboxyl-bound, and
hydroxyl-bound have, for 2 glycine molecules, energies of
—71.2, —48.4, and —46.5 kcalmol™', respectively. The reaction
is exothermic. In the concerted mechanism, the activation en-
ergies are 51.2, 27.6, and 5.7 kcalmol™" for amino-bound, car-
boxyl-bound, and hydroxyl-bound, respectively. In the stepwise
mechanism the activation energies are 44.4 and 32.2 kcalmol™’
for amino-bound, 1.8 and 22.7 kcalmol™' for carboxyl-bound
and 44.6 and 24.8 kcalmol™ for hydroxyl-bound configura-
tions. The reaction via the amino-bound adsorbate in the con-
certed mechanism is the energetically preferred one.

3. Conclusions

The catalysis of peptide bond formation of two glycine mole-
cules on H-FAU zeolite has been studied with density function-
al theory at the M08-HX level. There are three possible adsorp-
tion orientations for the first adsorbed glycine molecule which
lead to different reaction pathways, these are, amino-bound,
carboxyl-bound, and hydroxyl-bound configurations. For each
of them, the concerted and the stepwise reaction mechanisms
have been investigated.

In the concerted reaction, both the C—N bond formation
and the release of water by N—H and C—O bond cleavages
take place simultaneously. The catalytic activity of H-FAU zeo-
lite influences the transition states for each reaction. The inter-
action to the Brensted acidic proton increases the charge defi-
ciency on the carbon atom of the carboxyl group and thus fa-
cilitates the nucleophilic attack by the lone electron pair of the
amine.

The peptide bond is then generated by the dehydration of
glycine taking place in a single step without a prior zwitterion-
ic intermediate. The order of the activation barriers is amino-
bound (51.2 kcalmol™") > carboxyl-bound (27.6 kcal mol™") > hy-
droxyl-bound (5.7 kcalmol™). The barrier height is significantly
reduced by the presence of an eight-membered ring in the
transition structure instead of the four-membered ring.

For the stepwise reaction mechanism, the reaction takes
place through a stable diolic intermediate. Already in the first
step, the C—N bond is formed through nucleophilic attack of
the nitrogen on a carbon atom and simultaneous hydrogen
transfer from ammonia to a carboxyl oxygen atom, except for
the carboxyl-bound configuration, where a nucleophilic attack
of the amine nitrogen on the carboxyl carbon was found.
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In the second step, a water molecule is released by C—O and
O—H bond cleavages. In contrast to the first mechanism, in
which a hydrogen atom is transferred to hydroxyl oxygen from
the ammonia, the stepwise reaction mechanism involves trans-
fer of hydrogen to the carboxyl oxygen.

The concerted reaction mechanism should therefore domi-
nate the overall reaction with an estimated activation barrier
of 51.2 kcalmol™, starting from the amino-bound configura-
tion. The overall reaction is predicted to be slightly endother-
mic.

Computational Methods

The cluster models of H-FAU are taken from the lattice structure of
faujasite zeolite.” The active region consists of a 21T cluster,
which is considered to be the smallest unit required to represent
the acidic site of zeolite and the reactive molecules. In the 21T clus-
ter, one of the silicon atoms in the faujasite zeolite is substituted
by an aluminum atom, and a proton is added to one of the bridg-
ing oxygen atoms bonded directly to the aluminum atom, conven-
tionally called the O1 position."?” During the structure optimiza-
tion, only the 5T part of the active site region [(=SiO),(H)AI(OSi=),]
and the adsorbates are allowed to relax while the rest of the active
region is fixed at the crystallographic coordinates. To represent the
confinement effect of the zeolite pore structure, the extended
structure of a 120T cluster (Figure 1) which includes two supercag-
es is used in single point calculations. It is assumed that these
models for the H-FAU zeolites are large enough to cover all the im-
portant framework effects that act on both the active site and on
the adsorbates. Attempts have been made to demonstrate that
the geometry constraints imposed in this work do not influence
the results and the reliability of the M08-HX functional was com-
pared with MP2 calculations. Some test calculations on glycine
over the H-FAU zeolite have been performed relaxing 5T and 8T
atoms (see Table S4 in the Supporting Information). All calculations
were performed by means of the M08-HX density functional®" and
the 6-31G(d,p) basis set. For the transition structures, frequency
calculations were performed in order to check whether the imagi-
nary frequency mode corresponds to the reaction coordinate.
Atomic charges were computed from the natural population analy-
sis (NPA). All calculations were performed using the Gaussian 03
code with the Minnesota density functionals module 3.1 by Zhao
and Truhlar incorporated.!'s??

In order to analyze the kinetics of the reaction, classical transition
state theory was used to derive the intrinsic rate constants k. They
were calculated within the harmonic oscillator-rigid rotor approxi-
mation [Eq. (5)]:

KgT 0
k(T) _ %e—A*G /RT (5)

where kg, T, h, A“G°, and R are the Boltzmann constant, the tem-
perature of the system (taken to be 298 K), Planck’s constant,
Gibbs free energy of activation, and the gas constant, respectively.
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ABSTRACT: Carbonyl-ene reactions, which involve C—C
bond formation, are essential in many chemical syntheses.

The formaldehyde—propene reaction catalyzed by several of

the group 11 metal cations, Cu”, Ag", and Au" exchanged on the

faujasite zeolite (metal-FAU) has been investigated by density

functional theory at the M06-L/6-31G(d,p) level. The Au-FAU
exhibits a higher activity than the others due to the high charge
transfer between the Au and the reactant molecules, even
though it is located at a negatively charged site of the zeolite.
This site enables it to compensate for the charge of the Au” ion.

The NBO analysis reveals that the 6s orbital of the Au atom plays an important role, inducing a charge on the probe molecules.
Moreover, the effect of the zeolite framework makes the Au-FAU more active than the others by stabilizing the high charge induced
transition structure. The activation energy of the reaction catalyzed by Au-FAU is 13.0 kcal/mol whereas that of Cu and Ag-FAU is
found to be around 17 kcal/mol. The product desorption needs to be improved for Au-FAU; however, we suggest that catalysts with

high charge transfer might provide a promising activity.

1. INTRODUCTION

Reactions involving carbon—carbon bond formation are es-
sential for most chemical upgrading processes. Among the well-
known C—C bond formations, the carbonyl-ene reaction is one
of the top choices for synthesis."” The carbonyl-ene reaction is
induced by Lewis acid® and generally requires a strongly electro-
philic carbonyl compound. The reaction of formaldehyde and
propene is an example of the carbonyl-ene reaction that yields as
a product 3-buten-1-ol. This product can be used in chemical
processes, e.g., the copolymerization of propylene for producing
polypropylene. In addition, the formaldehyde—propene reaction
is involved in the synthesis of tetrahydrofuran, one of the most
popular organic solvents in the laboratory.

Because of its low boiling point (—19.5 °C), formaldehyde is
difficult to handle. Moreover, it rapidly polymerizes to solid
paraformaldehyde and trioxane. Then, its shelf life is quite short.
To retain formaldehyde in its monomer state, Lewis acid
treatment is used to depolymerize the polymer form. Unfortu-
nately, the treatment causes problems of corrosion, handling, and
toxic waste, making it environmentally unfriendly. For these
reasons, formaldehyde has become limited in its application for
organic synthesis. Finding storage materials that retain the
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monomeric formaldehyde should be a way for solving these
problems.

Porous materials such as zeolites and metal organic frame-
works (MOF),* "' a new type of designable material, widely
used as gas storage and separation materials, are environmentally
friendly candidates for formaldehyde storage. Successful utiliza-
tion of a porous material for formaldehyde storage was achieved
by Okachi et al.'* in 2004. These authors found that Na/faujasite
zeolite suppresses the decomposition and self-polymerization of
formaldehyde while its reactivity toward nucleophiles remains
the same. Recently, Tomita et al."> have theoretically demon-
strated that formaldehyde does not tend to self-polymerize in
alkaline-exchanged faujasite zeolite. Our previous ONIOM cal-
culation of the formaldehyde-propene reaction on Na-exchanged
faujasite zeolite has revealed that alkaline-exchanged zeolite can
significantly reduce the reaction barrier in the reaction mechanism
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compared to an uncatalyzed process.'* Thus, it can be suggested
not only that zeolite can be used for storage but that alkaline-
exchanged zeolite can also enable catalyzation of this reaction.
Zeolite can be used for not only these purposes but also metal
organic frameworks.

In our recent study, the formaldehyde—propene reaction in
MOF-11, in which the active site is Cu(II) in the paddle wheel
unit (Cu,(CO,),), was theoretically investigated."® It was found
that MOF-11 can reduce the activation energy of the reaction
from 34.3 to 24.1 kcal/mol. A bare Cu®, however, is much more
reactive with an activation barrier of only 6.4 kcal/mol. There-
fore, MOF-11 can be utilized in catalytic applications only with a
moderated activity. Finding a structure that retains the high
activity of the metal would be promising, not only for its
academic interest but also for industrial applications.

Metals loaded on zeolites have been widely studied as their
properties can be fine-tuned by varying the metals. Bell and co-
workers have synthesized and characterized Cu(I)-exchange
zeolite Y for catalyzing the dimethyl carbonate (DMC) reaction
from oxidative carbonylation of methanol.'® ** They found that
Cu—Y provided a high reactivity for the reaction. Moreover,
Ag(I) and Au nanoparticles exhibit good performances in reac-
tions involving C—C bond formation.** >* The monomeric Au
cation on zeolites has been successfully prepared,”* >’ and many
theoretical studies have been conducted.*®** Ichikawa et al.*>*
used CO adsorption and Fourier transform IR (FTIR) to study
Au/NaY, Au/Na-mordenite, and Au/Na-ZSM-5 and concluded
that Au(l) is the dominant active site for the decomposition of
NO with CO and the water gas shift. Fierro-Gonzalez and Gates®
have also synthesized and characterized monomeric Au(I) and
Au(III) in zeolite NaY without zero valence Au clusters.

