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RESULTSAND DISCUSSIONS

1. Adsorption of ethylene, benzene, and ethylbenzene over faujasite zeolites
investigated by the ONIOM method

1.1 Models of faujasite catalyst

The cluster models were taken from the lattstructure of faujasite
zeolite. The 3T cluster 4$i0AI(OH),O(H)SiH; (Figure 13) is considered as the
smallest unit required to represent the active @liteeolite. One of the silicon atoms
in faujasite zeolites is substituted by an alumiratom, anch proton is added to one
of the oxygen atoms bonded directly to the alumiraiom. Then, the larger clusters
were proposed for representing the system of padéohfaujasite (H-FAU). The 20T
model, illustrated in Figure 14, is the 12-membaiad window connecting two
supercages of faujasite, including eight more betdaal atoms at the base next to the
Al atom. The largest 84T cluster, including two sigages, acts as a nanoscopic
reaction vessel (Figure 15) where the adsorbatesbeatrapped inside. Due to the
limitation of computational resources and time eongtion, the active region is
treated more accurately with the ab initio methetile interaction in the rest of the

model is approximated by a less accurate method.

According to the two-layer ONIOM approach, ttaculation of energies
can be simplified by treating the active regior.(ithe active Brgnsted acidic site of a
zeolite catalyst) with a high-level quantum mechahi(ab initio or density
functional) approach, and the extended frameworkrenment with a less expensive
level, the HF, semiempirical, and molecular mectsiforce fields methods. The total
energy of the whole system can be expressed witl@nframework of the ONIOM
methodology developed by Morokuma and co-workersere the superscript Real
means the whole system and the superscript Clost@ns the active region, which
would be treated with the higher level of calcwdati Subscripts High and Low mean
high- and low-level methodologies used in the ONI@alculation. In this study, the

high-level region is treated by the Hartree—Fock #me density functional theory
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with the hybrid functional B3LYP. The remaindertisated by molecular mechanics

force fields (Rappet al., 1992), semiempirical or the Hartree—Fock methods

The accuracy of the QM/MM method, particyjatthe ONIOM method,
depends significantly on the choice of the levetaitulations for high- and low-level
regions. Progressing through various types of atamhechanics, semiempirical, and
molecular mechanics methods, the experimental ptisor energy of the
benzene/zeolite system can be used to validatehbe&e of methods. Using the
B3LYP method for treating the quantum cluster, iiethods for the low-level region
from the molecular mechanics force fields (UFFmigmpirical, over to the Hartree—
Fock methods were varied. Using the experimentakofation as a benchmark, the
UFF method is found to provide reasonable valuesesponding to the experimental
prediction. This is due to the explicit considevatiof van der Waals contribution,
which is the dominant contribution in adsorptioratesion in zeolites. Therefore, the
UFF method is the practical choice for the low-lereethodology when the high-
level region is treated by the B3LYP/6-31G(d,p) noek

All calculations in this part have been peried by using Gaussian98 code
(Frischet al., 1998). The basis set for the Hartree—Fock catmuis is 3-21G, while
the basis set 6-31G(d,p) is utilized for the B3Ldd&culations. During the structure
optimization, only the active site regiorJiO(H)AI(O),OSE], and the adsorbate are

allowed to relax.

In order to obtain more reliable interacti@nergies, basis sets
superposition error (BSSE) corrections were algertanto account. In addition, the
common practice of running a higher level singlépanergy calculation at the
geometry generated by use of a cheaper method &ffective as performing all
calculations at the higher level of theory. Thusing the optimized geometries
produced by the B3LYP/6-31G(d,p), the single-poemergy calculations at the
B3LYP/6-311++G(d,p) level are carried out.
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1.2 Adsorptions of ethylene, benzene, and ethyksesmzwith models of

faujasite zeolites

The adsorption energy is one of the most aldkl data obtained from
experimental observation which can be used to atdidhe theoretical data. The
adsorption energies of ethylene, benzene, and bethgene on H-FAU zeolites
calculated from different models, and also thosenfthe ONIOM models using the
semiempirical and molecular mechanics force fiétasthe outer layer are presented
in Table 1. Using the 3T cluster model, the DFT hoes predict the adsorption
energies of ethylene, benzene, and ethylbenzeneete-814, -748, and -776
kcalmol, respectively. This is in contradiction withetlexperimental results. The
adsorption energy of ethylene on the acidic H-FAdlie was determined to be .19
kcallmol (Cant and Hall, 1972). The adsorption energidsenzene and ethylbenzene
on H-FAU zeolites were experimentally measured @053 + 1 and -1% + 1
kcallmol, respectively, indicating that the enthalpyad&orption AH.q9 of benzene is
less than that of ethylbenzene (Cogteal., 2000).

Increasing the cluster size from 3T to 20Tstdrs, the calculated
adsorption energiesAE,q9 of ethylene, benzene, and ethylbenzene interasttdd
zeolites are well differentiated (Table 1). Teststhe 20T clusters show that the
ONIOM2 schemes, only the ONIOM2(B3LYP/6-31G(d,p)E)JFbut not other
ONIOM2 schemes, can be compared favorably witifuhéHF and B3LYP levels of
theory. Using semiempirical methods, i.e., AM1, RMBd MNDO for the outer
layer, the wrong trend afE,qsis observed as compared to the experimental dhta.
ONIOM2 model can substantially reduce the compoiai expense. For example,
the single-point calculation of the 20T/ethylenenptex on an SGI machine (Origin
200) requires about 5 min (computational time) tbe ONIOM2(B3LYP:UFF)
method whereas, the full quantum cluster requiresenthan 50 min. This again
confirms that the cost-effective ONIOM2 strategyud be utilized to obtain an
accurate description of the system. Increasinglilier size from 20T up to the more
realistic model, 84T, by enlarging the outer laydre differences between each

adsorption energy are pronounced. The adsorptiergess of ethylene, benzene, and
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ethylbenzene calculated from the 84T cluster usi@§iOM2 (B3LYP/6-
31G(d,p):UFF) are calculated to be 49, -1715, and -229 kcalmol,
respectively. These interaction energies are soraewoterestimated as compared to
the experimental results. Including the basis saection by single-point calculations
at the higher basis set, 6-311++G(d,p), the coomding interaction energies are
predicted to be of =85, -1517, and —-2108 kcalmol. The BSSE corrections were
also performed and gave similar results as thelesipgint calculations at the high
basis set (see Table 1). These results are in gg@@ment with the experiment (Cant
and Hall, 1972, Cokeet al., 2000). However, one may question if the enemgylc
change if the model becomes bigger and bigger. nBure the convergence of the
ONIOM model, the structure optimization of a largarodel of 336T with
ethylbenzene has been carried out at the HF:UFét téhvcalculation. The adsorption
energy of —2460 kcalmol from the 336T model is almost identical to 2409
kcallmol from the 84T model at the same level of caloilg indicating that the use
of the 84T ONIOM model is practical and increasihg model size would not have
any profound effect on the energetics of the system

It is noted that the choices of the methaslagithe high and low-levels in
the ONIOM scheme and also the sizes of the inn@oarter regions are arbitrary. The
size of the inner region employed in this study 3dster) is sufficient to represent
the acid property of zeolites while small enouglgt@arantee that the van der Waals
interactions between the hydrocarbon and the zealié well accounted for by the
UFF force field, which is better than the DFT fdust purpose (Vost al., 2001,
Rozanskeet al., 2001, Clarket al., 2003). Using the larger inner region, which may
require the use of theMP2 level of theory in pla€dFT, will be advantageous in
searching for the transition state leading fronyletie and benzene to ethylbenzene.
This challenging reaction is being actively pursue@m the structure and adsorption
energy point of views, the B3LYP combining the UiBFce fields method as a lower
level is considered to be one of the best comlmnatior the ONIOM2 scheme. This
efficient scheme provides a cost-effective componal strategy for treating the

effects of a large extended framework structure.
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2. Alkylation of benzene with ethylene and dimerization of ethylene

The van der Waals interactions between hydrocadmorwell as aromatic
adsorbates and the zeolite wall contribute sigaifity to the energetic of the
adsorption—desorption process in zeolites (Bobwpasbal., 2003, Clarket al., 2003,
Derouanest al., 2000, Kasuriyaet al., 2003, Olsoret al., 1969, Panjart al., 2003,
Pelmenschikowt al., 1999, Raksakood al., 2003, Rozansket al., 2001, Vost al.,
2001, Wesolowsket al., 1997). Besides, typical small quantum cluster wdatwons
which basically neglect these interactions resukrroneous adsorption energies. On
the other hand, the hybrid methods such as QM/MNM @NIOM can reasonably
describe the interactions with the zeolite framdwand have been reported to give
adsorption energies close to experimental valuebiBtonget al., 2003, Kasuriyaet
al., 2003, Panjaret al., 2003, Raksakoomt al., 2003). Therefore, in this thesis
project, the ONIOM method is selected to invesgg#te interesting reactions

catalyzed by zeolites.

