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CHAPTER 1
Ty u2q

GENERAL INTRODUCTION AND SCOPE OF THE THESIS

1. ZEOLITES: A GENERAL OVERVIEW

Zeolites are framework structures with large cages and channels made up of an
extensive linkage of SiO, tetrahedra joined together through the oxygen atoms. Commonly
the element Al is substituted for some of the Si atoms. In these aluminosilicates an
additional cation is incorporated interstitially within the lattice so that its electron is
donated to the Al site to satisfy the bonding requirements of a tetrahedral framework.
According to Smith," “a zeolite is an aluminosilicate with a framework structure enclosing
cavities occupied by large ions and water molecules, both of which have considerable
freedom of movement, permitting ion-exchange and reversible dehydration.” However,
synthetic zeolites include numerous examples that do not meet one or more of these
criteria. The effective pore sizes in zeolites range from ~3 A to over 10 A, which is
sufficient to permit the diffusion of catalytically interesting organic molecules. This fact
combined with the possibility of generating active sites inside the channels and cavities of
zeolites produces a-very unique type of catalyst, which by itself can be considered as a
catalytic microreactor.”

Zeolites were discovered in 1756 by the Swedish mineralogist Axel Fredrick
Cronstedt.” He examined two samples, one of Finish origin and the other one brought from
Iceland. When heated in the flame of a blowpipe, the samples emitted gas and puffed up.
The minerals were named zeolites which mean “boiling stones” in Greek (Zeo = boil and
lithos = stone). The history of zeolite research began with the synthesis experiments of
Sameshima in Japan® and Barrer in UK.> But the full recognition of the industrial potential
of zeolite materials came only in the 1950’s when researchers at Union Carbide succeeded
in the synthesis of zeolites A and X and developed commercial technologies of gas
purification, separation and catalysis using zeolites. Today, synthetic zeolites play a major

role in petroleum and petrochemical catalysis, radioactive waste storage, water treatment,



gas separation and animal feed supplements, all because of their exceptional abilities for
ion exchange and sorption.6 In addition, there is a growing interest in the synthesis of fine
chemicals.”™!

In general, hydrated =zeolites can be represented by the formula:
M™,,[(AlO,),(SiO,),] wH,O where M is a cation which can belong to the group IA or IIA
or can be an organic cation, n is the cation valence, w is the number of water molecules and
y/x is the Si to Al ratio in the structure. The square bracket contains the framework atoms
while the remaining atoms reside in specific sites in the channels. Crystalline structures of
the zeolite type but containing tetrahedrally coordinated Si, Al, P as well as transition
metals and many other group elements with varying valency such as, B, Ga, Fe, Cr, Ti, V,
Mn, Co, Zn, Cu etc., have also been synthesized with the generic name of zeotype,
including AIPO,, SAPO, MeAPO and MeAPSO type molecular sieves.">®  All these
tetrahedrally coordinated atoms are generally called the T-atoms. When a trivalent atom is
present in the zeolite framework, a negative charge is created in the lattice, which is
compensated by cations like sodium, potassium, etc. Bronsted acid sites are developed
when the cation is exchanged by a proton. The proton is attached to the oxygen atom
bridging the silicon and aluminum atoms, resulting in the acidic hydroxyl group which is
the site responsible for the Bronsted acidity of zeolites.

The acid sites of zeolites, in combination with their well-defined pore architecture,
make zeolites suitable as a shape selective solid acid catalyst. Whereas the ion-exchange
capacity is controlled by composition rather than zeolite structure, the use as a catalyst is
strongly depend on the structure. Therefore, the synthesis of zeolites with new structures is
one of the main topics in zeolite research. The compilation of structural information on
zeolites is available in the Atlas of Zeolite Structure Types.M Further information on
zeolites can be found in a review article by Higgins,15 in a classic book by Breck'® and
more recent results, in a book by Szostak.'” Because zeolite synthesis is time consuming
and their use in catalysis is mainly based on trial and error methods, the need for
theoretical predictions of zeolite properties, adsorption, diffusion and interaction of
reactants and product molecules are evident. The understanding of these properties of
zeolites can greatly facilitate the design of zeolite catalysts. A large intensification of the

18-21

theoretical studies of zeolites can be seen in the last ten years. The recent book edited



by Catlow™ is an excellent source of information on theoretical modeling of zeolite
structures and their reactivity. Most of the earlier theoretical studies were mainly focused
on the relation between the zeolite framework structure and the molecules or ions present
within the zeolite framework.

The principal techniques used in molecular modeling are molecular graphics,
energy minimization, Monte Carlo, molecular dynamics and quantum chemical
calculations. Monte Carlo and molecular dynamics methods are attractive alternative to
experiments because these methods, in principle, provide information for conditions under

which experiments are not feasible. Previous simulations based on molecular dynamics >

2! 26,27

® and Monte Carlo methods tended to concentrate on small guest molecules, since
these two methods need to perform for relatively long time scales. For large molecules of
catalytic relevance, it is necessary to perform computationally less demanding techniques,

such as energy minimization before applying these computationally expensive techniques.

2. SCOPE OF THE THESIS
In this thesis, we describe modeling of large organic molecules which are
catalytically important and we will show that computational techniques yield detailed and
reliable information on both structural and dynamical properties of sorbed species. We
describe the modeling of sorption sites, diffusion mechanisms, diffusivity of the aromatics
and their electronic interaction with the zeolite host. The aim of the thesis is to find out
suitable zeolite catalysts for the selective synthesis of 4,4/-diisopropylbiphenyl (DIBP) and
para-isobutylethylbenzene (p-IBEB) because of their importance in industries. The
modeling methods used and the computational approaches are generalized so as to study
the adsorption of any large molecules inside the zeolites. Molecular modeling studies to
investigate regiospecific alkylation of biphenyl and isobutylbenzene are carried out with
their importance, in mind as intermediates for liquid crystal polymers and a-(4-
isobutylphenyl) propionic acid, a popular analgesic drug called ibuprofen, respectively.
= In this chapter, we present a brief introduction to zeolites and their catalytic activity.
The need for theoretical studies to understand diffusion mechanism of aromatic

molecules and their interactions with zeolite hosts are stressed. Later sections of this



chapter present the theoretical principles used in molecular modeling and a brief
introduction to the main features of each technique.

In Chapter 2, the importance of molecular graphics for visualization of zeolite
structures and fitting of different organic molecules such as isomers of DIBP,
ethylbenzene, isobutylbenzene and o-, p- and m-IBEB inside various zeolites are
discussed. Using molecular graphics, it is possible to study how well the reactant and
product molecules fit in the pores of different zeolites and it gives a preliminary
screening method to identify the list of promising zeolites suitable for a specific
reaction. This chapter also outlines the visualization and interpretation of structural
data derived from elaborate calculations that lead to an understanding of the structure-
property interplay.

In Chapter 3, we have investigated the sorption sites for the aromatics in different
zeolites and calculated their adsorption energy values using a hybrid technique28 which
combines molecular dynamics and Monte Carlo methods with energy minimization. In
this method, a library of different conformations of the sorbate molecule is generated
by a molecular dyhamics simulation and each of these conformations is then inserted,
using a Monte Carlo method into random adsorption locations in the host framework.
Suitable candidate ‘adsorption-complexes’, are accepted which pass -the specified
geometric as well as energetic constraints. Subsequently their energy values are
minimized using standard techniques. The adsorption energy values calculated for the
isomers of DIBP in zeolite-L, mordenite and ZSM-12 show that 4,4-DIBP has
favourable adsorption energy in ZSM-12.

In Chapter 4, we describe the diffusion behavior of aromatics in different large pore
zeolites using force field energy minimization technique. We have calculated the
diffusion energy barriers of several alkylaromatics in various zeolites to predict their
shape selective behavior in alkylation of biphenyl and isobutylbenzene. Recently, this
methodology has been developed as computationally efficient procedure to evaluate the

#3% 1t is found that the efficiency for selective production of

diffusion energy barrier.
4,4 -DIBP in zeolite L (LTL), mordenite (MOR) and ZSM-12 (MTW) increase in the

order: LTL < MOR < MTW. The efficiency for selective production of p-IBEB in



several zeolites are analyzed in terms of the interaction energy and energy barriers. It is
found that MOR is the most suitable shape selective catalyst.

=> In Chapter 5, we report the results of molecular dynamics simulation of alkylbenzenes
inside the pores of mordenite. We have compared the diffusion energy barriers
calculated using force field energy minimization with the diffusivity of the molecules
by molecular dynamics calculations. The diffusion behavior of the molecules at room
temperatures is focused in this chapter.

= In Chapter 6, the results of ab initio quantum chemical calculations on representative
zeolite cluster models and the aromatic molecules are presented. The change in
HOMO-LUMO energy of the molecules at different locations inside zeolite cavity is
studied. Acidity of zeolite cluster is derived using the local Hard-Soft Acid-Base
principle originally proposed by Pearson.’’ We have investigated the acidity of zeolite
clusters using new acidity parameters, the relative electrophilicity and nucleophilicity.
Variations in the acidity of the zeolite due to isomorphous substitution of Si by Al, Ga
or B have been predicted accurately using these calculations.

= In Chapter 7, the salient conclusions derived in this thesis are summarised.

3. BASICS OF SIMULATION METHODS

Computer simulation at atomic level and electronic level are possible with classical
mechanics and quantum mechanics, respectively. These methods are fairly standardized
for chemical applications and their principles are described in the following sections.
3.1. Force Field

The forces acting between the atoms in a molecule or chemical systems could be
mathematically defined through force field expressions. The results of all classical
simulation methods (energy minimization, Monte Carlo, molecular dynamics) depend
directly on the reliability of the force field parameters used.

The interatomic potential V for a system of n particles describes the variation of the

M = Vil i (1)
In practice, V is generally broken down into ‘pair,” ‘three-body,” ‘four-body’ and higher

order terms:



V= Z/ V(ri,r.)+' .ZI V(ri,r.,rk)+ Z/ Vi(r

i, j=1 i7 k=1 j ijkl=1 ik
where the first term refers to a sum over all pairs of atoms, the second over all triplets and
the third over all quartets, with the summation containing in principle up to ‘N-body’
terms. The primes indicate that in the summation a given term is only included once.

The majority of simulations approximate V simply by the pair potential term, which

is usually decomposed into coulombic and non-couiombic terms (¢):

9.9 j
V(r,r) = — + ¢(ry) (3)
ij
The first term represents the long range electrostatic interactions between a pair of atoms
with effective charges q; and g; while the second term is a two-body short range interaction.
3.1.1. Long range interactions

The long range interaction between ions is given by Coulomb’s law as:

V=3 @)
1 rij

where q; and q; are the effective charges on the atoms i and j separated by a distance r;;.
This expression converges very slowly as a result of the summation involving the r' term.
The problem is overcome by using the Ewald summation technique32 which manipulates
the sum by first adding and then subtracting a Gaussian charge distribution to each point in
the array. The individual terms in the array are then rearranged into a rapidly and slowly
converging series and taking advantage of the periodicity of the lattice, the slowly
converging series is Fourier transformed into reciprocal space where convergence is
rapid.” Either formal or partial charges may be suitable for zeolite ions. The use of
formal charges with appropriate defined potentials was justified by Jackson and Catlow,™
while van Beest et al.*® gave a set of recommended partial charges derived using quantum
chemical methods.
3.1.2 Short range interactions

The short range interaction combines a number of components including non-
bonded interactions, electronic polarizability and, where relevant, covalent interactions,

modeled by bond-bending and bond-stretching terms. For zeolite lattice this can be



represented by several ways. The expressions that model the system most accurately are
considered below.
(a) Buckingham Potential: The basic form for Buckingham potential describing the

interaction of a pair of ions is given as:

—r.. C..
1 1

b = Ay exp > | 7% (5)
ij rij

Here i and j refer to the interacting ions, A;, 0;; and C;; are variable parameters in the

ij?
description of the short range potential. This expression comprises an attractive term and
an exponential repulsive term. The two components correspond to a contribution of
attractive dispersive forces (r®) and a term modeling the electron cloud overlaps which
produces a repulsive force.