There is often little correlation between the catalytic activities
of different cations on many reactions, even if the ions are
chemically related. Thus, each cation has to be tested either
theoretically or experimentally for any reaction of interest.
Theoretical studies not only save a great deal of time and money
compared to complicated experimental screening, but they also
provide insight into why a particular cation has a higher activity,
and thus a guide to synthesize the catalyst with the required
characteristics. As a consequence, in this work, we investigate the
formaldehyde-propene carbonyl-ene reaction on the Cu, Ag, and
Au cation exchanged on FAU zeolite (M-FAU, M = Cu, Ag, and
Au) by means of density functional theory with the M06-L
functional.>**® Even though metal cations exchanged in zeolites
have been widely studied, to the best of our knowledge, there is
no theoretical study for the C—C bond formation processes with
this series of metal-exchanged zeolites as a catalyst. This work
thus investigates the possibility of using group 11 metal-ex-
changed zeolites as highly active catalysts for the carbonyl-ene
reaction. We also make a comparison with other Lewis acid
catatlysts (MOF-11 and Na-FAU).

2. MODELS AND METHOD

The faujasite zeolite is composed of sodalite building blocks
that contain 192T (T is either a Si or an Al atom) atoms in the
supercage unit cell.*> The Cu(I) cation can be located in many
different cation-exchange sites, as shown in Figure 1. Site I is
located in the hexagonal prism, which is not accessible for the
reaction to proceed. Site II is inside the FAU supercage on the
hexagonal face and site IIL is also located in the supercage, but on
the four-membered ring of the sodalite cage. An experimental

Figure 1. Cation exchanging sites of the faujasite zeolite (see text for
explanations).

study by Drake et al.** shows that Cu(I) can replace all acidic

protons of the H—Y zeolite, resulting in a ratio Cu/Al = 1.0.
Moreover, these authors also concluded that site II is the site
most occupied by Cu’ ion. Site Il was therefore chosen to
represent the catalytically active site in this study. Furthermore,
this site has also been studied for other metal cations in several
previous reports.w’30

The selected 16T model (Figure 2) of site II consists of 6T
from the hexagonal ring and the side extended four-membered
rings to avoid interaction between terminating hydrogen atoms.
To avoid the Al—-OH group, which was not observed in experi-
ments, Si atoms adjacent to the Al atom were included in the
model. The metal ions were located in the middle of the
hexagonal ring, as shown in Figure 2. Geometry optimizations
were performed at the M06-L/6-31G(d,p) level of theory and
Stuttgart ECP*' were employed for the Cu, Ag, and Au atoms.
The MO06-L functional has been tested and found to be accurate
and affordable from the Minnesota functional series for the
energetic properties of systems containing transition metals
and even in more sophisticated cases such as metal oxide
systems.””**~*” Recent studies of chemical reactions regarding
zeolite systems has demonstrated that this well calibrated series
of functionals grovides results in good agreement with experi-
mental values.* ' Moreover, a theoretical study of the chemical
reaction on transition metal oxide-exchanged zeolite shows that
the MOG6-L functional provides acceptable results for both
structure and adsorption energies when compared to the MP2*
method. To avoid too many degrees of freedom during the
optimization, only the metal atoms and the 4T region with the
three oxygen atoms adjacent to the metal atoms (—SizO3Al—)
were allowed to relax while the rest were kept fixed at their
crystallographic positions. Transition states were located by the
Berny algorithm>>** and confirmed by normal-mode analyses
that provide only one imaginary frequency corresponding to the
designated reaction coordination. Total spin was kept to be singlet
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Figure 2. Structures of the Cu-, Ag-, and Au-FAU catalysts obtained from M06-L/6-31G(d,p) optimizations.

Table 1. Partial Electronic Charges of the Metal Atom and
the Probe Molecules

NPA-charges/e

step Cu-FAU Ag-FAU Au-FAU
catalysts metal 0.682 0.759 0.699
Ads C 0.308 0.259 0.327
(¢} —0.584 —0.547 —0.557

HCHO 0.052 0.044 0.141

metal 0.656 0.707 0.521

CoAds C 0.217 0.266 0.284
(¢} —0.617 —0.589 —0.593

CoAds —0.004 0.066 0.161

metal 0.741 0.666 0.506

TS C —0.047 —0.040 —0.070
(¢} —0.831 —0.786 —0.759

TS 0.073 0.077 0.268

metal 0.632 0.679 0411

during the reaction pathway for all systems. Interaction between
probe molecules and catalysts are reported as relative energies that
relative to energies of isolated reactants which can be calculated by
the equation! E= Ecornplex - (Ereactantl + EreactantZ + ) The Charge
distributions and population analyses of the complexes were also
determined at the M06-L/6-31G(d,p) level of theory by the natural
atomic orbital (NAO) and natural bond orbital analysis (NBO)
methods.>>* The framework was then extended to 120T, covering
a supercage structure of FAU, to perform the single point calcula-
tion with the same level of theory as the one used for evaluating the
effect of the zeolite framework. Zero-point energies were also
corrected for the quantum cluster of the 16T model of the zeolite
system (Table S3, Supporting Information). All quantum chemical
calculations were carried out with the Gaussian 03*” code, modified
to incorporate the Minnesota Density Functionals module 3.1 by
Zhao and Truhlar.

3. RESULTS AND DISCUSSION

3.1. Metal-Exchanged Faujasite Zeolite. The optimized
structures of the Cu-FAU, Ag-FAU, and Au-FAU models used in

this study are illustrated in Figure 2. Partial charges and the
electronic configuration of the systems are documented in
Table 1 and Table S2 (Supporting Information), respectively.
The calculated charges were found to be +0.682¢, +0.759¢, and
+0.699e for the Cu, Ag, and Au atoms, respectively. This shows
the compensation between the metal charges and the surround-
ing oxygen atoms in the 6-membered ring. The complexation
energies between the metal cations and the zeolite were found to
be —179.2, —147.9, and —154.2 kcal/mol for Cu-, Ag-, and Au-
FAU, respectively. It is worth noting that the complexation
energies with the amount of charge transfer between M" and
the zeolite framework was revealed by the charge reduction of the
exchanged cations (Cu” > Au" > Ag").

The structures and mechanisms of the encapsulated formal-
dehyde metal-FAU carbonyl-ene reaction are now investigated.
The symbol M@S signifies that the molecule M is adsorbed on
the active site S. The proposed reaction mechanism is similar to
those of our previous calculations for Na-FAU catalyst as well as
for MOF-11. The reaction is assumed to proceed on a concerted
mechanism in which both reactants are involved in the rate
limiting step. All optimized geometries are given in the Support-
ing Information, Table S1.

3.2. Encapsulated Formaldehyde in Metal-FAU. To keep
formaldehyde in its monomer state and to keep it activated, the
reaction begins with the encapsulation of formaldehyde on the
metal-FAU catalysts like in the previous studies.'*'* The oxygen
atom of formaldehyde interacts with the Lewis acid metal site of
the catalyst. The C—O distance is elongated from 1.20 to 1.23 4,
which is the same as in the alkaline exchange and the MOF-11
studies. The adsorption energies are found to be —16.9, —18.0,
and —20.0 kcal/mol for Cu-, Ag-, and Au-FAU, respectively.
From the NBO calculations we find highly ionic bonding
characteristics between the Au and the O atom of the formalde-
hyde molecule, formed by the 6s orbital (8.45%) of the Au atom
and the 2p orbital (91.55%) of the O atom (Figure 3). The
interaction between the O and the Cu or Ag contains a
contribution from the lone pair electron of the O atom to the
metal (Figure 4). An electron back-donation from the metal to
formaldehyde could not be observed at any significant level. The
total occupancy of the Cu and Ag atoms were nearly unchanged
whereas the Au atom received more electrons at the 6s orbital
after the formaldehyde was encapsulated. This might be due to

12488 dx.doi.org/10.1021/jp205985v |J. Phys. Chem. A 2011, 115, 12486-12492
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Figure 3. Illustration of the Au—O bonding character with contributions from (mostly) the 6s orbital of Au and the 2p orbital of the O atom. From the

NBO calculations with the M06-L/6-31G(d,p) method.

Figure 4. Illustration of the interaction between the 2p orbital of formaldehyde and the 4s orbital of Cu (left) /the Ss orbital of the Ag (right), analyzed
from the NBO calculation with the M06-L/6-31G(d,p) method. The isosurface value is +0.03 au.

the relativistic effect of a heavy metal atom like Au. Moreover,
this may be the origin of the shorter length of the Au—O bond
(2.26 A) compared with the Ag—O bond (2.36 A). The short
Cu—O0 bond (2.07 A) might originate from the smallest cation
size of Cu when compared to that of others. The charge of the
formaldehyde carbon atom was found to be +0.308e, +0.259%,
and +0.327e in the Cu-, Ag-, and Au-FAU system, respectively.
This indicates that Au-FAU causes the formaldehyde molecule to
become an active electrophile, as a result the carbon of the
HCHO@Au-FAU system favors the nucleophilic attack of an-
other molecule.

An attempt has been made for predicting the carbonyl (CO)
stretch vibrational frequencies of formaldehyde and its com-
plexes with different Cu-, Ag-, and Au-FAU zeolites. Without
scaling factors, our calculated CO vibrational frequencies of
metal(I)/FAU complexes are predicted to be 1723, 1784, and
1747 cm ™ for Cu-FAU, Ag-FAU, and Au-FAU, respectively. For
all the studied complexes, the carbonyl (CO) stretch vibration is

red-shifted by 85—146 cm ™" with respect to the CO vibrational
frequency (1869 cm™ ') in formaldehyde (cf. Table S4, Support-
ing Information). These values are higher than those calculated
and experimental values for Cu and Ag embedded in other
related tg'pes of zeolite, i.e., Cu and Ag-ZSM-S reported by Datka
et al.>*>° However, our calculated C—O distances are longer for
Cu- and Ag-FAU cases. This reflects one of the reasons the
frequencies of our FAU zeolite are over shifted when compared
to those values obtained from ZSM-S5.

Metal cations without the zeolite structure (bare-metal
cations) were investigated for comparison. The metal cations
bind to the formaldehyde molecule with adsorption energies of
—48.8, —32.2, and —38.8 kcal/mol for Cu”, Ag’, and Au’,
respectively. These energies correspond to the distance between
the metal and the oxygen atom of the formaldehyde molecule,
where Cu—O < Au—0O < Ag—O (1.88,2.20, and 2.23 A). When
the cations are adsorbed on the zeolite framework, the adsorp-
tion energies do not follow this trend due to the compensation

12489 dx.doi.org/10.1021/jp205985v |J. Phys. Chem. A 2011, 115, 12486-12492
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Figure S. Zero-point corrected energy profiles of the reaction cal-
culated by the 16T M06-L/6-31G(d,p) level of theory (all energies
in kcal/mol).

charge transfer between the metals and the zeolite that we
mentioned above. However, a large charge transfer character
between formaldehyde and metal exchanged zeolite is still
exhibited for the Au-FAU; it provides the highest adsorption
energy. This indicated a good encapsulation capability of the
formaldehyde even in a charge transferable solid support.