2.1 Model of faujasite catalyst

In this part, the 84T of faujasite model in Figut® is selected to
investigate the reaction mechanism of alkylatiorbehzene with ethylene. Table 2
shows the selected structural parameters of faejagdel. The structure of the active
site obtained from the 3-layered ONIOM model ig@éasonable agreement with the
structure obtained the 20T full quantum clusterojted at B3LYP/6-31G(d,p) level
theory (see Table 1). The Brgnsted O1-H1 and Ala@il Si1-O1 bond distances are
very close to the values reported in the 20T fulamfum cluster (Kasuriyat al.,
2003). Further support for the reliability of thectige site subunit, =
SIO(H)AI(0),0Si=, is given from the NMR measurements that the mitelear
distance between the aluminum and proton nucleiBngnsted acid site, r(AH), of
faujasite which is reported to be 2.38 + 0.04 Ae(Ffeet al., 1988) and, more
recently, 2.48 + 0.04 A (Hilkt al., 1999) and our computed r(AH) is 2.462 A,

which is reasonably close to the experimentallysuesd value.
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2.2 Adsorption adsobate molecules on the Brgnstiedsite

Ethylene weakly adsorbs onto the zeolite acid wiéer-interaction. The
weak interaction does not significantly perturb tsteucture of ethylene and the
zeolite. Upon the adsorption of ethylene, only miobanges of the zeolite structure
were detected (less than 0.03 A and 2° for chaimgesnd distances and bond angles,
respectively). Nevertheless, the C—C double bosthdce of the ethylene molecule is
increased slightly from 1.335 to 1.344 A and thé&liacO1-H1 bond distance is
increased from 0.970 to 0.996 A, indicating that #usorption slightly weakens the
C—C double bond and the acidic O1-H1 bond, whicl l@ad to the protonation of
ethylene and the formation of the alkoxide interratd The adsorption energy is
computed to be -8.73 kcal/mol, which compared weith the experimental
observation of —9.0 kcal/mol (Caettal., 1972).

Benzene and ethylbenzene also weakly interact thighzeolite acid site
via m-interaction. The C-C double bond in the benzemg that forms then-
interaction with the zeolite is slightly increasaat the acidic O1-H1 bond distance is
slightly increased from 0.970 to 0.985 A for botlenkene and ethylbenzene
adsorption complexes, respectively. Similar to ddsorption of ethylene, the zeolite
structural parameters are slightly changed by teakwnteractions (changes in bond
distances and bond angles are less than 0.02 A2%andspectively). Obviously, the
van der Waals interaction for the case of benzemeeaker than for the ethylbenzene
adsorption and, hence, the corresponding adsorptengies are —13.91 and -20.11
kcal/mol for benzene and ethylbenzene, respectividigse values are very close to
the experimental values of —-14.0 (Barthometifal., 1973) and -20.4 kcal/mol
(Ruthvenet al., 1986) for adsorption of benzene and ethylbenzend-Y zeolites,
respectively. The accurately predicted adsorptiergies clearly demonstrate that the
ONIOM3 model used in this work can represent irdtoas between the adsorbates
and zeolite very well. The combination of the MP2thod at the active region
embedded in the extended structure modeled by thartd UFF methods apparently
works well in representing electron correlationeatlostatic, and van der Waals

interactions in the zeolite system.
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2.3 Reaction mechanisms for alkylation of benzeniéh vethylene and

dimerization of ethylene

The reaction mechanisms of both reactions arsidered to occur either
by a concerted mechanism or by a stepwise mechahismagh the formation of an

alkoxide intermediate.

A. Stepwise mechanism

A.1 First step (Alkoxide intermediate formation)

The stepwise reactions of both and alkylatidnbenzene with
ethylene and dimerization of ethylene are startéd the same first step of reaction
called the alkoxide intermediate formation whiclm te viewed to proceed according

to following steps:

CoHa +H—FAU == C,Hs~H-FAU eq(1)
CoHaH-FAU === CHyCHFAU @)

Step (1) is the adsorption of ethylene on the ait&lof the zeolite. Then, in step (2),
protonation of the adsorbed ethylene occurs, leathirthe formation of an alkoxide

intermediate.
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Gas Phase:
Ethylene and Zeolite '
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Figure 16 (a) Calculated energy profile for the stepwisgctions in steps (1) and (2)

of benzene alkylation and dimerization of ethylerfp) Vibrational
movement corresponding to the imaginary frequencyha transition
structure of step (2).
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Figure 16a shows the calculated energy proditettie reactions in
steps (1) and (2) and Table 2 shows selected geomparameters of the
intermediates and transition state. Ethylene weaklgorbs on the acid site via
interaction with the adsorption energy of —8.73 lkonal. The weakly adsorbed
ethylene can be protonated by the acidic protoe. drotonated ethylene is, however,
not stable in a form of carbenium ion and, hentas iquickly transformed to a
stabilized alkoxide intermediate by forming a cevdlbond to one of the bridging
oxygen atoms. At the transition state (Figure X6bkje is one imaginary frequency at
619 cm® corresponding to the following movements: the itegbroton is moving
toward a carbon atom of the ethylene while the @eGble bond of the ethylene is
elongated from 1.344 to 1.397 A and the other garitom is moving toward the
adjacent oxygen atom of the zeolite framework tanfa covalent bond.

The energy barrier for the protonation is calted to be 30.06
kcal/mol and the apparent activation energy fos thiiep is 21.33 kcal/mol. The
computed apparent activation energy is in reasenapgfeement with the estimated
range of apparent activation energy for the iso@ypshange of ethylene in zeolites of
15-20 kcal/mol reported in the literature (Canal., 1972, Evlethet al., 1996). The
formation of the covalent bonded ethoxide spectesdcompanied by significant
structural changes of the zeolite. The Al-O1 arid-Gil bond distances are decreased
by 0.178 and 0.074 A, respectively, as the Sil-Qlbahd angle is decreased by
5.6°. While, the AI-02 and Si2—02 bond distancesiacreased by 0.184 and 0.075
A, respectively, as the Sil-O2-Al bond angle isréased by 2.4° (Table 1).
Rozanskeet al. (Rozanskat al., 2002) have shown that when the zeolite framework

is modeled by an unrealistic constraint model,rexous results can be obtained.

In the ONIOM model, the small cluster of theiaetregion is
generally connected to the outer layer of the systea fixed anchoring atoms.
Therefore, only a number of atoms at the active sgion can be relaxed. In our
model, although only atoms belonging to the acsive region E SiO(H)AI(O).0OSi
=] are allowed to relax, the energetic propertiesthd system, e.g., adsorption

energies, and activation energy for ethylene piion, are reasonable and compared
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well with previously reported values by experimémteeasurements and theoretical
calculations (Barthomeuét al., 1973, Cantet al., 1972, Ruthvenet al., 1986),
indicating the validity of the model. It has bedown that the stability of alkoxide
intermediates formed in the zeolite structure i/ \&ensitive to the local geometry of
the active site (Boronat al., 2001).

When the geometry of the system is modeled to septea particular
zeolite structure, the covalent bond between tkexale species and the zeolite is
weakened and the alkoxide is greatly destabilizagsl th the steric constraints of the
zeolite pore walls (Borona al., 2001, Rozansket al., 2002). In this model, the 3T
cluster of the active site is embedded into the 8dyBtal lattice of faujasite zeolite
and, hence, it inherits the steric constraintshef nanostructured zeolite pores. As a
result, the alkoxide intermediate in this modelegp to be an active species that can

readily become involved in the benzene alkylation.

A.2 Second step

After forming alkoxide intermediate, whichirs stable complex
in active site, it can react with benzene molectke alkylation reaction to form
ethylbenzene [egs. (3)-(4)] (subsection A.2.1)aact with another ethylene molecule
via dimerization to form butoxide [eq. (5)] (subBen A.2.2):

CH3CH—FAU+ GsHg - (CH30H2)06H5—H—FAU (eq3)
(CH30H2)06H5—H—FAU - (CH3CH2)C6H5 +H-FAU (eq4)
CHsCH—FAU+ GH, == C,Ho—FAU (€q.5)

A.2.1 Alkylation of alkoxide inter mediate with benzene molecule

Step (3) involves the interaction of theoxlkie intermediate
with benzene, resulting in adsorbed ethylbenzeniehwis desorbed in the step (4).
Under typical reaction temperatures, ethylene hgadisorbs on the zeolite acid site
and interacts strongly to the Brgnsted acid site.tke other hand, the adsorbed
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benzene weakly interacts with the acid site (algfothhe benzene adsorption energy is
high, most of it derives from van der Waals intéats with the zeolite pore walls)
(Du et al., 2002, Siffertet al., 2000). In addition, with the adsorption experinsent
reported in the literature (Fleg al., 1995, Venutaet al., 1968) it can be concluded
that the adsorption constant for benzene is srtahefore, it is possible to assume,
for simplicity, that the competitive adsorption dlenzene can be considered

unimportant.

The reaction profile involving the reactionween the alkoxide
intermediate with benzene to produce ethylbenzenshown in Figure 17a and
selected structural parameters are tabulated ileTabA benzene molecule diffuses
into the vicinity to react with the alkoxide. Thékyation of benzene involves
concerted bond forming between the carbon atonetlgfiene and benzene and the

breaking of a benzene proton giving the proton liadke zeolite-bridging oxygen.