(b) Lennard-Jones potential: When considering intermolecular interactions between
sorbed molecules and the zeolite lattice, the Lennard-Jones 12, 6 potential is considered to

be an appropriate representation;

A B

(r..)12 B (r..)6 “
1 1

o =
where A and B are constants of repulsion and attraction due to dispersion forces,
respectively.

(c) Bond-stretching: Bond-stretching terms are used in modeling bonded interactions in
covalent systems, e.g. the hydroxyl group in zeolites. A Morse potential can be used for
such interaction:

¢; = Dy [1- exp{- a (r;; - 1) })* - Dy @)
where Dy is the bond dissociation energy for the bond between atoms i and j, ry is the
equilibrium bond distance, r;; is the bond length and c is a constant defining the shape of
the potential energy well and can be obtained from spectroscopic data. A simple

alternative is the widely used harmonic potential:
= L (- 10 ®)
o = % Kii (fij = To

where k;; is the harmonic force constant.



(d) Bond-bending: For modeling covalent and semi-covalent nature or angle dependency
of the zeolite structure and in the adsorbates as well, a three-body potential needs to be

considered in the potential function. The most common representation of the bond bending

force is:
1
Pij = > kijc © - 0,) )

where k;;, is the bond-bending force constant between bonds ij and ik, 6, is the equilibrium
bond angle and 6 is the bond angle at atom i between atoms 1, j and k.
(e) Torsional terms: Four-body torsional potential is used to study organic molecules

36
Two

particularly planar adsorbate molecules such as ethylene and benzene in zeolites.
planes are defined, between the ions, i, j and k and between j, k and 1 with the potential
energy being dependent on n times the angle between these planes, thus giving rise to a
minimum when the angle is 0 and multiples of 2xt/n radians. The analytical form of the
potential is given as:
G = K [1 £ cos (ng)] (10)
where ¢ is the torsion angle, kyy, is the torsional constant and n is an integer which gives
the periodicity of the torsion. There are also several other expressions defining the
potential for out-of-plane bending, hydrogen bonding etc. Their contributions are fairly
small and that too in special cases, where molecules can exist in unusual conformations.
3.1.3. Force field parameters

Having defined the forms of the interatomic interactions, the next step is to
determine the variable parameters in these expressions. Two main approaches, namely
empirical fitting and direct calculation are usually employed in the derivation of potential
parameters.
(a) Empirical fitting: The ‘empirical fitting’ procedure starts with an initial guess of the
parameters, they are then adjusted systematically, usually via a least squares fitting
technique, until the differences between the calculated and experimental structure and
properties are minimized. This method requires the availability of structural data and
preferably other data such as elastic and dielectric constants.
(b) Direct calculation: Potentials may be calculated directly using quantum mechanical

methods ranging from electron gas techniques37 to ab initio quantum chemical calculations



using Hartree-Fock method.”® Density Functional Theory (DFT) has also been used to
calculate the potential parameters.39 In these methods the interaction energy between a pair

or periodic array of atoms can be calculated for a range of distances and the resulting

Table 1. Parameters used in force field energy minimization calculations.

Bond length parameters: £ = k, (r - )"

Atoms® r, (A) k; (kcal mol™” A%
c h 1.1050 340.6175
cp h 1.0800 363.4164
cp cp 1.3400 480.0000
cp c 1.5100 283.0924
Bond angle parameters: £ = &, (6 - 0,)°
Atoms 0, k, (kcal mol™ degree'z)

h c h 109.4000 39.5000
h c c 110.0000 44.4000
cp cp h 120.0000 37.0000
cp cp cp 120.0000 90.0000

c cp 110.0000 44.4000
c cp cp 120.0000 44.2000
cp c cp 110.5000 46.6000

Torsion parameter: £, (1 ~ cos(n¢ - ¢,))
Atoms k, (kcal mol™) n Py
* cp cp * 12.0000 2 180.000
Out-of-plane parameter: E = k, (1 + cos(ny, - %))
Atoms k, (kcal mol™) n %o
cp cp cp * 0.3700 2 180.0000

Nonbonded parameters: 5
12 6 172 1
E=A‘J /r 'BU/r ’AU= (AAJ) ,BU= (B,BJ)

Atoms A (kcal mol™ A'?) B (kcal mol™ A®)

h 7108.4660 32.87076
c 1790340.7240 528.48190
0 272894.7846 498.87880
cp 2968753.3590 1325.70810
si 3149175.0000 710.00000

* Atom types: h = hydrogen; ¢ = aliphatic carbon; cp = aromatic carbon; o = zeolite
oxygen; si = zeolite silicon.
* indicates any atom of the periodic table.



potential energy curve is fitted to a suitable functional form. Pairs or cluster of atoms may
be embedded in some representation of the surrounding crystal. These methods can, in
principle, calculate potentials for any interaction, but constrained only by the
computational resources to develop an exhaustive list.

We have used an empirically fitted potential parameter set, consistent valence force
field (CVEF)* for our calculations. These potentials are reported in the literature and are
extensively used. A list of the CVFF potential parameter used is given in Table 1.

Using the above mentioned force field expressions, a range of computational
techniques can be employed for calculating structural properties and the dynamic
behaviour of molecules inside zeolites. In the following section the computational basis of
such methods is described.

3.2. Energy Minimization

Energy minimization (EM) technique is the simplest approach to determine the
minimum energy configuration of a molecule or crystal, where the interatomic interactions
are known through force field expressions. It requires the specification of an initial
configuration or ‘starting point’; the energy is calculated using knowledge of force field
expressions and parameters. The system is then driven down in energy to the nearest
minimum. A wide variety of algorithms are available, which are classified according to the
order of the derivative of the total energy function that is employed in the calculation. The
simplest methods employ the energy function alone and search over configuration space
until the minimum is located. Much greater efficiency is obtained using gradient
techniques in which the first derivatives of energy with respect to all the structural
variables X; (SE/8X;) are calculated. These then guide the direction of minimization.
Rapid convergence can be achieved when knowledge of second derivatives is also used to
guide the minimization direction. The following methods are widely used:

3.2.1. Steepest descent method

The direction of steepest descent of f(X) at the point X is given by the vector
-V{(X) which is denoted by -g,. If the direction of step at each successive point X, is the
vector of steepest descent -g,, the iterative procedure is called the method of steepest
descent. It is defined by"1
Xio1 = Xy - M8 k=0, 1, 2,7mmmmmmeeeen v M >0 (11)

10



where A, is a scalar quantity that determines the step length in direction -g,.
3.2.2. Conjugate gradients method

In this method the displacement vector S, uses information on the previous values
of the gradients which speeds up convergence.*' Thus the expression for S is:

S = -8k + Px-Sk-1 (12)

8k—18k—

where Bk = Sk=1"°k-1
T

Ek-2-8k-2
Here the g, are vectors whose components are the derivatives with respect to individual
coordinates and the superscript, T, indicates the transpose of the vector.
3.2.3. Newton-Raphson method

In this method, the iterative minimization proceeds according to the expression:

Xis1 = Xy - Hig, k=0, 1,2,---- (13)
1
i s

where the matrix H, = W in which the elements W;; are the second derivaties,
(62E/6Xi6xj). Newton-Raphson method converges more rapidly and is far less
computationally expensive than gradient techniques. The major computational problem
remains in the need to store the inverse of the second derivative matrix.

Energy minimization methods can be applied effectively to large complex systems
and are making an increasingly important contribution to solve crystal structure related
problems. However, these methods are limited for several reasons; they inherently omit
any representation of atomic motions and time dependent phenomena. There is another
major difficulty in the minimization techniques - they can only be guaranteed to locate the
nearest local minimum to the starting point of the calculation. The only real solution to the
problem is to sample large numbers of starting points in order to ensure that all low energy
minima have been identified. A number of sophisticated mathematical procedures have
been developed with the aim to simplifying the overall potential energy surface and
‘washing out’ local minima*? but there can never be a guarantee that the ‘global’ minimum
- the minimum configuration corresponding to the lowest energy has been identified.

Despite these limitations, energy minimization techniques are straight forward,

robust and readily applicable. These methods are ideally suited to large and complex

systems such as zeolites. Fruitful applications of this method have been reported in zeolite

11



science to model crystal structures > and sorption sites.*® The influences of organic
templates on the synthesis of microporous materials have been studied by combining with

molecular dynamics and Monte Carlo methods.*"**

We have used energy minimization
techniques to study the sorption, energetics and diffusion of aromatics in large pore zeolites
(Chapters 3 & 4).
3.3. Monte Carlo Technique
The Monte Carlo (MC) simulation method is well suited to the study of molecules
sorbed in zeolites. The simulation proceeds via the generation of successive configurations
of the ensemble by a series of random moves which can be a molecular translation,
molecular rotation, insertion or deletion of molecule etc. Once a sufficient number of
configurations is generated, ensemble averages are calculated. In generating such
ensembles, it is essential to formulate an ‘acceptance’ criterion, that is a procedure that
determines whether a new configuration created by a move will be acceptable within the
ensemble. MC simulations are most commonly run in the canonical (NVT) ensemble in
which both volume and temperature are fixed. The most commonly used approach is the
Metropolis method, which are given below: "
1. When a new configuration,v'is generated from the old configuration,v the change in
configuration changes the energy of the system by the amount
AEW, =Ev’ -E,.
This energy difference governs the relative probability of configurations through the
Boltzmann distribution and one can build this probability into the Monte Carlo
trajectory by a criterion for accepting and rejecting moves to new configurations. If

AEW , is positive the Boltzmann factor B = exp (- AEW ,/kT) is calculated.
2. If the energy change AEW, is negative or zero, the configuration is accepted.
3.If AEW ,Is positive, a random number (P) between 0 and 1 is generated.

4. If P < B, the move is accepted. Otherwise the move to a new configuration in the next
step is rejected.

MC simulations are performed on ensembles containing several thousand particles, to

which periodic boundary conditions are applied in the case of the simulation of zeolites.

The simulation again starts with an equilibration phase during which the system is
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equilibrated followed by a ‘simulated run’ in which, typically, several million
configurations are generated.so'51
This method can be used to locate the sorption site, determine sorption equilibria

3254 Stroud et al.* have

and various thermodynamic functions at higher temperatures.
studied the adsorption of methane in zeolite A and calculated the heat capacity, isosteric
heat of adsorption and adsorption isotherm using MC methods. Yashonath ez al.> in their
simulation studies attempted to understand the behaviour of sorbed methane in terms of the
temperature dependence of its binding and mobility in zeolite Y. Recently, Smit and
coworkers> * have studied the location and conformation of n-alkanes in different zeolites
using a novel Monte Carlo technique called configurational-bias Monte Carlo. Freeman er
al.*® have developed a technique which blends molecular dynamics, Monte Carlo and
energy minimization methods to locate the global energy minimum site for sorbed
molecules. We have used (in Chapter 3) this hybrid technique to determine the minimum
energy configuration of the aromatics inside the pore of various zeolites.

3.4. Molecular Dynamics

Molecular dynamics (MD) simulation is perhaps the most powerful computational
technique available for obtaining information on the time dependent properties of
molecular or atomic motion in zeolite crystals. It is used to obtain thermodynamic
quantities and detailed dynamical information on sorption and diffusion processes in
zeolite systems. For instance, the extent to which intermolecular vibration and framework
motion assist sorption and diffusion of molecules can be simulated. The major limitation
is its inability to model diffusion of larger sorbed molecules and electronic polarizability
due to the huge amount of computer time and memory requirements.

MD technique proceeds by deriving explicit numerical solution of Newton’s
equation of motion. It requires the initial coordinates and velocities of particles which are
assigned based on X-ray crystal structure and temperature of simulation. With the
knowledge of the interatomic potential among the particles, the forces acting on the particle
can be calculated. Periodic boundary conditions are generally applied in order to replicate
the basic simulation box infinitely in three directions. Initially, the random velocities are

assigned and then the velocities are scaled over many time steps to converge to an
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equilibrated state. In the limit of an infinitesimal value of time step, At, the coordinates X;

and velocities V; of the i particle after At can be written as:

X, (t+A) =X, () + V; () At, (14)
f.

