MOLECULAR DESIGN OF NANOSTRUCTURED
CATALYSTSFOR INDUSTRIAL REACTIONS

INTRODUCTION

Zeolites are widely used on a large scale andwida range of applications.
The majority of them are used as ion exchangernsaundry detergents to remove
calcium and magnesium ions from the water by exgimgnthese ions with sodium
ions which are present in the zeolites. Furthermoeelites are applied as adsorbents
in the purification of gas streams to remove watet volatile organic species, and in
the separation of different isomers and gas-mistufieney are applied also in the
cleaning of radioactive waste. In this thesis mjéhe focus will be on one of the

most importanrtand valuable applications called “the catalysisZeplites.

Zeolites have an aluminosilicate framework withitls¢ructures consisting of
silicon cations ($) and aluminum cations (&) surrounded by four oxygen anions
(O*). Each oxygen anion connects two cations and \iieisls a three-dimensional
framework, with a net negative charge of Al®@etrahedral building blocks. This
charge comes from the difference in the valencésdmn the silicon- and aluminum
cations. It will be located on one of the oxygemoaa connected to an aluminum
cation, and then compensated by additional catsuth as sodium ion (Na For
catalytic applications, almost all of the sodiunmgoare replaced by protons *jH
which form a bond with the negative charge of oxygaions. They are then called
the “bridging oxygen” of the zeolite. This occura the Brgnsted acid sites, as
displayed in Figure 1, and are highly active in ¢hgalytic cracking (Al-Baghlet al.,
2005, Gome=t al., 2005, Triantafyllidiset al., 2006), alkylation (Beckest al., 1973,
Cormaet al., 2000, Degnan Xt al., 2001, Duet al., 2002, Reddt al., 1993, Siffert
et al., 2000), oligomerizaiton (Geobalabal., 1997, Hsia Chest al., 1996, Svellet
al., 2004), and isomerization reactions (Klegtedl., 2003, Martinst al., 2005).
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Figurel The Brgnsted acid site of catalytic zeolite.

Figure2 Various types of zeolite pores and channels (€iguedit; http://www.iza-
sc.ethz.ch/IZA-SC/AtlasHome.html).



The structure of zeolite is a pore system with cedsin one-, two- or three-
dimensions. The diameters of the pores and cawties nanoscale with the range of
3-12 A. The exact diameter of the pore dependfemrdordination and the amount of
cations and anions in the ring channel. The strastof four different zeolites are
depicted in Figure 2. Faujasite (FAU) is a thremehsional zeolite with large
cavities present in the structure that are intareoted by 12-membered ring
channels, which means that there are 12 catiort$ é8d AFf*) and 12 & anions
present in the ring. Ferrierite (FER) is a two-dmsienal zeolite with 10-membered
ring main channels, which are interconnected vialln 8-membered ring side
channels. For ZSM-5 (MFI) zeolite, the straight i@mbered ring channels are
interconnected by 10-membered ring zigzag chanmgigsh make this zeolite three-
dimensional. Mordenite (MOR) is a 12-membered rzgplite with the channels
running in only one dimension. The 12-membered ihgnnels contain small 8-
membered ring side-pockets. These pores and clsamatth with the dimensions of
many hydrocarbon molecules. In this thesis projéna,focus will be on the zeolites
faujasite and ZSM-5, which are used as the catalystthe important industrial

reactions listed below.

1. Alkylation of benzene and ethylene to ethylbenzene

Ethylbenzene is an important raw material in theequhemical industry
for the manufacture of styrene, which is one of thest important industrial
monomers. Worldwide capacity of ethylbenzene pradaods about 23 million metric
tons per year (Degnan éral., 2001). Conventionally, ethylbenzene is produced by
benzene alkylation with ethylene using mineral a@dch as aluminum chloride or
phosphoric acid as catalysts. However, these deeastalysts cause a number of
problems concerning handling, safety, corrosiord amste disposal. An immense
endeavor has been put into developing alternatatalytic systems that are more
environmentally friendly. As a result, the ethylkene production technology has

been progressively moved toward zeolite based psese
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Figure 3 The alkylation of benzene with ethylene to ethglene and the
dehydrogenation of ethylbenzene to styrene.

Several types of zeolites have been repometiave high activity for
benzene alkylation, for example, faujasite, bet&Z3M-5, and MCM-22 (Cormat
al., 2000, Moritaet al., 1973, Venutat al., 1966, Weitkamp 1985). Elucidation of the
reaction mechanism of benzene alkylation on zedaé#talysts is of great interest.
From an industrial point of view, understanding #tieylation mechanism could help
in optimizing the reaction conditions and in designa new catalyst for a more
efficient process. To clearly envision the reactioachanism, theoretical study can
offer a practical tool that provides insight to tleaction mechanism complementing
experimental investigations or, in certain casdi&raan understanding that is not
possible by experimental investigation. Therefarehis part of the thesis project, the
theoretical study of the reaction mechanism ofallkglation of benzene with ethylene

on an acidic faujasite zeolite has been employed.

2. Dimerization of ethylene
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Figure4 The dimerization of ethylene to butene.

Acid-catalyzed alkene dimerization and oligomei@atare important
reactions in industrial chemical processes bectheseresult in €C bond formation
leading to higher hydrocarbons and, thus, can kd t@ the production of fuels and
lubricants from light alkenes (Kniftost al., 1994, O'Connoet al., 1990). Linear



alkenes are produced by oligomerization of ligktaks in zeolite pores (Jeoel.,
1998, Van Den Bergt al., 1983) due to the constraints of the zeolite pgstesns.
Therefore, understanding the interactions of alkemath acidic zeolites and
dimerization as well as oligomerization in zeolgere systems is of fundamental
importance, because they are key steps in manyriamioreactions catalyzed by
zeolites (Bibbyet al., 1992, Corma 1995, Kiricst al., 1999, Klepekt al., 2003), for
example, alkene oligomerization, alkylation of beme with alkenes, and methanol-
to-gasoline conversion. This part of the thesiggmtopresents a theoretical study on

the mechanism of ethylene dimerization in faujazsgelite.

3. Isomerization of propeneoxide

Epoxides are important intermediates for organicttsgsis and for the
chemical and petrochemical industries. With théghhring constraint, epoxides are
very reactive, giving them extensive use for thetlsgses of complex organic
compounds, polymers, and macromolecules (Carli€d42@henget al., 2005,
Katsuki et al., 1980, Smith 1984) via the ring-opening and isomaion reactions.
The isomerization of unsymmetrical epoxides canegiwo different carbonyl
compounds. For example, isomerization of propenieleoyroduces propanal and
propanone (Figure 5). The major product is propambich results from the breaking
of the more sterically hindered C-O bond of thexége ring.
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Figure5 The isomerization of propene oxide to propandl @mpanone.

For chemical processes, these reactions were cbonalty catalyzed by
Lewis acid catalysts (AlG] and BE, etc.) that are highly toxic and corrosive and,

consequently, present a serious waste disposallepnobTo substitute the



conventional catalysts to reduce these problenisl satalysts, for example, 4Ds,
Al,03-SiO,, ZnO (Molnaret al., 1991) Nafion-H (Faset al., 2004), zeolites (Fast
al., 2001), and so forth, have been developed. Amoasgettsolid catalysts, zeolites
are considered to be one of the most promisingrateres because they can be
reused and reactivated. Acidic zeolites are adtivéhe isomerization of propene
oxide. The reactions occur on Brgnsted or Lewid aites. The confined environment
of zeolites also favors the dimerization. The pdiistribution strongly depends on
the pore sizes of the zeolites (Fetsal., 2001).

In the Results and Discussion section, the thesadeteaction mechanisms
of the propene oxide isomerization over H-ZSM-5litedrave been presented. Two
different products, propanal and propanone, areéddr by the breaking of different
C-O bonds. The mechanisms start from the ring-ogenof propene oxide
coordinated to the acidic proton of zeolite to fdima intermediate, processing via the
carbenium-like ion as the transition state, follovy a 1,2-hydride shift between the
adjacent carbon atom to form the carbonyl compouwitith the aim of describing the
effect of the zeolite framework on this reactidme results obtained from the zeolite
framework effect are discussed, and are comparéd ttve ones obtained from the
active site. In the Results and Discussion sectiloa,details of the energetics and
structural stabilities affected from the zeolitarfrework are also related.

In addition to zeolites, carbon nanotubes (CNTsg¢ also important
nanostructured materials. They are an allotropecafbon and are generally
considered to belong to the fullerene family (Fegud). The structure of carbon
nanotubes can be imagined as a layer of graphitet ¢a hexagonal lattice of carbon)
rolled up into a cylinder such that the lattice aairbon atoms remains continuous
around the circumference. The number of shellsegaffom one (a single-walled
carbon nanotube) to many with the spacing betwkerayers matching closely the
layer spacing in graphite, around 3.4 A. CNTs aeally 10-500 A in diameter and
typically a few microns long, although multi-wallednotubes as long as 200 A have

been grown.



Figure 6 a) Single-walled carbon nanotube (SWNT) bundle bBhdVulti-walled
carbon nanotubes (MWNTS).



Apart from applied pressure, force etc., defects alfffect the basic properties
of CNTs. There are three types of defects: topckdgrehybridization and incomplete
bonding in carbon nanotubes. The most importardglémpcal “Stone-wales” defect is
a combination of two pentagons and two heptagorg {5 defect). This kind of
defect causes little change to the diameter andaldli of the CNT and the
deformation effect is rather local. And, this trfammation effectively elongates the
tube in the strain direction, releasing the exc&sain energy. This defect can be
incorporated in a normal tube by a 90° rotationtltd C=C bond between two
hexagons. This rotation changes four neighboringagens into two pentagons and
two heptagons as shown in Figure 7.

b)
Figure 7. Zigzag (9,0) CNT with a) Perfect and b) Stoneld¥alefect (indicated in
yellow color).