The vibrational motion corresponding to the gmary
frequency at the transition is explicitty shown HKgure 17b, which clearly
demonstrates that the C-C bond forming betweeretind and benzene occurs via
interactions of surface ethoxide and benzene. Qutire transformation, the C-O
covalent bond of the surface ethoxide is breakimgermthe bond between the ethyl
and benzene begins to form and a benzene protdeavsng toward the zeolite
framework. The activation energy is evaluated to3Bel8 kcal/mol. The adsorbed
ethylbenzene product is subsequently desorbed leshoically, requiring energy of
20.11 kcal/mol.
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Table 3 The optimized geometric parameters of benzenexalk adsorption
complex, transition state (TS2), and product etyiene adsorption of
step (3) on FAU using ONIOM3 (distances are in &ogss and angles

are in degrees).

Parameters Benzene-alkoxide TS2 product
Distances
C1l-C2 1.501 1.505 1.531
C2-C3 3.810 1.819 1.509
C3-C4 1.395 1.406
C3-H2 1.082 1.173 2.208
C4-H2 1.079 2.417
O1-H2 2.486 1.581 0.985
C2-02 1.521 2.932 3.693
Al-O1 1.701 1.730 1.858
Al-02 1.881 1.775 1.698
Si1-01 1.598 1.591 1.665
Si2-02 1.682 1.608 1.599
Angles
Z/Si101Al 118.4 121.2 122.9
/Si202Al 133.1 136.7 132.1
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(") Ethylbenzene
deso rptmn

2011

(b)

Figure 17 (a) Calculated energy profile for the second stiegtepwise reactions for

benzene alkylation. (b) Vibrational movement cqoexling to the
imaginary frequency at the transition structure.
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A.2.2 Dimerization of alkoxide intermediate and ethylene molecule

Instead of reaction with the benzene moleaslen subsection
A.2.1, ethoxide intermediate can react with anotb#rylene molecule to form a
butoxide. The reaction profile is shown in Figu&aland the geometric parameters
are listed in Table 4. The second ethylene mole@iladsorbed on the ethoxide
intermediate and forms the ethylene—ethoxide coxmplis complex is more stable
than the ethoxide intermediate and has an adsarptiergy of -12.83 kcal/mol. The
co-adsorption of another ethylene molecule to salegree weakens the covalent
ethoxide bonds, as seen from the lengthening o€&€®2 bond from 1.521 to 1.530
A. Then, the reaction proceeds by breaking of theent bond between the ethoxide
species and the zeolite and formation of a nevC ®Mond to the second ethylene

molecule.

The transition state for this reaction stgys been identified,
and the vibrational motion (Figure 18b) associamgth the imaginary frequency
shows that the reaction involves concerted bondking of O2-C2 and formation of
the bond between C2 and C3. The transition-statetate shows that the covalent
bond of the ethoxide with the zeolite oxygen atenbrioken with a large increase of
the C202 bond length from 1.530 to 2.209 A, and C2 isated about midway
between the zeolite oxygen atom O2 and C3 of atleylavhere a new bond is
forming. The C=C bond length of the second ethylerdecule is also significantly
increased from 1.337 to 1.354 A,
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Figure 18 (a) Calculated energy profile for the second stépstepwise for
dimerization of alkoxide intermediate and ethylemmlecule. (b)
Vibrational movement corresponding to the imagirfaeguency at the
transition structure.
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Table4 The optimized geometric parameters of the etlef@koxide adsorption
complex, second transition state (TS2) and produttixide of step 3 on
faujasite (FAU) using the ONIOM3. Distances aramgstroms and angles

are in degrees.

Parameters Ethylene-alkoxide TS2 Butoxide

Distances
Ci1-C2 1.507 1.493 1.524
C2-C3 3.675 2.304 1.527
C3-C4 1.337 1.354 1.510
0O1-C4 3.988 3.588 1.506
C2-02 1.530 2.209 4.794
Al-O1 1.702 1.739 1.866
Al-O2 1.882 1.776 1.698
Si1-01 1.595 1.595 1.670
Si2-02 1.684 1.611 1.599
Angles

Z/Si101Al 118.7 121.2 120.5

Z/Si202Al 132.3 135.8 133.4

The activation barrier for this step is cédted to be 28.87
kcal/mol, which is significantly lower than the uak (44.74 kcal/mol) reported by
Svelle (Svelleet al., 2004). The discrepancy can be attributed to tiferdnce in the
relative stability and the weaker alkoxide bondrdun this model as reflected by
different alkoxide bond lengths (1.53 vs. 1.47 $yelle used a small quantum cluster
which represented a generic acidic zeolite but md include the effect of the
constraints of the zeolite pore. As a result, tthexdde formed on the acid site was
not subject to any steric interactions with thelite@ore walls, so that it was bonded
tightly to the acid site and became a stable inggliate. In contrast, in this ONIOM3
model, the ethoxide formed in the zeolite pore citme is destabilized by steric

interactions with the zeolite walls and becomesagtive species.
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The butoxide produced by dimerization of &thg is formed
with a covalent bond to the zeolite framework. Tineerall reaction is highly
exothermic by -39.48 kcal/mol. The butoxide produadhis study is significantly less
stable than that in the quantum cluster studigd.Z%6kcal/mol) (Svellet al., 2004).

This is also possibly due to steric interactionghef butoxide with the zeolite walls.
B. Concerted mechanism
Alternatively, dimerization of ethylene and alkytat of benzene can
proceed in a single step via the concerted interactin the coadsorbed complex of
ethylene with ethylene (in case of dimerization)d anith benzene (in case of
alkylation) without the formation of an alkoxideenmediate.

B.1 Concerted mechanism for alkylation of benagiik ethylene

The reaction steps can be written as follows:

GHa + H-FAU === C,H,~H-FAU (eq.1)
GHg+ CH,—H-FAU - (CH30H2)06H5—H—FAU (GQ6)
(CH30H2)06H5—H—FAU -~ (CH30H2)06H5 + H-FAU (eq7)

Very recently, DFT cluster calculations of dbdgnzene formation
via the concerted reaction of the co-adsorbed cexnphve been reported using DFT
guantum cluster calculations by Vesal. (Voset al., 2001) and Arstaet al. (Arstad
et al., 2004). Therefore, a comparison will be made amdetifect of inclusion of the
extended framework of the zeolite by the ONIOM noetthvill be discussed.
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Figure 19 (a) Calculated energy profile for the concertecbehzene dimerization.

(b) Vibrational movement corresponding to the imagy frequency at

the transition structure.
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The reaction energy profile is presented iguFé 19a and the
selected geometrical parameters of intermediatdstransition state are tabulated in
Table 5. The reaction is initiated by co-adsorptwminbenzene on the adsorbed
ethylene at the acid site of the zeolite. The ceegation energy is evaluated to be
—-16.79 kcal/mol, which is significantly higher thére values previously reported by
Voset al. and Arstadet al. (7.3 and 7.8 kcal/mol, respectively). The differe results
mainly from van der Waals interactions betweenaitigorbed complex and the zeolite
walls, which in this study were taken into accobgtusing the UFF force field to
model the extended framework of the zeolite (Boboget al., 2003, Clarket al.,
2003, Derouanest al., 2000, Kasuriyaet al., 2003, Pelmenschikoet al., 1999,
Rozanskat al., 2001, Voset al., 2001, Wesolowsket al., 1997).

At the transition state, there is an imaginaggéiency associated
with the transition complex (Figure 19b) which icaties that the zeolitic proton (H1)
is moving toward the ethylene carbon (C1) and tineroethylene carbon (C2) starts
forming a bond with the benzene carbon (C3) amduksaneously, the benzene proton
is leaving toward the zeolite-bridging oxygen (OZhe vibrational motion of the
transition state complex clearly indicates the eoted mechanism of the alkylation
of benzene. The structure of the transition sthtevs that the Brgnsted acid O1-H1
distance is greatly lengthened from 0.987 to 1.83@nd the distance between the
zeolitic proton (H1) and the ethylene carbon (Cd¢dmes 1.188 A. The ethylene C—
C bond distance is significantly lengthened fror842. to 1.403 A, whereas the
structure of the benzene molecule does not sigmifig differ from that of the co-
adsorbed structure except that the distance bettnmeebenzene proton (H2) and the
zeolite-bridging oxygen (02) is shortened from 3.10 2.491 A. The transition-state
structure obtained in this model is similar to tbateported by Arstaet al. (2004),
but slightly different from that reported by Vesal. (2001) in which the ethylene is
completely protonated at the transition state. d¢tevation energy is calculated to be
33.41 kcal/mol, very close to the numbers repoligd/os et al. and Arstadet al.
(31.6 and 31.3 kcal/mol, respectively).
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Table 5 The optimized geometric parameters of isolatedeoube, co-adsorption
complex, transition state (TS), and product of eotexl reaction of
benzene alkylation on FAU using ONIOMS3 (distances im angstroms

and angles are in degrees).

Parameters Isolated Co-adsorption Transition Product
cluster Complex State

Distances
Al-H1 2.462
C1-C2 1.335 1.342 1.403 1.529
C2-C3 - 3.249 2.439 1.512
C3-C4 - 1.398 1.408 1.405
C3-H2 - 1.083 1.081 2.486
C4-H2 - 2.147 2.159 2.659
02-H2 - 3.105 2.491 0.982
C1-H1 - 2.297 1.188 1.088
C2-H1 2.373 2.030 2.165
O1-H1 0.970 0.987 1.537 3.992
Al-O1 1.876 1.861 1.773 1.701
Al-02 1.694 1.699 1.741 1.886
Si1-01 1.669 1.667 1.612 1.601
Si2-02 1.606 1.602 1.598 1.683
Angles

/Sil01Al 123.7 122.9 121.7 116.9

ZSi202Al 130.4 131.5 134.9 135.1
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-30.24

Figure 20 Calculated energetic profiles for the stepwisdidsline) and concerted

(dashed line) reaction mechanisms of benzene ailbylavith ethylene.