V,t+A) =V, (1) + = (1) At, (15)
m.

i

where f; is the force acting on the i particle and m; is its mass. One important factor in
MD simulation is the choice of At. It must be smaller than the time scale of any important
dynamical processes at the atomic or molecular level. Thus, it must be at least an order of
magnitude smaller than the typical period of atomic vibrations (10" -10"5). A very
small time step consumes a lot of computational resources and large time steps can
introduce errors as dynamics of atoms or conformation of molecules may not be noticed.
Values in the range 10-10" s generally represent the best compromise as discussed in

detail by Jacobs and Rycerz.59 Of the three types of algorithms used in contemporary MD
porary

1 62

studies, namely the Verlet”, Beeman® and Gear,”” the Verlet method with leap-frog
formulation has been found to be readily applicable for studying zeolitic materials.”

One of the most useful properties of a zeolite is its ability to control the diffusion of
the different sorbed molecules, which can be calculated from MD simulations. The
property of usual interest in MD simulations is the diffusion coefficient which is calculated

from the well known Einstein formula® as given below:

o <|r(t)—r(0)|2>

Jim, = (16)
where r(t) and r(0) are respectively the final and initial position of a particle, for a time
interval t and D is the diffusion coefficient. The numerator, {|r(t) - r(0)]*) is generally
called mean square displacement of the particle.

Previous work on the application of MD to zeolite systems concentrated on the
diffusion of small molecules in zeolite pores. Typical studies include diffusion of methane
in NaY by Yashonath et al.%®, xenon in silicalite by Pickett et al. * water in ferrierite by
Leherte er al.®® and diffusion of 0, and N, in NaA by Miyamoto and coworkers.”” The

dynamics of even large molecules such as porphyrin inside faujasite zeolite has been

studied.®® Other typical examples on MD simulations of hydrocarbons in zeolites are those
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of Hernandez and Catlow® and Demontis and Suffritti.”® We have calculated (Chapter 5)
the diffusivity of o-, m- and p-IBEB in mordenite using MD technique.
3.5. Quantum Chemical Calculations

Various types of simulation techniques discussed above are used for adsorption and
diffusion studies on zeolites. For the application of zeolites as useful catalysts, the
mechanism of reaction following the adsorption of molecules on the active sites have to be
understood. This process is often complicated to deal with experimental techniques due to
the high reaction rates involved. Quantum chemical calculations can be divided into two
types, semi-empirical methods (such as CNDO, MNDO etc.) and non-empirical (ab initio,
DFT etc.) methods. Semi-empirical methods neglect many of the differential overlap
approximations while the non-empirical methods evaluate all overlap integrals. The goal
of either method is to obtain the wave function of orbital ¢ (r) occupied by each electron,
the eigenvalue (or orbital energy) ¢; corresponding to that orbital, the total energy E,,, and
the atomic force F on each atom by solving the Schrédinger wave equation.

Quantum chemical calculation is a fairly standard technique used for studying
chemisorption and reaction mechanism on zeolite surfaces. The use of quantum chemical
methods in zeolite systems is two fold. It can be used to identify reaction pathways and
sorbed intermediate species in the cages of zeolites. Reactivity is studied using finite

71-81

molecular clusters to represent a particular site in zeolite structure. In addition, it is

widely used in the derivation of force field parameters for use in static and molecular

- . 353882-85
dynamic simulations.’>*%

Potential parameters derived from ab initio methods are
used for obtaining structural informations of zeolites. Generally calculations on zeolites
involve the use of zeolite fragments treated as clusters so as to mimic the infinite crystal.
The cluster size depends on the level of approximation or sophistication of the calculations.
A plausible way to terminate the cluster is to embed them in a surrounding lattice of zeolite
structure represented as point charges or alternatively terminate them with hydrogen atoms.
More details on quantum chemical calculations on zeolite system can be found in a recent
review by Sauer.*® Recently, periodic Hartree-Fock (PHF) calculations of siliceous
mordenite, have been performed by White and Hess.* They have also examined the

electrostatic potential of silicalite® using PHF method. However, the computational

efforts involved is large for these type of calculations.
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An alternative way to overcome the limitation of small cluster models was used by
Redondo and Hay who used semi-empirical quantum chemical calculations (MNDO) to
study acid sites in zeolite ZSM-5.% In their study each of the 12-T distincf T-sites was
modeled by a large cluster of the appropriate geometry containing about 100 atoms. Using
a large cluster, Gale et al.” performed semi-empirical calculations on the interaction
between methanol and Bronsted acid sites in ZSM-5 and found the methanol to be
hydrogen bonded to the framework proton. In a recent study, Mota et al’ performed a
semi-empirical MNDO calculation of si.mple alkylcarbenium ions on a large and more
realistic cluster, comprising a hexagonal prism and sodalite unit to investigate different
adsorption sites on zeolite Y. Chatterjee and Vetrivel’>”* studied the role of templating
organic molecules in the synthesis of ZSM-5 using MNDO method. An extensive study on
comparison of various sizes used in ab initio calculations and force field methods were
presented by van Santen and coworkers.” In Chapter 6 we are presenting semi-empirical
MNDO method to study the change in HOMO-LUMO energy values of aromatics inside
the channel of mordenite. 4b initio calculations on zeolite clusters are carried out in order
to understand their acidity and reactivity.

3.6. Molecular Graphics Methods

Finally, this work on available computational techniques for studying zeolites will
not be completed without mentioning the molecular graphics techniques. The role of
molecular graphics in elucidating and analyzing simulation results is clearly demonstrated
by Freeman and Catlow.” In EM calculations, the structure of the relaxed zeolite and the
geometry of the adsorption site can be visualized and analyzed using molecular graphics.
In MD simulations, the migration of molecules in real time can be animated. The shape
selective properties of zeolites can be qualitatively predicted with the aid of molecular
graphics fittings. For instance, the interactive matching of molecules with zeolite pore can
predict which molecules can enter the pores to reach the active site on the basis of either
their size or steric requirements before performing detailed calculations. We have studied
the shape selective properties of various zeolites for the synthesis of 4,4"-DIBP and p-IBEB

(Chapter 2).
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4. SUMMARY

In this chapter, a brief introduction has been provided on the structure and catalytic
properties of zeolites. It is followed by the section describing the aims and outcome of the
thesis. Further, we have described the basics of widely used computational techniques and
their role in the studies of zeolites and their catalytic activities. Energy minimization of a
zeolite structure with adsorbate molecules will help in determining the minimum energy
location of the molecule inside the zeolite pore. The applicaiion of Monte Carlo and
molecular dynamic simulations will help in determining the adsorption sites and diffusivity
of sorbed molecules at temperatures above the ambient conditions, respectively. Predicting
the reaction mechanism and probing the catalytic properties of different zeolites are

possible using the ab initio quantum chemical technique.
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CHAPTER 2

MOLECULAR GRAPHICS AND STRUCTURAL FITTING
OF AROMATICS IN LARGE PORE ZEOLITES

ABSTRACT

In this chapter, we describe the usefulness of molecular graphics studies as a
powerful and reliable method for quick screening of zeolites for selective synthesis of 4,4'-
diisopropylbiphenyl and p-isobutylethylbenzene. Molecular graphics fitting of the isomers
of diisopropylbiphenyl and isobutylethylbenzene in various zeolites indicate that large pore
zeolites are needed for the synthesis of these alkylaromatics. Within the large pore
zeolites, the importance of size and shape of the pores are clearly indicated by the
molecular graphics studies. We have extensively used molecular graphics studies to
analyze the results of our classical mechanics simulations and quantum chemical
calculations. Animation of the dynamics of molecules inside zeolite during the energy
minimization and molecular dynamics calculations brings out several intrinsic

characteristics of zeolites-molecule interactions.
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1. INTRODUCTION

The application of molecular graphics technique to the study of problems in protein
crystallography1 and medicinal chemistry2 has enjoyed spectacular growth. Molecular
graphics method has been introduced in the field of catalysis with the desire to understand
the science behind catalysis.” Another reason for the increasing use of molecular graphics
is the need and benefit of computational analysis of experimental data. The availability of
crystal structure databases® combined with molecular graphics facilities to display them
have opened the way for the rapid screening of a range of materials for potential catalytic
application. Occasionally, simple arguments based on molecular size and shape may allow
the investigator an important insight into the steric interactions which underly in a catalytic
process.

Zeolite research is one of the most rapidly developing fields in catalytic chemistry.7
These materials, based on silicon, aluminium and oxygen frameworks, have complicated
structures characterized by interconnected cavities and channels, presenting the ideal
environment for shape selective catalysis. The catalytic behaviour of most of the zeolites
arises from the Bronsted acid sites as the active sites. These active sites are located inside
the intriguing pore structures. In such cases molecular graphics is useful to provide better
understanding of the active sites.

Molecular graphics method provides an indication of the types of molecule that can
be accommodated within the zeolite pores. We have carried out a preliminary screening
process using molecular graphics to identify the most suitable zeolite for selective
synthesis of 4,4"-diisopropylbiphenyl (DIBP) and p-isobutylethylbenzene (IBEB),
respectively. 4,4-DIBP is quite valuable because of its application in liquid crystals and

high performance polymers.s'9

Separation of the isomers of DIBP is difficult and costly
process. So, there is a strong incentive for the development of a catalyst that would
selectively produce the 4,4-DIBP. The alkylation of biphenyl with propene over acidic
faujasite (FAU), zeolite-L (LTL), mordenite (MOR) and ZSM-12 (MTW) have been
attempted.lo Zeolites are obvious candidates as catalysts for the selective production of
4,4-DIBP. Size and shape differences between the 4,4, 4,3 and 3,3-DIBP lead to large
differences in diffusion rates within the pores of these zeolites, which are reflected in the

product yields.
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HX and HY zeolites have been used as disproportionating catalysts to convert o-
and/or m-isobutylethylbenzene into p-isobutylethylbenzene (IBEB) which is an
intermediate in the synthesis of a-(4-isobutylphenyl) propionic acid."" This substance is
better known as ibuprofen. p-IBEB can also be synthesized by alkylation of
isobutylbenzene with ethene over Lewis acid catalystsIZ in which the selectivity toward p-
IBEB is typically 17.6 %. The possibility of using zeolite catalysts for the production of p-
IBEB by disproportionation of isobutylbenzene and a polyalkylbenzene over HY zeolite"
has been shown to lead to better selectivity (46.3 %). Although HY zeolite is better than
conventional catalyst, selection of this specific zeolite is a random choice rather that a
logical selection and no experimental results are available for any other zeolites.

