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CHAPTER |

INTRODUCTION

1.1. Research Rationale
1.1.1 Zeolites

A "molecular sieve" is a material with selectivesarption properties capable
to separate components of a mixture on the basasddference in molecular size and
shapé. The sieves include clays, porous glasses, miconyso charcoals, active
carbons, zeolites, etc.

Zeolites are microporous aluminosilicate materialsich have numerous
properties that are appropriate for catalysis apdsation. The high porosity and very
regular system of pores lead to be beneficial charstics of these materials as for
example shape selectivity and catalytic properties.

Hydrocarbons in zeolites are of particular intezdsto the petrochemical
industrials, and this has been an active areasefareh. ZSM-5 and its free aluminum
silicalite-1, have been widely studied. The maimrhels of ZSM-5/silicalite-1 are
10-membered oxygen rings with diameter of about’s.5hey could help to improve
performance in many industrial processes such separation of the hydrocarbons
from mixtures, hydrocarbon catalytic cracking isoiration, alkylation of

hydrocarbon, and alcohol conversion to gasoline.
1.1.2 The Silanol on the External Surface

The zeolite external surface area is key factat thffects its catalytic
performance. Almost applications of zeolites typlicabegin with the initial
adsorption of molecules on the external surfacieviad by diffusion on the external
surface and sieving of the molecules into the naksurface. Therefore, the external
surface area of ZSM-5/silicalite-1 is a parametegreat industrial importance and

should be measured and optimized for various amjpbics. The key elements
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determining the adsorption and diffusion behavibgwest molecules on the external
surfaces are silanol groups. The FTIR techniqumastly used to characterize the
silanol on the external surface. However, most e experiment and theoretical
works focus on the internal surface, whereas mes$ dletail of the external surface.

1.1.3 TheAb Initio Fitted Potentials

It is well known that quality and reliability of éhsimulation results rely on the
use of the intermolecular potential employed, inchtthe previous studies are based
on molecular mechanics (MM) parameterizationThis potential energy surface is
usually generalized to be applicable for a widegeaaf molecular systems, leading to
lack of some specific detail&\b initio derived interaction potential would be more
appropriate, especially for the present case, whgdeogen bonding can be quantum
mechanically parameterized to higher precision. eéRég, such intermolecular
potential were developed and successively appbestudy structure, dynamics and
thermodynamics properties of the guest-silicaliteydtems °.

1.2. Zeolites
1.2.1. What a Zeolite is

In 1756 Cronstedt a Swedish mineralogist, described zeolites fer first
time. He proposed the term “zeolite” (in translativom Greek “a boiling stone”).
Other minerals of this family such as mordiniteyjésite, chabasite possess similar
properties. Zeolités'° can be found in nature and these natural zedditesseldom
phase-pure. and contain impurities of other minerdéynthetic zeolites are
manufactured from chemicals, and they hold someadantages over their natural
analogies. It is also possible to manufacture stitlzeolite structures, which do not
appear in nature.

Zeolites are porous crystalline aluminosilicaliteBhe three-dimentional
zeolite network consists of SiGand AlQ; tetrahedral linked together by sharing
oxygen atoms. Zeolite may be described with the followings erwail formuld?



M3, -AlO, - xSiO, - yH,0 (1.1)

Where M - counterion
n - counterion valence
X - silicon/aluminium ratio

y - content of hydrate water

0 O M O 0
('} ¥ v \ ]
Si Al Si

00 0-0.0.0
Figure 1.1 Basic structure of zeolites

In addition to Si* and AP, other elements can also be presented in the
zeolitic framework. They need not be isoelectromith Si** or AI**, but must be able
to occupy framework sites. Aluminosilicate zeolitesplay a net negative framework

charge, but other molecular sieve frameworks magiéetrically neutral.
1.2.2. Classification of Zeolites

Zeolites are divided into different structure tygeups, which are different in
channel geometfy. The channels can be elliptical, circular, andutab or contain
periodic cavities, straight or zig-zag. The pomaicure in zeolites is determined by
the framework, composition and cation preséhcgeolites pore sizes are in the range
of 3-10 A. Originally, zeolites ‘are named by FramewType Codes which are
identification by three capital letters used by th&ernational Zeolite Association
(IZA). The primary building unit of a molecular s is the individual tetrahedral
unit. The topology of all known molecular sievenfrawork types can be described in
terms of a finite number of specific combinatiorfstetrahedra called "secondary
building units" (SBU'SY’. In the Figure 1.2 the T atom belonging to a, T@rahedron
is located at each corner, but the oxygens locatad the mid-points of the lines
joining each pair of T atoms are not shdfv molecular sieve framework is made
up of one type of SBU only.



a- 1 4= 1 4-4=1 5-1
5-2 5-3 Spiro - S 6=1

Figure 1.2 Secondary building units (SBU's) found in zeolike- molecular sieve
structures.

These secondary building units consist of 4, 6,&nuember single rings, 4-4,

6-6, and 8-8-member double rings, and 4-1, 5-1, 4ad1l branched rings. The
tetrahedron units can be arranged in rings, chahseets or complex frameworks
taking into account various types and sizes of iessithat lead to their different
properties for each zeolit€&senerally, zeolites can also be classified, acogrdo
their pore sizes, into small, medium, large andaldtge pore systems. The
corresponding number of tetrahedral (membered rarg)6, 8, 9 for small; 10 for
medium; 12 for large; and 14, 18, 20 for ultralasieictures. The characteristics of

some typical zeolites are listed in-Table 1.1.



Table 1.1Characteristics of some typical porous matefials

Zeolite Number of rings  Pore size {A  Pore/channel structure
8-membered oxygen ring
Erionite 8 3.6x5.1 Intersecting
10-membered oxygen ring
ZSM-5 10 5.1x5.6 Intersecting
5.1x5.6
ZSM-11 10 5.3x5.4 Intersecting
Dual pore system
Ferrierite 10,8 4.2x5.4 One dimensional
3.5x4.8 10:8 intersecting
Mordenite 12 6.5x7.0 One dimensional
8 2.6x5.7 12:8 intersecting
12-membered oxygen ring
ZSM-12 12 5.5x5.9 One dimensional
Faujasite 12 7.4 Intersecting
7.4x6.5 12:12 intersecting
M esoporous system
VPI-5 18 12.1 One dimensional
MCMA41-S - 16-100 One dimensional

1.2.3. Applications

Zeolites have found widespread industrial applarati as highly selective
adsorbents, ion exchangers and, most importandiglysts of exceptionally high
activity and selectivity in a wide range of reao8t). These applications include the
drying of refrigerants, removal of atmospheric ptahts such as sulphur dioxide,
separation of air components, separation and regowd normal paraffin
hydrocarbons,  recovering radioactive . ions from_  wasblutions, catalysis of
hydrocarbon- reactions -and the curing of plasticsl anbber. Zeolites exhibit
appreciable Brgnsted acidity with shape-selecatures not available in amorphous
catalysts of similar composition.

Molecular sieves are selective, high-capacity duuis because of their high
intracrystalline surface area and strong interastiovith adsorbates. Molecules of
different size generally have different diffusiomoperties in the same molecular
sieve. Molecules are separated on the basis ofasidestructure relative to the size
and geometry of the apertures of the sieve. Moécsileves adsorb molecules, in

particular those with a permanent dipole momemtd, exhibit other interactions not
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found in other sorbents. Different polar molecuiase a different interaction with the
molecular sieve framework, and may thus be sephrayea particular molecular
sieve. This is one of the major uses of zeolites.eXample is the separation of N
and Q in the air on zeolite A, by exploiting differentolarities of the two
molecule$’. The quantity of adsorbed gas or liquid dependpressure, temperature,
the nature of the adsorbate and the kind of thecowbdr sieve. Variations in the
chemical composition of the sieve also affect golson. The adsorbed molecules can
be removed by heating and/or evacuation. It is &sown that the aluminium in
materials such as VPI-5 may possess a higher cwdioin member than four,
indicating that chemisorptions of water occtifS The structure may also be changed
while the adsorbed water is driven away.

The ring sizes of molecular sieve may be determinedorption of molecules
of different sizé®. Water and nitrogen are two of the smallest md&cwhich can
easily penetrate almost the entire structures. gi@s molecules are normally used
to determine the crystallinity of molecular siewgscomparing the adsorption volume
with that of a standard sample.

Zeolites with low Si/Al ratios have strongly polanionic frameworks. The
exchangeable cations create strong local electrodtelds and interact with highly
polar molecules such as water. The cation-exchhebaviour of zeolites depends on
(i) the nature of the cation species, the cation @eeh anhydrous and hydrated) and
cation charge,ii() the temperatureijii) the concentration of the cationic species in the
solution, {v) the anion associated with the cation in soluti@h,the solvent (most
exchange has been carried out in aqueous solutadth®ugh some work has been
done in organics), andij the structural characteristics of the particaleolite.