The complete energetic profiles of the two mechasiare drawn on the same
diagram (Figure 20) for easy comparison. For tlepwise mechanism, the alkoxide
formation has a smaller activation energy of 3k6él/mol and the surface reaction
step is the rate-determining step with the actatnergy of 38.18 kcal/mol. The
activation barrier of the concerted mechanism a#B3%cal/mol is in between the
barriers of the stepwise mechanism. It might appleatr the concerted mechanism
should dominate the overall alkylation reaction doiehe smaller activation energy.
However, the stepwise mechanism could also congibignificantly because, from
an energetic point of view, the alkoxide formatwmil occur relatively easily, and
after the alkoxide intermediate is formed the ditgbof the adsorbed benzene—
alkoxide adduct makes the reverse reaction mofewlifto occur than the forward
reaction to the ethylbenzene product. When it issmtered that both mechanisms can
take place under the reaction conditions, the tatied apparent activation energy for
the alkylation of benzene with ethylene would ba irange of 16.62-27.67 kcal/mol.

Although, there is no experimental value of theivation energy for
alkylation of benzene with ethylene in zeolites dompare with, our computed
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apparent activation energy range seems reasondige gompared with the apparent
activation energies (10-18 kcal/mol) for alkylatiof benzene with propylene in
zeolites (Beckeret al., 1973, Cormaet al., 2000, Siffertet al., 2000). Because
ethylene is a poorer alkylating agent than propyleand the rate of benzene
alkylation with ethylene is much slower than thathwpropylene and generally it
requires a higher reaction temperature to obtaenstime conversion level as that of
the alkylation with propylene (Cornst al., 2000, Degnan Jat al., 2001, Duet al.,
2002, Voset al., 2003), the activation energy of the alkylation hwigthylene is

expected to be higher than the activation enerdghietlkylation with propylene.

B.2 Concerted mechanism for dimerization of ethglen

Alternatively, protonation and-C bond formation between the
second ethylene molecule and thebonded adsorbed ethylene molecule occur
simultaneously to give the butoxide product withdatmation of the ethoxide
intermediate [Egs. (1) and (8)]:

CoHa + H-FAU == C,H,~H-FAU (eq.1)
CoHa + CH4—H-FAU == C4;Hs—FAU (eq.8)

The energy profile of the reaction is shownFigure 21a, and
selected geometrical parameters are listed in T@blehe initial step starts with the
adsorption of an ethylene molecule to give the weadsorption complex. Then,
another ethylene molecule is weakly co-adsorbed tm z-complex by interaction
of a carbon atom with the oxygen atoms of the meollThe C401 and C402
distances are calculated to be 3.724 and 3.849 eBpectively. These weak
interactions result in a small binding energy ab3®kcal/mol, which is lower than the
binding energy of the p complex of -8.73 kcal/mbhe next step is the concerted
protonation of the thet-adsorbed ethylene molecule by the zeolite protod a

simultaneous formation of a-C bond between the two ethylene molecules.



Gas Phase:
Ethylene, Ethylene

Figure 21 a) Calculated energy profile for the concerted maecsm of ethylene

frequency at the transition structure.

dimerization. b) Vibrational movement correspondtogthe imaginary
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Table 6 The optimized geometric parameters of the isolatetecule, co- adsorption
complex, transition state (TS) and product butoxileoncerted reaction of
dimerization of ethylene on faujasite (FAU) usihg ONIOMS3. Distances

are in angstroms and angles are in degrees.

Parameters Co-adsorption Complex Transition State utoX@de

Distances
C1l-C2 1.344 1.403 1.524
C2-C3 3.739 2.692 1.527
C3-C4 1.336 1.346 1.510
C4-01 3.724 3.035 1.506
C4-02 3.849 3.256 2.929
Cl-H1 2.064 1.181 1.088
C2-H1 2.106 2.075 2.170
O1-H1 0.997 1.558 5.919
Al-O1 1.858 1.769 1.866
Al-02 1.701 1.743 1.698
Sil-01 1.659 1.612 1.670
Si2-02 1.602 1.597 1.599
Angles

ZSi101Al 123.4 121.6 120.5

ZSi202Al 131.4 135.5 133.4

At the transition state, the acidic proton of tremlde has partially
protonated the carbon atom of the ethylene moleasdeindicated by the shorter
distance of H1 to the ethylene carbon atom tha@lwf the zeolite (1.181 vs. 1.558
A), while the G-C bond between the ethylene molecules is formimg T1=C2 and
C3=C4 bond lengths are increasing and the new bbeatigeen C2 and C3 and C4
and O1 are forming, leading to the formation of ibeoxide. The frequency analysis
(Figure 21b) shows vibrational movement of atomstha transition state which

corresponds well with the concerted mechanism asritieed above, and also shows
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that the C4 atom is moving toward O1 of the zeplitat is, the butoxide product
forms a covalent bond to O1 where the acidic prot@s previously located. The
partially protonated transition-state structure \aB® reported by Svelkt al. (Svelle

et al., 2004) for concerted dimerization of ethylene, butheir report the distance
between the second ethylene molecule and the eedit site appears to be farther
than in our study. The activation energy is evadatio be 38.80 kcal/mol, which
agrees well with the value of 39.3 kcal/mol repdrtg Svelleet al. at comparable
level of theory [MP2/6-311G(d,p)//B3LYP/6-31G(d}.has been pointed out that for
acid-catalyzed reactions, the activation energy tleé reaction step involving
protonation depends on the degree of proton tramgfthe transition state (Sveke
al., 2003, Rozansket al., 2002, 2003, Boronat al., 2001, 2004). Generally, longer
0O1-H1 and shorter HAC1 distances indicate more advanced proton traresidr
higher activation energy. In this mechanism, tlendition state has a significant
degree of proton transfer, and thus the activagioergy is mainly due to removal of
the acidic proton from the zeolite. Therefore sitniot unexpected that the activation

energies obtained from the quantum cluster and ®N¢@lculations are comparable.

Gas Phase:

Ethylene, Ethylene
and Zeolite Cluster

Figure 22 Calculated energy profiles for the stepwise (slid) and concerted
(dashed line) reaction mechanisms of ethylene dbaigon.
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For convenient comparison, the complete energetilgs of both
possible mechanisms are shown on the same diadgrmuré 22). In the stepwise
mechanism, the protonation of the adsorbed ethyile@erate-determining step with
an activation barrier of 30.06 kcal/mol. The resgjtethoxide is destabilized by van
der Waals interactions with the zeolite walls amakstactive for further reactions. The
subsequent reaction of the ethoxide with anothleyleme molecule is more facile
than the protonation step, and the activation eafar this step is 28.87 kcal/mol. For
the concerted mechanism, the activation barrieralsulated to be 38.80 kcal/mol,
which is significantly higher than the energy barrof the rate-determining step of
the stepwise mechanism. Moreover, the relativeggnef the transition state of the

concerted mechanism is higher than both transgiates in the stepwise mechanism.

The zeolite environment included by the ONIOM metladfects the
stability of the adsorbed species inside the zealitd, most importantly, significantly
alters the stability of the surface alkoxide spgciehich appears to be a key
intermediate for this reaction. Therefore, from #mergetics of the reactions and
relative stability of transition states, it candmncluded that the stepwise mechanism
should dominate the overall reaction of the dinsron of ethylene, which is in
agreement withth e experimental results (Geobatda., 1997, Spotaet al., 1994)
that dimerization of ethylene and propylene ovenbkdenite and H-ZSM-5 proceeds

in stepwise manner via alkoxide intermediates.
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3. Structures and reaction mechanisms of propene oxide isomerization

3.1 The zeolite models and adsorption complexes

The 5T and 46T clusters are shown in Figure 1llemhieir geometric
parameters are tabulated in Table 7. To observeatadytic framework effect on the
reaction over the active site, the atoms in therégion in both clusters have been
optimized with the exception of the atoms in théeaged framework of the ONIOM
model, which were fixed. Comparison of the 5T quantluster and the 46T ONIOM
model reveals little difference in the geometricrgmaeters. As the extended
framework has only a small effect on the active geometry by decreasing the
Brgnsted acid angle (Al-O1-Sil) by about 1° andglgly lengthening the O1-H1
bond distance, the indication is that the actite isi the 46T ONIOM model might be
more acidic than that in the 5T quantum clustelictyhinturn, leads to the prediction

that the adsorption energy of adsorbates on th&®Niodel should also be higher.

The adsorption complexes of the propene oxidgygral and propanone,
which are the reactant and products for the isaragon of propene oxide, on the
Brgnsted acid site of the ZSM-5 zeolite in the quancluster and ONIOM model are
depicted in Figure 23. These adsorbates interacheracidic proton of zeolite via
hydrogen bonding, and the geometric structures llofadsorption complexes are

slightly deviated from those of isolated structufeable 8).