Zeolites with a wide range of pore sizes are available. So, a screening process is
desired prior to actual catalytic testing in a reactor. Hence, we have analyzed the efficacy
of different zeolites using molecular graphics methods. In this chapter, we will present the
molecular graphics studies with the aim of screening and predicting shape selective
behaviour of zeolites for the above reactions. Using molecular graphics, it is possible to
rapidly visualize how well the various reactant or product molecules fit inside the pores of
zeolites. More details applications of molecular graphics method in zeolite systems can be

found in an article by Freeman ez al."*

2. METHODOLOGY

There are several public domain and commercial software packages available for
molecular graphics applications. These software packages could be implemented in either
personal computer (PC) or in workstations. In this thesis, all the molecular graphics
studies were carried out using SiliconGraphics Inc., USA-Indigo2 workstation with 64 bit
R 4400 CPU @ 150 MHz, including 8 Graphics + 2 Raster engines for advanced graphics
features. The software used is Insight II package supplied by Biosym Inc., USA. This
facility provides several analysis features which are listed below.
2.1. Display of Molecules and Zeolites

When the positions of atoms in molecules or solid lattice are known, they could be
visualized as molecular graphics pictures. For zeolite lattice, when the coordinates of

atoms in asymmetric unit cell, unit cell parameters and symmetry space group are known,
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it is possible to apply symmetry operators and display the atoms in one or more unit cells.
Although theoretically, the number of atoms that could be displayed is limited only by the
memory of the workstation, for all practical purposes ~5000 atoms could be displayed.
Different kinds of atoms are displayed in different colours. The simplest way to display an
atom is as a “dot”. The atoms which lic within bonding distances are connected by sticks,
which represent the bonds. These sticks have the colour of both the atoms which are

connected by the bonds (Figure 1a). To increase the clarity, the width of the bonds could

(d)

Figure 1. Different display styles of a typical example molecule, p-isobutylethylbenzene;

(a) stick model, (b) rod model, (c) ball and stick model and (d) CPK model.

be increased to make them look like “rods” (Figure 1b). More realistic visualization could
be made by “ball and stick” representations (Figure 1¢), where the atoms are small spheres
connected by stick-like bonds. A space filling model by rendering the actual ionic or van
der Waals radii to the atoms according to Corey-Pauling-Koltun (CPK)"® model is also
possible (Figure 1d). This CPK model provides the real perspective of the shape and size
of the molecules and that of interstitial spaces inside zeolites. We used van der Waals
radii: Si = 0.45A, H = 1.10A, C = 1.55A and O = 1.35A.
2.2. Real Time Motions

Another valuable facility available in the molecular graphics method is the

translation and rotation of the displayed chemical system. Imaginary horizontal (X-axis)
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and vertical (Y-axis) axes run across the computer screen, where the molecular graphics
pictures are displayed. The axis perpendicular to the computer screen is Z-axis. It is
possible to translate or rotate the molecules along these three cartesian axes by the use of
keyboard or mouse in order to visualize them from different directions. This facility is also
extremely useful to understand the structural fitting and orientation of molecules inside
zeolites.
2.3. Geometric Measurements

By applying simple arithmetics, it is possible to calculate the distance between any
two, the angle formed by any three and the dihedral angle formed by any four bonded or
non-bonded atoms. Interactively, using the mouse or the keyboard, choosing an atom will
locate its cartesian coordinates. This facility provides quantitative structural fitting.
2.4. Further Graphics Facilities

Structure editing is another extremely useful feature to build and display molecules.
As if a molecule such as benzene or methane is drawn with a pencil over a paper, it is
possible to draw them on the computer screen using the mouse. Further it is possible to cut
(break bonds) or merge (form bonds) molecules to form new molecules. By this process, it
is possible to visualize a reaction mechanism. Although the structure of molecules formed
by this method may not be chemically reasonable, simple energy minimization could

render the exact geometry for the molecule.

3. RESULTS AND DISCUSSION
3.1. Fitting of Molecules Inside Zeolites by Molecular Graphics

All the aromatic molecules are minimized after building on the computer screen in
order to arrive at their minimum energy configurations. We performed molecular graphics
screening with the minimized structures of the molecules The size and shapes of the
molecules are critical parameters that decide the selectivity of the reaction. The molecular
size of a guest molecule is usually characterized by a critical diameter, dcw, a Lennard-
Jones length constant, s,,,”, or a minimum kinetic diameter of the molecule, d,,.'* The
minimum Kinetic diameter can be calculated from the minimum equilibrium cross sectional
diameter and is often used to characterize how difficult it is for a molecule to penetrate

through a zeolite channel.'"® The value of the Lennard-Jones length constant can be
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determined either from the transport properties (viscosity, thermal conductivity) or from
detailed measurements of the deviations from the ideal gas law (second virial

coefficients)"’

This method gives a spherical representation of the molecule. When a
molecule is within a cage of a zeolite, this Lennard-Jones potential length constant may
give some indication of the interaction between the molecule and surrounding oxygen ions.
However, molecules should not be viewed as rigid spheres, nor should zeolite channels be
viewed as rigid walls. For the case where the mélecular diameter is close to but still
smaller than the zeolite channel diameter, the molecule might experience a net attraction
when passing through the channels. If the molecular diameter is slightly larger than the
zeolite channel diameter, the molecule might experience a net repulsive force instead. If
the molecular diameter is much larger than the channel diameter, the molecule can no
longer enter the zeolite due to the strong repulsive force from the channels.

Neither zeolite channel diameter nor molecular diameter can be described by a
precise number. In the electron cloud model of the atom, the probability density
distribution theoretically reaches zero only at infinity. The electron density, however, falls
off so rapidly at a short distance from the nucleus that some approximation of size can be
made. In the case of zeolites, different radii of oxygen, such as 1.3 A (Flanigen et al.'’)
1.35 A (Olson et al.”) and 1.4 A (Ruthven®') were used which could result in different
values of the same pore. The calculation of the free diameter of a zeolite channel is also
slightly dependent on the choice of diametrically opposing oxygens.17 The vibration of the
crystal lattice and the possible distortions of both molecule and zeolite when the molecule
penetrates through the lattice make it even more difficult to assess the precise diameter of
either molecule or zeolite pore. It is an oversimplification to characterize a nonspherical
molecule by either a minimum diameter or a Lennard-Jones potential length constant.
Furthermore, the molecular sizes defined by above methods pose problems such as, either
they are too difficult to estimate or the estimated values are not reliable. For example, the
critical molecular diameters of 6.8 A for p-xylene and 7.4 A for o- & m- xylene18 do not
explain how zeolite ZSM-5 with a diameter of 5.1 A to 5.4 A in an efficient molecular
sieve for their separation. Similarly, 1,3,5-triethylbenzene, with critical diameter of 9.2 A
diffuses in zeolites with 12-m ring with diameter of 7.4 A."® Thus, critical diameter is not

a true measure of the size of the molecule. Hence, we use more realistic values to describe
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the size and shape of the molecules as described in the previous section. Conformational
analysis is performed to make sure that the global minima is achieved by allowing
cooperative motion of the alkyl groups and by determining the strain energy values for

different conformers of the molecules.

(a) 1o S
(c) (d) e

Figure 2. Molecular graphics pictures (ball and stick model) of biphenyl and isomers of

diisopropylbiphenyl molecules; (a) BP, (b) 4,4"-DIBP, (c) 4,3-DIBP and (d) 3,3-DIBP.

@) (b)

(©)

Figure 3. Molecular graphics pictures (ball and stick model) of ethylbenzene,
isobutylbenzene and isomers of isobutylethylbenzene molecules; (a) EB, (b) IBB, (c) o-

IBEB, (d) p-IBEB and (e) m-IBEB.
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Figure 2 shows biphenyl and the isomers of DIBP at their minimum energy
configuration. The minimum energy configuration of ethylbenzene (EB), isobutylbenzene
(IBB) and the isomers of IBEB are shown in Figure 3. For the energetically favorable
conformation, the three largest dimensions (a X b X ¢) of the molecules are given in Table
1. Graphical representations of the atoms as spheres with their actual van der Waals radii
provide a powerful tool. Such display for the zeolite framework atoms and sorbate

molecules leads to the study of shape selectivity in zeolite-guest systems.

Table 1. Dimensions of different organic molecules as derived from the force-field

calculations.
Molecules Dimensions/A
a b c

4,4-DIBP 1385 677  4.36
4,3-DIBP 1244 587  5.05
3,3-DIBP 10.61 6.54 5.50
EB 632 497  2.74
IBB 793 507  3.88
m-IBEB 845 595 555
o-IBEB 750 685  5.55
p-IBEB 1047 522 446

When correlating the dimensions of the molecules (Table 1) with the pore diameter
of zeolites for molecular fitting purposes, it is customary to neglect the largest dimension
(a) of the molecules.”” The molecules prefer to enter the cages through their smallest
dimensions on the basis of interaction energy criteria. Hence, only the other two
dimensions (b and c) of the molecules have to be compared with the size of the pore
openings. Comparing the dimensions (b and c) of the molecules in Table 1, it is observed
that ‘small’ (with 8-member rings) and ‘medium’ (with 10-member rings) pore zeolites are
too small to accommodate isomers of DIBP and IBEB, while ‘large’ pore zeolites are

suitable for the diffusion of these molecules.
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Figure 4 shows the pore architectures of FAT

offretite (OFF) and cancrinite (CAN) relevant to molecular shape selective catalysis

zeolite FAU has framework structures consisting of linked [3 or sodalite cages.

Fioure 4. Molecular graphics pictures (stick model) of different large pore zeolites viewed
{ 2 ge |
through the channel direction (please see text for the coc

i

e).

cage structure is made up of 24 tetrahedra arranged as six four-ring faces and eight six-ring
aces in a cage-like fashion. Linking sodalite cages by double six-rings through four of the

eight six-ring faces in tetrahedral arrays results in the framework structures of FAU. FAL
apart from !

ing [3 cages also have hexagonal prisms formed by double six-rings and the
supercages with a twelve member ring entrance window. Zeolite L (LTL) also has a
twelve member channel which extends along the c-axis. Its framework is made up of

\U, LTL, MOR, MTW, mazzite (MAZ)
['he

\ sodalite



polyhedron cages called cancrinite cages. In the LTL topology, cancrinite cages are joined
to three neighbouring ones via oxygen bridges to form 8-ring and circular 12-ring channels
in the stacking direction. The diameter of the larger channel increases between the 12-ring
windows, giving the channel an undulating character. Although 8-rings are present both
parallel and perpendicular to the 12-ring channels, they are so much distorted that for all
practical purposes only one-dimensional 12-ring channel system is available for molecular
motion. In MOR topology, units of four 5-rings are joined to one another via common
edges to form chains. Mirror images of these chains are connected to form corrugated
sheets. Finally, sheets displaced by half a translation are connected to one another via
oxygen bridges to form elliptical 12-ring channels and 8-ring along the corrugations. The
8-ring openings of adjacent 12-ring channels are displaced with respect to one another, so
the 8-ring channel is tortuous. Consequently, the channel system is essentially one-
dimensional. The MTW structure contains partial features of the ferrierite and the
mordenite framework. It also contains both four-member rings and five-member rings
within its structure. The largest opening in this structure is a 12-m ring, which is highly
nonplanar. The pore walls of MAZ framework are constructed from 4-rings and 6-rings.
In the MAZ topology, two types of smaller channels are present: the first consists of
stacked gmelinite cages surrounded by six-member rings; the second is between two cross-
linked rows of cages and is surrounded by eight-member rings. In the OFF structure, 4-

rings, 6-rings and 8-rings are present in the pore walls. The 8-rings in b-direction have free

Table 2. Chemical composition and pore diameter of selected large pore zeolites.

Zeolite Unit cell composition Pore diameter (A)
FAU Nagg [ (AlO,)sg (Si0,);34 ] . 240 H,0 7.4

LTL Ky [ (AlOy), (Si0,),; ] . 21 H,0 7.1

MAZ Na,, [ (AlO,), (SiO,) 5] . 28 H,0 7.4

MOR Nag [ (AlO,)g (SiO,) 4 ] . 24 H,0 6.5x%7.0
OFF (Ca, Mg), 5K [(AlO,), (SiO;)y4 ] . 14 H,O 6.7

MTW Na, [ (AlO,), (SiO3)5 ., 1.~ 4 H,0 5.7x6.2
CAN Nag [ (AlO,)4 (Si0,)4 ] . CaCO; . 2 H,0 5.9
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diameters of 5.2 A x 3.8 A and form narrow gates to the 12-member channel in the c-
direction. The main feature of CAN is the single 12-ring channel parallel to the c-axis.
The typical structural composition of the zeolites mentioned above and their pore diameters
are given in Table 2.

Figure 5 shows CPK views of 4,4, 4,3~ and 3,3-DIBP in LTL. It appears to have
plenty of empty space for each of the molecules inside the pore of LTL. Hence LTL would
not be expected to produce 4,4-DIBP selectively. Figure 6 shows CPK views of the
isomers of DIBP in MOR. In contrast to LTL, there is very less empty space for each of
the molecules in mordenite pore. Moreover, the 3,3-DIBP-. fits slightly well in the cross
section of mordenite channel. This indicates that mordenite would be better shape
selective catalyst than zeolite L. The CPK views of the three isomers of DIBP in MTW are
shown in Figure 7. The 4,4 -DIBP has a compact cross section by virtue of the fact that
the three bulky components (the two isopropyl groups and the biphenyl ring) are arranged
linearly. In contrast, these components are not arranged linearly in the 4,3 and 3,3
isomers. With one isopropyl group placed on the side of biphenyl ring in 4,3 isomer and
both isopropyl groups on the same side of biphenyl ring in 3,3’ isomer, these two isomers
are less well packed in the channel of MTW. For all the three isomers there are some
overlap of the atoms of DIBP molecules with zeolite framework. However, in the case of
4,4 isomer there is a significant amount of space between the molecule and the atoms of
the zeolite framework. The 4,4 isomer can therefore easily move through the channel. In
the cases of 4,3’ and 3,3’ isomers, there are significant overlap between the molecules and
pore wall because of the isopropyl groups placed on the lateral side of biphenyl ring.
Hence, the diffusion of these isomers will be significantly impeded by steric interactions
with the atoms forming the channel of MTW.