Cation exchange in a zeolite Is accompanied by lsration of stability,
adsorption behaviour and selectivity, catalytichaist and other properties. In some
cases, the introduction of a larger or smallerorawill decrease or enlarge the pore
opening. The location of that cation within thegsta}l will also contribute to the size
of pore opening. For example, the Narm of zeolite A has a smaller effective pore
dimension than would be expected for its 8-membeireglframework opening. This
is due to sodium ion occupancy of sites where lit partially block the 8-membered
ring window. When the Naion is exchanged for the largef kon, the pore diameter
is reduced so that only the very small polar mdieswill be adsorbed. If the divalent

C&” cation is used to balance of the framework chatige,effective pore opening
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widens, as only half the number of cations are edetdhese ions occupy sites within
the voids of the zeolite and do not reduce thecéffe pore diameter of the 8-
membered ring. Highly and purely siliceous molecd@ves have virtually neutral
frameworks, exhibit a high degree of hydrophobieityl no ion-exchange capacity.

The most important application of molecular siei®®s catalysts. Zeolites
combine high acidity with shape selectivity, highrface area and high thermal
stability. They have been used to catalyze a wagehydrocarbon reactions, such as
cracking, hydrocracking, alkylation and isomerigati The reactivity and selectivity
of zeolites as catalysts are determined by theradites brought about by a charge
imbalance between the silicon and aluminium atomsthe framework. Each
framework aluminium atom induces a potential actwegd site. In addition, purely
siliceous and AIP@ molecular sieves have Brgnsted acid sites whosk weidity
seems to be caused by the presence of terminalbadis on the external surface of
the crystal.

Shape selectivity, including reactant shape sefégti product shape
selectivity or transition-state shape selectiviplays a very important role in
molecular sieve catalysis. The channels and cagasmolecular sieve are similar in
size to medium-sized molecules. Different sizest@nnels and cages may therefore
promote the diffusion of different reactants, prctduor transition-state species. High
crystallinity and the regular channel structure @ principal features of molecular
sieve catalysts. Reactant shape selectivity regwoits the limited diffusivity of some
of the reactants, which cannot effectively entet diffuse inside the crystal. Product
shape selectivity occurs when slowly diffusing prod molecules cannot rapidly
escape from the crystal, and undergo secondaryiorac Restricted transition-state
shape selectivity is a kinetic effect arising frahe local environment around the
active site: the rate constant for a certain reactnechanism is reduced if the

necessary transition state is too bulky to forndilga
1.2.4. Silicalite-1
MFI, A and FAU types are the most common structuregesearch and

industry. The channels in the MFI structure arened by five-member ring building

units liked together (Figure 12) These building units render a framework of
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sinusoidal channels in the a-direction and stramjfannels in the b-direction with

slightly elliptical pore openings.

Figure 1.3 The MFI channel system with crystallographic axis.

Two well-know MFI structure are silicalite-1 andSKI-5. The difference
between them is the aluminium content. ZSM-5 ha&&l Satio in the rang& 10-200,
when this ratio is more than 200, the materialaaaled silicalite-1. Silicalite-1 is a
structural analogue to the ZSM-5 zeolite, but duéhe fact that silicalite-1 does not
contain aluminium or only very small amount. Thisterial therefore exhibits non-
polar characteristics such as low reactivity andrbghobicity. It should be noted that
the internal surface of perfect silicalite-1 is hypghobic, whereas the external surface
is hydrophilic. For this reason, silicalite-1 is aitractive adsorbent for the separation
of relatively non-polar species from aqueous meelig, the separation of mixtures of
light hydrocarbons with water or other polar sokgenthe removal of organic
compounds from automobile exhaust and the recoeérglcohols from aqueous
solutions. This can be attributed to terminal slagroups which are able to interact
with guest molecules. It is known that the key edats determining the adsorption
and diffusion-behavior of guest molecules on thermal surface are silanol groups.

1.3. Silanols

Several mineral classifications are based on tl@ 8nit and its manifold
ways of condensation. Extensive work has beenethrout on silicates and their
structural and geometrical principles and propsrti® understand, quantify and
predict the silicate structures. The $&hd H in minerals rarely bond to each other to
form SiOH group (silanol group). H atoms usuallyndado an O atom of a higher-
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coordinated cation, and the hydrogen bond is onéghefmost important chemical
linkages in nature.

Silanol is a hydroxyl group that is connected watlsilicon atom (Si-OH).
Silanol are usually classified into three tyffesamely(i) the isolated silanol groups,
(i) the vicinal pair, where silanol groups can fornditogen bonds with each other

and(iii) the germinal species, where two hydroxyls sittmndame Si atom.

O : JH. H H
: Qs 0
I ! L H
o JS'xD 0-Si "D"Si_o qui:]
i D’ -I\.\- A O O - D ""'D
A, o ' ﬁ}.ﬁn ,'I \
Isolated silanol group Vicinal silanol groups Geminal silanol groups

Figure 1.4 Three types of silanol groups.

The average bond length of the non-hydroxylatedD Sbonds (Si-O) is
1.618 A. In contrast to the more expanded averag® ISond length of the silanol
group (Si-OH) is 1.643 A. The Si-OH distance desesawith the number of bridging
O atoms from average values of 1.668 A for orthcaiés to 1.604 A for tetrahedral
with three bridging O atoms, whereas the Si-O digtaemains constant at 1.62 A.

Silanol groups existing on the outer surfaces olitas, whose OH stretching
band appears at the same frequency as that oblkdamups on amorphous silica, are
recognized as neutral or very weakly acidic. It i@snd that isobutene molecules
could not adsorb on the acidic OH groups of feiteesind ZSM-5, and that a reaction
occurred when they adsorbed on silanol groups. &hidences the higher reactivity
of silanol groups on ferrierite and ZSM-5 thanlodse on amorphous. Therefore, they
could be concluded to be slightly more acidic thlamse on amorphous silica. The
difference in acid strength of silanol groups isstnprobably attributed to the slight
stress due to the inclusion of silanol groups i@ lighly crystallized structures of
zeolites, although they exist on the external seffa

There are two kinds of terminal silanol groups evl#es: (i) the bridging
Si-(OH)-Al hydroxy groups andii) Si-OH at the external surface. The experiments
confirmed that two kinds of terminal silanol groupsdistinguishable from the point
of view of the OH stretching band but differingthreir Brznsted acidity, are located
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at the external surface of the ZSM-5 zeolite cigstao evidence was found for the
presence of bridging Si-(OH)-Al sites at the ex&érsurface of the ZSM-5 zeolite
samples. The shape selectivity (pore size), deasititype of Bensted acid sites are
considered to affect the diffusion proce$sie geometry of the pores leads to the
formation of hydrogen bonding interactions betwdlkese silanol groups. Several
FTIR experiments prove that the O-H bond of silagobups is softened when
interacting with nitriles, alcohols, water, pyridirand with aliphatic and aromatic
hydrocarbon&" 2> However, most of the experimental and theoretiaalks focus on
the internal surface, which means the pore or odlanvhereas much less is known

about the details of the external surface.

1.4. The Zeolite External Surface

The surfaces of MFI zeolites can be separatedtimtoparts: () the internal
surface comprising the walls of the channels aedritersections andi) the external
surface comprising the pore openings and the frasrlewurface between the pore
opening on the outside of the crystals (Figure.IlBe external surface accounts for
typical MFI zeolite crystals with sizes of ca. 1 plror example, the external surface
areas (ESA) account for only 4.5% and 0.26% oftttal surface area, for ZSM-5
zeolite crystals with sizes of ca. 2 um and 10 aspectivels.

Figure 1.5The (010) external surface of silicalite-1.
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The zeolite external surface area (ESA) is an ingmbrparameter that affects
its catalytic performance. Applications of zeolitggically begin with the initial
adsorption of molecules (from the gas phase orlithed phase) on the external
surface of a zeolite crystal followed by diffusion the external surface and sieving
of the molecules into the internal surface. The/slzape selective catalysis can be
classified into two major categories) (diffusion-controlled size/shape selectivity
depending on the relative rates of diffusion ofgexas into the internal surface or
product out of the internal surface anid {ransition-state selectivity in the confined
environment of the zeolite channels and their seetiond’. In either case, the
size/shape selective reactions are mainly assdcvaith the reactions that take place
in the zeolite internal surface. Reactions on tReereal surface typically do not
proceed in a size/shape selective manner. Therefsseiming a comparable catalytic
reactivity of the reagents on the internal and miesurface, zeolite crystals with
larger crystal sizes and consequently smaller EBAupnit mass will possess higher
catalytic size/shape selectivity. However, the ESAdirectly proportional to the
concentration of the pore openings, which in tuifecis the velocity of diffusion of
reagent molecules into the channels or the pragedtcules out of the channels. As a
result, the size/shape selective catalysis inrtteznal surface proceeds at a lower rate
for larger crystals because of limitations on difan of the guest molecules, and side
reactions could become more pronounced when theedegaction is diffusionally
retarded. Therefore, the ESA of an MFI zeolite ipaaameter of great industrial

importance and should be measured and optimizedafious applicatiorfé.