Table7 The optimized geometric parameters of the zeolitadd 46T clusters
calculated at B3LYP/ 6-31G(d,p) and ONIOM(B3LYP/6&d,p):UFF)

levels®
Parameters ST 46T
Distances
0O1-H1 0.969 0.970
Al-O1 1.853 1.786
Al-02 1.703 1.656
Al-O3 1.687 1.637
Al-O4 1.687 1.649
Si1-01 1.694 1.670
Si2-02 1.620 1.592
Si1-03 1.627 1.597
Si2-04 1.615 1.574
Angles
ZSi101Al 131.6 132.4
Z/Si202Al 130.0 131.5
Z/Si303Al 135.3 134.9
ZSi404Al 151.8 143.8

& Distances are in angstroms and angles are in degree
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Figure 23 Presentation of models of ZSM-5 and its interactwith adsorbates:
ONIOM2 layer models of 46T cluster interacts wit) propene oxide,

(b) propanal, and (c) propanone.
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Table 8 The relevant parameters for the propene oxidepagral, and propanone
Adsorbed on 5T and 46T H-ZSM-5 zeolite clusters.

distances (A)
O1-Hz Op-Hz C2-Op C1-C2 ClOp AE

isolated propene oxide 1434 1.47 1.435
Propeneoxide on 5T 1.023 1.533 1.452 1.468 1.464 -16.8
Propene oxide on 46T 1.023 1.54 1.449 1.468 1.461 -30.8
isolated 1.211 1.512 2.419

Propanal on 5T 1.004 1.614 1.222 1.498 2.435 -15
Propanal on 46T 1.015 1.585 1.225 1.493 2.416 -26.3
isolated 2.394 152 1.216

Propanone on 5T 1.025 1.527 2.393 1.506 1.232 -16.7
Propanone on 46T 1.039 1.476 24 1506 1.233 -30.4

& The propanone (acetone) adsorption on H-ZSM-5 fexperimental data is -31.1
kcal/mol (Sepat al., 1996).AE, stands for adsorption energy (kcal/mol).

In the propene oxide adsorption complex (Figura)28e oxygen atom
of propene oxide interacts with the acidic protda lwydrogen bonding with the Op-
H1 distance of 1.540 A (cf. Table 8). The hydropending interaction lengthens the
Brgnsted acid O1-H1 bond distance by 0.054 A. Altio the epoxide ring is
asymmetric, the epoxide ring center aligns aboweatidic site with almost equal
distances of C1-O1 and C2-O1 and C1-O2 and C2-@RauBse of the decrease of the
electron density on Op via the electron transfemfthe Op to the H1 atom, the C1-
Op and C2-Op bonds are elongated by 0.026 and RQ1&spectively. The greater
increase in the length of the C1-Op bond leadsh&o drediction that it would be
broken more easily than the shorter C2-Op bond. ads®rption energy is evaluated
to be -16.8 and -30.8 kcal/mol for the 5T quantuuster and ONIOM calculations,
respectively. The propanal and propanone also hdsothe acidic proton of zeolite
via hydrogen bonding (see Figure 23b and 23c).e5the carbonyl CdOp bonds are

strong double bonds, they are not changed significaluring the adsorption on the
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active site of zeolite. The CdOp bond of the prapenadsorption complex alters
slightly from isolated propanone by 0.017 A, andttbf the propanal is changed by
only 0.008 A (cf. Table 7). The hydrogen bondintgiaction lengthens the Brgnsted
acid O1-H1 bond distance by 0.046 and 0.068 A fier adsorption of propanal and
propanone, respectively. The adsorption energiepropanal and propanone are
evaluated to be -15.0 and -16.7 kcal/mol for thanqum cluster and -26.3 and -30.4
kcal/mol for the ONIOM model, respectively. Therfrawork effect in the ONIOM

model approximately doubles the adsorption energfethe adsorption complexes.
The van der Waals interactions between the adsstatd the zeolite pore walls

stabilize the adsorption complexes inside.

The calculated adsorption energy of propanone 3§.4- kcal/mol
compares well with the experimental data of -31calknol (Sepat al., 1996). This
result indicates that the combination between tBEY® density functional theory at
the active region and UFF force field at the exeghdramework in the ONIOM
model can produce reasonable interaction energigelen these adsorbates and the
zeolite catalyst (Namuangrudt al., 2006a, 2006b). Therefore, this ONIOM model
should be suitable to use for investigation of tbemerization reaction for this

system.

3.2 The reaction mechanism of isomerization of prepoxide

The isomerization mechanism of propene oxide tbaal compounds is
considered to occur via the C-O bond breaking ef akirane ring in the propene
oxide molecule. The asymmetric structure of propexiele has two different C-O
bonds (more or less substituted carbon atom sitlas)can be broken and, thus, has
two possible products of the ring opening reactgmopanal and propanone. Propanal
is formed via the C-O bond breaking at the tertieaybon atom (C1-Op), while
propanone is formed via the C-O bond breaking atatiher carbon atom (C2-Op) in
the oxirane ring (cf. Figure 23). To elucidate #planation and represent it in a
more instructive format, the detailed mechanisml viié separated into two

subsections.
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A. The reaction mechanism leading to propanal

The isomerization mechanism of propene oxide tggmal on H-

ZSM-5 zeolite has been proposed as a stepwiseigrgatocesses. The calculated
energy profile for the isomerization of propenedaxio propanal is shown in Figure
24a and the calculated relative energies and aictivanergies are shown in Table 9.
First, the propene oxide molecule diffuses intoghee of zeolite and then adsorbs on
the acidic proton at the active site to form thepene oxide adsorption complex.
Propene oxide adsorbs on the acidic proton viadgeir bonding with the Op-H1

distance of 1.540 A and the adsorption energy 6f8-Xcal/mol. In this adsorption

complex, the C1-Op and C2-Op bond lengths are lzadmlito be 1.461 A and 1.449
A, respectively. Then, the C1-Op bond is brokemroduce the secondary alkoxide

intermediate (Int_A) through the secondary carb@nion transition state (TS1_A).

At the TS1_A transition-state configuration, thedar proton of the
zeolite is protonated to the adsorbed propene oxieC1-Op bond is broken, and
the hybridization of C1 is changed from tetraheds) to planar (sf). The
transition state (cf. Figure 24b) can be confirnbgdthe frequency calculation with
one imaginary frequency at -224.8 ¢mwhich is related to the movement of the
acidic proton of zeolite (H1) to the propene oxaegqgen (Op) and the breaking of
C1-Op bond. The calculated energy barrier for timg-opening step is 38.5 kcal/mol
and the apparent activation energy is 7.7 Kkcal/midie secondary alkoxide
intermediate (Int_A) is attached to the oxygen at(@?) of the zeolite and is
stabilized by the zeolite framework.
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The next step is the carbonyl-forming step, whictvolves the
transformation of the Int_A intermediate to theatied propanal (P_A) via the 1,2-
hydride shift. At this transition-state configuti (TS2_A), the H2 atom is moving
toward the carbon atom C2 placed with the C2-H2 @heH2 distances being 1.190
A and 1.654 A, respectively. The H1 atom is locatedetween the O1 and Op atoms
with Op-H1) 1.023 A and H1-0O1) 1.552 A. Figure 2#&picts the vibrational motion
that occurs at the TS2_A transition state whichspsses one imaginary frequency at
-770.6 cnit. This movement corresponds to the H2 atom trarfsen C1 to C2
simultaneously with the C1-O2 covalent bond bregkand the H1 transfer from Op
back to O1 to restore the active site of the zeolihe activation energy for this step
is calculated to be 18.2 kcal/mol and the propanatiuct is adsorbed on the acidic
site of the ZSM-5 zeolite with the adsorption eneod -48.1 kcal/mol. Finally, the
adsorbed propanal is desorbed endothermically @uglines an energy of 26.3

kcal/mol.

Previously, Coxon and co-worker (1997) studied ifmenerization of
protonated propene oxide to protonated propanal repdrted that the reaction
followed the concerted asynchronous mechanism. dutbors observed that the
hydride migration did not occur until the ring-ofrem step was completed, although
the authors did not find the carbenium ion interratd However, for the
isomerization of protonated methyl propene oxithe, authors were able to find the
more stable tertiary carbenium ion intermediate sepbrted that the reaction was
stepwise (Coxomt al., 1999). In this study, the reaction takes placa&aghe zeolite
pore environment. Although the zeolite does naally protonate the propene oxide,
the hydrogen bonding interaction with the zeoliedplk to facilitate the ring-opening
reaction. Moreover, the adjacent O2 atom of thditeecan help to stabilize the ring-
opening intermediate carbenium ion by forming ttable alkoxide intermediate as it
has been observed that surface alkoxide speciesnpm@tant reaction intermediates
in many reactions in zeolites (Geobaldb al., 1997, Lesthaeghet al., 2005,
Nieminenet al., 2005).
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Table 9 The calculated relative energies (kcal/mol) ofctaat, first-transition state
(TS1), intermediate, second-transition state (T$E)duct, first activation
energy barrier A\Ea), and second activation energy barriaE&) for the
isomerization reaction of propene oxide over 5T d®d clusters of H-
ZSM-5 calculated at B3LYP/6-31G(d,p) and ONIOM (B3®/6-31G(d,p):