Molecular graphics method is extended to study the fitting of alkylbenzenes such as
ethylbenzene, isobutylbenzene and isomers of isobutylethylbenzene. Figures 8-14 show
the molecular graphics fitting of the three isomers of IBEB in various large pore zeolites.
It is apparent from the figures that all the three isomers can easily diffuse through the pores
of FAU, LTL and MAZ. In these cases the fit for o- & m-IBEB does not appear to be
noticeably worse than that for the p-isomer. The pore sizes of OFF, MTW and CAN are

slightly smaller. The fits for all the three isomers are not good since there are overlaps of
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Figure 5. CPK models of (a) 4,4-DIBP, (b)4,3-DIBP and (c) 3.3-DIBP in zcolite L.

Carbon atoms are green, hydrogen atoms are pink, silicons are yellow and oxygens are red.

Figure 6. CPK models of (a) 4,4-DIBP, (b)4,3-DIBP and (c) 3,3-DIBP in mordenite.

Carbon atoms are green, hydrogen atoms are pink, silicons are yellow and oxygens are red.

Figure 7. Space filling models of (a) 4,4-DIBP, (b)4,3-DIBP and (c) 3,3-DIBP in ZSM-

12. Carbon atoms are green, hydrogens are pink, silicons are yellow and oxygens are red.
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Figure 8. CPK models of (a) p-IBEB, (b) m-IBEB and (c) o-IBEB in faujasite. Carbon

atoms are green, hydrogens are pink, silicons are yellow and oxygens are red.

Figure 9. CPK models of (a) p-IBEB, (b) m-IBEB and (c) o-IBEB in zeolite L. Carbon

atoms are green, hydrogens are pink, silicons are yellow and oxygens are red.

Figure 10. CPK models of (a) p-IBEB, (b) m-IBEB and (c) o-IBEB in mazzite. Carbon

atoms are green, hydrogens are pink, silicons are yellow and oxygens are red.



Figure 11. CPK models of (a) p-IBEB, (b) m-IBEB and (c) o-IBEB in mordenite. Carbon

atoms are green, hydrogens are pink, silicons are yellow and oxygens are red.

Figure 12. CPK models of (a) p-IBEB, (b) m-IBEB and (c) o-IBEB in offretite. Carbon

atoms are green, hydrogens are pink, silicons are yellow and oxygens are red.

Figure 13. CPK models of (a) p-IBEB, (b) m-IBEB and (c) 0-IBEB in ZSM-12. Carbon

atoms are green, hydrogens are pink, silicons are yellow and oxygens are red.

36



,.\‘(‘

R © -

Figure 14. CPK models of (a) p-IBEB, (b) m-IBEB and (c) o-IBEB in cancrinite. Carbon

atoms are green, hydrogens are pink, silicons are yellow and oxygens are red.

the van der Waals surfaces of the molecules and zeolites at several points. This suggests
that there could be significant difference in energy barriers for diffusion. of the three
isomers in these zeolites. The visual inspection of the fit of the isomers of IBEB inside the
pores of various zeolites from Figures 8-14, indicate that zeolites with elliptical pores (ca.
MOR) are the best candidates for selective production of p-IBEB.
3.2. Analysis of Simulation Results by Molecular Graphics

Today, with the advent of modern computers and sophisticated software packages,
it is possible to carry out accurate calculations. The resuits of classical mechanics
calculations have numerous orientations/configurations of the molecules. Large array of
numbers such as electron density matrix, molecular orbital contour or electrostatic potential
contour, etc. arc the outcomes of quantum mechanical calculations. It is practically
impossible to analyze these results without the use of molecular graphics method. First,
the graphical display of the results saves plenty of time to be invested in going through the
numbers and arriving at valid conclusions. Secondly, understanding the outcome of the
calculations is straight forward, when they are graphically displayed. In case of the
dynamics of large molecules such as diisopropylbiphenyl and isobutylethylbenzene inside
the complex microporous structures of zeolite, it is impossible to understand the nature of
interactions without the help of molecular graphics. Thus molecular graphics is widely

used throughout this thesis.
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4. CONCLUSIONS

Molecular graphics studies can help in understanding of zeolite structure and in the
development of an interaction model between zeolite structure and sorbate molecules. It
can provide a preliminary screening of possible zeolite catalysts for a specific reaction
before further detailed calculations. The use of molecular graphics technique combined
with other calculations lead to the study of science of catalysis and to design new industrial
catalysts with improved selectivity. With the increase in computer power and the growing
availability of user friendly software will undoubtedly lead to a fruitful interaction between
molecular graphics and catalysis research.

In this work, we have used molecular graphics to understand the intriguing pore
architecture in several large pore zeolites. Molecular graphics has been applied to study
the structural fitting of the aromatic molecules inside these zeolites to understand their
shape selective properties as described in this chapter. Further molecular graphics is used
to analyze the different configuration and orientations of molecules inside the zeolites
during the course of diffusion. The diffusion is simulated using energy minimization as

well as molecular dynamics calculations as described in Chapters 4 and 5, respectively.
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CHAPTER 3

LOCATION AND ENERGETICS OF ALKYLAROMATICS
IN LARGE PORE ZEOLITES FROM HYBRID METHOD

ABSTRACT

We have investigated the minimum energy locations for isomers of DIBP and
IBEB in large pore zeolites, using a hybrid method that combines molecular dynamics and
Monte Carlo techniques with energy minimization. The minimum energy locations and the
corresponding interaction energy values, reflect essentially the steric interaction between
the guest molecule and the host zeolite framework. The location of the typical minimum
energy configurations of these molecules inside the zeolites are analyzed by molecular
graphics. Accordingly, these results provide clues for defining the diffusion path in energy
minimization calculations. We propose, on the basis of this investigation, that ZSM-12 is a
suitable host for the selective production of 4,4-DIBP and mordenite is a suitable host for
the selective production of p-IBEB.
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1. INTRODUCTION

Regiospecific isopropylation of biphenyl to 4,4'-diisopropylbiphenyl (DIBP) among
the other products is drawing attention as one of the key steps in developing advanced
materials such as liquid crystals and liquid crystal polymers.l'S Acid zeolites have been
shown to be efficient shape selective catalysts for this reaction and numerous experimental

. 6-12
studies

are carried out with an aim of pointing out the best catalyst and the reasons for
their efficiency. Among the various zeolites, it was found that mordenite (MOR) and
ZSM-12 (MTW) show better efficiency in terms of alkylation activity and selectivity
towards 4,4-DIBP.'"'* Another interesting reaction is the alkylation of isobutylbenzene
(IBB) to p-, m- and o-isobutylethylbenzene (IBEB). p-IBEB can be dehydrogenated in
another process to form p-isobutylstyrene which is the key intermediate in the synthesis of
the popular analgesic drug ibuprofen.13 Again acid zeolites are known to produce better
selectivity in the formation of p-IBEB, for example, HY zeolite shows a better selectivity
(46.3%) than the conventional catalysts (17.6%)."” Thus, there is an interest to study the
location, binding energy and diffusion of the various isomers in the channels of zeolites, in
order to find clues regarding how the selectivity towards 4,4 -DIBP and p-IBEB could be
improved.

In this chapter, we present the results of a ‘hybrid method’ to locate the adsorption
sites for three isomers of DIBP in three zeolites having different types of pore architecture.
We chose three zeolites for the isomers of DIBP in which the alkylation reaction has been
studied experimentally: zeolite L (LTL), MOR and MTW. The influence of the shape and
size of the channels as well as the type of channel connections on the adsorption of the
guest molecules are determined. We also present our results on the adsorption of isomers
of IBEB in two large pore zeolites. We have chosen faujasite (FAU) and MOR
considering their novel pore architectures. All these zeolite structures present different
isotopic frameworks'* and many different Si/Al ratios are possible. As we are interested
mainly in the influence of the size, shape and connectivity of the channels of zeolites on
adsorption of aromatics, regardless of their chemical composition, we chose the fully
siliceous form of each zeolite as the model system.

We have adopted the ‘hybrid method” which combines molecular dynamics, Monte

Carlo and energy minimization reported by Freeman et al. > The energy minimization is
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indeed, a computationally efficient procedure for locating the favourable adsorption sites
for molecules inside the zeolites. However, the fundamental difficulty with energy
minimization procedure is that it is necessary to specify a starting configuration to which
minimization is applied. The “starting point” is generally chosen using intuition although
various starting configurations could be considered. The procedure becomes increasingly
tedious inspite of which it is not certain that all the favourable adsorption sites inside
zeolites have been located. In order to overcome these difficulties Freeman er al."’
developed the ‘hybrid method’” where both the conformations of the sorbed molecule and
the zeolite volume are sampled in an efficient manner, with favoured configurations then
being subjected to energy minimization.

After a short description of the procedure used for the molecular modeling method
in Section 2, we present in Section 3 the minimum energy positions, corresponding energy
values as well as a relevant discussion on how these quantities are useful to relate shape

and size of the guest molecules with the adsorption sites in the host zeolite lattice.

2. METHODOLOGY

As mentioned earlier, the ‘hybrid method’ involves a combined molecular
dynamics, Monte Carlo and energy minimization technique to probe the interactions
between guest molecule and zeolite framework. The method was originally developed and
applied to locate low energy sorption sites of butene isomers in a purely siliceous silicalite-
1 type structure.” This technique has been successfully applied to study sorbate-zeolite
interactions in several cases.'®”’ Lewis et al.’""** have studied the locations of organic
templates inside various zeolites and predicted their templating ability for the synthesis of
microporous materials using this technique.

The method starts with a high temperature molecular dynamics (MD) run to
generate a library of conformations of the sorbate molecule. We have generated 100 initial
configurations from a high temperature (1000 K) MD run. These conformations are then
inserted, using a Monte Carlo method into random locations in the zeolite framework.
Suitable candidate structures are accepted according to supplied geometric and energetic
constraints. Subsequently, the 100 accepted structures are minimized using force field

techniques, holding the zeolite framework rigid. For these 100 representative adsorption
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sites, the interaction energy between the zeolite host and the molecule are calculated. We
calculate interaction energy (E,,.,) which includes effect of conformational change when
the sorbate molecule is placed within the framework:

Eipter = Eho:(-gueﬂ = Eguesr

where Ej ;0.5 is the total energy of the framework-sorbate combination and £, is the

guest
minimum energy of an isolated gas-phase molecule. The interaction energy is the energy
of the host-guest system minus the energy of each component evaluated separately. Since
the host zeolite is held rigid the energy of the host is not considered here. The above
procedures allow us to determine the minimum energy adsorption sites for a particular
‘zeolite-molecule’ combination. The energies obtained are a measure of the “match”

between the sorbate geometry and the topology of the host framework. The mean

interaction energy value is also calculated for the 100 minimized configurations.

| Sorbate molecule |

High temperature molecular dynamics run for isolated
sorbate molecule (generation of 100 configurations)

1
Monte Carlo docking

Random conformation + Random position
(repeat for 100 different configurations)

Energy minimization of
100 structures

Minimum energy adsorption conformation is the
lowest energy structure of the 100 conformations

Figure 1. A flow diagram representing the hybrid method.
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The methodology is conveniently represented by means of a flow diagram as shown
in Figure 1. This methodology is available as an automated procedure in the “solid
docker” module of the “Catalysis and Sorption” software package.23 Consistent valence
force field (CVFF)** has been widely used and found to give results in good agreement