1.5. Hydrocarbons in Zeolites

Reactions of hydrocarbons in zeolites-are of theaigst interest since these
are the reactions catalyzed by zeolites in oilnesfient, and this has been an active
area of research. Zeolites could help to improvdopmance in many industrial
processes such as separation of the hydrocarbams mixtures, hydrocarbon
catalytic cracking, isomerization, alkylation ofdrgcarbon, and alcohol conversion
to gasoliné®>% The knowledge of where a particular alkane wilsarb is of great
benefit to the industrial use of zeolites sinas the adsorption of certain alkanes that
will degrade the catalytic performance of a zeoRecently, there have been several
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computational studies on different guests (inclgdimydrocarbons) adsorbed in
zeoliteg* 33

Molecular dynamics (MD) simulation has been prot@de a useful tool and
widely used to investigate the molecular diffusiorzeolites. It mostly contributes to
the understanding of microscopic mechanism of tfiesion processes. Nevertheless,
MD simulation is quite time-consuming, limiting iegpplicability to small systems
and time scales and thus to the systems with mialedynamics studies up to now
have been focused on the diffusion of small liredkanes in zeolites.

Methane diffusion in zeolites has been the sulbpéa number of computer

|34 35 13¢ studied methane

modeling studies. Demontist a and Goodbodyet a
diffusion in silicalite by using the model wherestguest molecules were regarded as
soft spheres. Demontit al* simulated methane diffusion in ZSM-5 and the rissul
are in good agreement with the experimental resitltsvas found that the lattice
flexibility is not affect the diffusion of small @st molecules. June etalstudied
methane silicalite at four different loadings armlee different temperatures, and
found that at 300 and 400 K, methane self-diffusimmotonically decrease with the
increasing of the loading, while at 200 K, selffgéivities first reach a weak
maximum and then decrease at high loading. Nichetual? investigated methane
diffusion in silicalite at infinite dilution and & loading of 2, 4, 8, 12 and 16
molecules per unit cell. The calculated self-diffursconstant range is in excellent
agreement with the PFG NMR result. It was found thuest-silicalite and guest-guest
interactions have effects on the packing of metharwecules in silicalite. The
isosteric heat of adsorption of methane was -5a&¥/kwl, in good agreement with the
experimental result from adsorption isotherm methéexible methane molecules in
ZSM-5 and silicalite weresimulated by Catloet al*® and Dumontet al®,
respectively. The computed diffusion coefficients &oth in acceptable agreement
with the experimental data. The motion of methanfaujasite, silicalite and sodium-

A can also be found in the literaturés**-42

|43

Nowak et al.™” simulated the diffusion of rigid ethane moleculasrigid

silicalite, reporting the computed diffusion coefint as 4.7x1® m?s, which is in

good agreement with the PFG NMR result. Flexibleare in rigid silicalite

39
I

framework was investigated by Dumaettal.™. The theoretical diffusion coefficient

was 5.9x10 m%s which is a litle bigger than the experimentahlue.

| 44

Demontiset al.”" simulated flexible ethane molecules in flexiblecalite. Both the
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computed heat of adsorption and diffusion coeffitiagree with the experimental
data. It was found that a molecule with lower vilmaal frequency diffused slightly
lower. Caroet al*® simulated the diffusion of ethane in ZSM-5 and litedNaX,

observing a monotonous decreasing in the selfsldfu coefficients with the
increasing of molecular concentration. Dumaett al® studied the vibrational
spectrum of flexible ethane in silicalite, obtaiginery satisfactory structure and

diffusion data.

1.6. Scope of This Study

This study aims to develop intermolecular potenfiaiction to represent
interaction between the silanol covered silicalitéd10) surface and guest molecules
(methane and ethane) usiadp initio data. In addition, interaction energies were
intensively investigated in order to seek for theptimal binding site on the
silicalite-1 surface. Here, some hundreds of methand ethane positions on the
silicalite-1 surface were calculated at the ONIONAR/6-31G(d):HF/6-31G(d))
levels in which an error due to unbalance of theidaet used, the basis set super
position error (BSSE), were also included. The ioleich potentials were examined by
Thompho (Ph.D. thesis) using molecular dynamicsukations in order to investigate
transportation processes of methane and ethaneuntedeinto the pore of silicalite-1

through the silanol covered (010) external surface.



CHAPTER I

THEORY

2.1 Quantum Mechanics
2.1.1 Introduction

Wavefunction is the basic of quantum mechanics (@Mich is the correct
mathematical description of the behavior of eletérand thus of chemistry. In theory,
QM can predict any property of an individual atormmlecular exactly. In practice,
the QM equations could only be solved exactly fioe electron systems. A multitude
collection of methods has been developed for apprating the solution for multiple
electron systems. These approximations can be wuseful, but this requires an
amount of sophistication on the part of the redsarcto know when each

approximation is valid and how accurate the resargslikely to be.
2.1.2Ab Initio Methods

The termab initio is Latin for “from the beginning”. This name isvgn to
computations that are derived directly from theaoett principles without
experimental data. This is an approximate quantuechanical calculation. The
approximations made are usually mathematical appaions, such as using a
simpler functional form for a function or findingnaapproximate solution to a

differential equation.

2.1.2.1 Schrddinger Equation

Hy(q.9,)=Ew(q.q,) (2.1)
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where A is Hamiltonian operatory the wave function, E the energg, and g,

symbolize the electronic and nuclear coordinatespectively. The probability
distribution of the particles within the molecuseimnterpreted b)k//|2.

The HamiltonianA, like the energy in classical mechanics, is the saf

kinetic and potential operators.

- ZZ (2.2)

a o pra IS i'
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wherea and g refer to nucleim. andm, refer to electron mass and nuclear
mass, and andj refer to electrons. The first term in (2.2) is thgerator for kinetic
energy of the nuclei. The second term is the operar the kinetic energy of the
electrons. The third term is the potential enerfyjthe repulsions between the nuclei,
r.s being the distance between nuakeandf with atomic numberg, and Z;. The
fourth term is the potential energy of the attiaesi between the electrons and the
nuclei, ri, being the distance between electraend nucleus:. The last term is the
potential energy of the repulsions between theti@esr;; being the distance between
electroni andj. The zero level of potential energy for (2.2) esponds to having all

the charges (electrons and nuclei) infinitely fanf one another.
2.1.2.2 The Born-Oppenheimer Approximation

The key lies in the fact that nuclei are much lnerathan electronsm, >> me.
Hence the electrons move much faster than nucldif@a good approximation as far
as the electrons are concerned, we can regarduttiei s fixed while the electrons
carry out their motions. Speaking classically, dgrihe time of a cycle of electronic
motion, the change in nuclear configuration is rg#glle. Thus, considering the nuclei
as fixed, we omit the nuclear kinetic-energy terfnem (2.2) to obtain the

Schradinger equation for electronic motion:
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Thepurely eectronic Hamiltonian Hy is

~ h® ) Z,e e’
He,z—Zm Zvi -3 : +er— (2.3)

e | a i ia joixp T

The electronic Hamiltonian including nuclear reposiis He + Van. The

nuclear-repulsion terndyy is given by

2
Z,Ze

Vi :er— (2.4)

a pra aff

The approximation of separating electronic and earcmotions is called the

Born-Oppenheimer approximation and is the basic to quantum chemistry.
2.1.2.3 Spatial Orbitals and Spin Orbitals

We define an orbital as a wave function for a npghrticle, an electron.
Because we are concerned with molecular electrstriacture we will be using
molecular orbitals for the wave functions of theottons in a molecule. A spatial
orbitaly, (r), is a function of the position vector and describes the spatial

distribution of an electron such th@{/i (r)|2dr Is the probability of finding the

electron in the small volume elemedfitsurroundingr . Spatial molecular orbitals will

usually be assumed to form an orthonormal set
[dry; (D, (N =3, (2.5)

If the set of spatial orbitalé//i }were complete, then any arbitrary functidir) could

be exactly expanded as
f(r)=> aw(r) &p.
i=1

The wave function for an electron that describeth s spatial distribution and its

spin is a spin orbitaly (x)where x indicates both space and spin coordinates
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y (Na(o)
x(x)=qor (2.7)
y(1B(w)