UFF) levels.
5T cluster 46T cluster

propanal propanone propanal propanone
Reactant -16.8 -16.8 -30.8 -30.8
TS1 17.6 24.5 7.7 11.6
Intermediate -16.9 -21.6 -17.4 -24.5
TS2 9.6 7.8 0.8 -1.3
Product -36.8 -46.3 -48.1 -60.0
Product -15.0 -16.7 -26.3 -30.4
AEal 34.4 41.3 38.5 42.4
AEa2 26.5 29.4 18.2 23.2

Although all geometric parameters calculated frommquantum cluster
(written in parentheses in Figure 24a) are quiteilar to those obtained from the
ONIOM model, the calculated relative energies andergy barriers differ
considerably from the ONIOM results. It may seenpsging that the ONIOM and
the cluster calculations give almost the same ivelaenergy for the alkoxide
intermediate (Int_A). This is derived by the errong prediction of relative stability
of the alkoxide species by the cluster calculati8mce the structure of the small
cluster can be significantly changed to accommottegeformation of the alkoxide,
the alkoxide species can form a stronger covalemido the zeolite cluster. The
covalent C-O bond distance in the cluster calontais 1.507 A which is shorter than
the C-O bond of 1.550 A in the case of the ONIOMdeipand the zeolite O2AI01
angle is 95.8 degrees in the cluster model whige@RAIO1 angle is 96.5 degrees in
the ONIOM calculations. As a result, the covaleondb stabilization of the alkoxide

in the small cluster is overestimated. The inflleentthe local geometry of zeolite on
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the stability of alkoxide intermediates has beetemsively discussed by Boronet

al. (Boronatet al., 2001) Thus, it is indicated that a small quantlmster can predict
only the geometrical characters of the stationamts along the reaction pathway.
However, for the energetic profile of the reactitbe ONIOM approach that takes
into account the zeolite framework effects showddrmore suitable. The cause of these
differences between the two models is the van deml8Veffect from the zeolite

framework acting on the adsorbate species at gatibrsary point.
B. The reaction mechanism leading to propanone

The isomerization of propene oxide can also produopanone by
breaking the less substituted C-O bond at the opgning step. The calculated energy
profile for this route is illustrated in Figure 25Ehe reaction starts with the adsorbed
propene oxide (R_B) on the acidic proton of thelilmoSubsequently, an adsorbed
propene oxide is protonated at the Op atom andetee substituted C2-Op bond is
broken leading to the formation of the primary alki@ intermediate through the
transition-state TS1 B, which possesses a primarnpenium ion configuration,
which is less stable than the secondary carbenun{TiS1_A) in the propanal route.
This justification has been supported by the higb&culated energy barrier and
apparent energy for the primary carbenium ion (E§which is evaluated to be 42.4
and 11.6 kcal/mol, respectively. The transitiortesfBS1_B has been verified by one
imaginary frequency at -389.7 &mwhich involves the following movement (Figure
25Db): the acidic proton transfers from the zediilenework to the oxygen atom of
propene oxide and the C2-Op bond breaks simultate@as the covalent bond
between C2 and O2 forms. At the transition-stat&iguration, it is observed that a
H1 atom moves from O1 close to Op with the Op-Hstatice of 1.007 A and the O1-
H1 distance of 1.637 A.
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line) calculated at ONIOM(B3LYP/6-31G(d,p):UFF), propanal in gas
phase (dash dot dot line), and to propanone in phese (dot line)
calculated at B3LYP/6-31G(d,p).

The binding energy of the primary alkoxide intermag¢el (Int_B) is
calculated to be 24.5 kcal/mol, which is more saftilan that of the secondary
alkoxide intermediate (Int_A) by 7.1 kcal/mol, régwg from the less steric
disturbance effect from the substituted group andtlkoxide carbon atom. This less
steric hindrance on the alkoxide carbon atom alltvesadsorbate to move closer to
the active site of the zeolite in comparison tortiare steric one, C2-02 ) 1.521 A for
the primary alkoxide (Int_B) and C1-O2 ) 1.550 Ar fthe secondary alkoxide
(Int_A), respectively. Therefore, in the zeolitarfrework, the less steric alkoxide
(Int_B) is more stable than the more steric alkexioht_A). This observation is also
in agreement with previous reports that the stgbif the alkoxide intermediate
formed in the zeolite structure is very sensitivette local geometry of the active site
and the nature of the alkoxide carbon atom (Borenalt, 1998, Boronaét al., 2004,
Boronatet al., 2001). When the degree of substitution on alkoxiddoon increases,
the covalent C-O bond distance is lengthened aadalkoxide is destabilized. The

primary alkoxide intermediate (Int_B) is transfowné the adsorbed propanone
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product (P_B) via the 1,2-hydride shift procesotigh the transition state (TS2_B)
which indicates that the distance of the breakihthe C1-H2 bond is 1.229 A, the
forming of the C2-H2 bond is 1.576 A, while the dkimg C2-O2 covalent bond is
lengthened from 1.521 to 2.138 A. Consequently, ritives back to the bridging
oxygen atom by locating midway between Op and Ofe ©1-H1 bond is shorter
than Op-H1 bond, 1.039 and 1.476 A, respectivefys Vibrational movement, which
corresponds to the imaginary frequency at -861.3, dmdepicted in Figure 25c. The
energy barrier is calculated to be 23.2 kcal/mdhicw is higher than that of the
propanal route by 5.0 kcal/mol. Finally, the adsarbpropanone is desorbed

endothermically, requiring a desorption energy @#Xcal/mol.

For ease of comparison, the complete energeticilgsofor all
mechanisms are shown in the same diagram (FigureT26s diagram shows the
energies obtained from the ONIOM model, which ideluthe zeolite framework
effect and the gas-phase noncatalyzed isomerization comparison. Without a
catalyst, the gas-phase propene oxide isomerizatioars via a single concerted step
with high reaction barriers of 63.3 and 70.2 kcal/rfor the formation of propanal
and propanone, respectively. It is undoubtedly nteskthat H-ZSM-5 zeolite alters
the propene oxide isomerization mechanism to guutyit a series of steps with lower
reaction barriers. The reaction starts with propexide adsorbed on the acid proton
of zeolite. The ring opening step is consideredbeothe rate-determining step. The
activation energies are 38.5 and 42.4 kcal/mopfopanal and propanone formation,
respectively. The reaction intermediates and ttiamsstates are greatly stabilized by
the zeolite framework. The transition states of thate-determining step only lie
above the reactants by 7.7 and 11.6 kcal/mol fopgmal and propanone formation,
respectively. The step following is the energy iearfor carbonyl forming, which
involves the 1,2-hydride shift on connecting th€ ®ond, and is evaluated to be 18.2
and 23.2 kcal/mol for propanal and propanone, spdy. Therefore, it can be
concluded, by considering the relative reactionriearand the transition-state
stability, that the propanal is more favorably feanthan the propanone. However,
since the confinement effect of the H-ZSM-5 zeddit@bilizes the transition states and

intermediates for both routes, the preference ag#nme rupture of the more sterically
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hindered C-O bond is not very high. This findingrregsponds well with the
experimental results10 that propanal was produced higher yield than that of
propanone but the minor product, propanone, wasalsduced in a significant yield
for the propene oxide isomerization in H-ZSM-5 ztesl

4. Decomposition of nitrous oxide

In this topic (Namuangrukt al., 2007), the B3LYP/6-31G(d) was performed
to investigate the reaction mechanisms of the deosition of the nitrous oxide
molecule on the perfect (Section 3.1) and the Stdrades defective (Section 3.2)
models. The effect of a chloride anion encapsulatéde SWNTSs on the reactivity of
both perfect and defective tubes is also discuss8ection 3.3.

4.1 Reaction mechanisms on the perfect (5,5) SWNT

For an asymmetric XD molecule, the N—O and N-N bond lengths are

measured to be 1.192 and 1.135 A, respectivelyctwhie in good agreement with
the experimental data of 1.184 and 1.128 A, respsyt By comparison, the relevant
theoretical to experimental studies (&ual., 2002b, Swet al., 1999), show evidence
to prove that five-membered heterocycles can beddrin the cycloaddition of 1,3-
dipole N20O with double bonds in ethylene and swfd@amond, implying that the
double bond of carbon nanotubes could also fornfitleemembered ring with pO.
In this work, the decomposition of nitrous oxideinsestigated on the sidewall of
SWNT by delivering the O atom in a&® molecule toward a C=C bond to form an
epoxy adduct and a nitrogen molecule. The reaati@thanisms are proposed to
occur via the cyclic five-membered ring intermeedjatalled the stepwise mechanism
(Subsection A) or via directly losing the O atormadied in the concerted mechanism
(Subsection B). The explanations of both mechanmm<larified below.
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A. Stepwise mechanism

Figure 27 The reaction complexes associated with the stepmischanism for the
decomposition of nitrous oxide to nitrogen on thefect site of the
armchair (5,5)-SWNT. (a) TS1p (37.23), (b) LM1p @B, (c) TS2p
(35.97), and (d) LM2p (43.92). The values in pdnests are the relative
energies (in kcal/mol) of each individual complexXharespect to the
isolated molecules.
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The stepwise mechanism of the nitrous oxide decasitipn on the
sidewall of SWNT is characterized by the formatafrnthe cyclic intermediate. The
complexes related to this mechanism are showngar&i27. At the initial step, the
N>O molecule approaches the C1-C2 in a parallel tinec and the reaction
subsequently proceeds via two consecutive steps.fif$t step is an asynchronous
cycloaddition forming a cyclic intermediate (LM1pAt the transition state (TS1p),
the cycloaddition occurs via an electron transfemf C1-C2 of the SWNT to the
N,O molecule causing a lengthening of C1-C2 from 1t@11.49 A. Moreover,
alterations in the pO structure are observed. The angleZ®N2N1 is bent from
180° to 137.8° owing to a hybridization change frspn(linear) to nearly $gbent). It
is also confirmed by a lengthening of bond distaneéiich compare with the isolated
N,O molecule, by 0.06 A for O-N2 and by 0.07 A for-MPR, which implies a
weakening of those bonds in thegONmolecule. Subsequently, after the cycloaddition
process is completed, the metastable five-memberegd intermediate (LM1p) is
formed with the adsorption energy of 25.31 kcall.nibie hybridizations of atoms in
the N20 molecule are completely altered ta dfe O and N1 atoms are covalently
bonded to C1 and C2 atoms with a single bond ctarad.49 and 1.53 A,

respectively).