Nitrous oxide (NO) is a toxic pollutant gas in the atmosphere, Wwhotten
occurs during the incomplete combustion of foss#lf The major sources of,® gas
emission are chemical processes related to theuptiod and utilization of nitric acid
as fluidized bed combustion. Their contributiorat®out 20% of the total exhausted
N2O gas (Kapteijret al., 1996). Responsible members of the public and imidlists
are committing themselves to reduce greenhouses dgsat least 5-8% by the year
2012 (Christoforouet al., 2002). Therefore, the removal of,M is definitely a
challenging issue.

Decomposition

N-N=O + Nanotube N, + O-Nanotube

Nitrous oxide Nitrogen Epoxy adduct

Figure 8. Decomposition of nitrous oxide () over nanotube to nitrogen molecule
(N2) and epoxy-adduct.

Carbon nanotubes, especially single-walled cartamtubes (SWNTs), have
attracted much attention for their fascinating cincal, mechanical, electrical, and
electromechanical properties (Avouris 2002, Dekk6P9, Ouyanget al., 2002).
These nano-structural materials can be modifieflibgtionalization on the open ends
or on the sidewall with organic or inorganic compds to develop many interesting
alternative applications. The decomposition gONdver SWNTs may be another way
of functionalization as this process is not onlgdarcing an epoxy adduct of SWNTs
for further utilizations, but also converting a iMN,O to a nontoxic N molecule.
Therefore, in the catalytic aspect, the SWNTs mighta novel and excellent choice
of catalyst for the nitrous oxide decomposition tlué¢heir high surface area and large
number of active sites. In this aspect, the epalduat, which is considered as a
deactivated complex, can be reactivated easily Hptquesorption of the oxygen to
clean the SWNTs (Miyamotet al., 2004, Shimet al., 2005, Zhouet al., 2003).
Hence, the understanding of the decomposition & bd an N reaction mechanism

over SWNTs is useful as the basis for other catahyplications.
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This part of the thesis work reports the first mupe to study this idea to see if
there is any possibility to use nanotubes for #raaval of toxic gas. In this study, we
used the armchair (5,5)-SWNTs as a catalyst faoumst oxide decomposition and
predicted their reaction mechanisms. The roleshef $tone-Wales defect and the
presence of a chloride anion inside the armchab){SWNTs are also taken into
consideration. These results would assist the @rpetalists in selecting an effective

condition for further explorations.
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LITERATURE REVIEW

In catalytic application, zeolites are widely used the petroleum and
petrochemical industries for a number of commelciamportant hydrocarbon
reactions due to their outstanding properties, Beansted and Lewis acid sites, size-
shape selectivity, and thermal stability. Using tpre and metal-zeolites as the
catalysts can increase the percentage yield ofateired products and thus reduce
the production cost significantly. Zeolites wereedisas effective catalysts in
converting many hydrocarbon materials to value-ddpeducts. Several types of
zeolites were reported to have high activity fonzene alkylation, for example,
faujasite, beta, H-ZSM-5, and MCM-22 (Beckeral., 1973, Chenet al., 1986,
Corma 1995, Cormet al., 2000, Degnan Jt al., 2001, Kaedingt al., 1988, Morita
et al., 1973, Reddyet al., 1993, Smirniotiset al., 1995, Venutoet al., 1966,
Weitkamp 1985).

The structures of zeolites are microporous aluniiicages with a large
number of atoms in the unit cell. To obtain morenageable sizes for the ab initio
calculations, small clusters representing the gatahctive site were studied in the
past (Correeet al., 2002, Evlethet al., 1996, Voset al., 2001, Voset al., 2003).
However, this was meant that the essential confamtreffect created by the part of
the surrounding framework was neglected. In eatheoretical studies (Vo al.,
2003), it was deemed sufficient to investigate dhky reaction mechanisms of small
clusters using first-principle calculations on tieactions of small- and medium-size
adsorbates. However, those clusters precluded aemasion of the electrostatic and
van der Waals effects of the zeolite framework,chitgignificantly affect the stability
of the intermediates and transition states. Itmgartant, therefore, that the larger
clusters which include such potential be taken autiesideration. To facilitate this, the

large quantum clusters and periodic calculationewspecifically developed.

However, even though these calculations do proameirate results, they are
really prohibitive in terms of computational timédaexpense. The more recent

development of hybrid methods, such as the embeddster or combined quantum
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mechanics/molecular mechanics (QM/MM) (Braerddlal., 1998, Greatbanket al.,
1996, Hillier 1999, Khaliullinet al., 2001, Limtrakulet al., 2000, Treesukoét al.,
2001) was successfully used to model structurereadivity of zeolites (Braendlet
al., 1998, Greatbanket al., 1996, Hillier 1999, Khaliullinet al., 2001, Limtrakulet
al., 2000, Treesukokt al., 2001). An embedded cluster model represented the
interaction of substrates with the Brgnsted adid sf zeolites was described which
utilizes an electrostatic field obtained from c#dtions of the full periodic structure.
Ferthermore, embedded cluster QM/MM calculationtteg DFT/MM level was
performed to investigate cyclization ofs @iene leading to £cyclic product in
HZSM-5 by comparison to quantum cluster calculatfdashiet al., 2005). It was
shown to be essential for proper analysis gfo@fin chemistry in ZSM-5 models
with fairly important distinctions between QM/MM @dmuantum cluster results.

Besides that another development method, the ON[OM own n-layered
integrated molecular orbital and molecular mechgniwere also made it possible to
successfully describe the confinement effect frowv@ zeolite wall as well and at a
much more economical computational cost (Dappetci., 1999, Solans-Monfort
al., 2002, Svenssomt al., 1996). This approach was proposed and shown to be
successful in reproducing benchmark calculatiorts experimental results (Kasuriya
et al., 2003, Namuangruét al., 2004, 2005, 2006). ONIOM3, a three-layered version
divides a system into an active part treated agrg tigh level of ab initio molecular
orbital theory, a semi active part that includepamant electronic contributions and
is treated at the HF or MP2 level, and a non aqpiaet that is handled using force

field approaches.

The structure and properties of active intermediatéd acid-catalyzed
homogeneous and heterogeneous transformationgfrisoand alcohols, taking into
account the hydration in homogeneous systems ointeeaction with the surface of
heterogeneous zeolite catalysts on the basis okmpinical quantum-chemical
calculations is discussed by Kazanskyl. (1992). In both cases carbenium ions do
not represent the actual existing active interntediabut rather the excited transition
states. They could be formed from the more covaadtmore stable surface esters in
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heterogeneous acid catalysis or from hydrated alkioxn ions in acid catalysis in
agueous solutions. These results in concertedioeapathways with low activation
energies due to almost complete compensation oénleegy required for the rupture
of the reacting chemical bonds in the initial compads by the energy released by the
formation of the new bonds in the final productevéh year later, Kazansky (1999)
additionally discussed that adsorbed carbeniumlikenactivated complexes can be
formed both via proton additional to the double d®f olefins or as energetically
excited unstable ion pairs resulting from parti@lsdciation of the carbonyl bonds in
more stable alkoxy species. In contrast, the higingrgetically excited adsorbed
carbonium ion-like transition states result onlgnfr proton attack at the C-C or C-H
bonds of paraffins. The quantum chemical calcutatiprovided the information on
geometry and electronic structure of these activatemplexes which depend on the
elementary reactions in which these transitiorestare involved. The calculated heat
effects and activation energies for main elementatgps in acid catalyzed
transformations of hydrocarbons on zeolites, i.e.double bond shift, skeletal
isomerization and cracking of olefins or protolytdehydrogenation, protolytic
cracking of paraffins and hydride transfer frompamffins to carbenium ions are in a

reasonable agreement with the experiment.

The experimental work of Cant and Hall (1972) showree activation energy
for deuterium exchange of ethylene on H-faujasitéG@kcal/mol with an adsorption
energy of the order 9 kcal/mol. The experimentatarination of adsorption of both
acetylene and ethylene on a H-ZSM-5 by Haw and adk&rs (1989) mentioned that
deuterium isotope exchange with ethylene occurdimwiseveral hours at room
temperature. However, exchange with acetylene takgeral days. The adsorption
enthalpy can be bracketed between -5 and -10 kohl/which is in qualitative
agreement with the work of Cant and Hall. It isodisund that acetylene on H-ZSM-5
IS unreactive at room temperature but becomesiveaabove 425 K. All these works
imply that activation energies for isotope exchawofesthylene are lower than for
acetylene. These probably range between 15 and&0viol for former and between
20 and 25 kcal/mol for the latter.
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Ab initio molecular-orbital calculations using tlBe21G basis set is used to
study the protonation reaction of propylene andbusene by zeolite bridged
hydroxyls ZOH, which are simulated by a cluster gloghich consists of two Si
tetrahedra and one Al tetrahedron are studied bweld-Martin (1993). The
calculations show that in all reactions the adsonpof the olefin molecule on the
acidic OH group takes place, leading to a stabd®@mplex with a structure similar to
those of the isolated olefin and clusters constisieTher-complex is transformed
into a zeolite-alkoxide of covalent characteristithe surface alkoxides are the most
stable structures with reaction energies in thegeaof -15 to -7 kcal/mol. These
reactions take place through transition states wlooganic fragment has a geometry
and charge distribution resembling those of therdpyl and tert-butyl classical
carbenium ions for zeolite-propylene and -isobuterespectively. The obtained
activation energies (30-40 kcal/mol) are of the sasnder of magnitude in all the
reactions considered. The bifunctional mechanism tleg reactions is rather
complicated and implies a concerted process inuglthe proton transfer from the
zeolite toward a carbon of the olefin double boadd the simultaneous C-O bond
formation at the adjacent oxygen on the zeolitecstre. The reaction mechanism and
the properties of the transition states are praltyithe same. It is then proposed that
the geometric conformation of transition state ¢@n more determinant than the
chemical composition of the zeolite. In this regpebe flexibility of the zeolite

structure plays an important role.