2.1.2.4 The Hartree-Fock Approximation

The Hartree-Fock approximation constitutes thet fggep towards more
accurate approximations. The simplest antisymmetage function, which can be
used to describe to ground state of [drelectron system, is a single Slater

determinant,
To=f}(1)(z"')(N> (2.8

where g, (r,,o, )is the spin orbital which depends on spatial cowt#i r and spin

function @. The variation principle states that the best wdwection of this
functional form (Equation 2.9) is the one whiche&guhe lowest possible energy. The

energy of this wave function, expressed in termtloé set of spin orbitals

{;(i|i =12,..., N}, is given by (Equation 2.10),

7, ) k)

E,

Il

i(ilhli)%ii(ii\Jj)—(ij|ji) (2.10)

For a closed-shell system, the wave function (EgnaR.8) containsN/2 spin
orbitals with « spin function andN/2 spin orbitals with 8 spin fuction (Equation

2.10) can be written as

B, = 2 (ihfi)+ " 2] i) - G i) (2.11)
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First, consider the one-electron terms

(hf) =, = ey ()5 VE =D Z(0) (2.12)

1 M

Thus h, is the average kinetic and nuclear attraction gnefgan electron described

by the wave functiony;, (r.)Next consider the two-electron integral

i) = [ el G r)] (2.13)

12

which is the classical coulomb repulsion betweea tharge cloudéfwi(rl)fand

‘l//j(rz)‘z. Thus, this integral is calledcaulombintegral and is denoted by

3y = (i} i) = (i i) (2.14)

Finally, consider the two-electron integral
- z =
(i 1) = fdrdey ()7, (6= (v (1) (2.15)
12

This integral does not have classical interpretatlbis called arexchangentegral

and is denoted by
Ky = (ilji) =i i) (2.16)
Both exchange and coulomb integrals have positalees. Rewrite the Hartree-Fock

energy of a closed-shell system in terms of couland exchange integrals, we

obtained

E,=2) h +Z“23ij - K; (2.17)
a ij
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The variational flexibility in the wave function @lation 2.8) is in the choice of spin

orbitals. By minimizingE, with respect to the choice of spin orbitals, one darive

an equation, called the Hartree-Fock equation, kidetermines the optimal spin

orbitals. The Hartree-Fock equation is an equatfathe form
F()x(x)=ex(x;) (2.18)

wheref ()is an effective one-electron operator, called tbekFoperator. The Fock

operator has the form

f(i)=—%vf —iiw“F(i) (2.19)

where v™* () is the average potential experienced by theelgbtron due to the

presence of the other electrons. The essence didHhece-Fock approximation is to
replace the complicated many electron problem loperelectron problem in which
electron-electron repulsion is treated in an averagy. The procedure for solving the
Hartree-Fock equation is called the self-consisfieid (SCF) method.

The basic idea of the SCF method is simple. Byingalin initial guess at the spin

orbitals, one can calculate the average fiekl, ¢"") seen by each electron and then
solve the eigenvalue equation (Equation 2.18) folea set of spin orbitals. Using
these new spin orbitals, one can obtain new fiafdbrepeat the procedure until self-
consistency is reachedd, until the fields no longer change and the sphitals used

to construct the Fock operator are the same aggémnfunctions), as in Figure 2.1.
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The solution of the Hartree-Fock eigenvalue prob{Bauation 2.18) yields a
set {7, }of orthonormal Hartree-Fock spin orbitals with ¢abienergiegs, }. TheN

spin orbitals with the lowest energies are calledccupied or hole spin orbitals. The
Slater determinant formed from these orbitals & Hartree-Fock ground state wave
function and is the best variational approximatiothe ground state of the system, of
the single determinant form.

The Hartree-Fock equation can also be solved bgdoting a finite set of
spatial basis functiorﬁ$ﬂ(r)|y =12,...,K} . The spatial parts of the spin orbitals with
thea andg spin function can then be expanded in terms oktteevn set of functions
{¢ﬂ} by using a basis set & spatial functionéqﬁﬂ} leads to a set aZK spin orbitals

(K with a spin Kand with g spin).

vi=2.C,4, (2.20)

2.1.2.5 Mgller-Plesset Perturbation Theory

Mgller-Plesset perturbation theory is a tool oftydation theory, which
provides a method for adding excitations to thettdarFock wavefunction and
therefore including the effect of electron cornelat The first-order energy is exactly
the HF energy. To obtain an improvement on the Rér@y it is therefore necessary
to useMgller-Plesseperturbation theory at least second order. Thisllef theory is
referred to as MP2. The higher-order wave functisn expressed as linear

combinations of solutions to the zeroth-order H&onikn:

¥g = c¥] (2.21)

J

The ¥ in (2.21) will include single, double, etc. extitms obtained by

promoting electron into the virtual orbitals obtihfrom a HF calculation. The

second-order energy is given by:
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occupied  virtual .[.[ dTldTZZj (2)(I_1)[Za (l)Zb (2) —Xb (1)Za (2)]

(2 _ 12
E —Z; sz P —— (2.22)

This is important for the Van der Waals bond bemveare gas atoms and non-
polar molecules, also significantly to other typafsintermolecular bonding, e.g.
hydrogen bonds.

These integral will be non-zero only for double iettons, according to the
Brillouin theorem. Third- and fourth-order MglleteBset calculations (MP3 and

MP4) are also available as standard options in rabnyitio packages.
2.1.2.6 Basis Sets
Slater and Gaussian Type Orbitals

There are two types of basis functions. The frs¢ is so-called Slater-Type
Orbitals (STOs). It is defined as

D rols, N1, mr,0,4)= Nr*'e 'Y, (6,9) (2.23)

where N is a normalization constant, is called “exponent”. The, ¢ and ¢ are
spherical coordinates, and,, is the angular momentum part which is a function
describing the “shape”. The | andm are principal, angular momentum and magnetic
guantum numbers, respectively.. Due to using ST@i&-electron integrals are
difficult and time consuming to evaluate. To spepdmolecular integral evaluation,
Boys proposed in 1950 the use of Gaussian-TypetdshiGTOs) instead of STOs
for the atomic orbital in an LCAO wave function.éde orbitals decay as functions of

e . The functional form for GTO’s is expressed as:

gler,l,mn;x, y, z)= Ne x*y°z° (2.24)

where N is a normalization constant; is called “exponent’x, y, z are Cartesian

coordinatesa, b andc are simply integral exponents at Cartesian coatds (f = X*
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+y? + 7). Each group of basis functions can be treatea @asit called aontracted
Gaussian-Type Orbitals, CGTO<€onstituent Gaussians making up a contracted
Gaussian are called primitive Gaussians or simphipves. In using many Gaussian
to express the space part of a molecular orbited, fonds that demands on computer
resources increase roughly as the fourth powerefrtumber of basis function.

Hence, one should keep the number of basis funes@amall as possible.

STOs —

Figure 2.2 Comparison of Slater and Gaussian functions

The f dependence in the exponential makes the GTOsdnferthe STOs in
two aspects. At the nucleus the GTOs has zero siopmntrast to the STOs which
has a “cusp” (discontinuous derivative), and GT@sehproblems representing the
proper behavior near the nucleus. The otheristteaGTOs falls off too rapidly far
from the nucleus compared with an STOs, and thd” “ed wave function is
consequently represented poorly.” A rough guidefiags that three times as many
GTOs as STOs are required for reaching a givenl leeaccuracy. In terms of
computational efficiency, GTOs are therefore prefgr and used almost universally

as basis functions in electronic structure calorhat
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Classification of Basis Sets

Single{, Multiple- ¢, and Split-Valence

The STO-3G basis set is known as a “sirifjlbasis set, or, more commonly,
a “minimal’ basis set. There is one basis function defineck&eh type of orbital core
through valence (e.g. 1s for H and He; 1s, 2s, 2py, 2pz for Li to Ne). Because the
minimal basis set is so small, it is not recommenfl® consistent and accurate
predictions of molecular energies. However, thempde structure provides a good
tool for visualizing qualitative aspects of chenhisanding.

One way to increase the flexibility of a basisiseb “decontract” it. We could
construct two basis functions for each AO, the faeing a contraction of the first two
primitive Gauassians, while the second would simpl the normalized third
primitive. A basis set with two functions for ea8l is called a “doublé&” basis. Of
course, we could decontract further, and treat gachitive as a full-fledged basis
function, in which case we would have a “tridlebasis, and we could then decide to
add more functions indefinitely creating higher dangher multiple basis sets.