Lu and co-worker (2002c) studied the 1,3-dipolacl@gddition of
ozone (@) on an ONIOM2 model. Unlike aJ® molecule, a symmetric{@nolecule
has ac plane in between the left and right O-end atontser&fore, the reaction
between @ and SWNT started from a synchronous cycloadditiath the o,
symmetric transition state. The two forming C-O d®are equivalent with a value of
2.29 A. For the second step, the cyclic intermed@atpels a nitrogen molecule and
forms an epoxy adduct. At this point, the reactmoceeds via the second transition
state (TS2p) where the N1-N2 shortens (1.16 A)admwnfthe nitrogen molecule
simultaneously with the lengthening of O-N2 and §2-to 1.74 and 1.87 A,

respectively.

At the final stage, the epoxy adduct is formed bynplete expelling

the nitrogen molecule. All processes require thivaiion energy 37.23 kcal/mol
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relative to the isolated molecule. Figure 27 chkeaHows that the cycloaddition in the
first step is the rate-determining step for nitraxéde decomposition on the perfect
nanotube. Since the heterocyclic intermediate istalte, extrusion of the N
molecule in the final step is more facile with avéy barrier of 10.66 kcal/mol with
respect to the heterocyclic intermediate.

B. Concerted mechanism

Alternatively, the nitrous oxide decomposition dre tsidewall of the
perfect SWNT can proceed in a single step withouinfng the cyclic intermediate.

This is called the concerted mechanism and itsceest®al complexes are shown in
Figure 28.

b)

Figure 28 The reaction complexes associated with the coedertechanism for the
decomposition of nitrous oxide to nitrogen on thexrfect site of the
armchair (5,5)-SWNT. a) TSp (48.60), and (b) LM243(92). The values
in parenthesis are the relative energies (in kad)/raf each individual

complex with respect to the isolated molecules.
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In the concerted mechanism, the reaction procedasivan O atom
approaches the C1-C2 bond and transfers an O atdahe ttube creating the epoxy
adduct. At the transition state (TSp), the O aterpainting to the C1-C2 bond with
nonequivalent @C1 and G-C2 bond distances of 2.31 and 1.77 A, respectively.
comparison to the isolated,® molecule, the O-N2 lengthens from 1.19 to 1.47 A
and N1-N2 shortens from 1.13 to 1.14 A. The O—N2ig\thanged from a linear to a
bent alignment on account of the changing of thextednic hybridization of the
central atom in the O molecule. Finally, the product is also in thericof an epoxy
adduct that is equivalent to that in the stepwisemanism.

The calculated activation barrier for the concertezthanism is 48.60
kcal/mol. In comparison with the stepwise mechanitns concerted mechanism is
relatively kinetically unfavorable. Therefore, iarc be concluded that the stepwise
mechanism is dominant and that the nitrous oxideriato be decomposed on the

sidewall of the perfect (5,5)-SWNT via the stepwisechanism.

4.2 Reaction mechanisms on the Stone—Wales d&{&tSWNT

It is generally accepted that it is difficult $gnthesize perfect nanotubes
without defects, i.e. Stone—Wales defect, dopard,\eacancy (Charlier 2002). In this
section, the role of the Stone—Wales (SW) defedherreaction pathway is intend to
examine by focusing on a 7—7 ring fusion site whgkhe same local bond center of
the 1,2-pair site in the perfect model but it isated 90°. Even though the 7-7 ring
fusion site is not the highest reactive site (Beger 2005, Luet al., 2005b), it was
considered to be the important reactive centergliemical adsorptions (Chakrapani
et al.,, 2003, Wanget al., 2006) and reactions (Delgadb al., 2004, Wanget al.,
2006, Wuet al., 2006) on carbon nanotubes.
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c) TS2d (44.80 kcal/mol) d) LM2d (-30.56 kcal/mol)

Figure 29 The reaction complexes associated with the stepmischanism for the
decomposition of nitrous oxide to nitrogen on then®—\Wales defective
site in the armchair (5,5)-pSWNT. The values inepénesis are the
relative energies of each individual complex widspect to the isolated

molecules.
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a) TSd (40.27 kcal/mol) b) LM2d (-30.56 kcal/mol)

Figure 30 The reaction complexes associated with the corgceniechanism for the
decomposition of nitrous oxide to nitrogen on then®—\Wales defective
site in the armchair (5,5)-pSWNT. The values inepéinesis are the
relative energies of each individual complex widspect to the isolated

molecules.

Figures 29 and 30 show the optimized structurallcgtationary points in
the stepwise and concerted mechanisms for the dexition of nitrous oxide at the
7—7 ring fusion of the Stone—Wales defect in (|BYNT (dSWNT). It is noted that
the reaction mechanisms on the dSWNT are similahtse on the pSWNT (see
Figures 27 and 28). However, some energy crossingsrred which are due mainly
to the instability of the epoxy product on the dSWNor the cycloaddition step, the
activation barrier of the dSWNT model is lower thhat of the pPSWNT model by
2.85 kcal/mol. In other words, the cycloaddition O to the dSWNT is more
facilitative than to the pSWNT model. To chara@erihese results, the roles ofON
and SWNT in the reaction is considered. In the dgmmsition process, the N
molecule acts as the electron deficiency moleculelewthe SWNT acts as the
electron donating part. Thus, electrons will begfarred from the SWNT to 49 in
order to undergo the decomposition process. Frenfaitt that the shorter the bond is,
the higher the electron in the local bond is. Heilee higher electron density in the

C1-C2 bond of the dSWNT should aid the cycloadditeaction with incoming pO.
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Contrary to the cycloaddition step, the barrieighefor the second step
involving the nitrogen molecule extrusion to form epoxy adduct in the dSWNT
system is higher than that in the pPSWNT by 8.83/kual. This can be explained by
the Bell-Evans—Polyani Principle: the more the k&ohic reaction is the lower the
barrier height. In this case, the epoxy adducthef pPSWNT, in which the oxygen
atom is attached to the circumferential C1-C2 bead, release the strain by opening
the epoxy ring leaving the opened form (see Fi@rn@). For the dSWNT where the
C1-C2 bond is in parallel with the tube, the eporg forming via the axial addition
is still in the closed form (see Figure 29d). Theaaese different relative energies and
the more stable epoxy adduct in the pSWNT by 1&&f/mol. In addition to the
reaction energy, it is observed the stabilitiestted epoxy adducts in terms of the
binding energies of triplet O(t) atoms attachedhe sidewalls of those nanotubes.
The calculated O(t) binding energies on the pSWNd the dSWNT are -91.32 and
-77.96 kcal/mol, respectively. Our observations iaragreement with the Let al.
work (Lu et al., 2005b) that performed on theH,, model at the same level of
theory. Their calculated additional energies aré.67and -62.4 kcal/mol for the
PSWNT and the dSWNT systems, respectively. Theigfices in the values of their
reaction energies and ours can be explained bgfteet from edges in finite cluster
calculations using their smaller model;{8,0). Moreover, based on Bettinger's and
Matsuo’s findings (Bettinger 2006, Matsebal., 2003), the GH>o tube model that
possesses an incomplete Clar network is less veatian the complete Clar network
CooH20 model. However, in comparison to our results aB63cal/mol, this smaller
model also estimates an energy difference of tleeasducts by 12.2 kcal/mol on the
potential energy surface.



106

Decomposition of NoO on SWNTs

60 -
40
© 20 -
£
=
©
I3
=
> 07
o
H
o
c
w
-20 o\ \
——————— Stepwise Mechanism on PSWNT A\ \‘ 3056
Stepwise Mechanism on DSWNT e I B
------------- Concerted Mechanism on PSWNT ‘\
40  —omme Concerted Mechanism on DSWNT ‘.:i?.?.%.
-60

Reaction Coordinate
Figure 31 Energy profiles for the nitrous oxide decompositom pSWNT and
dSWNT fully optimized at B3LYP/6-31G(d).