Later, Beck and co-worker (1995) used Density FHonel Theory (DFT)
calculations on a cluster model to investigate Hile—exchage of benzene, the most
simple electrophillic aromatic substitution reaantioThey compared the catalytic
performance off-zeolite in the liquid-phase alkylation of benzemi¢h that of other
solid catalystsp-zeolite is more active and more selective thajafte zeolite in the
alkylation with propylene and ethylene to cumene athylbenzene (EB). In the
alkylation with propylene the overall selectivity @-zeolite is higher than that of the
traditional “solid phosphoric acid”. The catalytiactivity is affected by the

composition and the particle size @fzeolite samples. The catalytic activity pf
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zeolite is limited by intraparticle diffusion, avidenced by the decreased activity

corresponding to the particle size increase.

Ab initio quantum chemical methods are used toysthd mechanisms for the
hydrocarbon conversion in zeolites, i.e. crackimgpmerization, alkylation, etc.
(Rigby et al., 1997). It is found that the intermediates areatent alkoxide species
and indicate that there is no energy ordering es¢halkoxides according to their
primary, secondary, or tertiary nature. Transistates have been located for the most
important conversion reaction steps for hydrocasbap to G. The reactions are
concerted and the transition states are ionic aimg-like. Due to charge
delocalization in the transition state the actmatenergies depend on the nature of
the initial and final alkoxides. These calculati@re the foundation for a new model
of the hydrocarbon conversion which can better rilesdhe influence of the zeolite

as will be illustrated with calculations on acitesiwith varying acid strength.

The density functional theory is used to studyniechanism of double-bond
isomerization and skeletal isomerization of linbatanes catalyzed by a protonated
zeolite, which is simulated by a cluster consistadigwo Si and one Al tetrahedral
(Boronat et al.,, 1998). The study includes complete geometry aptitton and
characterization of reactants, products, reactidarinediates and transition stated,
and calculation of the activation energies for thiéerent processes involved. It is
shown that the double bond isomerization procegds toncerted mechanism which
does not involved the formation of either ionic apvalent alkoxy intermediates.
According to this concerted mechanism, in one #tepacid OH group of the zeolite
protonates the double bond of adsorbed but-1-edehanbasic neighboring O atom
of the cluster abstracts hydrogen from the olefstoring the zeolite active site and
yielding adsorbed but-2-ene. However, the mecharoérskeletal isomerization of
linear butanes consists of three elementary stapgonation of adsorbed primary a
secondary alkoxy intermediate, conversion statevimich the transferring methyl
group is halfway between its position in the linead in the branched species, and

decomposition of the primary alkoxy intermediategige adsorbed isobutene. The
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activation barriers calculated for the two reacticsre in good agreement with

experimental data.

The results obtained from quantum chemical calmra using density
functional theory and Hartree-Fock methods indithéd the potential energy surface
for the mechanism of thg-scission reaction in zeolites is very complex ¢hret al.,
1998). Three reaction paths were identified: (dhpBL, one-step via the "ringlike"
transition state (TS); (ii) path HBCP, via the "hgygen-bonded" TS and substituted
cyclopropane; and (iii) path HB, one-step via thgdrogen-bonded" TS. Transition
states in all reaction paths represent complexeleo€arbocation-like fragment with
the negatively charged cluster, whereas both iratnal final states represent alkoxy
species with a covalent bond between a carbon atdhe hydrocarbon portion and a
zeolite oxygen. The B3LYP/6-31++G**//B3LYP/6-31G*ctavation energies fop-
scission of but-1-oxy and pent-2-oxy with thgSHOH)AIH,(OSiHs) cluster were
found to be 57.4 and 52.4 kcal/mol, respectively.

It is found that MCM-22, beta, and USY zeolite éited very different
behavior in the liquid-phase alkylation of benzenth ethylene (Chengt al., 1999).
MCM-22 zeolite was the most selective for ethylbare synthesis, with by product
of < 0.07% wt. even at near-complete ethylene ciwes. Zeolite beta was the most
active (e.g. approximated 3 times higher for MCMel much higher than for high-
activity USY zeolite), but it produced significapnthigher levels of heavy byproducts
(i.e., butylbenzenes and diphenylethanes). USY agpdily and had relatively poor
selectivity for ethylbenzene. The USY zeolite hadnach higher selectivity for
oligomerization than the other two zeolites, preahiy because it had a larger pore
structure that allowed the formation of bulkier yalkylated benzenes. Also, Corma
and co-worker (2000) studied benzene alkylatiorhvethylene and propene which
has been carried out under liquid-phase reactionitions over zeolites MCM-22,
Beta, and ZSM-5. They found that MCM-22 seems t@ lgwod catalyst for benzene
alkylation especially with propene, showing highivaty and stability and good
selectivity. Beside that, they developed a mechianimodel for the alkylation of

benzene with propene in order to achieve not onkmatic expression useful for
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reactor design but also a better understandinghefnolecular events occurring
during alkylation on zeolite MCM-22. Their resulBowed that kinetic experiments
of alkylation with propene followed an Eley-Ridégbe mechanism. Beside that, they
fitted the experimental values to the Arrheniusagun, and an activation energy of
18.4 kcal/mol has been obtained. Another valueOokdal/mol over an HM zeolite,
17.9 kcal/mol over Fe-FMI zeolites and 12-16 kcallrfor CaY and LaY zeolites

have been reported for benzene isopropylation noetie.

An overview of current industrial alkylation preses for the production of
ethylbenzene and cumene are provided by Degnandrco-worker (2001). Zeolite
catalysts have begun to displace the conventiohahiaum chloride and solid
phosphoric acid (SPA). Friedel-Crafts catalystsduse both ethylbenzene and
cumene processes. This transformation has beercyparty rapid in the case of
ethylbenzene and cumene technology. Kaital. (2001) carried out the alkylation of
benzene with ethane and ethylene by using varieabte catalysts such as H-Y, H-
ZSM-H, H-mordenite at temperature ranges of 400-8G0 Among the zeolites
tested, H-ZSM-5 and H-MCM-22 showed catalytic ati#g. Loading of platinum
onto zeolite greatly enhanced the yield of ethy#ssre. In the alkylation of benzene
with ethane over platinum-loaded H-ZSM-5, ethylemas initially formed from
ethane over the metallic platinum. Then the alkgtaproceeded over the acid site of
H-ZSM-5.

The alkylation of benzene with ethylene ov@rzeolite catalyst to
ethylbenzene has been studied by in situ IR @ual., 2002). The proposed
mechanism is follows: adsorbed ethylene on wealklica site may react with
adsorbed benzene or ethylbenzene on strong acigis. SThese substances are
adsorbed competitively at the same kind of sitegylEne adsorbed becomes
carbenium, a substance which has strong interaetitm acidic sites, on the other
hand, benzene and ethylbenzene adsorbed molechkrb weak interaction, in the
form of hydrogen bonding, with acidic OH.
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Vos and co-worker (2001) reported the theoretitadlys of the alkylation of
toluene with methanol catalyzed by the acidic Maitke (Si/Al=23). They showed
how steric constraints in zeolites affect reacyivitheir results showed that transition
state selectivity is included within mordenite. @Qtitively, this selectivity can be
estimated by the comparison of the activation damergthe activation energy
differences are of the order of 5 kcal/mol. Theeordf the activation energies of
xylene change completely when the activation eesrgre considered in the presence
and absence of steric constraints. In the absensterc constraints the order is ortho
< para < meta, in good agreement with the HSABqipie, whereas in the presence
of steric constraints. In the absence of stericstramts this becomes para < ortho <
meta. These activation energy differences are ofitcent to explain the 100%
selectivity. These modified zeolite catalysts h&veen pre-coked and their external
active sites have been deactivated. Diffusionat@ggees may then play an important

role.

A periodic density functional theory (DFT) studytbe isomerization reaction
of toluene and xylene catalyzed by acidic mordewis reported by Rozanskhal.
(2001). They have shown how a combination of stedustraints and electrostatic
contributions of zeolitic atoms can affect the teat pathways of intramolecular
isomerization reaction of toluene and xylene is@nésomerization reactions may
proceed according to different reaction pathwaysciwhdo not show energetic
differences in the absence of steric constrairithak been observed that zeolitic
channel oxygen atoms play an important role ondtadilization of the transition
states. The location of the transition states wégpect to the Brgnsted site can be
altered completely if the zeolitic topology alloasnore efficient way to stabilize the
transient species. Apart from this, the reactiorcllmeisms obtained via the cluster
approach and periodic calculation remains, in essersimilar. Small cluster
calculations have been proven to give good qualéakesults compared with periodic
results. Differenced results from the fact thatlitieanicropore oxygen atoms are not
passive spectators but rather participate actiuelyhe catalysis of reactions. The
contribution of the zeolitic oxygen atoms appearsé of short-range nature. The
presence of steric constraints has been shown hditinthe possibility that
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isomerization of toluene and xylene proceed via eomeaction pathways.
Destabilization of transition states is up to lalkool although aromatics can fit
without difficulty inside the mordenite large poréeSteric constraints are strongly
dependent on the transition-state structure asagedbn the zeolite topology.