3.3. Carbonyl-ene Reaction between Encapsulated Form-
aldehyde in Metal-FAU and Propene. After the formalde-
hyde encapsulation, the reaction is followed by the coadsorption
of propene to the encapsulated complex and then by a concerted
transition state. The energetic reaction profile is summarized in
Figure S. In the coadsorption step, the propene bound to the
encapsulated formaldehyde with the coadsorption energy in-
creases by ~10 kcal/mol compared to the formaldehyde adsorp-
tion energies in all cases. The charge of the formaldehyde carbon
atom is +0.217¢, +0.266e, and +0.284e for the Cu-, Ag-, and Au-
FAU, respectively. This again indicates that the formaldehyde
carbon atom of the Au-FAU is ready to be attacked by the
nucleophilic group. Propene and the encapsulated formaldehyde
form a concerted transition structure in which new C—Cl1 and
O—H bonds are formed simultaneously and the C3—H bond
breaks (Table S1).

The C—O bond of formaldehyde is elongated from 1.23 A to
about 1.35 A for the Cu and Ag systems whereas the one of the
Au system is longer, 1.38 A. This is compatible with the lowest
activation energy for the reaction in Au-FAU, 15.3 kcal/mol,
compared to 19.0 and 18.5 kcal/mol of that in Cu- and Ag-FAU,
respectively. These results correlate well with the study of the
same reaction with several Lewis acid catalysts by Yang et al.*’
They found that an electron withdrawing group at the formalde-
hyde C atom (providing a higher positive charge of the C atom)
leads to a lower activation barrier for the reaction. In our case, the
formaldehyde C atom is strongly induced to be highly positive by
the metal cations. Moreover, these authors also showed that a
more positive charge of the secondary C atom of propene, at the
transition state, corresponds to a lower activation barrier. From
our calculations, the charges of the propene secondary C atom at
the transition state were +0.077¢, +0.052¢, and +0.157e for the
Cu-, Ag-, and Au-FAU systems, respectively. The NBO analysis
illustrates that the occupancy of the Au atom is almost unchanged
when the propene is coadsorbed. Interestingly, the 6s orbital
of the Au atom gains a significant occupation, from 0.45e to
0.59¢, whereas the occupancies of Cu and Ag atoms remain
almost unchanged when the reaction crosses the transition state.

Table 2. Relative Energies with Respect to the Reactants of
the Systems and Desorption Energies (E4.,) and Activation
Energies (E,) Calculated with 16T/M06-L/6-31G(d,p),
120T/M06-L/6-31G(d,p)//16T/M06-L/6-31G(d,p), and
Bare-Metal Systems//16T/M06-L/ 6-31G(d,p) without Zero-
Point Energy Corrections

relative energies (kcal/mol)

Cu-FAU Ag-FAU Au-FAU

16T 120T bare 16T 120T bare 16T 120T Dbare

Ads  —16.5 —20.0 —450 —19.0 —21.1 —30.0 —21.6 —24.5 —37.7
CoAds —27.3 —327 —582 —30.6 —342 —41.7 —33.9 —38.1 —52.6
TS —84 —154 —493 —12.5 —17.0 —29.5 —189 —25.1 —46.6
PDT —39.7 —483 —72.1 —41.0 —462 —560 —48.8 —55.1 —652
Eaes 247 333 571 260 312 410 338 401 502
E, 189 174 88 180 172 122 150 130 6.1

Figure 6. Evolution of the charge of the probe molecules (formaldehyde
and propene) along the reaction coordinate.

Consequently, the relativistic effect, which can be inferred from
the 6s orbital of the Au atom, might play an important role in the
high activity of the Au system. The Au-FAU might have a
problem with a high desorption energy (Table 2) when the full
catalytic cycle is considered. However, we suggest that the
catalyst that is active for this kind of reaction should have a
character of high charge transfer to stabilize and activate the
formaldehyde monomer.

We furthermore analyze the charges of the probe molecules
bound to the metal-FAU systems (Table 1). The results show that
the Au atom induces the highest charge of the probe molecules, in
all cases and especially for the transition state, where the charge is
+0.268e. With the Cu and Ag cations, the metals cannot induce
charges of more than +0.100e in an elementary step. The charge
evolution during the reaction pathway is shown in Figures 6 and 7.

3.4. Zeolite Framework Effect. In studies of zeolite systems,
the framework effect, which contributes the confining van der
Waals interactions, is found to be one of the important keys for
understanding the adsorption phenomena and the catalytic
activity. The extended 120T of the supercage structure of the
faujasite zeolite was used for single point calculations to study the
effects of the framework. The relative energies of the systems
involved in the reaction are summarized in Table 2. We find that
all systems are stabilized by the zeolite framework. Interestingly,
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Figure 7. Evolution of the charge of the metal atoms along the reaction
coordinate.

the Au-FAU framework structure reduces the activation barrier
to only 13.0 kcal/mol and those of the Cu- and Ag-FAU systems
remain around 17 kcal/mol (Table 2). This is consistent with a
large induced charge flow from the Au atom and with the
observation that the zeolite framework is more effective when
the reaction proceeds via the ion pair intermediate.***' ~®° From
these results, one can state that the Au cation should work well
for reactions promoted by Lewis acids in zeolite frameworks.

We also investigated systems without a zeolite framework. To
avoid the effect of structural differences, single point calculations
were performed on the optimized structures, but only with the
metals and probe fragments (Table 2). The adsorption energies
of the formaldehyde on the bare cations (—45.0, —30.0, and
—37.7 kcal/mol for Cu, Ag, and Au) were found to be close to the
optimized ones (—48.8, —32.2, and —38.8 kcal/mol). In com-
parison with our previous calculation on the bare-Cu” with the
B3LYP functional,'® we found that the single point calculations
for the energetic profile of the Cu" ion were almost the same as
the optimized one with B3LYP, especially the relative energy of
the transition state (~—49 vs —50 kcal/mol). This indicates that
the structural difference does not affect the energetic properties
as much as the effect of the charge compensation mentioned
above. The activation energies of the extreme cases of metal
cation systems were calculated to be 8.8, 12.2, and 6.1 kcal/mol
for the Cu®, Ag", and Au’, respectively. Therefore, it can be
concluded that the Au" ion shows a high activity for this reaction
even after charge distribution between the cation and the zeolite
occurred.

3.5. Comparison with the Na-FAU and MOF-11 Systems.
From our previous study of the Na-exchanged FAU zeolite, we
found that this alkaline exchanged zeolite can reduce the activa-
tion barrier from ~34 kcal/mol for the uncatalyzed process to
~25 kcal/mol. In comparison, the adsorption and coadsorption
energies of the Na-FAU system were close to the results obtained
for the transition metal exchanged systems. However, the transi-
tion metals provided higher activities by lowering the energy of
the transition state, especially for the Au-FAU system. In contrast
to the transition metals, the charge of Na was almost unchanged
(~+0.9¢) during the whole reaction pathway whereas the charge
transfers between the metals and probes are known to play
an important role in the activity of transition metal exchanged
zeolites.

The Cu site of the MOF-11 has also been used to catalyze this
reaction. However, the activation energy was ~24 kcal/mol

whereas that of the bare Cu’ ion was only 6.4 kcal/mol. This
indicates that the MOF-11 structure cannot retain the high
activity of the Cu” ion. In this work, the zeolite structure was
found to be the more appropriate structure for loaded metal to
catalyze this kind of reaction.

4. CONCLUSION

The carbonyl-ene reaction over Cu-, Ag-, and Au-exchanged
FAU zeolites was investigated in quantum mechanical calcula-
tions with an efficient functional, MO6-L. The Au" ion exhibits a
high performance in the formaldehyde encapsulation process
and shows a high catalytic activity. By analyzing the electronic
configuration, we demonstrated that the 6s orbital of the Au atom
plays an important role in this interestingly high activity: It
accepts an electron and induces a large charge in the probe
molecules. This inductive effect is enhanced by the framework of
zeolite. Although the activity of the Cu- and Ag-FAU was not as
high as that of the Au-FAU, the zeolite structures are suitable for
use as a catalyst for this type of reaction. Moreover, these
transition metals provide a higher activity than that of the
alkaline-exchanged zeolites, which showed no significant charge
transfer. In summary: the cation, which can maintain a charge
transfer even in the presence of a charge compensating support
is the most appropriate one for this reaction. From our results,
we suggest that the Au-exchanged zeolites could be a poten-
tial catalyst for this type of reactions. However, the problem of
high desorption energy should be improved for industrial
applications.
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Abstract. In this work, we are reporting for the first time the synthesis of hierarchical micro- and mesoporous
zeolite by using silica-carbon (SiO,/C) composites prepared by pyrolysis of carbonaceous gases in the
presence of silica gel. The pyrolysis effectively yielded carbon deposited onto the raw silica material. The
obtained SiO»/C composites were utilized as a bifunctional material, mesoporous template and silica source,
for the zeolite synthesis. Tetrapropylammonium hydroxide (TPAOH) was used as a microporous template.
The combination of the obtained composites and the TPAOH for the hydrothermal synthesis resulted in the
formation of hierarchical micro- and mesoporous ZSM-5. The results from the SEM, TEM, and N,
adsorption/desorption isotherms, and *’Al MAS NMR chracterizations of the synthesized samples obtained
after the removal of the templates confirmed the successful formation of the micro- and mesoporous zeolites.
The mesoporosity of the zeolites could be controlled by adjusting the carbon content in the SiO/C
composites while the carbon content could be controlled by varying the deposition time and the
concentration of the carbonaceous gases used. This controllable and efficient synthesis method is considered

to be a promising method for creating hierarchical micro- and mesoporous zeolites.