The reason that core orbitals are only weaklycadig by chemical bonding,
on the other hand, valence orbitals can vary widsly function of chemical bonding.
Atoms bonded to significantly more electronegaglements take on partial positive
charge from loss of valence electrons, and thuis temaining density is distributed
more compactly. The more cost effective way to iowprthe basis set is to have more
flexibility for the valence electrons only, the ogmition of this phenomenon led to
the development of so-called “split-valence” or larece-multiple€” basis sets. The
core orbitals are represented by minimal basisvbereas the valence shell orbitals
are represented by more than one basis functiom asi3-21G, 6-21G, 4-31G, and
6-31G, which have one contracted Gaussian funghahis a linear combination of
three primitive Gaussian functions for each inrfeglisatomic orbital and two basis
functions, one contracted Gaussian function that iBnear combination of two
primitive Gaussians and one primitive Gaussian tion¢ for each valence orbital.
If there is valence-triplé; like 6-311G, use three sizes of contracted fonetifor
each orbital-type.
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Polarization Functions

Polarized basis sets allow some small contribstivom the unfilled orbital,
what is required for the ground state for atom dpSon by adding orbitals with
angular momentum beyond. Pople and co-workersdoted a simple nomenclature
scheme to indicate the presence of these functithres,*” (star). Thus, 6-31G*
implies a set of d functions added to polarizedphenctions in 6-31G. A second star
implies p functions on H and He, e.g., 6-31G**. Tee more than one set of
polarization functions in modern calculation, thenslard nomenclature for the Pople
basis sets now typically includes an explicit entatien of those functions instead of
the star nomenclature. Thus, 6-31G(d) is to beepredl over 6-31G* because the
former obviously generalizes to allow names lik816§3d2fg,2pd), which implies
heavy atoms polarized by three sets of d functimwo, sets of f functions, and of g
functions, and hydrogen atoms by two sets of ptfans and one of d. There is no
limit on the number of polarization functions indkd in the basis set, however, it

does increase the computational demand signifizantl

Diffuse Functions

When a basis set does not have the flexibilityessary to allow a weakly
bound electron to localize far from the remainirgnsity (such as molecules with
lone pairs, anions and other systems with sigmficeegative charge, systems in their
excited states, and system with low ionization ptigds), significant errors in
energies and other molecular properties can odcuhe Pople family of basis sets,
the presence of diffuse functions is indicated By'ain the basis set name. The 6-
31G+G(d) indicates that heavy atoms have been augohevith an additional one s
and one set of p functions having small exponeAtsecond plus indicates the
presence of diffuse s functions on H, e.g., 6-313(8df,2pd).
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2.1.2.7 Basis Set Superposition Error

Suppose we wish to calculate the energy of foonabf a bimolecular
complex, such as the energy of formation of a hyemsboned water dimer. Such
complexes are sometimes referred to as “supermekciWne might expect that this
energy value could be obtained by first calculatthg energy of a single water
molecule, then calculating the energy of the dimaed finally subtracting the energy
of the two isolated water molecules (the “reactantiom that of the dimer (the
“product”). However, the energy difference obtainked such an approach will
invariably be an overestimate of the true valuee Thscrepancy arises from a
phenomenon known alkasis set superposition errqiBSSE). As the two water
molecules approach each other, the energy of ttersyfalls not only because of the
favorable intermolecular interactions but also bseathe basis function on each
molecule provide a better description of the et@utr structure around the other
molecule. It is clear that the BSSE would be exgueedd be particularly significant
when small, inadequate basis sets are used whichotiprovide for an adequate
representation of the electron distribution farniraghe nuclei, particularly in the
region where non-covalent interactions are strangese way to estimate the basis
set superposition error is via the counterpoiserection method of Boys and
Bernardi, in which the entire basis set is includedall calculations [Boys and
Bernardi 1970]. Thus, in the general case:

A+B > AB 73)
AE = E(AB)—[E(A) £+ E(B )] (2.26)

The calculation of the energy of the individuaésiesA is performed in the
presence of “ghost™ orbitals d; that is, without the ‘nuclei or electrons Bf A
similar calculation is performed foB using ghost orbitals o\. An alternative
approach is to use a basis set in which the orlaigdonents and contraction
coefficients have been optimized for molecular glattons rather than for atoms. The
relevance of the basis set superposition errorigndependence upon the basis set
and the level of the theory employed (i.e. SCF th wlectron correlation) remains a

subject of much research.
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2.1.2.8 The ONIOM (Our own N-layered Integrated molecular Orbital and

molecular Mechanics) Approach

The ONIOM metho®™! is an onion skin-like extrapolation method. At the
beginning, Morokumat al. proposed the Integrated Molecular Orbital and Molar
Mechanics (IMOMM) method which partitioned the ®ystinto 2 parts where
different levels of theory are treated. Afterwardisyas realized that the extrapolation
scheme in a combined MO + MO method, which wasrrefeto as the Integrated
Molecular Orbital and Molecular Orbital Method (INWID). Subsequently, the
integration of more than two methods was succeeded, the whole series of
integrated methods was named the ONIOM method. ¢JeitOMO encompasses
both two-layered ONIOM2 (MO:MO) and three-layeretNIOM3 (MO:MO:MO),
and IMOMM is in principle equivalent to ONIOM2 (M®M) and ONIOMS3
(MO:MO:MM). Thus, interesting or difficult part dhe system is treated with more
accurate method while the remains of the systentrasted with the less accurate
method. By this approach, a lot of computation tcae be saved and “real” instead
of “model” system can be studied. The crucial aspethis and other hybrid schemes
is the interaction between this inner and the opéget (higher level of theory)/(lower

level of theory) of the system.
Hybrid Calculations with ONIOM

In the two-layered ONIOM method, the total eneofyhe system is obtained
from three independent calculations:

EOMOM2 = B2 — Eredel * Emode (2.27)
wherereal denotes the full system, which is treated atltve level, while model
denotes the part of the system for which the energglculated at bothigh andlow
levels. The concept of the ONIOM method is represgschematically in Figure 2.3.

One can see that method can be regarded as apa@atian scheme. Beginning at

E°" ,, the extrapolation to the high-level calculatiokf; —E"" ) and the

model ! madel m
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extrapolation to the real systenE/{’ — E°Y ) are assumed to produce an estimate

model

for EX9".
(A)
_ High level (H) method
.#'f#
—— Medimm level (M} method
_"h-._‘_‘_\_‘-‘--‘-E
™ Low level (L)} method
(B)
HIGH £ EGUOHREAL)
-]
=~
[15]
piE|
E(OMIOM REAL) = E(LOW REAL)
LOW
cants - E(LOW MODEL)
MODEL REAL + E(TIIGHMODEL)
(®)
HIGH o E(HIGH REAL)
r'y
=
B Q
e ME LV LM
[ |
E(OWIOM REAL)=ELOW.REAL)
= E(LOW, INTERME DIATE)
Low
+ E(MEDIUM INTERMED LATE)
MODEL  INTERMEDIATE ~ REAL - E(MEDTUM MODEL)
> + ECHIGH MODEL)
S1ZE

Figure 2.3 Schematic representation of: (A) The onion skke-liayers and models.
(B) The two-layered ONIOM extrapolation scheme. (@ree-layered ONIOM

extrapolation scheme.
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As can be seen, there is no restriction on the odstlused at various levels
(high, medium, low), and various MO and MM combioatdiscussed above can be
derived. Combining different levels of MO methods a unique feature of the
ONIOM method. It turns out that MO:MO integratios rather straightforward, and
virtually no special attention is required. On tiker hand, the integration in ONIOM
of MO and MM methods, combining two methods withydifferent philosophies,
lead to many serious problems, as with all of th&/iM methods. The integration
of two MO levels with one MM level, ONIOM3 (MO:MO:M), is unique, a feature
absent from other QM/MM methods. In MO-MM combimats, the interaction
between the MO and MM regions can be treated aMklelevel, i.e., with so-called
mechanical embedding, or, alternatively, in the @Mmiltonian, with so-called

electron embedding.
2.2 The Lennard-Jones and Coulomb Pair Potential

The dispersive and exchange-repulsive interactibesveen atoms and
molecules can be calculated using a simple empiexjaression that can be rapidly
calculated van der Waals interaction. The very fasnmotential function in molecular
dynamics (MD) is thd_ennard-Jones (L-J) 12-6 functinlt was proposed in 1931

by John Lennard-Jones of Bristol University. Th@ petential is of the form

o-4(7) (|

The Lennard-Jones potential contains interatorapasation () and just two
adjustable parameters which are the collision diame (the separation for which
the energy is zero) and the energy constarfor well depth). These parameters are
shown in Figure 2.4. The Lennard-Jones equation afsy be expressed in terms of
the separation at which the energy passes througinienum,r, = 2*°s . It can also

be written as follows:

v(r) = g{(r—mj - z(r—mj } (2.29)
r r



30

or

v(r)=r%—r% 1)

where coefficien® is equal toer *(or 4s5*?) and coefficienB is equal to 2r.° (or

4ec®)

Energy
|

Separation

Figure 2.4The Lennard-Jones potential

12 6
i . - 1 . .
The terrr(j , describes repulsion and tVEeLJ term describes attraction.

r r

The form of the repulsion term has no strong themakjustification. The L-J formula
is more convenient due to the ease and efficiefi@omputing r'* as the square of
r°. The attractive long-range potential is derivemhfrdispersion interactions. These

two components are shown in Figure 2.5.
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Figure 2.5 The Lennard-Jones potential is constructed fromepulsive and an

attractive component

Another part of the interaction is the Coulombgmbial, which is an effective
pair potential that describes the interaction betwsvo point charges. These charges
are designed to reproduce the electrostatic pregeof the molecule. If the charges
are restricted to the nuclear centers they arenoftterred to aatomic net charges
The electrostatic interaction between two molecijsdifferent part of the same
molecule) is then calculated as a sum of interastizetween pairs of point charges
using Coulomb’s law:

v(r) :@ (2.31)

wherer is the distance between two atomgsandg; are the atomic net charges of

atomi andj in atomic unit.