. . 21222
with experimental heats of adsorption. hen2s

Hence, all the calculations are carried out
using the CVFF and the computations are made in a SiliconGraphics Indigo2 workstation

using the program DISCOVER®

3. RESULTS AND DISCUSSION
3.1. Minimum Energy Location for the Isomers of DIBP

The minimum energy values among the calculated interaction energies for the
isomers of DIBP in LTL, MOR and MTW are given in Table 1. The mean energy values
over the 100 minimized configuration are also shown in Table 1. It is seen from the table
that 3,3-DIBP is less strongly adsorbed in LTL. In all cases 3,3-DIBP has unfavourable
mean energy which can be explained by its low affinity to the pore wall. The positive
value of mean energy of 3,3-DIBP in MTW indicates that it has repulsive interaction with
the wall of MTW. This indicates that it will be difficult for this isomer to enter and diffuse
through the 12-m channel of MTW. In all the three zeolites 4,4-DIBP has favourable
interaction energy; this can be explained by its least conformational flexibility, which
increases its affinity to the pore wall. Mean energy values given in Table 1 do not follow
the trend of minimum energy values. The diffusion behaviour will depend on the

energetics of all possible configurations inside the zeolite channel. Hence to understand the

Table 1. Minimum interaction energies and mean energies (kJ/mol) of isomers of DIBP in

the silica form of zeolites LTL, MOR and MTW

Zeolite code Minimum energy Mean energy

4,4-DIBP 4,3-DIBP 3,3-DIBP 4,4-DIBP 4,3-DIBP 3,3-DIBP
LTL -132.60 -121.51 -51.08 -95.25 -95.98 -8.43
MOR -208.52 -191.90 -192.26 -195.61 -146.40 -139.06
MTW -248.31 -200.75 -208.18 -214.37 -148.28 34.20




diffusion behaviour of the molecules, we calculated the ratio of mean energy to minimum
energy and they are presented in Table 2. This ratio will very in the range of 1 to 0
depending on the difference between the minimum and mean values. This ratio is a
measure of diffusivity and the larger values will correspond to better diffusivity. In
general, it is observed that the diffusivity of 4,4-DIBP is high. In case of LTL alone, the
diffusivity of 4,3 -DIBP is slightly higher that 4,4-DIBP. In MOR, the diffusivity of all
isomers are found to lie in a very short range (ca. between 0.92 and 0.72). But there is
large difference in the diffusivity as predicted by these ratios for the three isomers in
MTW. From these results it can be concluded that there will be significant difference in

the diffusion energy barriers for the isomer of DIBP in MTW.

able 2. Ratio of mean energy/minimum energy values for the isomers of DIBP in LTL,

MOR and MTW.

Zeolite code o \i,:];&]dg.\ minimum energy
4,4-DIBP 4,3-DIBP 3,3-DIBP
LTL 0.72 0.79 0.17
MOR 0.92 0.76 0.72
MTW 0.86 0.73 0.14

Figure 2. The distribution of 10 configurations of 4,4-DIBP in LTL generated by the
Monte Carlo docking technique and energy minimization. The view is across the cross-

"

section of the 12-m channel.
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Figure 3. The distribution of 10 configurations of 4,4-DIBP in MOR generated by the
Monte Carlo docking technique and energy minimization. The view is across the cross

section of the 12-m channel.

Figure 4. The distribution of 10 configurations of 4,4-DIBP in MTW generated by the

J

Monte Carlo docking technique and energy minimization. The view is across the cross-

section of the 12-m channel.



The minimum energy positions correspond to molecules sorbed only in the 12-m
channel.  This is exemplified by Figures 2-4, which show 10 minimum energy
configurations for 4,4-DIBP in LTL, MOR and MTW, respectively.

3.2. Minimum Energy Locations for the [somers of IBEB

The interaction energies for the isomers of IBEB in FAU and MOR for the deepest

minima as well as the mean interaction energy calculated over the 100 configurations are

given in Table 3. Itis seen from Table 3 that for MOR the minimum interaction energy

Table 3. Minimum interaction energies and mean energies (kJ/mol) of IBEB isomers in the

silica form of zeolites MOR and FAU

Zeolite code Minimum energy Mean energy

p-IBEB m-IBEB  o-IBEB p-IBEB m-IBEB  0-IBEB
MOR -95.10 -86.04 -95.10 -62.96 -47.29 -48.49
FAU -45.74 -44.89 -62.63 -20.66 -12.62 -39.68

values for both p-IBEB and o-IBEB are almost same whereas m-IBEB has slightly
unfavourable interaction energy. But the mean interaction energy values are in the order:
p-IBEB < 0-IBEB < m-IBEB. In the case of FAU, both minimum and mean energy values
are in the order: 0-IBEB < p-IBEB = m-IBEB. The calculated ratio of mean to minimum
energy values are given in Table 4. It is observed that the diffusivity in FAU do not
correspond to the size and shape of the molecules. This may be due to large supercages in
FAU which do not have size preference for the isomers of IBEB. But the ratios (Table 4)
of mean energy to minimum energy values are in the order: p-IBEB > m-IBEB > o0-IBEB
for mordenite. However, sampling of 100 configurations can not be used to make final

conclusion on the diffusivity. They are useful to understand the location of adsorption sites.

Table 4. Ratio of mean energy/minimum energy values for the isomers of DIBP in FAU

and MOR.

Zeolite code Mean energy /minimum energy
p-IBEB m-IBEB  o-IBEB

MOR 0.66 0.55 0.51

FAU 0.45 0.28 0.63




Figure 5. The distribution of 10 configurations of p-IBEB in MOR generated by the Monte

Carlo docking technique and energy minimization. The view is across the cross-section of

the 12-m channel.

Figure 6. The distribution of 10 configurations of p-IBEB in FAU generated by the Monte

Carlo docking technique and energy minimization.



The distribution of 10 minimum energy cor-figurations of p-IBEB in mordenite and
faujasite are shown in Figures 5 and 6, respectively. These results clearly indicate the

preferred locations for the molecules and they provide guidelines to fix the diffusion path.

4. CONCLUSIONS

We have calculated the minimum interaction energies of DIBP isomers in LTL,
MOR and MTW. The minimum energy configurations for the three isomers of DIBP are
are taken as the starting point for further detailed diffusion calculations. This technique is
used to find the minimum energy configurations of EB, IBB and IBEB isomers also in
FAU and MOR. The favourable adsorption sites inside zeolites are understood from the
minimum energy configuration and the results provide clues to choose the diffusion path to
calculate diffusion energy barriers. The mean energy of 100 configurations and ratio of
mean/minimum energy values are useful to qualitatively predict the diffusivity of the
molecules in these zeolites. The minimum energy configurations for EB, IBB and isomers
of IBEB are generated in other large pore zeolites, namely zeolite L, mazzite, offretite,
ZSM-12 and cancrinite and these minimum energy configurations are used as the starting

point for diffusion calculations which will be discussed in Chapter 4.
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CHAPTER 4

ADSORPTION SITES AND DIFFUSION MECHANISM OF
ALKYLAROMATICS IN LARGE PORE ZEOLITE
CATALYSTS AS PREDICTED BY MOLECULAR
MODELING TECHNIQUES

ABSTRACT

In this chapter, we demonstrate the application of force field energy minimization
technique to study the adsorption and diffusion behaviour of large molecules inside the
micropores of zeolites. The periodic variations of interaction energy between the
molecules and zeolite framework in the calculated diffusion energy profiles are used to
predict the energy barrier for diffusion. Diffusion energy barriers calculated for the
isomers of diisopropylbiphenyl (DIBP) in zeolite L (LTL), mordenite (MOR) and ZSM-12
(MTW) show that the selectivity for the 4,4-DIBP will be in the order of LTL < MOR <
MTW. The detailed analysis of the configurations of the molecules in the most favourable
and unfavourable adsorption location, indicate that the 4,4-DIBP has favourable
interaction energies in all the zeolites with different pore architecture. Studies on diffusion
of isomers of DIBP in LTL, MOR and MTW indicate that MTW is a good catalyst for
selective synthesis of 4,4"-DIBP.

Force field energy minimization calculations are carried out to study the diffusion
of alkylbenzenes namely, ethylbenzene (EB), isobutylbenzene (IBB) and isobutylethyl-
benzene (IBEB) isomers in several large pore zeolites. Among the zeolites with pore
diameter > 7.0 A, the cage to cage diffusion of the alkylbenzenes in faujasite (FAU) show
no significant diffusion energy barrier for any of the molecule. Zeolite L shows a very
small selectivity towards p-IBEB which is due to a rapid change in minimum energy
configuration as the molecules diffuse along the pore. In the case of mazzite (MAZ), a
high diffusion energy barrier is observed for o-IBEB compared to m- and p-isomers.
Calculations of the diffusion energy profiles for the molecules in mordenite show that there
is negligible energy barrier for the diffusion of p-IBEB, whereas an energy barrier of 17.95
kJ/mol exists for diffusion of m-IBEB and a significantly large energy barrier of 95.69
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kJ/mol exists for o-IBEB. Thus, the efficiency of shape selective production of p-IBEB in
these zeolites will be in the order: FAU ~ LTL < MAZ < MOR. Among the zeolites with
pore diameter < 7.0 A, the efficiency of shape selective production of p-IBEB is in the
order: OFF < MTW < CAN. However, the interaction energy values of IBEB isomers are
unfavourable inside these zeolites. Diffusion energy barriers calculated for EB, IBB, o-, m-
and p-IBEB in various zeolites indicate that mordenite is a good catalyst for selective

synthesis of p-IBEB.

1. INTRODUCTION

The structure of zeolite catalysts is characterized by the presence of regularly
repeating intracrystalline cavities and pores, whose dimensions lie in the range 3-10 A
which is commensurable with molecular dimensions." A fascinating structure-related
aspect of the zeolite catalysis is molecular shape selectivity.z'4 The subtle interplay of
“configurational” diffusion and intrinsic kinetics of reactions in the intracrystalline pore
system enable zeolite catalysts to differentiate between molecules or transition states
involved in a reaction on the basis of their size and shape and thus direct the reaction along
specific paths. The diffusion of molecules in zeolite pores plays the major role in the shape
selective process. Understanding the mechanism of diffusion can greatly facilitate the
design of zeolite catalysts. The diffusion behaviours of molecules in natural and synthetic

. 8 . 5- . -1
zeolites are studied by several analytical’ ' and computauonal13 :

techniques. In the
applications of zeolite catalysts, a clear picture of the nature and location of adsorbed
molecules is of fundamental importance to understand the mechanism of the catalytic
processes. The energetics of adsorption as a function of pore diameter has also been
investigated experimemally.19 However, a systematic study of sorption in zeolites has not
been performed and the experimental observations reported in the literature are sometimes
contradictory.

Computer simulations, using molecular dynamics or Monte Carlo techniques, are
attractive alternatives to experiments because these methods can, in principle, provide
information for the conditions under which experiments are not feasible. Previous

20-22

% or Monte Carlo calculations™

simulations, based on molecular dynamics calculations

had tended to concentrate on small guest molecules and until now these techniques are not
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used to study large molecules of catalytic relevance due to highly demanding
computations.

Force field energy minimization technique is an efficient method for studying the
location and conformation of large guest molecules within the micropores of zeolites. In
order to screen large number of systems, this method is computationally less demanding
and can therefore be used to study large molecules before applying computationally
expensive techniques. We demonstrate here that this approach can be manifested to study
diffusion behaviour of alkylaromatics in zeolites. We use this technique to study the
adsorption and location of 4,4 -DIBP, 4.3-DIBP and 3,3-DIBP (structures are shown in
Chapter 2) in fully siliceous form of large pore zeolites. The main objective of this work is
to find out a suitable zeolite catalyst for selective synthesis of 4,4-DIBP among other
isomers possible. Only 4,4 -DIBP is a valuable compound because of its application in
liquid crystal polymers.29 Biphenyl has been alkylated with propene over H-FAU, H-LTL,
H-MOR and H-MTW.>**! H.-FAU and H-LTL zeolites gave conversions and selectivities
similar to an amorphous silica-alumina, whereas mordenite was found to be better selective
catalyst for the production of 4,4 -DIBP. Loktev and Chekriy32 showed that ZSM-12
produced even higher selectivity for 4,4-DIBP than mordenite.

p-IBEB is the key intermediate in the production of c.-(4-isobutylphenyl) propionic
acid, which is popularly known as ibuprofen.33 The conventional synthesis route for the
production of p-IBEB involves the alkylation of isobutylbenzene with ethylene over
Lewis-acid catalysts“ in which the selectivity towards p-IBEB is typically 17.6%.
Recently, the possibility of using zeolite catalysts for the production of p-IBEB by
disproportionation of isobutylbenzene and a polyalkylbenzene over HY zeolite® has been
shown to lead to better selectivity (46.3%). Although HY zeolite is better than
conventional catalyst, selection of this specific zeolite is a random choice rather than a
logical selection and no experimental results are available for any other zeolites. Hence,
we wanted to analyze the diffusion behaviours of these molecules in different zeolites and
compare their shape selectivity. We have chosen large pore zeolites with one dimensional
pores, where only single file diffusion is possible, zeolites with two dimensional pores,
where different molecular reorientations are possible at channel intersections and zeolites

with three dimensional pores where cage to cage translations through channels are possible,
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with total dynamic freedom inside the cages. The influence of change in pore architecture
on adsorption and diffusion behaviour of the molecules is studied in detail. Here, we
describe the application of force field energy minimization calculations to search the most

viable zeolite catalyst for the selective synthesis of p-IBEB.