4.3 Effect of CK@SWNT on the reaction pathway

Since the activation energies of the deamsnijon of nitrous oxide on
SWNT are rather high, in this section, a reductbthe barrier height of this reaction
is studied. For the reason that the SWNT actsrasckeophile, the introduction of an
electron rich moiety into the SWNT might enhanserdactivity. As a case study, the
chloride anion is doped into the SWNT (see Figu2¢ dy encapsulating it in the
middle tube of the SWNT (@SWNT). The whole reaction process was completed

by single point calculations at every stationarinpat the same level of theory.
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Table 10 The relative and activation barrier energies rdgar the NO
decomposition on the bare perfect and the defe@WINTs and the

Chloride anion doped perfect and the defective SBWINT

SWNT TS TS1 LM1 TS2 LM2 O(t) AEas AEa&

Bare
Perfect 48.6 37.23 25.31 35.97 -43.92 -91.32 37.23 10.66
Defect 40.27 34.38 24.17 448 -30.56 -77.96 34.380.62
Cl@
Perfect 44.5 32.21 20.94 31.21 -44.64 -92.03 32.21 10.27
Defect 38.34 32.13 23.82 41.76 -30.61 -78.00 32.1B7.93

Table11 The charge gained on,® of all stationary points of XD decomposition on
the bare perfect site (pSWNT), the defective sdSWNT) and the
Chloride anion doped perfect site (@pPSWNT), the defective site (ClI
@ASWNT) of (5,5) SWNT.

PSWNT CI@pSWNT dSWNT C@dSWNT
Stepwise
TS1 -0.2797 -0.3561 -0.2724 -0.3538
LM1 -0.4196 -0.4764 -0.4076 -0.4647
TS2 -0.5544 -0.6144 -0.5696 -0.6398
LM2 -0.5576 -0.5723 -0.4759 -0.5123
Concerted

TS -0.2611 -0.4432 -0.2934 -0.3926
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Using the explanation given in the Section 3.2,eatain relationship
between a magnitude of electron gained oi© Mind the relative energy of the
reaction complexes for the nitrous oxide decompmsitire observed (see Tables 9
and 10). The relationship states that the higherethctron gained on, the lower
the relative energy at every point in the reactiathway. The barrier heights are
decreased in the following order: Bare pSWNT XAHSWNT and Bare dSWNT >
CI@dSWNT. These findings suggest that introducing>aess electron density onto
the (5,5 armchair carbon nanotube can improve tbaction kinetics for
decomposition of nitrous oxide onto the sidewall $NTs by enlarging the

magnitude of the electron transfer from SWNTs ®NXbO molecule.
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CONCLUSIONS

1. Adsorption of ethylene, benzene and ethylbenzene on faujasite zeolite

The adsorption of ethylene, benzene, and ethyllbenaa faujasite zeolite has
been investigated with three different cluster siaead methods comprising various
two level ONIOM2 schemes. The bare 3T B3LYP/6-31@)dquantum cluster
approach predicts the adsorption energies of —8:I#48, and —-7.76 kcal/mol for
ethylene, benzene, and ethylbenzene, respectivehe effect of the zeolite
framework is modeled on the ONIOM2 method. The roéel framework is found to
significantly enhance their adsorption energy ofabates to the zeolites. In
particular, the final predicted adsorption energes—8.75, —-15.17, and -21.08
kcal/mol, for the ethylene, benzene, and ethylbeezadsorption complexes were
calculated by the ONIOM2(B3LYP/6-311++G(d,p):UFFgheme. This efficient
scheme performs superbly when compared with thererental estimates of 9.1,
—-15.3, and -19.6 kcal/mol, respectively. The resolbtained in this study suggest
that the ONIOM approach yields a more accuratepaadtical model in studying the

adsorption of unsaturated hydrocarbons on zeolites.

2. Alkylation of benzene with ethylene and dimerization of ethylene

The alkylation of benzene with ethylene and dinaron of ethylene over
faujasite zeolite have been investigated using MMNOM3 model. The model is
shown to be accurate in predicting adsorption eeergf the adsorbed reactants and
products compared to experimental estimates. Twaharesms, stepwise and
concerted, have been evaluated for both reactkmrsthe stepwise mechanism, both
reactions start with the same step of protonatiathe adsorbed ethylene which leads
to the formation of the active surface ethoxidernmtediate with the barrier of 30.06
kcal/mol. For the second step, benzene alkylaaies place via interactions between
the ethoxide species and a benzene molecule. Téeetermining step is found to be
the reaction step where concerted bond forming é&twthe carbon of the ethyl

fragment and benzene and bond breaking of a benmeten occur. The activation



110

energy of 38.18 kcal/mol is predicted. Alternatywetlimerization of ethylene, the
active surface ethoxide intermediate can form Ce@dbwith the second ethylene
molecule with the activation energy of 28.87 kcallnslightly lower than the rate-
determining step of benzene alkylation (30.06 kaalj.

For the concerted mechanism, the alkylation of beazakes place in a single
reaction step of the co-adsorbed reactants witlpoar alkoxide formation. The
activation energy is calculated to be 33.41 kcadl/mdke benzene alkylation,
protonation and C-C bond formation of ethylene digation occur simultaneously at
one transition state to form butoxy adduct. Thavatibn barrier of the concerted
mechanism (38.08 kcal/mol) is higher than thathef tate-determining step of the
stepwise mechanism (30.06 kcal/mol). Therefore, dtnylene dimerization, the

stepwise mechanism occurs faster than the conceréetianism.

3. Structures and reaction mechanisms of propene oxide isomerization

The isomerization of propene oxide over 5T and 46isters of H-ZSM-5
zeolite has been investigated by using the B3LY34/6{d,p) and ONIOM(B3LYP/6-
31G(d,p): UFF) methods. The reaction mechanismseaa through a ring-opening
step followed by a 1,2-hydride shift to form twoffdrent carbonyl compounds,
propanal and propanone. The ring-opening step edetimechanisms is found to be
the rate-determining step and their transitiorestaire in the carbenium ion form. The
propanal route proceeds via the secondary carbeinmwhile that of the propanone
proceeds via the primary one. Because the stgricadre hindered C-O bond can be
broken more easily and the secondary carbeniunirarsition state is more stable,
the ring-opening activation barrier for the prodarfa38.5 kcal/mol is lower than that
for the propanone of 42.4 kcal/mol. The main pradram this reaction is, therefore,

the propanal.

The computational results suggest that the 5T elustadequate to determine
the geometrical characters of the transition stiwe,intermediate, the reactant, and

the product of these small adsorbates. Howevereghre 5T cluster does not take into
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account the van der Waals from the zeolite fram&wircannot give reasonable
results for the energetic profile of the reactidine extended 46T ONIOM model,
which includes the zeolite cavity and those effecen be used to calculate more

reliable results.

4. Carbon Nanotubes: Decomposition of nitrous oxide

The decomposition of a nitrous oxide molecule angidewall of the perfect-
and the Stone-Wales defect (5,5)-SWNTs have begliest from the first principle
calculations. The predicted reaction mechanism® (8tepwise and concerted
mechanisms) are analogous for the perfect anddfeztive models. For the stepwise
mechanism, the reaction occurs through a cycliermédiate via an asynchronous
cycloaddition and followed by the extrusion of @ragen molecule. The activation
barrier for the rate-determining cycloaddition stegalculated to be 37.23 kcal/mol
for the perfect and 34.38 kcal/mol for the defextmodels, respectively. The five-
membered ring complex is an unstable intermediai@ r@sults a low activation
barrier in the final step (10.66 kcal/mol for therfect and 20.63 kcal/mol for the
defective models, respectively). For the concenteechanism, the nitrous oxide
molecule directly transfers an O atom to the SWNTRisingle step. The activation
barriers are evaluated to be 48.60 kcal/mol forpéeect and 40.27 kcal/mol for the
defective models, respectively. The reaction besrie the concerted mechanism are
higher than those in the stepwise mechanism. Towxeit is concluded that the
nitrous oxide molecule can be decomposed favorablyhe armchair (5,5)-SWNT

via the stepwise mechanism.

The effect of a chloride anion encapsulated in® 8WNTs has also been
studied. It is clearly demonstrated that the presesf the chloride anion inside the
channel of the SWNTSs increases the catalytic reéacof the SWNTs for the nitrous
oxide decomposition on the perfect and the Stondes\tlefect SWNTSs by enhancing
the electron transfer from the tube to thegONmolecule. Although the calculated
smallest barrier for these systems (34.38 kcal/nsobather high, this study would
assist the experimentalists in fine-tuning an eiveccondition of further explorations
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which may lead to a new efficient process for temaval of toxic NO gas in the

future.

In summary, the nanostructured zeolites, faujaaieg ZSM-5, which are
the catalysts in the important reactions studiem/alzan be modeled with the clusters
and represented by ONIOM methods. Faujasite zemitsisting of 576 atoms in unit
cell, can be modeled by 84T cluster and succegsiskd to represent the interactions
between the zeolite’s active site, surrounded witlironmental framework, and the
upcoming adsorbed molecules by using both ONIOMRBI6-311++G**:UFF)
and ONIOM3(MP2/6-311++G**:HF/6-31G*:UFF) methods. h&feas, smaller unit
cell of ZSM-5 consisting of 297 atoms can be desighy using even small cluster of
46 tetrahedral atoms and treated with ONIOM2(B3L6¢B1G**:UFF) method.
These models and methods are then used to inviestiga reaction mechanims
catalyzed by zeolites, i.e. the alkylation of bere&ith ethylene, the dimerization of
ethylene, and the isomerization of propene oxideaidonyl compounds. The most
importantly, the behaviours of small atoms and makes on the active site can be
understood in molecular level, let one can deskgn riew/better catalysts for their

interested reactions.
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