Keywords: Micro/mesoporous zeolite, ZSM-5, pyrolysis of carbonaceous gases, solid templating
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INTRODUCTION

Zeolites have been widely used in the petrochemistry industry in a large number of applications such as
cracking (Kung et al., 2000), isomerization (HouZvicka et al., 1996; Trombetta et al., 1998) and hydrocarbon
alkylation (Marcilly, 2000; Tanabe and Holderich, 1999) due to their shape-selectivity, high thermal stability
and suitable acidic properties (Beyerlein et al., 1988; Van Santen and Kramer, 1995). With reference to
microporous zeolites (owing to their pore size being less than 2 nm, by IUPAC definition (Sing et al., 1985) or
conventional zeolites, the active sites are located inside framework channels which play an important role for
the shape-selective catalytic reaction. Based on such selectivity, the transformation of large reactant molecules
or reactant molecules that yield large transition states and/or products could not succeed inside the micropores
of conventional zeolites. Furthermore, the conventional zeolite catalysts also impose mass transfer limitations
due to their micropore system. To overcome this problem, the combination of microporous and mesoporous
characteristics within the structure of zeolites could be an alternative way to improve, not only, the viability to
catalyze the reactions involving bulky reactants but also the viability to catalyze the reactions that involve the
bulky transition states and/or products.

Hierarchical zeolites with networks of various pore sizes, i.e., micropore (< 2 nm), mesopore (2-50 nm)
and macropore (> 50 nm), have attracted much attention as a result of their highly attractive properties,
including superior mass/heat transfer characteristics (Ocampo et al., 2009; Zheng et al., 2009), enhanced
resistance of the deactivation of the catalyst (Zhu et al., 2008), and lower restriction of the diffusion of
molecules in the mesopores, which is mentioned above. Generally, the hierarchical dual micro- and mesoporous
zeolites can be prepared by two approaches, non-templated (Groen et al., 2006; Pérez-Ramirez et al., 2009; Tao
et al., 2006) and templated approaches (Egeblad et al., 2007; Jacobsen et al., 2000a; Kim et al., 2003; Perez-
Ramirez et al., 2008; Tao et al., 2006; Xiao et al., 2006). For the former one, hierarchical zeolites are obtained
by post synthesis treatments, e.g., extraction of metal atoms (demetalation) or silicon atoms (desilication)
(Groen et al., 2006; Pérez-Ramirez et al., 2009; Tao et al., 2006). Nevertheless, these methods usually have
some disadvantages, such as the required strong condition (due to the high stability of the zeolite structure) and
difficulty in controlling the pore size (Egeblad et al., 2007). For the latter approach, the methods used can be
mainly classified into three categories in terms of solid templating, supramolecular templating, and indirect
templating (Egeblad et al., 2007). For the two previous cases, the porous structure of the zeolites is formed
directly by solid or soft templates. For the case of indirect templating, the porous structure is formed indirectly

by a controlled deposition of a zeolite onto a template material (Verhoef et al., 2001). Because the high purity
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zeolite phase can be obtained by the direct templating method, various solid materials including carbon
nanomaterials (Jacobsen et al., 2000a; Janssen et al., 2003; Perez-Ramirez et al., 2008; Schmidt et al., 2001),
colloidal imprinted carbons (Kim et al., 2003), carbon aerogels (Tao et al., 2006), polymers (Wang et al., 2010;
Xiao et al., 2006; Zhu et al., 2008), resins (Tosheva et al., 2000), solid biological templates (Davis et al., 1998)
and various types of organized assemblies of surfactant templates (Mukti et al., 2009) have been used.

Compared with soft templates, it is generally known that hard templates have high confinement ability
derived from their rigid structure (Tosheva et al., 2000). In addition, they usually contain many pore channels
leading to the formation of zeolite with high porosity (Tosheva et al., 2000). Much attention has been focused on
the synthesis of hierarchical zeolite by using carbon templates because either nanosized crystals or mesoporous
zeolite single crystals with tunable porosity can be obtained simply by using porous carbon templates. The
nanosized crystals can be produced in the confined space of porous carbons with little or no encapsulation of the
carbon materials during synthesis (Tao et al., 2006) or in the voids of carbon blacks (Jacobsen et al., 2000a;
Kustova et al., 2007) and carbon aerogels (Tao et al., 2005). While mesoporous zeolites can be produced by
encapsulation of porous carbon materials during synthesis. After removal of the embedded carbon matrix,
porous zeolites can be obtained (Jacobsen et al., 2000a). Nevertheless, it is possible to obtain a combination of
nanosized and hierarchical mesoporous zeolite (Egeblad et al., 2007).

Recently, Kustova et al. (Kustova et al., 2007) prepared a hierarchical zeolite by using a silica-carbon
composite from the decomposition of a sucrose solution which impregnated onto a silica raw material.
Sequentially, the mesoporous zeolites were obtained after zeolite crystallization and combustion of the carbon
residue. This method significantly extends the scope of the solid templating approach, a simple and inexpensive
method. However, zeolites with low mesoporosity were obtained. This might be due to poorly dispersed sugar
during the impregnation. Thus, the development of such a synthetic method remains a challenge. To the best our
knowledge, the use of a silica-carbon (Si0,/C) composite prepared by a pyrolysis of the carbonaceous gas has
not previously been reported for the preparation of mesoporous zeolites. Herein, we approach this challenge and
report for the first time the synthesis of hierarchical micro- and mesoporous ZSM-5 zeolites by using the SiO,/C
composites that were prepared by pyrolysis of carbonaceous gases in the presence of silica gel under an inert
ambient. We believed that such pyrolysis could effectively improve the carbon deposition onto the silica

yielding a good formation of hierarchical micro- and mesoporous zeolites.
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EXPERIMENTAL SECTION

1. MATERIALS

For the synthesis of zeolites, the chemicals used were silica gel with a particle size of 0.063-0.200 mm and
pore volume of 1.0 cm’/g (Merck, silica gel 100), NaOH (Carlo Erba), tetrapropylammonium hydroxide
(TPAOH, 20 wt%, Fluka), NaAlO, (Riedel-de Haén), acetylene (C,H,, 99.9%, Praxair), propane (CsHg, 99.5%,
BOC Scientific) and nitrogen gas (N,, 99.999%, Praxair). All chemicals were used as received without further

purification.

2. PREPARATION OF BIFUNCTIONAL CARBONIZED SILICA (S1O,/C COMPOSITES)
The carbon/silica composites were prepared by pyrolyses of carbonaceous gas (acetylene or propane,

CHy) over silica gel. Typically, for each synthesis, 5 g of silica gel was introduced into the middle zone of a
fixed-bed tubular reactor. Nitrogen gas (N,) was then introduced into the reactor with a flow rate of 180 or 190
ml/min depending on the desired concentration of the reactant gas. Nitrogen gas easily displaced air and
therefore it formed an inert atmosphere in the chamber. The reactor temperature was gradually increased to 1123
K under the nitrogen flow. After that, the reactant gas (C,Hy) was introduced into the reactor. The gas mixture
concentration was 5 or 10 v/v% of C,H, in N, with a total flow rate of 200 ml/min. After 1 or 2 h, the C,H, flow
was stopped. The work tube was cooled down to room temperature under the nitrogen flow. The obtained
carbon/silica composites were used as bifunctional materials for the zeolite syntheses. The silica gel part of the
composites was used as a silica source of the zeolites. The carbon residue formed in the composite was used as a

template for the mesopores of the zeolites.

3. HYDROTHERMAL SYNTHESIS OF HIERARCHICAL MICRO- AND MESOPOROUS ZSM-5
NaAlO, was used as an alumina source. TPAOH was used as a structure-directing agent for the ZSM-5

micropores. The molar composition of the synthetic gel was 1 Al,O; : 181 SiO, : 36 TPA,O : 15 Na,O : 1029
H,0. Typically, for a synthesis, the aluminate solution was prepared by mixing 0.016 g of NaAlO, and 0.11 g of
NaOH in 1.7 mL of deionized (DI) water. Then, the aluminate solution was then added into 6.77 g of 20 wt% of
TPAOH in water under stirring. The mixture was stirred continuously until a clear solution was obtained. The
prepared SiO,/C composite (1 g of SiO,) was sequentially added into the solution. The obtained mixture was
then transferred into a Teflon-lined stainless-steel autoclave and then crystallized at 453K for 3 days. The
resulting material was collected by filtration (using Whatman, No. 42 filter paper) and then washed with DI
water until the pH of the filtrate was about 8. The obtained product was then dried at 383 K for 10 h. Finally, the

organic template and the carbon particles were removed by calcination in air at 823 K for 20 h.
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4. CHARACTERIZATIONS

Several different carbon contents in the SiO,/C composite materials achieved by varying the concentration
of the gas mixture and the pyrolysis time were investigated by a thermal gravimetric analysis (TGA). The
textural properties of the composites were determined by using a N, adsorption/desorption isotherms analysis
performed at 77 K on a Micromeritics ASAP 2010 instrument. For this characterization, the samples were
degassed at 623 K in a vacuum for 20 hours before measurements were taken. The specific surface areas (Sggr)
of the samples were calculated by the Brunauer-Emmett-Teller (BET) method. The total pore volume (V) was
estimated by measuring the amount of adsorbed nitrogen at 0.97 P/P,. The #-plot method was used to calculate
the micropore volume (Vo). The volume of mesopore and macropore (Vesormacro) Was calculated from the
difference between the V,, and V., (Lippens and de Boer, 1965). The size distribution of the mesopores was
obtained by applying a Barret-Jovner-Halenda (BJH) model (Barrett et al., 1951).

The MFI structure of the synthesized zeolites was confirmed by an X-Ray Diffraction (XRD) measurement
performed on a Rigaku TTRAX III, 18kW diffractometer using Cu Ko radiation. The measurement was
operated at an accelerating voltage of 30 kV and a current of 40 mA. The diffraction patterns were collected at
260 angles ranging from 5° to 50° with a scan speed of 1.2 deg/min and a step size of 0.02 deg. The morphology
of the samples was investigated by scanning electron microscopy (SEM, JEOL- JSM 6301F). The pores of the
samples were observed by transmission electron microscopy (TEM, JEOL JEM-2010). The nature of the Al
species in the zeolite framework was characterized by a >’ Al magic-angle spinning (MAS) NMR spectroscopy
(*’ Al MAS NMR) was recorded at 78.20 MHz, using a Bruker Biospin (DPX-300, 300 MHz) spectrometer with

a2 ps pulse, 4 s delay time and 800 scans.