CHAPTER Il

CALCULATION DETAILS

3.1 Quantum Chemical Calculations and Potential Fuctions Development

In this chapter, interaction energies between goedécules and the external
surface of the silanol covered (010) silicalite-Erev carried out usingb initio
calculations. Then, the energy data points wetedfito the analytical function. The

detailed method and the basis set used were dhesktias follow.

3.1.1 The Surface Model of Silicalite-1

The (010) external surface of the silicalite-1 @ewbcular to the straight
channel, was selected. The idealized MFI crystiic& shown in Figure 3.1a was
chosen as starting structure. It was, respectiveiyas indicated by the dashed line in
Figure 3.1a and the circle in Figure 3.1b. Thensilagroups on the surface were
generated by adding hydrogen atoms as “terminatarghe broken -Si-O- bonds.
With this procedure, the chemical composition afiléng up the remaining valence
orbitals of the silicon atoms with electron fromdnygen atoms, is §8is;Has. The
positions of the hydrogen atoms were fully optimizesing quantum chemical
calculations-at the HF/6-31G(d) level, i.e., clend the OH bond length as well as
their rotations were allowed to be changed witlpees to the total energy of the

system.- The obtained fragment, as shown.in Figure, was used throughout.
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Figure 3.1 Side-view (a) and top-view (b) of the (010) sugaghich was cut as
indicated by the dashed line and the circle. A&eding silanol (-OH) group to the
surface and energy minimization (detail see tehet)dbtained fragment (c) was used

to represent the silanol covered (010) silicaliteufface.

3.1.2 Development of Guest Molecules/Silicalite-loRential Functions

In order to develop intermolecular potential fumes representing the
interaction between two molecules in all configimas, numerous coordinates of the
second molecule around the first one had been gmukr Subsequently, the
interaction energies of configurations will be cdéted using ONIOM method. The
obtained data points must then be fitted to anyaieal form.

The high accuracy level, MP2, which is shown tabmpable method for the
nonpolar ‘covalent . molecuf®s® was 'applied in ‘this 'study. Due to the size of
obtained fragment which is still too large to takto account all atoms in the MP2
calculations. The ONIOM (MP2/6-31G(d):HF/6-31G(dplculation with the BSSE
correction”® was used throughout in order to investigate theramtion between the
guest molecules and the silanol covered (010)dilec 1 surface.

Figure 3.2 shows the model part (ball-and-sticke3tand the real part (all
atoms) for the ONIOM calculations. The low levelF/8-31G(d) method and the
more accurate MP2/6-31G(d) method were applied alcutate the model part
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whereas the real part was treated by low level atkthF/6-31G(d). The ONIOM
interaction energy of the systertoniom can be estimated extrapolatively from three

independent calculations as:

AEoniom = E(real, Iow) + E(model, higl) - E(nodel, Iov) (3-1)

where Egeal, 10w) IS the total energy of the real system using thve llevel method,
while Emodel, highyaNdEmodel, lowyde€note the total energies of the model part caled!

with high and low level methods, respectively.

A, |

Figure 3.2The real part and the model part which used f@erQNIOM method.

In order to reduce the scope of the calculatioa, rtfethane molecule in the
two orientations (H-in and H-out) and the ethandemde in the two orientations
(perpendicular and parallel) were positioned atessv points, above the (010)
silicalite-1 surface and in the trajectory perpentir to the surface. The distance
from the center of mass of guest molecules to poivherei = 1-7 labeled in Figure
3.3, were varied.
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1. Center of the 5-membered ring
2. Center of the 6-membered ring

3.00of Si-O-S
4. O on 10-membered ring
5.00of H-O-Si
6. H of H-O
7. Center of the 10-membered
a)
I e, V)
4 4 o4

H-out H-in

4 b) 24 2
DA S

Perpendicular Parallel

Figure 3.3 The guest molecule was located above and perpdaditu the points
labeled by 1-7: a) methane molecule in two configjons, H-in and H-out b) ethane

molecule in two configurations, perpendicular aadatiel.

The binding energy is defined according to theesmlecular approach as

shown in equation 3.2:
AEping = Ecpx— By - Es (3.2)

where,Ecpx is the total energy of the complex whitg andEs are the total energy of
the guest molecule and of the fragment-surfacgetwely. The calculations were
performed using GAUSSIANO3 prograin

The selected data points yielded from the ONIOMPMHF) calculations
using the extended 6-31G(d) basis sets were fitieithe analytical function of the

form:

i hi N T

A By C qgq;
AE(g,s)zzz{—r—g+rT;+—;+—‘ (3.3)
4 : :
where g and s denote guest molecule and the g#icalsurface, respectively. The
constants;, B; andC; are fitting constant ang; is the distance between atorof

guest molecule and atopof silicalite-1. Hereg; andq; are the atomic net charge of
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atomsi andj in atomic units, as obtained from the populatioalgsis of the isolated

molecules in the quantum chemical calculations.

3.2 Molecular Dynamics Simulations

The crystallographic cell of silicalite?1contains Si and O atoms, with lattice
parametersa = 20.07 A b = 19.92 A, andc = 13.42 A. Periodical boundary
conditions are applied to avoid finite size effe@snulations have been carried out
for the consisting system of 4 silicalite-1 unitleg1 x 2 x 2 unit) to represent the
straight channel. The statistical mechanics ensemiiployed is the microcanonical
(NVE) ensemble. The trajectories have been caledléty the use of the velocity
version of the Verlet algorithm. Numbers are se8td6 and 32 molecules per unit
cell, corresponding to 32, 64 and 128 moleculesspeulation box. It has been found
that the flexibility of the lattice does not signéntly increase small guest diffusion.
Thus, the silicalite lattice was allowed to remagid through out the simulation. The
time step was 0.5 fs and the evaluation part o @ac corresponds to a length of 2.5
ns after a 5 ps thermalization period. The averaggperature of the system was
300 K.

The methane-silicalite interactions are describgdour quantumab initio
fitted potential models. Methane-methane and metiwdyannel potentials have been

taken from Fritzschet al>®.



CHAPTER IV

RESULTS AND DISCUSSIONS

4.1 Ab Initio Fitted Potential Functions

The quantumab initio, ONIOM(MP2/6-31G(d):HF/6-31G(d)) method as well
as the BSSE correction, have been applied to ilgastthe interaction between guest
molecules and the (010) external surface of sitesdl. As given in details in the
calculation methods (chapter lll), the selectechdadints of the energies calculated
for various positions and orientations of guest enole on the surface were
generated. The calculated value for the pair ictema energy,4E, were fitted,
multidimensional non-linear least-squares procedtwe function consisting of a

Lennard-Jones, a Coulombic and additional polynbtaran.

4.1.1 Guest/Silicalite-1

4.1.1.1 The Optimal Function and Set of Parameters

About 200 selected data points obtained from ONI€ll¢ulations with BSSE
corrections were fitted to the analytical functafrthe form:

B, C. q. 4.1
AE(m,S):ZZ{_ié_,_%_‘__g_i_qu} (4.1)
b riJ ij rij rij
o B0 C. .
NEEY=YT _iﬁl+%+_g+qq,} )
I R T

where m, e and s denote methane molecule, ethatecute and the silicalite-1
surface, respectively. The constafis B;j andC; are fitting constant ang; is the
distance between atonof methane and atojof silicalite-1. Hereq; andg; are the

atomic net charge of atomsandj in atomic units, as obtained from the population
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analysis of the isolated molecules in the quantbemical calculations. Besidea/r°

andB/r*? terms, the third polynomial ter@/r® andC/r° were essentially introduced in

order to obtain better numerical fitting for the thhene and ethane systems,

respectively. The final parameter values were sunz@@in Tables 4.1 and 4.2.

Table 4.1 Fitting parameters for atomof methane interacting with atomof the

(010) silicalite-1 surface.

C
(A%kJ/mol ™)

' J g % (AGkJ/Amorl) (Alzk\]?mol'l)

C Si  -066 149  -32.706460 54221801.48075 -1169.27445

C O 066 <080 835516690 2587679.88528 668.43642
C H  -0.66 048 -1678.48834 5034.78319  -228.18617

H Si 016 149 = 195280808  41123.63272 233.86862

H O 016  -0.80 = -1262.12699 3183076176  -136.54700

H H 016 048 -2.03914 666.51147 40.35601

Table 4.2Fitting parameters for atonof ethane interacting with atojrof the (010)

silicalite-1 surface.