To study the effects related to long-range intéoastbetween the reaction site
and its environment. The ONIOM method is a geneedlihybrid scheme to treat
different levels of theory. Its implementation etGaussian program system allows
the definition of up to three arbitrarily shapedde with the free choice of the
method for every part. All methods available in €san can be used without any
modification of the parametrization. For the sitoatwhere covalent bonds need to be
cut in order to generate a model system, an improugk atom technique is
employed. Besides energy calculations, ONIOM allogeometry optimizations,
vibrational frequency calculations, and the evatumaof electric field derivatives such
as dipole moments, polarizabilities, hyperpolarilziégds, IR intensities, and Raman
intensities. Dapprichet al. (1999) describes the unification, generalizatiand
extension of their recently introduced IMOMM, IMOM&nd ONIOM (Svensso&t
al., 1996) methods that have been proven to be vduable and promising tools for
the treatment of large molecular system. In coht@sther hybrid methods, ONIOM
treats the interaction between the model and the sgstem consistently at a well
defined level of theory. Due to the virtually freboice of method combinations and
system partitioning, ONIOM is scalable and can pstegnatically improved. This
allows its successful and reliable application towale variety of chemically
interesting problems.

Sillar and co-worker (2002) tested the performamicgthe ONIOM method on
reproducing the properties of the acid sites of zbelite ZSM-5. The acid sites in
three crystallographic locations have been modéledhree combinations of two-
layer ONIOM method with varied size (two and eigbtrahedral, T, atoms) and
calculation method (ab initio and DFT) used for ttteemically important (active)
part. The best correspondence with experimenta dais achieved calculated with
ONIOM(B3LYP/6-311+G(d,p):MNDO) method using eightafoms in model system
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for the following properties: stretching vibratidrfisequencies,H NMR chemical
shifts of the bridged hydroxyl group, vibrationa¢duency shifts and changes in 1H
NMR chemical shifts of the hydroxyl groups uponagsion of CO.

The keto-enol isomerization of acetaldehyde in$ld8SM5 was investigated
using the B3LYP density functional approach and etiod the zeolite with T3 and
T5 clusters (Solan-Monfost al., 2002). Moreover, the effect of enlarging the tdus
to T63 has been considered using the ONIOM2 appraad combining the B3LYP
method with the AM1 or MNDO semiempirical oneswkis observed that the zeolite
produces an important catalytic effect on the emadilbn reaction. The catalytic effect
was much larger than that produced by a water ratdedue to the larger acidity of
the zeolite and to smaller geometry reorganizatiaosg the process. Calculations
with all clusters indicated that the adsorptioracétaldehyde to zeolite corresponded
to a neutral complex and not to an ion pair. Reswith cluster T3 and T5 are very
similar. Enlarging the size of the cluster to 68abedra with the ONIOM2 approach
destabilizes the keto intermediate and stabilizes @nol one, which results in a
decrease of the endothermicity of the reaction. Thmputed energy barrier and
reaction energy of the HZ (keto) to HZ (enol) réactat the ONIOM2(B3LYP:AM1)
level are 18.0 and 7.4 kcal/mol, respectively. OIOM2 procedure was considered
quite large clusters at a reasonable computatioostl which naturally introduce the

limited flexibility of the zeolite without imposingrtificial constraints.

For the dimerization of ethylene, the reaction weassidered to proceed by
the protonation of the alkene molecule by the Bieohsicid site of the zeolite to give
a carbenium cation which subsequently reacted antither alkene molecule to form
a dimer complex. Recently, Zecchina group (Geobadal., 1997, Spotoet al.,
1994) studied oligomerization of ethylene and ptepg on H-mordenite using FTIR
spectroscopy and reported that the reactions pdogeea stepwise manner. The
reactions start with the protonation of adsorb&eérés and then chain propagation by
insertion of monomeric alkenes. Svele al., (Svelle et al., 2004) theoretically
investigated the dimerization of linear alkene$ykne, propylene, and butene) by
acidic zeolite and suggested that in addition eodtepwise mechanism, the concerted
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mechanism should also be considered. Theoretigdiest can offer a practical means
to elucidate the reaction mechanism at the moledeleel and support and/or guide

experimental investigations.

The ring-opening reactions of propene oxide onoerizeolites and zeotypes
(HZSM-5, CuzZSM-5, HY, AIMCM-41, SiMCM-41, and BMCM1) were
investigated in the presence of hydrogen or nitno@feasiet al., 2001). The acidic
molecular sieves were found to be active in isormaion (the products are propanal
and propanone) and dimerization (the products @weothne and dioxane derivatives)
reactions. Numerous experimental and theoreticatlie$ have investigated the
reactions and mechanisms of the ring-opening iszatgyn, the isomerization of
epoxides in solutions with and without acid catedyand catalytic enzymes (Carletr
al., 2006, Coxoret al., 1997, Dimitrovaet al., 1996, Faskt al., 2001, Faskt al.,
2004, Georget al., 1992, Helteret al., 2004, 2005, Laset al., 2001)

A number of previous studies were addressed thectste of protonated
epoxides and their energies relative to the coaeding ring-opened hydroxy-
carbocations (Coxod al., 1997, Georget al., 1992, Lauet al., 2001). The acid- and
BFs-catalyzed rearrangement of propene oxide to pmparas investigated by
density functional methods (Cox@hal., 1999). Isotope effects were calculated and
were consistent with the reaction occurring viaagbocation intermediate followed
by a 1,2-hydride shift. Inverse secondary isotdjeces for hydride migration reflect
a combination of changes in C1-H(D) stretching antdof-plane bending frequencies
with a stronger force constant of the nonmigratlDy-H bond at the transition

structure than in the carbocation.

Recently, there have been several theoretical apdrienental investigations
which modify the sidewall of SWNTs by undergoinge th,3-dipolar cycloaddition
(Georgakilaset al., 2002, Lu et al.,, 2003a, Tagmatarchist al., 2004), [2+1]
cycloaddition (Chuet al., 2004, Holzingekt al., 2004, Huet al., 2003, Liet al., 2002,
Lu et al., 2005, Luet al., 2003b, Su 2005), fluorination (Kawasadti al., 2004,
Lebedevet al., 2003, Nakajimeet al., 1996), Diels-Alder cycloaddition (Delgads
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al., 2004, Luet al., 2002a, Warakulwitt al., 2005, Zhanget al., 2005), ozonolysis
(Liu et al., 2006, Luet al., 2002b, Picozziet al., 2004, Yimet al., 2004), and
hydroboration (Longet al., 2003) in order to introduce new physical and cloami

properties.

There are theoretical studies on the relationshipe chemical reactivities of
the sidewall of (5,5) carbon nanotubes and thetkemyd finite clusters (Bettinger
2004, Matsuoet al., 2003). From the nuclear independent chemical gNfCS)
analysis and molecular orbital studies, Matsuo emavorker (Matsucet al., 2003)
demonstrated that the chemical and electronic tstre of carbon nanotubes oscillate
as the tube was elongated frompld;o to GooH2o generating Kekule’, incomplete Clar
and complete Clar networks in the periodicity ofeth Without any indication of
chemical modification, the author suggested that dbmplete Clar network in the
series of GoH2o, CooH20, Cr20H20, €tC., having the smallest band gap should hawe th
highest chemical reactivity. Afterward, BettingeBetinger 2004), studied the
carbene addition to the sidewall of the (5,5) aranctube at the 1,2-pair site using
finite clusters of various lengths. They concludeat the minimal model for studying
the chemistry of the (5,5) armchair nanotubes shbel the GoH,o model in which

the effects from the edges in calculations areewtgble.

Ozonization of the sidewalls of single-wall carboanotubes has been
investigated by means of 2-layered ONIOM(B3LYP/6531AM1) calculations (Lu
et al., 2002c). The theoretical calculations reveal that 1,3-dipolar cycloaddition
(1,3-DC) of ozone (@) onto the sidewalls of a (5,5) carbon nanotubstesselective
and facile with a small activation barrier of 1.dakmol. The desorption of ozone
from the thus-formed ozonide was found to be fabieraover the decomposition
process that gives rise to epoxy adduct andu@n thermal activation. This work
implies the possibility of functionalizing the swlalls of SWNTs by means of 1,3-

dipolar cycloadditions of 1,3-dipolar molecules.

A Stone—Wales defect in CNTs is a dipole of 5-§ npair in a hexagonal
network, which is one of the most important defeststructures in CNTs that will



23

affect mechanical, chemical, and electronic progerdf CNTs. Using the extended
Huckel method, Zhou and co-worker (2003) calculdtesl formation energy of SW
defects in carbon nanotubes. The formation enefdtane—\Wales defects was then
fitted to a simple formula as a function of theduldius and the orientations of a SW
defect in the tube. The mechanism of Stone-Wadastormation is studied by means
of the hybrid density functional method (&nal., 2005). The results showed that the
transition of the [gh neutral and charged isomers tgq[somers of G and reaction
pathway could be identified for the rearrangemeamf Gs-Dgn t0 Gse-D2g On the
potential energy surface. It is found that the redudnd charged transition states all
have G molecular point group symmetry with the two migngt carbon atoms
remaining close to the fullerene surface. The otkied of possible TS with a
carbene-like structure along the stepwise reagteth does not exist as a stationary
point with the density functionals utilized hereheT classical barriers are 143.7
kcal/mol through the neutral TS, 155.3 kcal/molbtigh the anionic TS, and 145.1
kcal/mol through the cationic TS at the B3LYP/6-3l&&el of theory.