2. METHODOLOGY

The minimum energy configurations of all the molecules obtained from the *hybrid
method’ described in Chapter 3, are taken as the starting point for diffusion calculations.
The molecular graphics analysis and the force field energy minimization calculations for
diffusion of the alkylaromatics are carried out with the Insight IT and Discover software
packages“ supplied by Biosym Technologies Inc., USA using CVFF” (consistent valence
force field). All the calculations are carried out in a SiliconGraphics-Indigo2 workstation.
The diffusion energy profiles are calculated for the isomers of DIBP in LTL, MOR and
MTW. Diffusion behaviours of EB, IBB, o0-, m- and p-IBEB are calculated in several
large pore zeolites, namely FAU, LTL, MAZ, MOR, OFF, MTW and CAN. The crystal
characteristics and the dimensions of the simulation boxes for these zeolites are given in
Table 1. The zeolite structures are taken from the crystal structure reported for faujasite,38

. . - » 4, . s 44
zeolite L,39 mazznte,40 mordemte,41 offreute,42 ZSM-12* and cancrinite.

Table 1. Crystal characteristics and the dimensions of the simulation boxes for different

zeolites
Zeolite Symmetry Unit cell Unit cell dimensions Pore Number
composition a(A) b(A) c(A) diameter of unit
(A) cells
FAU  cubic [Si0,] ;05 25.028 25.028 25.028 7.4 2x2%2
LTL hexagonal [Si0,]54 18.465 18.465 7.476 7.1 2%2x8
MAZ  hexagonal [SiO,]36 18.392 18.392  7.646 7.4 2x2x8
MOR  orthorhombic [SiO,]g 18.094 20.516 7.524 6.5x7.0  1.7x1.5x8
OFF hexagonal [SiO,]5 13.300 13.300  7.600 6.7 3x3x8
MTW  monoclinic  [SiO;]5 24880 5.020 12.150 5.7x6.2  1.5x7x2
CAN  hexagonal [SiO,];, 13.170 13.170 15.850 5.9 3x3x8
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The interaction energy of each of the molecule with the zeolite framework is
calculated using the expression that contains the terms corresponding to deformation of
bond lengths, bond angles. torsion angles etc.” During the calculation of the interaction
energy, the atoms in the zeolite lattice are assumed to be fixed at their crystallographically
determined geometries. The sorbate molecule is forced to diffuse stepwise, in steps of 0.2
A inside the 12-m channel between two points, which define the diffusion path. These two
points are located at the mid-points of the pore apertures of the 12-m channel in LTL,
MAZ, MOR, OFF, MTW and CAN. In the case of FAU, three points are defined at the
centers of three consecutive supercages and force field calculations are performed. After
each step, a strong harmonic potential constrains the molecule to lie at a fixed distance
from these points, while its orientation and conformation corresponding to minimum
energy are chosen. Thus the interaction energy is minimized at each step with respect to
the internal degrees of freedom as well as the non-bonding interactions with the zeolite
framework. The non-bonding interactions of the molecules with the zeolite framework are
calculated by determining the long-range forces by classical electrostatic interactions and

short-range interactions in terms of Lennard-Jones potentials.”

3. RESULTS AND DISCUSSION

Shape selectivity in catalytic reactions is governed by several factors such as
kinetics of the reaction and relative rates of diffusion of reactants, products or reaction
intermediates.*® The diffusivity and hence the shape selectivity is found to be dependent
on the pore opening, the nature and number of acid sites, morphology as well as the rate of
coke formation.**

When one considers the interactions between zeolites and sorbed molecules, the
location and conformation of guest molecules within the micropores can have a profound
effect on the subsequent chemistry of these systems. Molecular level information on the
location and conformation of sorbed molecules is not always readily accessible by
experimental means and recent advances in theoretical methods have made interaction
energy calculations combined with molecular graphics an ideal candidate to address these
problems. Similar approach has been recently applied and proven successful to study the

diffusion behaviours of simple aromatics in ZSM-5," selectivity in the formation of



different isomers of alkylnaphthalene,Sl selectivity in the conversion of n-butene to
isobutene in relation to several other productssz inside zeolites and role of eight member
rings of mordenite in methanol amination.”” The diffusion energy profiles for different
molecules give a good indication of the relative rates of diffusion through the pore of the
zeolite. The diffusion energy profile is the graph showing the variation of interaction
energy between the molecules and the zeolite framework as the molecule diffuses through
the channel of the zeolite. These profiles are useful to identify the most favourable and
unfavourable adsorption sites for the molecules inside the zeolite channels and the
intraparticle diffusion is not covered in this procedure. The results of this study are useful
to compare the self-diffusion studies of molecules, particularly in relation to local diffusion
behaviour of molecules in zeolites for the membrane applications.s“ The difference
between the most favourable site (minimum energy) and the most unfavourable site
(maximum energy) in the diffusion energy profile provides qualitative estimate of the
diffusion energy barrier.”>®  For example, when energy barriers for all the isomers of
DIBP and IBEB are comparable in a given zeolite, their diffusion rates should also be
approximately the same.

We report here, the diffusion characteristics of the alkylaromatics in 12-m channels
of a variety of different siliceous zeolites. First we will present the results for the diffusion
of the isomer of DIBP in LTL, MOR and MTW where the selectivity found from
experimental results is: MTW > MOR > LTL in the second part we will present the
diffusion behaviour of isomers of IBEB in FAU, LTL, MAZ, MOR OFF, MTW and CAN.
Our emphasis is on the influence of the pore architecture of different zeolites in the
diffusion energy profiles of the aromatics.

3.1. Diffusion of DIBP Isomers in LTL, MOR and MTW
3.1.1. Zeolite L

Zeolite L belongs to the hexagonal crystal class. The pore in zeolite L is circular
with a pore diameter of 7.1 A. It has a structure consisting of channels along the c-
direction. The channels are built up of ‘barrel-shaped’ cages that are interconnected via
12-member pores. The 12-m rings are separated by 7.5 A along the c-direction. The
diameter of the barrel is largest (~12.6 A) at the midway between the two consecutive 12-

m rings. In the regions of the pore, midway between the two 12-m rings, there is sufficient
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Figure 1. Variation of interaction energy of 4,4-DIBP with zeolite L lattice during its
diffusion along the c-axis. The molecular graphics picture of the cross section of the barrel
shaped cages and a typical minimum energy configuration of 4,4"-DIBP as viewed from b-

axis is also shown.

room for the sorbate to adopt several tilted configurations with the isopropyl groups
projecting in different orientations with respect to the 12-m channel. The diffusion path for
the molecules is defined by a pair of points marked as ‘+’s on the channel axis at opposite
ends of the section of the channel under investigation, as shown in Figure 1. Figure 1
includes the diffusion energy profile for 4,4-DIBP in LTL. The minimum energy
configuration of 4,4/-DIBP in LTL in also shown in Figure 1. The diffusion calculations
are carried out for 4,3-DIBP and 3,3-DIBP also. The diffusion energy barriers for all the
three isomers of DIBP are given in Table 2. It is seen from Table 2 that the energy barriers
for diffusion of all the three isomers are almost in the same order. We may conclude from
this calculation that zeolite L may not be an efficient shape selective zeolite catalyst for

selective synthesis of 4,4’-DIBP.



Table 2. Diffusion energy barriers in kJ/mol for different isomer of DIBP in large pore

zeolites.
Alkylaromatics Zeolites
LTL MOR MTW
4,4 -DIBP 86.66 13.26 34.66
4,3-DIBP 71.18 24.23 133.62
3,3-DIBP 79.43 53.31 193.91

3.1.2. Mordenite

Zeolite mordenite belongs to orthorhombic symmetry and has a pore structure that
is effectively unidimensional. An elliptical 12-m channel (6.5 A x 7.0 A) runs parallel to
[001] and has small side pockets (2.6 A x 5.7 A) parallel to the [010] direction which
connects to the next 12-m channel. The calculated diffusion energy barriers of the
molecules in mordenite are given in Table 2. It can be seen that the diffusion energy
barriers for the isomers of DIBP are significantly different even though there is only small
variation in the dimensions of the molecules. These results indicate the significance of the
pore dimensions and shape also, since the mordenite has smaller pore with elliptical shape
compared to large circular pores in LTL. The diffusion energy profile for 4,4 -DIBP in
MOR is shown in Figure 2. The molecule passes through energy maxima and minima
while diffusing through a unit cell; the variation of interaction energy values symmetrically
repeats in the second and third unit cells also, as shown in Figure 2. The energy barrier for
the diffusion of 4,4-DIBP is 13.26 kJ mol™". However, there exists a high energy barrier of
24.23 kJ mol™ for 4,3-DIBP, which is almost double of 4,4-DIBP and even higher energy
barrier of 53.31 kJ mol™” for o-IBEB. Due to high energy barriers for 4,3-DIBP and 3,3-
DIBP isomers-MOR is expected to give better selectivity for 4,4-DIBP compared to LTL.
3.1.3. ZSM-12

ZSM-12 is another large pore zeolite. It has even more smaller pore diameter (6.2
x 5.7 A ) with elliptical shape. The molecules are allowed to diffuse through 5 unit cells in
the b-direction. The cross sectional view of the 12-m channel of MTW is shown in Figure

3. The variation of interaction energy between 4,4 -DIBP and the framework for three unit
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Figure 2. Variation of interaction energy of 4,4-DIBP with mordenite lattice during its
diffusion along the c-axis through the 12-m channel. The molecular graphics picture
shows a typical minimum energy configuration of 4,4"-DIBP during the diffusion as

viewed through b-axis.

cells as well as its minimum energy configuration in MTW is also shown in Figure 3. The
diffusion energy profile shows a single maximum and a single minimum in each unit cell.
The minimum and maximum energy occur when the atoms of the molecule are closer and
farther, respectively, to the surface of the zeolite.