! j G G (AGkJ/Amorl) (AleJ?moI'l) (A5kJ/Cmo|'1)

C Si 047 ©149 . -1003.97913 - 2446691030377  -16EELS

C O 047 -080 . -652825350 805969,74430 1068.04826
C H  -047 048 254663288 163490.53037 214.82663

H' | 'Si | 016 | 149 - 23653.62039 « 279922256861 102143033
H O 016 -080  -4880.70655 20124.82982 224281814
H H 016 048 673.63628 3934.73603 365.32587
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Although, the fitting parameters fef/r® was not able to forced to be negative
in order to represent attractive interactions efghir, but the repulsive terBir'? was
controlled to be positive in order to avoid unwahtegative hole at short distances
due to a much higher slope of tB&** term than that the\/r®, C/r* andC/r°.

4.1.1.2 Quality of the Fitted Functions

The physical meaning as well as quality of the gadisalite-1 function is
considered from its ability in representirap initio data. An advantage of this
approach is that it is a one-to-one corresponddreteeen the predicted (by the
potential function) and the observed (by thb initio calculations) interaction
energies.

In Figures 4.1 - 4.4, potential energy curves farious methane and ethane
orientations were shown, respectively. As can bens&éom Figure 4.1, the
methane/silicalite-1 fitted potentialgdHriteqg). IN the H-in configuration where one H
atom of methane points perpendicular to the surfaee Figure 3.3 for details), the
lowest binding energy (-4.33 kJ/mol) takes placemwfH, moved along trajectory 7.
The shortest distance (4 A) was found when, @pproaches to H atom of the silanol
group trajectory 5 which the lowest energy to tlhefaxe atom of -0.32 kJ/mol.
Similar conclusion can be also made for the metisdioalite-1 binding when Clis
in H-out configuration, one hydrogen point out grerpendicular to the silicalite-1
surface (Figure 4.2). Slightly differences wereridun terms of binding energy and
distance in which the energy minima are slightlwéo and the corresponding
distances are slightly longer in the H-out thersehof the H-in configuration.

The AEoniom and AEgieq for the ethane/silicalite-1 were shown in Figures
4.3 — 4.4, Beside a good agreement among the tpestpf interaction energies,
discrepancy was somehow taken place for the tajest1, 2 and 5 in Figure 4.3
(CoHg lies perpendicular to the silicalite-1 surfaces ségure 3.3) where th&Eriqeq
overestimate theEoniom and vice versa for trajectory 4. However, thishis best fit
one can do according to equation 4.2 under theittondhat ther ** term was forced
to give position sign and only one polynomial tgm) was included in the standard
interatomic function functional (Lennard-Jone p{isulombic terms). Adding more
term can also create unwanted minima due to aeaserof degree of freedom in the

numerical fitting. However, the above mentionederrwould play very minor role
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and should not affect the simulation results beeaugeh discrepancy is relative small
compared to the binding energy of lower than -10nkd when GHg move along
trajectory 7 into center of the straight channelthe other word, & would not
adsorb on the (010) silanol covered silicalite-tfesze but would be rather mobile via
moving above the surface and move smoothly throtlngh center of the straight
channel.

The AEoniom is better represented by th&rgiweq (Figure 4.4) when £Hg lies
parallel to the surface (see Figure 3.3 for defnjt As expected, the energy minima
are slightly higher and the corresponding distarmzesslightly longer for the parallel
compare to those of the perpendicular configuration

The correlation betweenEoynom and AEgigeq Was plotted in Figures 4.5, in
order to illustrate the quality of the fitting fearious interaction energy ranges. It can
be clearly seen that two sources of energy databédh methane/silicalite-1 and
ethane/silicalite-1 are in good agreement espgcialthe low energy region which
plays important role for the molecular dynamicsigtu

To seek for the unwanted minima and to examine ityualf the fitted
potentials, the energy contour plot where,Gidd GHs molecules are 2 A, 1 A and
0 A above the surface were calculated and plofiaglite 4.6 — 4.11). Here GHies
in the H-in configuration and &, move perpendicular to the surface. The given
distance is between C atom of £éenter of the C-C bond of.8¢ to the nearest H
atom of silanol on the surface of silicalite-1. Thits were examine for both
situations, with or without silanol groups. In tlag¢er case, the guest-surface distance
is the same as that of the first case, i.e., theeseoordinates of CHor GHs were
used for both. calculations. Note that the empiriicate field parameters for the
surface without silanol were taken from Fritzsehal>®.

The contour plots in Figure 4.6-4.11 show low amghlenergy areas when
guest molecules move above the surface at differafistances. Moving along
trajectory 7 (Figure 3.3) which is perpendicularthe straight channel, show, as
expected, lowest binding energy. This is true feerg levels of guest molecules
above the surface. When the guest molecules wengahe surface 2 A (Figures 4.6
and 4.9), the surface without silanol gives loweergy and wider negative area than
those with silanol. For lower levels (Figures 4478, 4.10 and 4.11), the silanol
surface has less effect, i.e., almost the wholtaserdisplays strong repulsion. These

agree well with the 2D plots shown in Figures 4.4.4 where the potential energy
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curves show the weak repulsion around the 10-oxygembered ring and the strong
attraction at the center of 10-oxygen membered ring
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Figure 4.1 Methane/silicalite-1 interaction energies obtainedm the ONIOM

method @) and fitted potential calculation®)( using equation 4.1 with the fitted
parameters summarized in Table 4.1 in which labels7 denote methane trajectory
1 — 7 defined in Figure 3.3 where methane is imHKanfiguration The interatomic
distances were between C atom of methane and lerdsaor center of the ring

defined in Figure 3.3.
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Figure 4.2 Methane/silicalite-1 interaction energies obtainedm the ONIOM
method &) and fitted potential calculation®)( using equation 4.1 with the fitted
parameters summarized in Table 4.1 in which labels7 denote methane trajectory
1 — 7 defined in Figure 3.3 where methane is inutlemnfiguration The interatomic
distances were between C atom of methane and lerdsaor center of the ring
defined in Figure 3.3.
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Figure 4.3 Ethane/silicalite-1 interaction energies obtaifredn the ONIOM method
(m) and fitted potential calculation®) using equation 4.1 with the fitted parameters
summarized in Table 4.1 in which labels 1 — 7 denoethane trajectory 1 — 7
defined in Figure 3.3 where methane is in perpendic configuration The
interatomic distances were between center of tli& &em of ethane and 1- 7 atoms

or center of the ring defined in Figure 3.3.
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Figure 4.4 Ethane/silicalite-1 interaction energies obtaifredh the ONIOM method
(m) and fitted potential calculation®) using equation 4.1 with the fitted parameters
summarized in Table 4.1 in which labels 1 — 7 denoethane trajectory 1 — 7
defined in Figure 3.3 where methane is in pearalgifiguration The interatomic
distances were between center of the C-C atomhahetand 1- 7 atoms or center of

the ring defined in Figure 3.3.
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Figure 4.6 Energy contour plots when methane molecule moveseathe surface
2 A for with (a) and without (b) silanol.
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Figure 4.7 Energy contour plots when methane molecule moveselkhe surface
1 A for with (a) and without (b) silanol.
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Figure 4.8 Energy contour plots when methane molecule movélsarsurface plane
for with (a) and without (b) silanol.
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Figure 4.9 Energy contour plots when ethane molecule moveseatie surface 2 A

for with (a) and without (b) silanol.



51

(b) Without silanol

Figure 4.10Energy contour plots when ethane molecule moveseth® surface 1 A
for with (a) and without (b) silanol.
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(b) Without silanol

Figure 4.11Energy contour plots when ethane molecule moveakansurface plane

for with (a) and without (b) silanol.
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4.2 Validation of the Fitted Potential

The MD simulations using the newly developed pa&tfanctions require the
use of in-house software. That is out of the scopéhis M.Sc. thesis. However,
reliability of this function can not be able to iated without performing the
simulations. Therefore, the preliminary MD resgitgen here were taken from part of
Thompho Ph.D. thesis where our fitted function wapplied. Detailed simulations as

well as preliminary results were given in AppenAix

4.3 Methane/silicalite-1 and Ethane/silicalite-1 Iteraction Energies when

Entering into Silicalite-1 Channel

As shown in Figures 4.1 — 4.4 and discussed puslypthe optimal route for
methane and ethane molecules is to approach toetter of 10-oxygen membered
ring (trajectory 7 in Figure 3.3). To understandaded behavior of guest molecules
via moving through this channel, binding energies the methane/silicalite-1 and
ethane/silicalite-1 complexes were examined. Catmns were carried out for the
two configurations of ¢Hg molecule, perpendicular and parallel to the serfasing
the same method as that used for the developmertheofpotential functions,
ONIOM(MP2/6-31G(d):HF/6-31G(d)) with BSSE correct For the Chl system,
the results were taken from ref 16.