Wang et al. (2006) investigated the chemical functionalizatioh carbon
nanotubes with Stone-Wales defects by carboxyl (BP@roups by density
functional calculations. Due to the localized dostates induced by the SW defect,
the binding of the COOH group with the defectiveboe nanotube was stronger than
that with the perfect one. A quasi-tetrahedral bogdonfiguration of carbon atoms,
indicating sp hybrid bonding, was formed in the adsorption siféie charge
distribution analysis shows that, in comparisonhwienzoic acid, the localized or
delocalizedr-states on the nanotube would affect the polaragfeshemical bonds of
the COOH group without losing the acidity. Furthersy it was found that the
double-adsorption system (two COOH groups wereewsely adsorbed on two
individual carbon atoms of the SW defect) was narergetically favorable than the
mono-adsorption one. The adsorption of COOH grdepds to a significant change
of the electronic states around the Fermi leveljcwhs advantageous for the
electrical conductivity. The functionalization bytioducing functional groups on the
topological defects provided a pathway for appi@ma of carbon nanotubes in

chemical sensors and nano-bioelectronics.
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The expectation that Stone-Wales defects (5/7/@/&)more highly reactive
than pristine tube walls was confirmed for the teacwith methylene by Bettinger
(2005). However, it is also important to realizattBignificant differences among the
addition sites newly generated by the Stone-Waksssformation exist: while some
of the bonds show higher reactivity than thosehi@ pristine tubes, others are less
reactive. The density functional theory has beeriopmed in order to investigate
ozone adsorption on carbon nanotubes (Picgizali., 2004). Particular emphasis was
placed on the effects of Stone-Wales defects on sthectural and electronic
properties of (i) ideal tubes and (ii) tubes in gnesence of ozone. The results showed
that structural deformations induced on the pumbara nanotubes by Stone-Wales
defects were similar, as expected, to those indooegraphite; for the (10,0) tube, the
semi-conducting character was kept, though witimallsreduction of the band gap.
As for the ozone adsorption, the process on idemlotubes was most likely
physisorption, though slightly stronger if compartm other previously studied
molecules and consistent with the strong oxidizmagure of ozone. However, when
ozone adsorbs on Stone—Wales defects, a strongistrgtion occured, leading to
relevant structural relaxations and to the formmatid a CO covalent bond; this is
consistent with experimental observations of COcfiamal groups, as well as of the
liberation of CO gas phase and of the formatiofCofacancies, thus explaining the

consumption of the nanotube film upon ozone expasur
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METHODS OF CALCULATIONS

This thesis project used two types of methods ilcutations: molecular
mechanics and quantum mechanics. The quantum meshaethods include semi-
empirical, ab initio, and density functional meteod’he molecular mechanics and
semi-empirical methods have several advantagesatveitio and density functional
methods. Most importantly, these methods are Y&iile this may not be important
for small molecules, it is certainly important farge molecules. Another advantage
is that for specific and well-parameterized molacutystems, these methods can
calculate values that are closer to experiment tbeser level ab initio and density

functional techniques.

The accuracy of a molecular mechanics or semi-ecabiquantum mechanics
method depends on the database used to parameéterimeethod. This is true for the
type of molecules and the physical and chemicah datthe database. Frequently,
these methods give the best results for a limitagscof molecules or phenomena. A
disadvantage of these methods is that one must parsmeters available before

running a calculation. Developing parameters igtzonsuming.

The ab initio or density functional methods may roeene this problem.

However they are slower than any molecular meclsaaicl semi-empirical methods.

1. Molecular M echanics

Molecular mechanical force fields use the equatiminslassical mechanics to
describe the potential energy surfaces (PES) agdigdl properties of molecules. A
molecule is described as a collection of atoms ititatact with each other by simple
analytical functions. This description is calletbece field. One component of a force
field is the energy arising from compression ametehing a bond. This component is

often approximated as a harmonic oscillator andb&aoalculated using Hooke’s law;
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1
Vspring :EKr(r_rO)2 1)(

The bonding between two atoms is analogous to mgmonnecting two masses.
Using this analogy, ¥ing and the force constant of the spring, Khe equilibrium

and displaced distances of the atoms in a bondram@nd r. BothK, and r, are

constants for a specific pair of atoms connected lmertain springK, andr, are

force field parameters.

The potential energy of a molecular system in adafield is the sum of
individual components of the potential, such asdycangle, and van der Waals
potentials. The energies of the individual bondammponents (bonds, angles, and
dihedrals) are functions of the deviation of a male from a hypothetical compound

that has bonded interactions at minimum values.

Erqa =term, +term, +...+term, (2)

The absolute energy of a molecule in molecular raeits has no intrinsic
physical meaningEr.a vValues are useful only for comparisons betweencoubés.
Energies from single point calculations are reldatethe enthalpies of the molecules.
However, they are not enthalpies because thermtibmand temperature dependent

contributions are absent from the energy terms.

Unlike quantum mechanics, molecular mechanics du#streat electrons
explicitly. Molecular mechanics calculations canneiscribe bond formation, bond
breaking, or systems in which electronic delocaiira or molecular orbital

interactions play a major role in determining getmner properties.
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2. Quantum Mechanics
2.1 Semi-empirical Method

Semi-empirical methods are techniques whisé approximations from
empirical (experimental) data to provide the inpmib the mathematical models.
These methods lie between ab initio and molecukchanics (MM). Like MM, they
use experimentally derived parameters to attenrmdouracy; like ab initio methods,
they are quantum-mechanical in nature. The semireap methods used in this

thesis project are listed below.
2.1.1 MNDO

MNDO is a Modified Neglect of DiatoecnDverlap method based on
the neglect of diatomic differential overlap (NDD@&pproximation. The method was
proposed and developed by M. J. S. Dewar and c&esmiat the University of Texas
at Austin (Dewaret al. 1977, 1978). The elements of the MNDO Fock matased
on the neglect of diatomic differential overlap eppmation are described below.
Wheng, andg, are on different centers the off-diagonal elemeffithe Fock matrix

are:

A B

Fo=H,, =22 Pi(ul|vo) 3)

A o
(won A,von B, A:B)
and whenpu andov are different atomic orbitals but on the same eetiiten the off-

diagonal elements of the Fock matrix are:
A B
Fo =H, +PLBuv | uv) = (uuvv)l+ ZB‘,;Z P (ul|vo) 4)

(nonA,von A ju#v)
The diagonal elements of the Fock matrix are:

B B

A
F;Zz =H vz + Z Pv?f + 'B(WIW) + ; Z Z I:)laéig(/wl/lcf) (5)

A o
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where PT = P*** = p* + PP By replacing the superscripts andp by p and a,
respectively, in the above three equations, youezmily get three similar equations
for the Fock matrix elements for beta orbitals. i&mexpressions to the above for
Fock matrix elements of restricted Hartree-Fock HREalculations can be generated
by simply replacind® (or P") by -1/2P" in the above equations.

MNDO has been used widely to calcul&eats of formation,
molecular geometries, dipole moments, ionizatiorrgies, electron affinities, and
other properties. It has problems dealing with isédly crowded molecules (too
unstable), four-membered rings (too stable), hyenolgonding (almost nonexistent),
and hypervalent compounds (too unstable). Alsaplénzene incorrectly yields an
out-of-plane nitro group, and the peroxide bondtds short by about 0.17 A.
Although AML1 is generally a significant improvememter MNDO, MNDO gives

better results for some classes of molecule, ss&ome phosphorus compounds.

2.1.2 AM1 and PM3

AML1 (Austin Model 1) is generallygt most accurate computational
method included among semi-empirical methods andften the best method for
collecting quantitative information. PM3 is funataly similar to AM1, but uses an
alternative parameter sé&tM1 is a modified MNDO method proposed and devetbpe
by M. J. S. Dewar and co-workers (Stewetrel., 1990). PM3, developed by James
J.P. Stewart, is a reparameterization of AM1, whishbased on the neglect of
diatomic differential overlap (NDDO) approximatioNDDO retains all one-center
differential overlap terms when Coulomb and excleamgegrals are computed. PM3
differs from AM1 only in the values of the paramste

The parameters for PM3 were derivgccbmparing a much larger
number and wider variety of experimental versus mat@d molecular properties.
Typically, nonbonded interactions are less repelsiv PM3 than in AM1. PM3 is
primarily used for organic molecules, but is alssgmeterized for many main group

elements. While MINDO/3 has proved very effectimesiudies of a wide variety of
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hydrocarbons (Dewaat al. 1977), problems arise in the case of moleculesagming
heteroatoms because of the neglect of one-cenfferetitial overlap in the INDO
approximation on which MINDO/3 based. The problars avoided in MNDO but at
the expense of other. In particular MNDO fails tepmoduce hydrogen bonds
correctly, gives energies that are too positivecfowvded molecules (e.g. neopentane)
and too negative for ones containing four-membaeaiads, and gives activation
energies that tend to be too large. Dewar and atteve found that the reason is
because MNDO overestimates the repulsions betwiensaat their Van der Waals
distance. Hence they modified the core-core repulédr N-H and O-H interactions

to:

B (AH) =Z,Z, (5.5, 5.5, )X(1+M+exp(_ R, )HzAzH j
RAH AH (6)

X(Z n eXF{_ D (Rap — CkA)2]+ ZakH explb (Ryy —Cy )z]j

and for all other interactions to:

AH AB

En(AB)=Z,Z5(S,Sa | S5Ss) 1+M +exptagRyg) |+ Zas
R R @)

X(Z An exd_ D (Ras — CkA)2]+ ZakB expibg (Ras — CkB)z]j

Comparing the core-core repulsion of the above @gaations with those in the
MNDO method, it can be seen that the only diffeeerxcin the last term. The extra
terms in the AM1 core-core repulsion define splar@aussian functions. The a, b,
and c are adjustable parameters. AM1 has betweeramnd four Gaussian functions

per atom.