RESULTS AND DISCUSSION

1. S10,/C COMPOSITES
The carbon content in the composites, “carbon (wt%)”, synthesized by using various experimental

conditions measured by TGA analysis, is shown in Table 1. The amount of carbon deposited was found to
correspond well with the deposition time and the concentration of hydrocarbon gas (acetylene and propane)
used. Increasing the deposition time and the concentration of hydrocarbon gas resulted in increasing the carbon
content. Therefore, it can be suggested that the amount of deposited carbon can be varied by simply varying the
deposition time and concentration of carbonaceous gases. Furthermore, it was found that acetylene yielded a
higher amount of carbon deposit than propane in the same experimental conditions. In the case of propane, in

order to obtain the same carbon content as in the case of acetylene, a longer deposition time is required. For
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example, in order to obtain about 10 wt% of carbon content, at the 5 v/v% of C,Hy, the deposition time required
for acetylene and propane were 60 and 120 min, respectively. Although propane has a higher molar ratio of
carbon atoms than acetylene, its thermal stability during the pyrolysis process is higher than that of acetylene
(AGy¢® of propane and acetylene are 45.72 and 40.62 kcal/mol at 1000 K, respectively (Alberty and Burmenko,
1986; Chao et al., 1973)), this results in less reactive and less carbon deposit when propane is utilized. The
nature of carbon deposit on silica gel was investigated by XRD characterization (data is not shown). The
crystalline peak was not found in the XRD pattern, indicating that such carbon deposit is amorphous carbon.

The textural properties, including the specific surface area calculated by the BET method (Sggr), the total
pore volume (V), the mesopore volume (V,e,), and the mesopore diameter (Dgjyy) of the raw silica gel and the
prepared SiO,/C composites obtained by using the N, adsorption/desorption method are shown in Table 1. By
using the r-plot method, the micropore volume (V ;..,) Was calculated to be nearly zero in all cases. The mean
pore size obtained from the maximum BJH pore size distribution (Dgyy) of the starting silica gel was found to be
ca. 11 nm. Its N, adsorption/desorption isotherms were of type IV (see Figure S1). Since parts of porosity could
be obtained as the free space occurred as a result of carbon combustion during the calcination step. Thus, in
order to clarify that the use of SiO,/C composite significantly yielded mesoporosity rather than microporosity,
the ratios of mesopore volume to micropore volume, V esormacro/ Vmicro » Were calculated for all zeolite samples
and reported in Table 2. The significant increase of V esosmacro/ Vmicro Tatios resulted from increasing the carbon
content in the Si0,/C composites, thus verifying that using SiO,/C composite significantly yielded the mesopore
formation rather than the micropore formation.

Due to the decrease of V., and the appearance of the black color of the composites, it can be suggested
that carbon was not only deposited inside the mesopores of the silica gel but also onto the outer surface of the
silica gel. From the textural properties characterized by N, adsorption/desorption analysis, in the cases of
acetylene, it was found that increasing the deposition time and the concentration of the reactant gas decreased
the Vo of the silica gel. This result was in contrast to that of the propane cases where increasing the
concentration of the reactant gas did not result significantly in the decreasing of the V., of the silica gel (see
5% C3;Hg-120 min-SiO,/C and 10% C3;Hg-120 min-SiO,/C samples). The results indicated that carbon mainly
deposited on the outer surface of silica gel in the case of propane (compared to that of acetylene). The values of

Dgjy were found to corresponding quite well with the V., values.
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2. HIERARCHICAL MICRO- AND MESOPOROUS ZSM-5 PREPARED FROM S10,/C COMPOSITES

2.1. POWDER X-RAY DIFFRACTION ( XRD)
The XRD pattern of the raw silica gel, a reference zeolite sample (commercial ZSM-5, ALSI-PENTA

Zeolithe GmbH (APZ)), and the synthesized samples are shown in Figure 1. The pattern of the silica gel
indicates the amorphous structure. The XRD patterns of the synthesized samples are comparable to that of the
reference ZSM-5 confirming the characteristic of the MFI structure. In addition, it was observed that the
diffraction peaks of the samples were sharp and contained a very low background signal. This indicated that the

samples were synthesized with high crystallinity and purity.

2.2. SCANNING ELECTRON MICROSCOPY (SEM) AND TRANSMISSION ELECTRON MICROSCOPY (TEM)
The SEM and TEM images showing the morphology and the porosity of the selected zeolite samples (0%

carbon-ZSM-5, 5% C,H,-60 min-ZSM-5, 5% C,H,-120 min-ZSM-5, and 10% C,H,-120 min-ZSM-5 samples)
compared to those of the commercial ZSM-5 are shown in Figure 2 (see Figure S2 for 5% C;Hg-120 min-ZSM-
5, 10% C;Hg-120 min-ZSM-5 samples). The commercial ZSM-5 had large crystal sizes of over than 4 pm (see
Figure 2a). The SEM image of the sample 1 shows the formation of small well-faceted cubic zeolite crystals
with the size widely distributed in the range of 150-400 nm (see Figure 2b). Because, under the synthesis
conditions, the concentration of the structure-directing agent or TPAOH was high, it can thus be suggested that a
large amount of nuclei could be formed leading to the formation of small crystals. The sample prepared by using
of the SiO,/C composite with low carbon content of about 10 wt% comprised nearly cubic crystals with the size
of about 200-500 nm (see Figure 2c¢). In the case of the synthesized micro- and mesoporous ZSM-5 obtained by
using the SiO,/C composites with high carbon content, e.g., 5% C,H,-120 min-SiO,/C and 10% C,H,-120 min-
Si0,/C which contain 18 and 29 %w/w, respectively, the ZSM-5 nanocrystal aggregates were formed with the
size widely distributed in the range of about 500-900 nm (see Figures 2d and 2e). The size of each nanocrystal
was less than 50 nm. As we found during the TEM measurement that this aggregate structure could be preserved
during a sonication, thus, these aggregates were considered as fully bound-nanocrystal aggregates. It should be
noted that the presence of high carbon content lead to a relatively high nucleation rate compared to the growth
rate, as a result, the formation of small zeolite crystals was preferable compared to that of large crystals
(Jacobsen et al., 2000b).

The bright area in the TEM image of the zeolites is indicative of the porosity (Janssen et al., 2001; Zhu et
al., 2008). The TEM images of the samples synthesized by using of the SiO,/C composites show more bright
spots compared to those of the sample synthesized without using SiO,/C composite and the commercial ZSM-5

implying the presence of the mesopores. In addition, it was observed that the amount of the bright spots in the
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TEM images of the samples corresponded well with the amount of carbon content. This result implies that

increasing the carbon content in the SiO,/C composites resulted in increasing the mesopores in the samples.

2.3. SURFACE AREA AND POROSITY CHARACTERISTICS
The N, adsorption/desorption isotherms and the distribution of the pore sizes with respect to the mesopore

calculated by the BJH method (derived from adsorption branch isotherms) of the synthesized samples and the
commercial ZSM-5 are shown in Figures 3a and 3b, respectively. From the N, adsorption/desorption isotherms
of samples, the adsorption at low relative pressure corresponding to the micropore filling (Schneider, 1995) was
observed for all samples. A significant adsorption/desorption at high relative pressure (P/P;>0.9) of 0% carbon-
ZSM-5 sample indicates the presence of interparticle voids (Figure 3a). Because the crystal size of this sample
was small, the amount of interparticle voids or macropore volume was high. The isotherms of 5% C,H,-60 min-
ZSM-5, 5% C,H,-120 min-ZSM-5, 10% C,H,-120 min-ZSM-5, 5% C;Hg-120 min-ZSM-5, and 10% C;Hg-120
min-ZSM-5 samples significantly differ from those of 0% carbon-ZSM-5 sample and commercial ZSM-5. The
presence of the hysteresis loop at 0.4<P/P(<0.9 in the isotherms of 5% C,H,-60 min-ZSM-5, 5% C,H,-120 min-
ZSM-5, 10% C,H,-120 min-ZSM-5, 5% C;3;Hg-120 min-ZSM-5, and 10% C;Hg-120 min-ZSM-5 samples caused
by a capillary condensation in the mesopore void space (Gregg and Sing, 1982), clearly demonstrates the
formation of the mesopores in the samples whereas the N, isotherms of the commercial ZSM-5 exhibited the
type I isotherms belonging to pure microporous material. The interpreted distributions in the pore sizes with
respect to the mesopores of the samples show a significant increase of the mesopores in the 5% C,H,-60 min-
ZSM-5, 5% C,H,-120 min-ZSM-5, 10% C,H,-120 min-ZSM-5, 5% C;Hg-120 min-ZSM-5, and 10% C;Hg-120
min-ZSM-5 samples compared to the 0% carbon-ZSM-5 sample and the commercial ZSM-5. The size of the
mesopores of 5% C,H,-60 min-ZSM-5, 5% C,H,-120 min-ZSM-5, 10% C,H,-120 min-ZSM-5, 5% C;Hg-120
min-ZSM-5, and 10% C;Hg-120 min-ZSM-5 samples was distributed depending on the carbon content.
Increasing the carbon content in the samples increases the amount of the mesopores and spreads the size
distribution of the mesopores.

Table 2 shows the surface area and porosity of the prepared samples. By introducing the carbon content
into the silica, the surface areas of the micropores of sample 1 and the commercial ZSM-5 were slightly higher
than that of the other samples (ca. 15%) while their external surface areas were significantly lower than that of
5% C,H,-60 min-ZSM-5, 5% C,H,-120 min-ZSM-5, 10% C,H,-120 min-ZSM-5, 5% C;Hg-120 min-ZSM-5,
and 10% C;Hg-120 min-ZSM-5 samples, especially for the commercial ZSM-5. The calculated pore volumes of

the samples are related to the measured surface area. Increasing the carbon content in the SiO,/C composites
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resulted in a significant increase of the total pore volume which was reflected by the increase of the mesopore
volume. As mentioned above, the micropores were formed by the presence of the TPAOH template, thus, the
micropore volume of the samples that were prepared by using SiO,/C composites only slightly decreased from
that of sample 1. The results confirm the success of introducing the mesopores into the ZSM-5 zeolite yielding
hierarchical micro- and mesoporous ZSM-5 by the presence of the carbon deposit in the silica source prepared

by pyrolysis of hydrocarbon gas such as acetylene and propane.

2.4.”ALMAS NMR
A typical *’Al MAS solid state NMR spectrum of the zeolite samples prepared in this work showing the

environment around the aluminum atoms in the framework of the synthesized ZSM-5 is depicted in Figure 4.
The spectrum contains a strong peak at the chemical shift of about 55 ppm corresponding to the tetrahedrally
coordinated aluminum in the framework. A peak at the chemical shift at O ppm, which corresponds to the extra
framework octahedrally coordinated aluminum, was not observed in synthesized samples. This result indicates
that all aluminum atoms of the synthesized zeolites were incorporated into the zeolite framework during the
synthesis.