15° the methane

Considering Figure 4.12 that taken from Remsunggtea
moves to the center of the straight channel, in tine configurations. In the
configuration H-in (solid line in Figure 4.12), tiiest minimum was detected at the
distance (from center of methane to center of 1¥ger membered ring) of 2.90 A.
At short distance, repulsion between the H atommethane ring leads to a slight
increase of the binding energy. After a broad mammat the distance of 1.80 A, the
binding energy, again, decreases and remains cdrstad.14 kJ/mol between the
distance of 0.0 -1.50 A (minus value of the distadenotes the position where the
methane molecule is under the surface). Note thidieadistance of 0.0 A in the H-in
configuration, the methane is located at the ceoitéghe straight channel. For the H-
out configuration, the binding energy decreaseshapvhen the distance decreases.
The minimum was found when the three hydrogen atoimeethane are in the 10-

oxygen membered ring plane; i.e., the distancéeacenter of methane is 0.60 A and
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the corresponding energy is -5.75 kJ/mol. At tretatlice less than 0.60 A, the energy,
again, increased. The H-out configuration givesnalihg energy identical to that of
the H-in one, -4.15 kJ/mol, when the methane Iechtdow the surface for -1.00 A

and one of the H-atom lies in the silicalite-1 aad.

I.Il'|'|Ill'lllfrl’lll!lll'llll'lllll1|lll1'|ll

Energy (kJ/mol)

N ‘-.." o

-ﬁlIllll]tllll'iljlilllll]IIlIIIIlIII!llll

-1 0 | 2 3 4 5 (]
r (Angstrom)

Figure 4.12 Binding energies when the methane molecule ishen donfigurations
H-in and H-out and moves perpendicular to the cenftdd0-oxygen membered ring

(see also Figure 3.3).

Considering our results for,Bs, in the perpendicular configuration of ethane
(Figure 4.13), the binding energy decreases when distance decreases. The
optimum was found at the center of 10-oxygen meptbeng and the corresponding
energy is -10.92 kJ/mol. The binding energy, agamcreases when the ethane
molecule is located between -1.0 'and -5.0 A (minalsie means ethane molecule
below: the surface). In the parallel configuratitinge binding energy and distance
corresponding to the first minimum are -4.48 kJ/mamid 3.0 A, respectively.
Repulsion between ethane in this configuration #red 10-oxygen membered ring
leads to a rapid increase of the binding energg. fighest binding energy is at -0.5 A
and the corresponding binding energy is 16.42 ki)/flee binding energy, again,
decreases, when ethane is under the surface betdi®eA and -3.0 A. The parallel
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configuration gives the lowest binding energy, Z7K&J/mol, when the position of
ethane is below the surface -3.0 A.

Regarding the energy minima at the center of (hexlygen membered ring of
-5.75 kJ/mol for CH and -10.92 kJ/mol for £s, a clear conclusion is thablds can
easier enter into the pore mouth of the straiglainokl of silicalite-1 via the (010)
silanol covered surface. The optimal configurafienCH, molecule is to point one H
atom perpendicular to the silicalite-1 surface wehihat of the gHg is to point the
molecule axis perpendicular to the surface.

20 IIIIIIIIIIIII
i i .
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-10 —

A9 .
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-6 -4 -2 0 2 4 6 8
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Figure 4.13 Binding energies when the ethane molecule is enprpendicular and
parallel configurations and moves perpendiculath® center of the 10-membered

ring (see also Figure 3.3).



CHAPTER V

CONCLUSIONS

Silicalite -1 is an attractive adsorbent for thpagation of relatively non-polar
species from agueous media, such as the sepaadtimixtures of light hydrocarbons
with water or other polar solvents. The zeoliteeexal surface is of importance that
can affect its catalytic performance. Applicatiarfszeolites usually begin with the
initial adsorption of molecules on the externalf@ce of a zeolite crystal followed by
diffusion on the external surface and sieving efitiolecules into the internal surface.
It is known that silanol groups are the key elersatgtermining the adsorption and
diffusion behavior of guest molecules on the exesurface. Aim of this study is to
investigate the interaction between guest molecates silanol covered silicalite-1
(010) surface in which thab initio fitted potential for the methane/silicalite-1 and
ethane/silicalite-1 systems were developed. Th@)(@xternal surface of silicalite-1
which is perpendicular to the straight channel wakected. Energy data set for
various configurations of guest molecules on thease were calculated using
ONIOM(MP2/6-31G(d):HF/6-31G(d)) method includingettcorrection due to the
basis set superpaosition error (BSSE).

Each energy data set was fitted to the analytizattions. The energies data
obtained from ONIOM calculations are in good agreenwith those computed from
the potential functions. The results from ONIOM atdéitions show also that the
optimal route for methane and ethane molecules enter to the straight channel at
the center of the 10-oxygen membered ring.  Theesponding energies is -5.75
kJ/mol for CH, and -10.92 kJ/mol for £ls. The optimal configuration for CH
molecule is to point one H atom perpendicular ® ghicalite-1 surface while that of
the GHg is to point the molecule axis perpendicular toghdace.

The fitted potential function was examined by ThomgPh.D. thesis) using
molecular dynamics (MD) simulations in order toidate the fitted functions. The

preliminary MD results show the reliability of tfienction.
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APPENDIX A

PRELIMINARY MOLECULAR DYNAMICS
SIMULATIONSRESULTS



Molecular Dynamics Simulations

A.1 Methane loading

Here, the methane molecules were loaded into the zeolite straight channel
through the external surface at 32, 64, and 128 molecules per simulation and at the

temperature of 300 K. The simulations were carried out for both environments, with

and without silanol groups (see section 3.2 for ssimulation details).

The numbers of methanes enter into the pore were plotted with respect to the
simulation time (Figure A.1). They were rapidly increased in the first 100 ps and

fulfilled in the pore at about 200 ps.

20 T T

18 Y o = S ———————— T L D PR R RSB ==

16

14

Mutnher of methane molecule

32 with silanol
32 without silanol — — -
64 with silanol
64 without silanol -
128 with silanol

, 128 Withput silanoll --------

0 500 1000
Timein ps

Figure A.1 Numbers of methane molecule entering into the silicalite-1 channel for

1500 2000

the simulations with and without silanol (see section 3.2 for cal culation detail).



65

A.2 Sticking Probability

For analyzing the molecular sticking that the guests molecules will be able to
enter the intracrystalline space, is a key quantity for the application of such materials
in heterogeneous catalysis and molecular sieving. There are two different events of

molecular propagation, which are close related to the molecul ar sticking probabilities:

(1) molecules from gas phase encounters surface (n,)

(2) molecules from gas phase enters intracrystalline space (ny)

Denote by n; the number of events of typei (i = 1, 2), the sticking probability
a is defined by

a=n,/n (A1)

The result in Figure A.2 shows the decrease of sticking coefficient as the function of
concentration. At low concentration, the system with silanol system gives lower
sticking coefficient than that without silanol. That means that the silanol surface isthe
barrier of the transport of methane molecules into the pore. This effect does not detect
at high concentration, this can be due to the fact that the methane molecules inside
zeolite pore are packed, while the other methane molecules are assumed to occupy the
external surface. Therefore, other methane molecules in the gas phase are rather
difficult to move into the intracrystalline phase.
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Sticking coefficient
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Figure A.2 The dticking coefficients of methane molecules obtain from the

simulations with and without silanol group on the silicalite-1 surface.

3. Distribution of Methane M olecules on the Silicalite-1 Surface

Distribution of methane molecules on the (010) externa silicalite surface (xz
plane) are illustrated in Figure A.3. The result presents the density of methane
molecules for the systems with (Figure A.3a) and without (Figure A.3b) silanol group.
This plot learns us how the influent of silanol group on silicalite surface effects of the

diffusion of methane molecul es.

Probability / methane (128) Probability / methane (128)
0.001 ¢ 0. 0006 0.00% 0.0004
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0. 000 0.0006)
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- E d /A _I:: - ] =
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Figure A.3 Density plots of methane molecules on the (010) surface of silicalite-1 for

the ssimulations systems (a) with and (b) without silanol groups.
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It can be clearly seen from the plots that this diffusion probability for the
system with silanol group system is about two times higher than that without silanol.
This mean that methane molecules are rather localized on the silanol covered surface.
This is due to stronger binding of methane to the silanol than that to the naked
surface. This confirms the diffusion effect shown in Figure A.3 in which the methane

molecules on the surface move slower to enter into the silicalite pore.
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