These are the only differences between the MND@ aM1
functional form. Dewar's group regenerated AM1 peeters for the elements H, B,
C,N,O,F Al Si, P, S, Cl, Zn, Ge, Br, and Sul dound that the main gains in AM1
over MNDO were the ability to reproduce hydrogemd® and the promise of better
activation energies for reactions. AM1 does nohisicantly change the computation
time compared with MNDO.
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2.2 The Hartree-Fock Theory

To describe the state of a system in quamtwohanics the existence of a
function of the coordinates called the wavefunci®postulated. The wavefunction

Y contains all possible information about a systeéfhe physical meaning oF was

given by Max Born thapy(r)\zdr is the probability of finding the particle in vohe

dz and then ﬂ\y(r)‘?dle. Systems of electrons can be described by their

wavefunctions which are the solutions of the Scimger equation (Szabo and
Ostlund, 1996). The non-relativistic time-indepentd Schrédinger equation has a

general form of

HY = E¥Y (8)
where H is the Hamiltonian operator for a systeih,s the wavefunction, anH is

the corresponding energy of the system. The Hamd#h operator for systems of n

electrons and K nuclei is

Zpls

L RN IO

i-1a-1liA 1< fii  A-B<A Rag 9

In EqQ. (9), the Hamiltonian operator contains tivekc energy of the electroigand
of the nucleiT,, the Coulomb repulsions among all the moleculEst®nsVe, the
Coulomb attractions among the electrons and ah®fmolecule's nucléfe, and the
Coulomb repulsion¥,,, among all of these nuclei. The wavefunctibrand energy

are determined by solving the Schrédinger equdton(8)).
2.2.1 The Born-Oppenheimer Approximation

Since nuclei are much heavier tledgctrons, they move much
slower. To a good approximation, the electrons eadfust themselves almost
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simultaneously to any changes in the position efrthiclei. In the Born-Oppenheimer
approximation, we consider electrons in a moletollee moving in the field of fixed

nuclei. The electronic wavefunctions thus depemigt on the positions but not on the
momenta of nuclei. Therefore, the motion of elmttcan be decoupled from the

motion of the nuclei;

Wi § {Raj) = Veteo(lr : {Ra}) nuet (Ra ) (10)

Within the BO approximation, the kinetic energytbé nuclei can be neglected and
the repulsion between the nuclei can be considerdae constant. The electronic
wavefunction wge, Which describes the motion of electrons and dépen
parametrically on the nuclei coordinates, is thkitstn to a Schrodinger equation

involving the electronic Hamiltonian;

HelecWeIec EdecVelec (11)

The motion of nuclei is described by the nucleawefanction yn,, which is the

solution to a nuclear Schrodinger equation;
Hnud Wnue = E¥nud (12)

The electronic Hamiltonian operattp}elec describing the motion of n electrons in the

field of K nuclei is

n

=25V >yZaysl 13)

i—1a-1fia iz 1j<i Tij

and the nuclear Hamiltonian operatdr | IS

nucl

(14)

K K
nucl z vA + Eelec RA z z
2M A A=1B>A A
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Henceforth, the electronic problem of Eq. (11) Wk concentrated only on the

electronic HamiltonianH{ and the electronic wavefunctiong, without subscript

“elec” labeled.

In the Hartree Approximation the n-electraavefunction ¥ is

simply written as a product of one-electron wavetioms ¢.

‘//HP(XLXZ""Xn) :¢1(X1)7¢2(X2)--¢n(xn) (15)

Such a many-electron wavefunction is termed a Harproduct, with electron-one
being described by the orbitg), electron-two being described by the orbital etc.
Using the Hartree product, the energy is just thra ef the orbital energies.

E=zcgi+e+...+g, (16)

The orbital energies are obtained from
h(i)g; (x) =¢;¢; (x) 17)

where h(i) is the operator describing the kinetic energy aodential energy of

electron i.

The Hartree product is an uncoreslatvavefunction because the
probability of finding one electron at a given poim spacdgﬁl(mfdxi, is

independent of the position of other electrons. rddwer, it takes no account of the
indistinguishability of electrons.
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2.2.2 The Slater Determinant

To satisfy the Pauli Exclusion prineipt that the wavefunction of
electrons must be antisymmetric with respect totede-interchange, in the Hartree-

Fock theory the wavefunction is given by the Slaketerminants of N spin-orbitals.

H(x) da(x) - da(x)

V/(Xl’xzy---xn)=%¢l(;(2) ¢2(:X2) ¢n(:X1) (18)

¢1(Xn) ¢2(Xn) ¢n(xn)

The factor}/m is a normalization factor. A Slater determinank,, x,,..x,,)can be

written in short form which includes the normalipat constant and only shows the

diagonal elements of the determinant,
W (X, Xo,0- %) = |¢1(X1)¢2(X2)---¢n(xn)> (19)

The antisymmetric property of a Slater determirialht.qzi, . > = —‘...qzﬁj e >

Notation for One- and Two- Electron Integrals: If P is any quantum
mechanical opterator for the propeRythe expectation value of propeRy denoted

(P), for the system described by the wavefunctjois defined by

(P)=[v Pydr=(y[Ply) (20)

When the wavefunctiony is expressed in a Slater determinant form (Eq. th&)

matrix elemen®;; is defined as

Ri = [#Pg;dz = (4 |Pl¢;) (21)
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The notation for two-electron integrals over orlsita
| dxldx2¢.*(x1)¢}(xgémxlm (%) = (416 |t ) = (ii[KI) (22)
1

2.2.3 The Hartree-Fock Equations

The Hartree-Fock theory considérs single determinant formed

from electrons’ orbitals as the best possible axipration to the ground state of the
N-electron system described by an electronic HamiginH . The variational
principle states that if a normalized Wavefuncti‘@ that satisfies the appropriate

boundary conditions is given, the expectation valtithe Hamiltonian is an upper

bound to the exact ground state energy. That {5,

b)=1then

#)2E, (23)

The equality holds only WhehZ> is identical to the exact wavefunctigh. The

problem of minimizing a function subject to a coastt of normalization is solved by
Lagrange’s method of undetermined multipliers. d@wding to the variational
principle, the best orbitals are those which miaenihe electronic enerdy, which is
defined by

N

(alfa) + 23 (abl ) - (ab]oa) ”

Where h is a core-Hamiltonian for an electron, describitgg kinetic energy and
potential energy in the field of the nuclei ahd andKj, is the coulombic energy and
exchange energy, respectively. By a linear vanmti method, the orbitals can be
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systematically varied with the constraint that theynain orthonormal until the

energykg is a minimum.

For a given single determin#m} = ‘¢1¢2...¢a¢b...¢n> the energy

is a function of the orbitals f. We need to minimE& with respect to the orbital,

subject to the contrants that the orbitals rematinomormal;

[ X2 O Q) = (4a] o) = Sa (25)

Using the variational principle, the best orbitdlat minimizeE are obtained from

" N . N
[h@ + > Ip O~ KyD]ga @) = > Epathy @) (26)
b=1

b=1

The Coulomb operator, corresponding to the clastectrostatic interaction, is
defined by

5o @6 =[] ot @1 @ 0 @ @7
and the non-local potential operator describingetkehange term is defined by
Ro 0 @ = [ dosh @134, 1o 0 (28)

Eq. (28) can be written in a short from of
R N
Flda) =D €valdb) (29)
b=1

The Fock operatolf, , Is an effective one-electron operator, descriliimg kinetic

energy of an electron, the attraction of all theleuand the repulsion of all the outer

electrons (viaj and K operators) called the Fock operator, of the form
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~ ~ N ~ ~
FO=h®+> 3@ -Ks @ (30)
b=1

Eq. (29) is not in the canonical eigenvalue foriihe reason is that any single
determinant wavefunction formed from a set of a@ilBitretains a certain degree of

flexibility in the orbitals. It is always possibte find a unitary matrix U such that the

transformation diagonalizes. A new set of orbi{adrg} can be obtained from an old

set {¢,} by a unitary transformationi,e., ¢;',1 =Z¢bUba. Then Eq. (30) can be
b
written in the canonical eigenvalue form withoutobing the expectation value of

energy.

Fl#a) = €alda) (31)

where €,is the orbital energy 0&5;. From Eqg. (24) the total electronic enefgys

given by

E :ZN:%(haa+ea) (32)

Since the Fock operator has a functional depecel through the
Coulomb and exchange operators, on the solutiopydfof the pseudo-eigenvalue
eqguation, thus the Hartree-Fock equations areyraaltlinear equations and will need

to be solved by iterative procedures.
2.2.4 The Roothan Equations

Numerical solutions of Eq. (31) aually found by expanding the

orbitals in a basis set;

M
VEDN (33)



37

In Eq. (33), the unknown HF orbitafs are written as a linear expansion in M known
basis functiory,. If the set ofy,’s is complete, it would be an exact expansion. Eq

(31) can be thus written as
M M
FY Cizy =62 Gixy (34)

Multiplying from the left by a specific basis fummt and integrating yields the

Roothan-Hall equations which can be shown in aimédrm of

> i [ oy, OF M, @ = &Y ¢ [ dry, @) 7, @ (35)

Two matrices are defined here as the overlap m&taxd the Fock matri¥. The

Fock matrixF has elements

Fuv =[Oz, OF 2, @ = (2, |Fl 2.) (36)

and the overlap matri® has elements

Suv = [z, ={ 24| 20) (37)
Although the basis function 4} are assumed to be normalized and linearly
independent, they are not in general orthogonahtth other. The diagonal elements
S, are unity and the off-diagonal elements are numkess than one in magnitude.