Conclusively, by using silica-carbon (SiO,/C) composites prepared by pyrolysis of carbonaceous gases in
the presence of silica gel, it is possible to tailor hierarchical micro- and mesoporous zeolite with significant
mesoporosity and acceptable mesopore size distribution compared to that obtained by using other carbon
materials, e.g. carbon black (Jacobsen et al., 2000a), carbon nanotube (Schmidt et al., 2001), carbon nanofiber
(Janssen et al., 2003) in which high amount of carbon precursors is generally required and that obtained by
using sucrose mesopore-directing agent (Kustova et al., 2007) in which sugar solution is difficult to be dispersed
into the pores of silica gel during the impregnation, thus, leading the formation of low mesoporosity zeolite.
Hence, these developed synthesis method could potentially extend the scope of the solid carbon templating
approach and mesopore-directing agent approach. In addition, this method could be scaled up due to the ease of

C/SiO, composite preparation.

CONCLUSION

In summary, the hierarchical micro- and mesoporous ZSM-5 zeolites were successfully synthesized by
using the SiO,/C composites that were prepared by pyrolysis of hydrocarbon gas in the presence of silica gel.
The SiO,/C composite acted as a bifunctional material, a mesoporous template and a silica source, for the zeolite
synthesis. The results from the SEM, TEM, N, adsorption/desorption isotherms, and *’Al1 MAS NMR

chracterizations revealed the successful synthesis of hierarchical micro- and mesoporous ZSM-5 by using the
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composites. It was found that the mesoporosity of the zeolites could be controlled by adjusting the carbon
content of the SiO,/C composites. Increasing the carbon content in the composites resulted in significantly
increasing the total pore volume, which was reflected in the increase of the mesopore volume whereas the
micropore volume of the samples was not significantly altered. Because this controllable and efficient synthetic
method is expected to be generalized for other types of zeolites, it is considered to be a promising method for
creating hierarchical micro- and mesoporous zeolites that could overcome mass transport limitation of the

catalytic process, especially in the reaction including the bulky molecule.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Figure 4.

XRD patterns of (a) raw silica gel, (b) the reference zeolite sample (ZSM-5, ALSI-PENTA Zeolithe
GmbH (APZ)), (c) 0% carbon-ZSM-5, (d) 5% C,H,-60 min-ZSM-5, (e) 5% C,H,-120 min-ZSM-5,
(f) 10% C,H,-120 min-ZSM-5, (g) 5% C;Hg-120 min-ZSM-5, and (h) 10% C;Hg-120 min-ZSM-5
SEM and TEM images of (a) a commercial ZSM-5 (ALSI-PENTA Zeolithe GmbH (APZ)), (b) 0%
carbon-ZSM-5, (c¢) 5% C,H,-60 min-ZSM-5, (d) 5% C,H,-120 min-ZSM-5, (e) 10%C,H,-120 min-
ZSM-5

(a) N, adsorption/desorption isotherms of the synthesized zeolite samples and the commercial ZSM-5
(b) Size distribution of their mesopores calculated from the adsorption branch of the isotherm
Typical *’Al MAS NMR spectrum of the synthesized ZSM-5 sample. This spectrum is taken from

10% C,H,-120 min-ZSM-5 sample.
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Figure 2.
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Table 1. Carbon content and textural properties of the raw silica gel and the SiO,/C

composites prepared by using various experimental conditions.

Sample Carbon Deposition ~ Carbon  Sggr” Vimeso” Dgiu’
precursor time (Wt%) (mZ/g) (cmS/g) (nm)
(min)
Si10, - - - 366 1.00 11
5% C,H,-60 min-S10,/C 5 viv% CoH, 60 10 323 0.78 9
5% C,H,-120 min-S10,/C 5 viv% C.H, 120 18 361 0.67 8
10% CoH,-120 min-Si0»/C 10 v/v% C,H, 120 29 312 051 7
5% C3Hg-120 min-S10,/C 5 viv% CsHg 120 11 276 0.83 11
10% C;Hg-120 min-S10,/C 10 v/v% CsHg 120 22 294 0.85 11

*Sger: Specific surface area calculated by the BET method in the P/Pyrange of 0.05-0.35
OV esor! Mesopore volume calculated by V-V picro- The total pore volume, V,,, was calculated at P/P, of 0.99.

‘Dgyu: Mesopore diameter calculated from adsorption branch of nitrogen isotherms using BJH method.
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Table 2. Surface area and porosity of the synthesized ZSM-5 samples and the commercial

ZSM-5.
Sample SBET"  Smicro.  Sex' Viot" Viicro© ~ Vinesotmacro'  Vmesotmacro/ Vinicro
(m’/g) (m%g) (m’/g) (cm’/g) (cmYg)  (cm/g) (cm’/g)
0% carbon-ZSM-5 428 335 93 0.22 0.13 0.09¢ 0.69
5% C,H,-60 min-ZSM-5 418 281 137 0.23 0.11 0.12 1.09
5% C;Hy-120 min-ZSM-5 437 269 168 0.30 0.11 0.19 1.73
10% C,H,-120 min-ZSM-5 431 281 150 0.33 0.11 0.22 2.00
5% C;Hs-120 min-ZSM-5 415 278 137 0.24 0.11 0.13 1.18
10% C3Hg-120 min-ZSM-5 440 280 160 0.30 0.11 0.19 1.73
Commercial ZSM-5 343 321 22 0.16 0.14 0.02 0.14

Sger: From the BET method (P/P=0.001-0.03). "Spicro: from the 7-plot method. °Sey: calculated by Sgrr-Smicro’
Vot at P/Py of 0.97. °V iero: calculated by the #-plot method. 'Vpeqosmacro: calculated by Vi = Viniero.

¢the macropore volume resulted from the interparticle void space.
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The limitations of intrinsic carbon nanotube (CNT) based devices to examine toxic gases motivate us to
investigate novel sensors which can possibly overcome sensitivity problems. Pt—-CNT assemblies (with Pt
deposited externally as well as internally Pt-doped ones) interacting with NO, and NH3 are studied and
compared with unmodified CNTs. DFT calculations show that Pt can enhance adsorption and charge
transfer processes to a very large degree. Incoming gas molecules cause changes in the electronic
structure and charge distribution of the Pt-substituted CNTs that are both larger and more far-reaching

I;g \S/\;orrds: than in their unmodified counterparts. Their relatively high stability is unaffected by the complexation
NO, with NO, and NHs. CNTs with defective surface were also investigated. The sensing performance of Pt-
NH; doped CNT is found to be superior to defected CNTs.

Pt-CNT assemblies
Defected CNTs
DFT

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Chemical sensors based on nanowires of semiconducting
single-walled carbon nanotubes (SWCNTSs) that perform well have
been utilized for detecting pollutant and toxic gases like NO, and
NHs. Such nano-scale assemblies can achieve high sensitivity and
fast response times, even at ambient temperature [1]. The
fundamental sensing mechanism for these devices is the modula-
tion of the conductivity of the SWCNT as a result of the charge
transfer between it and analyzed gas. Former computational
studies indicate that both NO, and NH;3 are physisorbed on
unmodified-CNT surfaces, causing only a small charge transfer and
mildly triggered conductance responses [2-5].

Therefore, there were many attempts to elucidate why experi-
mentally strong signals are observed. Eventually, there are still
several assumptions involved. Concerning NO, and NH3, an indirect
mechanism is regularly proposed. For instance, in the case of NO,,
NOs formation by the reaction of NO, with pre-adsorbed oxygen
species or, for NH3, activation by water vapor [1,3], is assumed to be
the first step. Such complicated phenomena generally exclude the

* Corresponding author at: Laboratory for Computational & Applied Chemistry,
Chemistry Department, Faculty of Science and Center of Nanotechnology, Kasetsart
University Research and Development Institute, Kasetsart University, Bangkok
10900, Thailand. Tel.: +66 256 25555x2169; fax: +66 256 25555x2176.

E-mail address: jumras.l@ku.ac.th (J. Limtrakul).

1093-3263/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.jmgm.2009.04.005

rational design ofimproved sensors. We did not consider them when
we investigated modified CNTs with respect to their NO, and NH;
sensing capabilities as discussed below.

Amongst the many possible strategies to tailor the selectivity
and sensitivity of CNTs, the generation of new active sites on their
surface is classically the premier strategy to overcome the
drawback of the intrinsically inert CNT structure. The introduction
of structural defects on the walls of CNTs, especially ones
associated with vacancies, can be expected to enhance the
sensitivity for small molecules like NO, and NHs [6-8]. Further-
more, embedding of foreign atoms or doping makes it possible to
detect a wide range of gases by altering the dopants. B-, N- and Al-
doped SWCNTs have proven to be highly sensitive to NH3, NO,, CO,
H,0 and HCOH [9-12]. Interestingly, the so-called decoration of a
SWCNTs network with various transition metals allows the
fabrication of single-chip devices [13]. This can enlarge the
diversity of identified molecular species by combining CNTs
decorated with different metals, each for one particular gas. Recent
reports impart that the deposited metal-CNTs exhibit enhanced
sensitivity, compared to bare CNTs [14]. For example, Pt- and Au-
functionalized MWCNTs are more sensitive by an order of
magnitude for NH; and NO, detection. Not only the catalytic role
but also the engineering of transducer platforms are vital for sensor
development. Typically, the efficiency of sensory support strongly
depends on the amount of active locus on the surface which can
boost the reactivity and sensitivity. In particular, for the metal-
CNTs hybrid scaffold, the generation of small size metal clusters
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Fig. 1. (a) pristine SWCNT, (b) vacancy SWCNT, (c) Pt-doped SWCNT and (d) Pt-deposited SWCNT. Side views are shown under corresponding pictures. The yellow marks
indicate the active site studied for the SWCNTs (a-d). Atom-atom distances (A) around the active centers are also depicted.

with high content and uniform distribution is indeed realized. The
surface adsorption of metal clusters on CNT-sidewalls is a well-
known technique in sensing technology [13-16], nevertheless the
large size of the metal clusters on the CNT produced by this
technique often leads to an unfavorably small specific surface.
Recent experiments and calculations indicate that defective CNTs
are also capable of improving the Pt loading content and size
distribution [17], and also that Pt atoms prefer to adsorb on a
vacancy site, resembling conventional doping. Impurity doping
works by changing the local chemical reactivity. Pt itself is well-
known for its adsorption capabilities of small molecules [18-21].
We compare corresponding properties of pristine SWCNTs, of
SWCNT with vacancies (SWCNTya.c) and with Pt-deposited on
perfect SWCNT (SWCNT/Pt). Ammonia (NHs3) and nitrogen dioxide
(NO) have been chosen because of their importance as pollutants
and industrial toxicants and also because they are good models for
electron donors and electron acceptors, respectively.