Eq. (35) can thus be written in a short form of R@thaan equations as

Z F,uvcvi = €j Z S#VCM' i=123..M (38)
14 14

If a system is closed-shell, the sower N occupied spin orbitals

included an equal sum over those with ¢hepin function and those with tlfiespin

L A7 7
function,i.e., ¥ — f+ f ,the Fock operator then has a form of
b b(a) b(p)
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FO=h®+>2J,0)-K,@) (39)
a=1

The Fock matrix F is the matrix representationhef Fock operator in the basig,{,

i.e.,

* ~ % * ~ -~
Fuy = [z, ON@ 7, @ + Y [ dry, 12340 - Ko@)z, Q)
a
y (40)
= HE®+ Y 2{ualve) - {saav)
a
where a core-Hamiltonian matrix is integrals inwoty the one-electron operator

describing the kinetic energy and the nuclear eitra of an electron. By inserting

the linear expansion for the molecular orbitalg itiite two-electron terms one gets

,\yz *
Fo=Ho + ZZClacoa[2<y0|vl>—<,ua|/1v>]
a Ao
—HO® LS P, [uo|va) -L{uo|Av)] (a1)
Ao
_HDe LG,

% *
P is the density matrixP,, = chya%' andG is the two-electron part of the Fock
a

matrix. The Roothaan equations are nonlinear ancbe written in a matrix form of
FC =SCe (42)

whereC is an MkM square matrix of the expansion coefficieptandS is a diagonal
matrix of the orbital energies. The problem of non-orthogonal basis set could be

solved by orthogonalizing the functionsyf} to obtain the transformed basis

function {;('V }. The transformed Roothaan equations is thenioddsas

F'C'=C'e (43)
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which can be solved for eigenvectds arid eigenvalueg by diagonalizeF'. The
procedure used to solve for the MO coefficieniscalled the Self-Consistent-Field
(SCF) method is presented in Figure 9. By makmgdial guess at the spin orbitals,
one can calculate the average field seen by eaetireh and then solve the
eigenvalue equation for a new set of spin orbitdlsing these new spin orbitals, one
can obtain new fields and repeat the proceduré seificonsistency is reached.

The SCF procedure is as follow:

1. Specify a molecule and a basis sgt,{.

Calculate all required integral$(, , H7° and(ui|vo)).

Diagonalize the overlap matr&

Obtain a guess at the density maiix

o bk w0 D

Calculate the Fock matrix from matricEsandP, and two electron integrals
<,u/1|v0'> .
6. Diagonalize the Fock matrix to obtaihande.
7. Form a new density matri® from C.
8. Determine whether the procedure has converged Ifas not converged,
return to step (5) with a nef
9. If the procedure has converged, use the resultdntien to calculate
expectation values.
By repeating the calculation for different nucleamordinates the potential
energy surface for nuclear motion can be explorétde equilibrium geometry of a
molecule can be determined by finding a set of @ilscpositions which minimize the

total energy.
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2.3 Density Functional Theory (DFT)

Density functional calculations appear, at firgtrgle, to be almost identical to
ab initio Hartre-Fock calculations apart from hayito choose a specific functional
for the exchange and correlation to replace thdreliFock functional. One solves a
set of SCF equations in the same way as one doeab imitio Hartree-Fock

calculations.
2.3.1 The Kohn-Sham Equations

The development of DFT in the area of cotaponal chemistry
dates from the mid 1960s when Hohenberg and Kohmodstrated that the ground-
state energy of a system of interacting electroigest to an external potentialy) is
a unique functional of the electron density Ka#tral., 1965, and it can be obtained

by minimizing the energy functional with respectiie density,E = E[ p(r)]

EPT = npl(irp Elp(r)] {44

Later, Kohn and Sham demonstrated thatetheran equivalence
between the electronic density of this system (eat system) and that of a model

system of noninteracting electrons which are subgeto an effective potential/, ;. .

This provided a way to solve the problem of findthg density of the many-electron
interacting system, via obtaining the electron dgnsf the noninteracting system.
This density can be expressed in terms of singleten orbitals,y,(r), known as

Kohn—-Sham (KS) orbitals,

occ.

pr) =23 |y, r)

I (45)
where the sum extends over the occupied singlécsfgdrbitals (here, we restrict to
the most simple situation in which all orbitals @®ubly occupied). Because of the

relationship in Eq. 2, the energy functional canelpressed either in terms of the
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density (Eg. 44) or the single-electron orbitalgl éime nuclear positionsyRof atoms

in the system,
EDIT _ min £ NRTAGIR Y )

The energy functional can be written as:

occ.

22 j v, (r){——j w, (r)dr + j V(r)p(r)dr

j Mdrdr YE[pr)] (47)

The first term on the right-hand side liEtexpression is the kinetic
energy of the noninteracting electrons. The sed¢emd corresponds to the interaction
of the electrons with the nuclear charges &@) is the potential as a result of the
nuclei. Where only valence electrons are expligtysidered in the calculatiopg)
is a pseudopotential. The third term correspondieaclassical Coulomb interaction

of a density distributiop. The fourth termg [ ()], is a functional of the density that

accounts for the remaining contributions to theteten—electron interaction.

The single electron orbitalg;(r) of Eq. 45 and Eq. 46 can be

obtained by solving the following single-particlguations known as Kohn-Sham
equations Kohmt al., 1996,

2

[_v_ +V(r)+ I dr' p(r). +Vye (V)Jt//i (r) = &y;(r) (48)
2 r—r|

whereg; are the eigenvalues of the matrix of Lagrange iplidts and are called the

Kohn-Sham eigenvalues or Kohn—Sham orbital enerdiegr) is the exchange-

correlation potential,

SE. [op(1)]

Vel = o)

(49)
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2.3.2 Local Density Approximation (LDA)

All terms in Eq. 47 can be calculated atya exceptg [ )] for

which the DFT does not provide an explicit formeTtheory only demonstrates that a

universal expression for it existg, [p(r)]= [ p()e,[pr)]dr . Usually, E, [p(r)] is

taken as the exchange and correlation energy dfifarm electron gas, which is

precisely known. This is the basis of the so-calt®al density approximation (LDA).

In this approximation, it is assumed that the ergeaand correlation energy of an
electron at a point depends on the density atgbatt instead of the density at all
points in the space Ziegler 1991. One of the maawbacks of LDA is that van der

Waals interactions, which originate from correlatadtions of electrons caused by
coulomb interactions between distant atoms, cabagiroperly described. Therefore,
special care should be taken when addressing pnsbia which van der Waals

interactions might play a relevant role, such alghg interactions betweem

systems and the diffusion of ligands in purely loydrobic cavities.

An extension of the LDA to unrestrictegsea or open-shell systems
(i.e., electronic configurations in which electroam®e not paired) leads to the local
spin-density approximation (LSD). In this case, aply the total density, but also
the electron densities of the electrons with spiendf (p, andpg, respectively) are
employed in the formulation. For instance, the exge-correlation energy is

expressed as

EZP[p,(0),p,(0) ] = [ p")e, [ p, (), p,(r) |dr (50)

A useful property to describe wherandp electrons are localized in
a given system (a molecule, a molecule—ligand cermolid, etc.) is the distribution
of the spin density, i.e., the differenge, (r) - p,(r). For a system in which all
electrons are paired (e.g., a closed-shell systieen3pin density is zero at all points in

space. However, any system with unpaired electranls show regions of

nonvanishing spin density. The integral of the spemsity over all space (i.e.,
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j [Pa(”)— pﬁ(l’):|dl’) gives the total number of unpaired electrons.,(izero for a

r

singlet state, one for a doublet state, two forpet state, etc.).
2.3.3 Generalized Gradient Approximation (GGA

The accuracy provided by the local (smlehsity approximation is
not enough for most applications in chemistry aiodblgy. One of its main drawbacks
is that bond distances and binding energies cam targe errors that appear in a
nonsystematic way. This represents a serious profide the study of ligand—protein

interactions.

A step forward with respect to LDA is tlke-called generalized
gradient approximation GGA. This approach is basedising not only the density,
but also the gradient of the density in the funwicexpression Becke 1986 in order to
account for the nonhomogeneity of the true electtensity. The functional can be

generically written as,
ESM aspy | = [F(00s 2V oV, )dr (51)

Several forms for the explicit dependente¢he integrand f on the
densities and their gradients have been proposelliding semiempirical functionals

that contain parameters that have been calibragathst reference values, usually

GGA
xc

using experimental data. In practicd; is usually split into two terms

corresponding to its exchange and correlation dmrtions  (i.e.,
EC“* = EC“* + ES“*) and separate forms for each term are providedomgmthe
most popular GGA exchange and correlation funct®nased in chemical
applications are the ones denoted as BP86 (exchzaryydy Becke Becke 1986 and
correlation by Perdew Perdew 1986, BLYP (combimatad Becke exchange and
correlation developed by Li, Yang and Parr leteal., 1988), PBE (developed by
Perdew, Burke and Ernzerhof in 1996 Perdew 1986).
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The use of the GGA approximation improvemsiderably the
description of bonding (and especially hydrogendwog) with respect to pure LDA
with a very low additional computational cost. Tdescription of weak van der Waals
interactions, however, remains problematic. Mosttlué applications of DFT to
systems of interest use the GGA approximation. umreary, DFT provides a
framework to find the total energy of a many electmteracting system by means of
solving the one-electron equations of a model rtenacting system that shares the
same density. Based on the generalized gradienmeatmms approximation and
choosing a suitable exchange correlation potentieny problems of chemistry,

physics, and biology can be addressed.
2.3.4 Hybrid Functionals

Hybrid functionals, which includes to somxtent exact exchange
energy in the functional expression, are also wideded. From the Hamiltonian
equation and the definition of the exchange-cotieiaenergy, an exact connection
can be made between thg. Bnd the corresponding potential connecting the- non
interacting reference and the actual system. Oribeomost popular is B3LYP (exact
exchange developed by Becke Becke 1993, combingdl the LYP correlation
functional). The exchange-correlation energy hasohm of