2. Methodology

Fully optimized geometries and the properties of the systems
were derived by means of density functional calculations in the
spin-unrestricted generalized gradient approximation by using the
DMol> code [22,23] with double-numerical polarized (DNP) basis
sets. Concerning the density functional we faced certain restric-
tions with respect to CPU time and the implementation of periodic
boundary conditions. This prohibits, for example, using new
density functionals like MPWB1K [24-26]. Our calculations were
performed with the PW91 [27] density functional which, while not
including dispersion energy contributions, can efficiently be
applied to large periodic systems. It has been used on a large
number of comparable systems in good agreement with experi-
mental information. The interactions between core and valence
electrons are represented by DFT semicore pseudopotentials [28].
The real-space orbital cutoff was set to 4.0 A, the force threshold for
optimizations was 0.01eV and the Brilloiouin zone k-point
sampling was performed in a 1 x 1 x 2 Monkhorst-Pack mesh
[29]. These values of the parameters correspond to a medium-
quality calculation which delivers the highest accuracy still
computationally feasible for such large systems. Periodic-bound-
ary conditions were applied with a tetragonal unit cell of
20 x 20 x 12.78 A3. This is large enough to virtually avoid
interactions with images in neighboring cells. An (8,0)SWCNT
with 96 carbon atoms was chosen as a model of an unmodified
SWCNT. This is a semiconducting SWCNT, a feature that is

necessary for the sensor circuit. For this model, we calculated a
HOMO-LUMO energy gap of 0.63 eV which agrees well with
previous DFT studies [30,31]. From this SWCNT, the models for the
Pt-deposited, and Pt-doped, and SWCNTs with vacancy defects
were derived. They are shown and explained in Fig. 1.

We investigated different sites of the gas molecules above the
hexagonal carbon ring structure of the CNT. NO, was oriented
parallel or perpendicular to the SWCNT surface. For the latter one,
we considered three orientations with N pointing to the SWCNT,
with a single O atom or both O atoms pointing to the SWCNT.
Likewise, NH3 was placed above a carbon atom, between two
carbons and above the center of a hexagonal ring. For each case, N,
one H atom or all three H atoms were oriented towards the CNT
surface. The N-H bonds were parallel to the hexagonal carbon
framework or rotated away by 60°. Detailed graphs of the initial
and optimized structures are available as supplementary informa-
tion (S1 and S2, respectively).

The binding energies between the gas molecules and the
SWCNT were calculated according to:

Ey, = Er (support : gas) — Et (support) — Et (gas)

where Er (support:gas) is the total energy of a gas molecule
adsorbed on the active site of support and Er (support) and Et (gas)
are the total energies of the support and the gas molecule,
respectively. All Er values refer to quantum chemical energies at
optimized geometries. The electronic structure of the energetically
most favorable complexes was analyzed in order to estimate the
sensing susceptibility with respect to the following properties:
partial and net charge transfers were obtained from a Mulliken
population analysis. The partial and total density of states (PDOSs
and DOSs) were calculated and the frontier molecular orbitals were
analyzed. Electron density difference maps of optimized structures
were calculated with a plane-wave basis set and ultrasoft
pseudopotentials [32] as implemented in the CASTEP program
[33].

3. Results and discussion
3.1. Energetics and optimized geometries

We start by considering the optimized geometries of pristine,
defective, Pt-doped and Pt-deposited SWCNTs (Fig. 1) which serve
as the sensing platforms. Fig. 1a shows the common SWCNT with a
typical C-C bond length of about 1.42 A and a nanotube diameter
of 6.38 A closely matching that of previous studies [30]. In Fig. 1b,



64 P. Pannopard et al./Journal of Molecular Graphics and Modelling 28 (2009) 62-69

Table 1

Binding energies E;,, between Pt and SWCNT and SWCNTy,. and binding energies of
NO, and NH3 to the four types of SWCNTs. The structures are shown in Figs. 2 and 3,
respectively. The energies are given in kcal/mol.

Sensing support E, (SWCNT/Pt)

SWCNTy,/Pt 163.62
SWCNT/Pt 53.39

Sensing support Ep, (support:NO5) Ep, (support:NHs3)

SWCNT 1.96 1.33
SWCNTyac 55.90 2.76
SWCNTy, /Pt 50.91 30.52
SWCNT/Pt 34.92 40.96

the single vacancy defected SWCNT is shown. It results from the
12-membered ring created by removing one carbon atom from the
graphene sheet and the subsequent reconstruction to a 5-
membered ring and a 9-membered ring. It holds one unsaturated
carbon (C1), slightly sticking out from the tube surface. The
rearrangement deforms the structure to obtain an elliptical cross
section with major and minor diameters of 6.56 A and 6.17 A,
respectively. Doping of the large Pt atom to the vacancy (Fig. 1c)
causes a deformation of the nearby hexagonal rings in the doping
region. The Pt—C distance is 1.9 A and Pt protrudes outside of the
SWCNT surface. Even though in this structure the SWCNT is
apparently distorted (elliptic diameters: 6.49 A and 6.28 A), the Pt
atom is bound with 163.62 kcal/mol (Table 1). This value is similar
to the one reported in [17]. This stabilization can be ascribed to the
saturation of the dangling C bonds and the formation of stable
hexagonal rings. Consequently, the binding energy in Pt-deposited
SWCNT is smaller (53.39 kcal/mol). Fig. 1d shows the energetically
most favorable conformation with Pt residing above the C2-C3
bond [34-35] with a Pt-C distance of 2.05 A. The geometry of the
tube is changed due to strong Pt-CNT interaction causing
nonidentical diameters with 648 A and 6.29 A of the longest
and the shortest ones, respectively. In a long-lived sensor, the
attachment of Pt to the SWCNT must be stable enough to withstand
temperature and environmental effects. Although this is difficult to
quantify, also the Pt-deposited SWCNT should still be a stable
enough device.

3.1.1. NO;

The most stable optimized geometries, their geometrical
parameters and the binding energies of NO, adsorption on each
support are given in Fig. 2 and Table 1. Nevertheless, there are

some experimental and computational studies revealing that the
nitro derivative on fullerenes can be found [36,37]. Though, due to
the chemically inert CNT system, the functionalization of NO; on
the CNT sidewall should be more difficult than that of a fullerene
surface. One can see that the NO, molecule is merely physisorbed
on the pristine SWCNT with the lowest absorption energy
(1.96 kcal/mol) and a distance of 3.11 A between N and C. The
monomer geometries of the SWCNT and the NO, molecules are
undisturbed.

In SWCNTys,, the unsaturated carbon atom (C1) binds to the
nitrogen atom of NO, (rc_y = 1.46 A) with an interaction energy of
55.90 kcal/mol. The binding can be attributed to the under-
coordinated carbon atoms near the vacancy. C1 is the most
negatively charged carbon and attracts the partially positively
charged N atom of NO,. Excess electrons are located in the
antibonding orbitals of the NO, molecule causing a change of the
N-0 distance from 1.21 A to 1.24 A, The stability of the SWCNTy,/
Pt:NO, complex (50.91 kcal/mol) is similar to that of SWCNTy,.. Pt
bonds to both oxygens of NO, causing an elongation of the N-O
bond to 1.28 A. The interaction between NO, and the Pt atom in
SWCNT/Pt:NO, is similar to the one described above. In our
SWCNT/Pt:NO, model, the SWCNT-Pt distances increased from
2.05A to 2.11 A after NO, binding, indicating that the strong
binding of NO, (34.92 kcal/mol) comes at the expense of a
destabilization of the Pt-SWCNT stability.

3.1.2. NHs3

The most stable optimized geometries of NH3 adsorbed on each
support are shown in Fig. 3, together with the relevant distances.
Their binding energies are tabulated in Table 1. In agreement with
previous studies [5,9] in the preferred orientation, the hydrogen
atoms of NHs point towards the SWCNT (Fig. 3a). NHs is
noncovalently bound with only 1.33 kcal/mol and a C-H distance
of about 3.3 A. In contrast to NO,, the interaction in SWCNTy,c:NH3
is only slightly stronger (2.76 kcal/mol) because in both cases a
hydrogen bonded interaction is the only possibility. Here, the more
negatively charged C1 acts as the electron donor and a C---H-N
hydrogen bond can be formed (Fig. 3b). These weak interactions
mean that materials consisting of both SWCNT and SWCNTy, are
inappropriate sensing platforms for NH3 detection. In SWCNTy ./
Pt:NH5 and SWCNT/Pt:NHs, NH3 is strongly bound. In SWCNTy 4/
Pt:NH; and SWCNT/Pt:NH3;, ammonia is bound by 30.52 and
40.96 kcal/mol. The Pt-N distances are 2.29 and 2.14 A, respec-
tively. The strong binding of NH3 to Pt via its nitrogen atom has a
larger influence on the active region than the one caused by its

Fig. 2. Front and side views of the most favorable binding geometries of NO, on each support type, (a) pristine SWCNT, (b) vacancy SWCNT, (c) Pt-doped SWCNT and (d) Pt-
deposited SWCNT, accompanied with their binding distances. Pt-C and some C-C distances (A) are also given.
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Fig. 3. Front and side views of the most favorable binding geometries of NH3 on each support type, (a) pristine SWCNT, (b) vacancy SWCNT, (c) Pt-doped SWCNT and (d) Pt-
deposited SWCNT, accompanied with their binding distances. Pt-C and some C-C distances (A) are also given..

weak H-bonded interaction with SWCNTy,., as can be seen from
the redistribution of electron density (Fig. 4). As expected, the
SWCNT-Pt distances increase somewhat from 2.05A to 2.09 A
after the NH; complexation. The N-H distances of all adsorbed NH3
molecules are unaffected by the complexation and stay at 1.02 A.
The affinity of SWCNT/Pt to NH3 approaches already the binding
energy of the attached Pt to the SWCNT, which is a disadvantage
since it might in practice lead to its destruction.

3.2. Electronic properties of the platform and sensitivity
to NO, and NH;

We investigated the effects of gas adsorption on the electronic
properties of the SWCNTs by computing the charge transfers (ggas)
between the gas molecule and support and the HOMO-LUMO
energy gap modulations (AEg). The results are summarized in
Table 2. The quantities in this table are defined as:

AE, = Eg (support : gas) — E, (bare support)
Adswent = Gswen (SUPPOTt : 8as) — gswent (bare support)
Agp, = qp, (SUpport : gas) — qp, (bare support)

In addition, electron densities difference maps HOMO and

LUMO orbitals and electronic densities of states (DOSs) have been
derived. They are depicted in Figs. 4-8.

Table 2

3.2.1. NO,

Since NO, is an electron-withdrawing molecule with an
unusually large electron affinity between 2 eV and 3 eV [38],
electrons are transferred from supports to it (Table 2). For
SWCNTy4c:NO,, SWCNTy,/Pt:NO, and SWCNT/Pt:NO, these shifts
amount to —0.27, —0.38 and —0.35e, respectively. The values for
SWCNT/Pt:NO, and SWCNTy,/Pt:NO, are similar, but a more
detailed analysis shows some differences. The positive value of
Aqswent in SWCNTy,/Pt:NO, (0.32¢) is larger than the one in
SWCNT/Pt:NO, (0.22e). Three-dimensional plots of the differential
electron density can give detailed information of the rearrange-
ment of the complex formation. Fig. 4 shows isosurfaces of certain
density changes. It can be seen that NO, adsorption (Fig. 4a-d) on
SWCNTy,/Pt causes a depletion of electron density (Fig. 4c)
throughout, which is expected to change the electric properties of
the nanotube dramatically. In contrast, electron relocation in
SWCNT/Pt:NO, occurs only locally at the Pt-NO, moiety. The
change of the energy gap (AEg) during the adsorption process is
also related to the sensitivity of a sensor for a particular analyte. In
Table 2, a negative sign of AE, refers to a reduction of the energy
gap in the complex compared to the bare support. We find that the
energy gaps of all systems decrease after NO, adsorption by —0.32,
—0.14, —0.25 and -0.41eV for SWCNT:NO;, SWCNTy,::NO,,
SWCNTy,/Pt:NO, and SWCNT/Pt:NO,, respectively. This agrees

Partial molecular and atomic charges q(e) and values of the HOMO-LUMO gap E; (eV) of all studied complexes. Partial charge transfers and energy gap
changes are indicated by the prefix delta (A). Refer to text for the definitions of the quantities.

System Eg gsweNT qpt
SWCNT 0.63 0.00

SWCNTy,c 0.26 0.00

SWCNTy,/Pt 0.39 0.12 -0.12
SWCNT/Pt 0.58 0.05 —0.05
System Eg qswcNT qpe qcas aAEg bAQSWCNT “Aqp
SWCNT:NO, 0.31 0.05 —0.05 —0.32 0.05

SWCNTy,:NO, 0.12 0.27 -0.27 -0.14 0.27

SWCNTy,/Pt:NO, 0.14 0.44 —0.06 —0.38 -0.25 0.32 0.06
SWCNT/Pt:NO, 0.17 0.27 0.08 -0.35 —0.41 0.22 0.13
SWCNT:NH;3 0.63 —-0.01 0.01 0.00 —0.01

SWCNTyac:NH3 0.28 0.01 —0.01 0.02 0.01

SWCNTy,/Pt:NH3 0.29 —0.09 —0.18 0.27 —0.10 —0.21 —0.06
SWCNT/Pt:NH3 0.62 —0.06 —0.22 0.28 0.04 —0.11 -0.17

* AE, = E, (support:gas) — E, (bare support).
" Agswent = gswent (SUpport:gas) — gswenr (bare support).
¢ Agp: = gpe (support:gas) — qp; (bare support).
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Fig. 4. Plots of the differential electron densities of all studied support-gas complexes, support-NO, complexes (a-d) and support-NH; complexes (e-h). The 3D-surfaces are
plotted at isovalues of +0.009¢/A>. A red color denotes loss of density whereas blue denotes gain of electron density.

well with experimental reports that the conductivity of CNTs,
defected-CNTs and Pt-doped-CNTs increase when exposed to NO,
[1,4,14]. Electron density transfer to NO, generates holes in the
support. The enhanced conductivities are directly related to the
abundance of hole carriers, so these pristine and modified SWCNTs
behave as p-type semiconductors as well and are also susceptible
to become metallic after stimulated by NO,, especially in the
SWCNTyac:NO3, SWCNTy,/Pt:NO, and SWCNT/Pt:NO, systems.
One can further see that the AE, values are proportional to the
amount of charge transfer, except for AE; of SWCNT where NO; is
very weakly bound. To clarify this further, we analyze the DOSs and
PDOSs (Fig. 5). Comparing the DOS diagrams of SWCNT:NO, and
SWCNT (Fig. 5e and a, respectively) one sees the appearance of an
acceptor state in the middle of the HOMO-LUMO gap of the
SWCNT, when NO, is bound [39]. When this state receives
electrons from the valence band of the SWCNT the resistance of the
system should decrease. Since this state is contributed from the
NO, radical, as is indicated by the PDOSs and LUMO scheme of
SWCNT:NO, (Figs. 5i and 6e, respectively), it is plausible that the
measured energy gaps vary with the number of NO, molecules.
SWCNT/Pt exhibits the highest change AE; of its energy gap when
NO, is bound to it (Table 2). However, that does not much affect the
electronic structure of the SWCNT, as can be seen by the charge and
electron density differences in Table 2 (Agswent =0.22e) and
Fig. 4d, respectively. Moreover, the HOMO and LUMO orbitals
(Fig. 6d and h, respectively), to which AE, is related, have
prominent contributions only in the area close to Pt and NO, and
mostly involve the d-orbitals of Pt. Also the partial density of states
distribution (Fig. 5n) shows the density near the Fermi level in
SWCNT/Pt:NO, originating from these d-orbitals. The HOMO and
LUMO of SWCNTy,/Pt:NO, (Fig. 6¢c and g, respectively) contain AO
contributions from Pt and from the p-orbitals of the NO, oxygen
atoms as well as from the nanotube mixed into the molecular

orbitals of the whole system whereas in SWCN/Pt:NO,, solely the
first two and not the nanotube contribute to the frontier orbitals.
Accordingly, despite the larger value of AE,, in SWCNT/Pt:NO,, its
localized response to NO, binding makes it less suitable as a sensor.

3.2.2. NH3

In this section we discuss the sensitivity of the three supports to
NH; detecting. The lone pair electrons at the N atom of NH3 can
readily be donated to the molecule interacting with it. Conse-
quently, the charge of adsorbed NHj is positive by 0.01, 0.27 and
0.28e in SWCNT:NH3, SWCNTy,-/Pt:NH3 and SWCNT/Pt:NH3,
respectively, except for SWCNTy,.:NH3 (—0.01e) where C---H-N
resembles a hydrogen bond and H-N behaves as the electron
acceptor. The complexes with weak adsorption via the H atom, i.e.
SWCNT:NH;3 and SWCNTy,.:NHs, also exhibit insignificant charge
transfers of only 0.01 and —0.01e, respectively. Together with the
unnoticeable electron density difference, the energy gap is also
unchanged. This is associated with the bare SWCNT character of
the PDOSs near the Fermi level (Fig. 7i and j) and is also visible in
the HOMO-LUMO pictures of both complexes (Fig. 8a, b, e and f).
This infers that SWCNT and SWCNTy,. have very low sensibility to
NH3 gas.

Extraordinary large charge transfers are found in SWCNTy,¢/
Pt:NH; and SWCNT/Pt:NH3 with values of 0.27 and 0.28e,
respectively. Amounts and directions of NH; charge transfer of
both complexes are quite similar and also their electron density
difference maps are similar as shown in Fig. 4g and h, respectively.
The better efficiency is derived from the existence of the Pt active
site and N-contacted mode which enhance the outflow of nitrogen
lone pair electron density. Generally, giving up electrons from NH;
to a p-type semiconductor support reduces the hole carrier density
and thus decreases the conductivity of the system, correlated with
the widening of its HOMO-LUMO gap [1]. Even though the flows of
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Fig. 5. Density of states (DOSs) for the studied supports (a-d) and their NO, complexes (e-h). Partial density of states (PDOSs) of all support-gas complexes (i-1) and orbital
partial density of states (OPDOSs) of SWCNTy,¢/Pt:NO, and SWCNT/Pt:NO, (m and n) are also plotted for comparison. The Fermi levels (defined as the HOMO energies) are
calibrated to locate at 0 eV.

Fig. 6. Frontier molecular orbitals of the complexes with NO,: HOMOs (a-d) and LUMOs (e-h).
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Fig. 7. Density of states (DOS) for all studied supports (a-d) and their NH; complexes (e-h). Partial density of states (PDOS) of all support-gas complexes (i-1) are also plotted
for comparison (blue lines: support; red lines: contributions from NHs). The Fermi levels (defined as HOMO energies) are calibrated to locate at 0 eV.

NH; electrons into SWCNTy,/Pt:NH3 and SWCNT/Pt:NH3 have the
same direction, which indicates that they become less conductive,
the signs of their AE, values which represent how the conductivity
changes are opposite. The energy gap of SWCNT/Pt:NHs is slightly
widened (0.04 eV) whereas that of the SWCNTy,/Pt:NH5 is
significantly narrowed (—0.10eV). These phenomena should
principally interrelate to the electron redistribution in the support,
especially of the SWCNT since the PDOSs near the Fermi level
(Fig. 7k and 1) and HOMO-LUMO features of both complexes

(Fig. 8¢, d, g and h) are merely contributed from it. Both Aqswenr
values of SWCNTy,/Pt:NH; and SWCNT/Pt:NHs; are negative
(-0.21e and —0.11e, respectively) due to the accumulation of
electrons in the SWCNTs. Remarkably, the SWCNTy,/Pt:NH; tube
can receive twice the electron density than SWCNT/Pt:NH3 does.
This can change its electrical characteristic from p-type to n-type,
which explains the observed increase in the conductivity after NHs
adsorption. The reason for the poorer electron transfer to SWCNT
in SWCNT/Pt:NHs is the weaker interaction between SWCNT and

Fig. 8. Frontier molecular orbitals of all studied support-NH3 complexes, HOMOs (a-d) and LUMOs (e-h).