EPMP = AEJ™ + (1 - A)EY + BAEF™ + (1-C)E/™ + CE™ (52)

where the exchange includes the Slater exchapg® , or local spin density
exchange, along with corrections involving the ggad of the density and the
correlation is provided by the LYP Le al., 1988 and VWN by Vosko, Wilk and
Nusair Voskoet al., 1980 correlations. The constaéts0.80,B=0.72, andC=0.81 are

determined by Becke by fitting to the G1 molecideBecke 1993.
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ONIOM approach

The theoretical treatment of large molecular systdras made tremendous
progress during the few years. Especially the agraknt of reliable functionals in
the framework of density functional theory (DFT) aombination with efficient
schemes for the evaluation of coulomb and excharggrals have led to theoretical
methods that scale almost linearly with the sizéhefsystem. However, the accurate
ab initio modeling of chemical systems containini@e number of atoms is still a
challenging task. Especially the theoretical degimmn of chemical reaction, i.e. the
accurate modeling of transition states, requirethats that are usually not applicable
to large molecules. There are several remediedrtonsvent this problem. Often
small model systems are used to describe the osactenter that is usually
concentrated in a particular region of the mole¢Merokumaet al., 1991). Another
approach uses simplified Hamiltonians like in semp&ical and molecular
mechanics methods. However, the parametrizationceggg and can not be

generalized.

An obvious solution to this problem is the partiiing of the system into two
or more parts or layers, where the interestingifficdlt part of the system (the inner
layer) is treated at a ‘high’ level of theory ame trest of the system (the outer layer)
is described by a computationally less demandinthate This idea is not new and
many different implementations can be found inlitezature. These hybrid methods
differ mainly in two aspects. First, there are eliint ways to treat the boundary
region of the different parts of the molecule.Héte is no covalent bond between the
layers, there is no special boundary region. Adgbcase is a solvated system, where
the solvent molecules form the outer layer andsblete is the inner part which is
treated by a higher level method. However, if ogeinterested in the accurate
description of a particular region of a large oligamolecule or a macromolecule,
covalent bonds have to be cut in order to gendtaeinner model system. This
process leaves dangling bonds at the border ofirther layer, which have to be
saturated in order to avoid a chemically unrealistiodel. Therefore, so-called link

atoms--usually hydrogen atoms--are introduced. Tdreyonly present in the model
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system and their treatment differs in the differenplementations that have been

published.

The second curial aspect in all the hybrid schemméie interaction between

the inner and outer part of the system. If thel et@rgy E(X,Y) of the entire system

X =Y (inner regionX , outer regiorY) is defined as

E(X _Y) = EHigh(x) = ELow (Y) + Elnterlayer (x ,Y) (53)

with E (X,Y) being a separate interaction energy between tbhdayers, this

Interlayer
may be referred to as a ‘connection scheme’. Orother hand, if the total energy

E(X,Y)is calculated according to

E(X,Y) = E (X =Y) = E L4 (X) + Epjign (X) (54)

then we shall refer to it as an ‘embedding or gdtation scheme’. In the latter case
there is no necessity for a special interaction laman, since the interaction
between the two layers is consistently treatedhatlow level of theory. Obviously,
both approaches are equivalent, if

ELow (Y) +E

(X!Y): E (X’Y)_ELOW(X) (55)

Interlayer Low

ie.if E (X,Y) corresponds to the exact interaction energy atebgective low

Interlayer
level. The ONIOM method (including IMOMM and IMOMOjnethod is an
extrapolation scheme. A molecular system can b&lelivinto up to three different
layers do not have to be inclusive, i.e. the outstntayer can be connected directly to
the innermost one. Every layer can be treated atlaitrary level of theory. Geometry
optimizations can be characterized by the integrétessian evaluation. The ONIOM
method has been implemented into the Gaussian9@gmosystem (Frischt al.,
1998).
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Details of calculations

1. Faujasite zeolite

For the faujasite zeolite, the active site ipresented by the 84T cluster
(Figure 12), including 297 atoms of the two intemsecting supercages forming a
nanosized chemical reactor in which the adsorbedasbe trapped inside, was taken
from the lattice structure of faujasite zeolite $Q1 et al., 1969). The ONIOMS3
scheme in which the whole model is subdivided ititcee layers is adapted for
computational efficiency. The active region consgt of the 3T cluster,
H3SIOAI(OH),O(H)SiHs, which is considered the smallest unit requiredefaresent
the acid site of zeolite and the reactive moleguketeated with the MP2/6-31G(d,p)
method. In the 3T cluster, one of the silicon atomsthe faujasite zeolite is
substituted by an aluminum atom, and a proton deddo one of the bridging oxygen
atoms bonded directly to the aluminum atom, coriveatly called the O1 position
(Hill et al., 1999). The extended framework environment is ithetl using less
expensive levels of theories, the Hartree—Fock, rntecular mechanics force field
(UFF) methods (Rappet al., 1992). The HF/3-21G method is used for the 9T ring
fragment connecting the 3T acidic site to complitte 12T pore opening of the
faujasite zeolite. The rest of the extended framtews treated with the UFF force
field to reduce the required computational time dadpractically represent the

confinement effect of the zeolite pore structure.
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b)
Figure 10 ONIOMB3 layer of 84T cluster models of faujasifdoms belongings to

the 12T quantum cluster are drawn as bonds ankisstfa) Front view,
(b) side view.
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The calculations have been performed by using #ugs&an98 code (Friseh
al., 2001). The basis set for the Hartree—Fock calicuiatis 3-21G, while the 6-
31G(d,p) basis set is used for the MP2 calculatibusing the structure optimization,
only the active site regior=eEiO(H)AI(O),OSE] and the adsorbates are allowed to
relax. In order to obtain more reliable interactiemergies, the single-point energy
calculations at the ONIOM(MP2/6-311++G(d,p):HF/631):UFF)//ONIOM
(MP2/6-31G(d,p):HF/3-21G:UFF) level are carried @nd basis set superposition
error (BSSE) corrections are also taken into actoun

2. ZSM-5 zeolite

The active site of H-ZSM-5 zeolite is represertgdwo different cluster
sizes: 5T and 46T clusters, which are shown inreidiB. The first model consists of
five tetrahedral atoms [@#$iO)AI(OH) SiH3] which are located at the cross section
of the straight channel and zigzag channel andcansequently considered as the
active region that allows the adsorbate molecdesgact with the Brgnsted proton. In
this cluster, all atoms except the dangling hydnogeoms, which are constrained in
Si-O directions in the framework of the ZSM-5 zeémliincluding the adsorbate
molecules, are fully relaxed to replicate the resdction phenomena. The second
cluster was modeled by the two-layered ONIOM modairing the optimization,
only the 5T regions £SiO)Al(OH)Si=] with the adsorbate molecules are allowed to
relax since it has been pointed out that full rateon of zeolite clusters can lead to
structures that deviate largely from the experiraen¢olite geometries (Brared al.,
1993). This model has also been validated in ogwipus studies (Namuangrekal.,
2004, 2005) and also in this study to give reaskenalsorption energies which

compared well with the experimental measured values

The ONIOM scheme has been implemented orextended 46T cluster
model to represent the zeolite pore cavity anditeebmework, which includes the
10-membered ring channel containing the activeoredrepresented as balls and
sticks in Figure 13), as in the 5T cluster. Thessmuence of this is that the results

obtained are anticipated to clarify the effectha zeolite framework.
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b)
Figure 11 The 5T and 46T clusters represent the active $§iESM-5 zeolite in the

zigzag channel view. The ball-and-stick graphidgsttates the relaxed

geometry resulting from calculations at B3LYP/6-3d®), the lines
from the universal force field (UFF).
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The calculations related ZSM-5 zeolite modeisre performed by the
Gaussian03 program (Frisah al., 2001, 2004)The adsorbate molecules and 5T
cluster of the first model, as well as the 5T regid the ONIOM model, were treated
by the BSLYP (Becke 1993, Laestal., 1988, Stephent al., 1994) density functional
theory at 6-31G(d,p), while the rest of the framewis treated with the universal
force field, UFF (Rappet al., 1992).

3. Carbon Nanotube

The perfect and the Stone—Wales defectites gin the sidewall of (5,5)
armchair single-wall carbon nanotube (SWNTs), whbeelatter site is formed by a
rotation of the p-bond by 90 degrees with respedhé perfect one, are modeled to
study the decomposition of nitrous oxide (see Flgs and b). A finite length of the
armchair (5,5)-SWNT containing 90 carbon atoms wasefully selected to be
representative of the SWNTSs. The dangling bondeeaend of the fragment tube are
terminated by hydrogen atoms giving @l model. It can be seen that there are two
types of nonequivalent C—C pair sites, the 1,2-pd@ and the 2,3-pair site on the
sidewall of carbon nanotubes. However, the 1,2-giterwas verified to have a higher
reactivity than the 2,3-pair site (Lorgal., 2003, Luet al., 2003b, Luet al., 2002b)
in chemical functionalizations of the SWNTSs. Theref the data reported in this part
of thesis were obtained from theo8,0 complete Clar network model at the 1,2-pair
site. All calculations were carried out at the B3_Y¥evel of theory with the 6-31G(d)
basis set. Full optimizations and electronic potioie analysis of all stationary
structures in the reaction pathways were carrigcgihe Gaussian03 code (Fristh
al., 2001).
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b)
Figure 12 Representation of the fragment tube of (a) peréed (b) defective

armchair (5,5)-SWNTs calculated at B3LYP/6-31G(d).