The comparisons of diffusion energy profiles for the three isomers of DIBP are
shown in Figure 4. The diffusion energy barriers calculated from the energy profiles
shown in Figure 4 are summarized in Table 2. The differences in the diffusion energy
barriers of isomers of DIBP are very high. The large energy barriers for 4,3-DIBP and
3,3-DIBP could be correlated to their molecular sizes and flexibilities. All the molecules
show energy profiles which uniformly repeat in the 3 unit cells considered. These results
indicate that MTW is the best catalyst for the selective synthesis of 4,4-DIBP, which is in

. . 2
excellent agreement with expenment.3
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Figure 3. Variation of interaction energy of 4,4-DIBP with ZSM-12 lattice during its
diffusion along the b-axis through the 12-m channel. The molecular graphics picture
shows a typical minimum energy configuration of 4,4 -DIBP during the diffusion as

viewed through a-axis.
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Figure 4. The diffusion energy profile for the isomers of DIBP when they diffuse through
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Figure 3; 4,4"-DIBP (a), 4,3-DIBP (b) and 3,3"-DIBP (c).
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3.2. Diffusion of Alkylbenzenes in Large Pore Zeolites

In this section we will present the results for the diffusion of alkylbenzenes, namely
EB, IBB and isomer of IBEB in various large pore zeolites.
3.2.1. Zeolites with pore diameter > 7.0 A
3.2.1.1. Faujasite

Faujasite is a 3-dimensional zeolite with cubic symmetry, having 12-m ring
openings of 7.4 A in diameter that provide access (0 a supercage of diameter 12.4 A In
our calculations, the diffusion paths for the alkylbenzenes in faujasite are defined by three
points (A, B and C) at the centers of three consecutive supercages. The molecular graphics

picture in Figure 5 shows the three supercages and diffusion path of the molecules from A
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Figure 5. Variation of interaction energy of p-IBEE with faujasite lattice during ‘cage to
cage’ diffusion through 12-m windows. The mcizcular graphics picture depicts the three
supercages in different planes of the faujasite lattice. A typical minimum energy
configuration of p-IBEB during the diffusion calculation is shown. A, B and C in the
molecular graphics picture show the centres of the three supercages. In the graph, A, B and

C show the interaction energy values near the centres of three supercages.
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to C, via B. Figure 5 includes the diffusion energy profile for p-IBEB in faujasite. The
minimum energy configuration of p-IBEB in faujasite is also shown in Figure 5. It is clear
from Figure 5 that when the molecule moves from one supercage to another, the molecule
energetically prefers to be near the wall rather than at the center of the supercage. Its
interaction energy decreases and becomes minimum when the benzene ring of p-IBEB is
near the center of the 12-member ring. As the molecule diffuses towards the center of the
second supercage from 12-m ring its interactior energy increases and again becomes
maximum near the center of the second supercage. Due to this high energy conformer, a
diffusion energy barrier exists for cage-to-cage diffusion of the molecule in faujasite.
Similar diffusion profiles are calculated for EB, IBB, m-IBEB and o-IBEB and the overall
pattern of the diffusion energy profiles for all the molecules are found to be the same. The
diffusion energy barriers of all the alkylbenzenes are given in Table 3. It is seen from
Table 3 that the energy barriers for diffusions of all the molecules in faujasite are almost in
the same order. We may conclude from this analysis that the pore system of faujasite
places little constraint on the diffusion of different molecules. Hence, faujasite may not be

a good shape selective zeolite catalyst for selective synthesis of p-IBEB.

Table 3. Diffusion energy barriers in kJ/mol for different molecules in large-pore zeolites

Alkylbenzenes Zeolites

Faujasite Zeolite L~ Mazzite Mordenite

EB 26.92 38.69 14.09 6.74
IBB 31.65 35.87 11.21 10.13
m-IBEB 28.38 43.69 9.78 17.95
o-IBEB 32.74 40.87 50.78 95.69
p-IBEB 31.65 28.43 10.69 6.44

3.2.1.2. Zeolite L

The pore architecture of LTL is already discussed in section 3.1.1. The walls of
LTL are composed of 4-m rings and 8-m rings. The 8-m rings are highly elliptical and

constitute the orifices of slit-like void volumes connecting neighbouring 12-m ring
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channels. The 8-m rings are impermeable toward organic molecules. As mentioned
earlier, the 12-m ring channels have barrel-shaped cross-section. In the regions of the pore,
midway between the two 12-m rings, there is sufficient room for the sorbate to adopt
several tilted configurations with the ethyl and isobutyl groups projecting in different
orientations with respect to the 12-m channel, as shown in Figure 6. The diffusion path for
the molecules is defined by a pair of points marked as ‘+’s on the channel axis at opposite

ends of the section of the channel under investigation, as shown in Figure 7 and the

e L.

Figure 6. The molecular graphics picture showing the p-IBEB at various locations along
the 12-m channel of zeolite L. The minimum energy configuration of p-IBEB is shown
(A), when it is at the center of the barrel-shaped cage. The same minimum energy
configuration as viewed from a perpendicular direction, (c-axis) that is along the axis of the
12-m channel is shown in (B). The configuration of p-IBEB (C) when it is crossing the 12-
m ring connecting the barrels and the configuration (D) while diffusing towards the center
of the barrel are also shown. The configurations C and D have relatively higher energy

values than the configuration shown in (A).
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Figure 7. Variation of interaction energy of p-IBEB with zeolite L lattice during its
diffusion along the c-axis through the barrel shaped cages. The molecular graphics picture
shows the diffusion path of the molecule along with a typical minimum energy

configuration of p-IBEB during the diffusion as viewed from the b-axis.

diffusion calculations are carried out in the same way as in faujasite. The energy profile
for p-IBEB in zeolite L calculated by force field energy minimization techniques is shown
in Figure 7 and the diffusion energy barriers for all the molecules are given in Table 3.
From Table 3, it is seen that as in the case of faujasite there is no significant difference in
the energy barrier for diffusion of the molecules in zeolite L. These calculations bring out
the significance of the pore architecture. Zeolite L. with 2-dimensional pores is also not an
efficient shape selective catalyst for the production of p-IBEB as in the case with 3-
dimensional faujasite.
3.2.1.3. Mazzite

Zeolite mazzite is another hexagonal but one dimensional zeolite with pore
diameter of 7.4 A. Two types of smaller channels »re present: the first consists of stacked

gmelinite cages surrounded by six-member rings, the second is between two cross-linked
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rows of cages and is surrounded by eight-member rings. The calculated diffusion energy
barriers for the molecules in mazzite are given in Table 3. It can be seen from Table 3 that
the diffusion energy barriers for EB, IBB m-IBEB and p-IBEB are in the same order,
whereas there is a significantly high energy barrier for o-IBEB. The diffusion energy

profile for p-IBEB in mazzite is plotted graphically in Figure 8. In the same figure the
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Figure 8. Variation of interaction energy of p-IBEB with mazzite framework as the
molecule diffuses through 12-m channel. The molecular graphics picture shows a typical

minimum (a) and a maximum (b) energy configurations of the molecule.

minimum and maximum energy configurations are also shown. The molecule passes
through energy maxima and minima when it diffuses through the channel. There are
alternative 8-m pockets in the channel of mazzite. The molecule adopts a minimum eriergy
configuration when its phenyl ring is at the center of 8-m ring and the alkyl groups point
towards other two 8-m rings. In other words, the maximum energy corresponds to the
configuration in which phenyl ring as well as both the alkyl groups are in between the 8-m
rings. Since there exists an energy barrier for diffusion of o-IBEB in mazzite, the

diffusivity of other two isomers will be relatively faster than o-IBEB and mazzite will be a
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selective catalyst compared to faujasite and zeolite L to produce p and m-isomers avoiding
the formation of o-isomer.
3.2.1.4. Mordenite

The pore architecture of MOR is discussed in section 3.1.2. The calculated
diffusion energy barriers of the molecules in mordenite are given in Table 3. It can be seen
that the diffusion energy barriers for the isomers of IBEB are significantly different even
though there are only small variations in the dimensions of the molecules. These results
indicate the significance of the pore dimensions also, since the mordenite has small pore
dimensions compared to other zeolites considered in this study. The diffusion energy
barriers for p-IBEB and diffusion track for three carbon atoms (one aromatic carbon, two

alkyl carbons) are shown in Figure 9. The molecule passes through energy maxima and
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Figure 9. Variation of interaction energy of p-IBEB with mordenite framework as the
molecule diffuses through the 12-m channel. The diffusion tracks for the motion of three
carbon atoms are shown. The diffusion tracks of aromatic carbon atom to which the
isobutyl group is bonded (a), the primary carbon in the isobutyl group (b) and the primary
carbon in the ethyl group (c) are indicated to bring out their freedom of motion during the

diffusion
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minima while diffusing through a unit cell; the variation of interaction energy values
symmetrically repeats in the second and third unit cells also, as shown in Figure 9. It is
evident that the diffusion of EB and IBB have energy barriers of 6.74 kJ mol™ and 10.13 kJ
mol™ respectively. The energy barrier for the diffusion of p-IBEB is also of the same order
(6.44 kJ mol™). However, there exists an energy barrier of 17.95 kJ mol™ for m-IBEB and
a significantly large energy barrier of 95.69 kJ mol”' for o-IBEB. Hence mordenite is
expected to be an efficient shape selective catalyst.

From the diffusion track of the different carbon atoms it is seen that as the alkyl
groups move towards the zeolite framework its interaction energy decreases and becomes
minimum. At maximum interaction energy, the molecule is parallel to the channel and the
alkyl groups lie at the farthest distance from the zeolite framework. The same trend is
found for diffusion of other molecules in mordenite.

These results also provide the information on the nature of sites inside mordenite
where the molecules have favourable and unfavourable interactions. Figure 9 shows the
position of p-IBEB in mordenite at its minimum energy configuration. It is seen from the
figure that the molecule passes through two maxima and two minima, when it crosses each
8-mring. The 8-m ring can be divided into 4 quarters. It is observed that when the phenyl
ring of the molecule is at the beginning (0), center (0.5) or end (1) of the 8-m ring, the
interaction of the molecule with the framework is most favourable while the unfavourable
interaction corresponds to a configuration in which the phenyl ring is 0.25 or 0.75 through
the 8-m ring. It is also observed that the favourable orientations of the molecule inside the
12-m ring are those in which the plane of the phenyl ring is parallel to the 8-m channel
opening.

3.2.2. Zeolites with pore diameter < 7.0 A

The diffusion energies for EB, IBB, 0-IBEB, p-IBEB and m-IBEB are calculated in
other large pore zeolites, such as offretite, ZSM-12 and cancrinite.
3.2.2.1. Offretite

The cross sectional view of the 12-m channel of OFF is shown in Figure 10. It has
8-m channels running perpendicular to the 12-m channel. The variation of the interaction
energy between p-IBEB and the framework as well as the location and orientation of p-

IBEB, when the interaction energy is minimum, is also shown in Figure 10. Similar
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Figure 10. Variation of interaction energy of p-IBEB when it diffuses through 2 unit cells
in the c-direction of OFF. The molecular graphics picture depicts the cross-section of 12-
m channel. A typical minimum energy location of the p-IBEB in the diffusion path is also

shown. The dotted lines are drawn to indicate the unit cells.
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Figure 11. Variation of interaction energy of tiie isomers of IBEB, when they diffuse
through the 12-m channel in the c-direction of OFF. The regions of diffusion considered is

same as Figure 10; p-IBEB (a), m-IBEB (b) and o-IBEB (c).
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diffusion energy profiles calculated for o-IBEB and m-IBEB are shown in Figure 11 along
with p-IBEB. The diffusion energy barriers calculated from the energy profiles shown in
Figure 11 are given in Table 4. Table 4 includes the diffusion energy barriers for EB and
IBB also. It is seen from Table 4 that the energy barriers for EB and IBB are less than the
isomers of IBEB in accordance with their size. The o-IBEB has the largest diffusion
energy barrier. The reasons are its least flexibility and when the o-IBEB diffuses along the
c-axis, the atoms of alkyl group in o-position have unfavourable interaction with zeolite
surface due to the smaller dimension of the 12-m channel. It has positive interaction
energy values in some locations while diffusing through the 12-m channel (from Figure
11). This indicates that o-IBEB cannot diffuse through the channel of OFF. Although the
m-IBEB and p-IBEB isomers have favourable interaction energies it is necessary to have o-
IBEB for disproportionation reaction. The high energy barriers for ortho isomer indicate
that disproportionation reaction will not be possible in OFF. However, OFF seems to be a
suitable catalyst for alkylation of IBB with ethylene for selective synthesis of p-IBEB. The

energy barrier for m-IBEB is almost double of p-IBEB.

Table 4. Diffusion energy barriers in kJ/mol for different molecules in large-pore zeolites

Alkylbenzenes Zeolites

OFF MTW CAN
EB 11.11 4.25 8.59
IBB 8.61 16.10 5.50
m-IBEB 30.00 38.21 81.51
o-IBEB 149.68 243.60 68.45
p-IBEB 15.43 19.13 14.65

3.2.2.2. ZSM-12

The pore architecture of MTW is discussed in section 3.1.3. The molecules are
allowed to diffuse through 5 unit cells in the b-direction. The cross sectional view of the
12-m channel of MTW is shown in Figure 12. The variation of interaction energy between
p-IBEB and the framework for three unit cells as well as its minimum energy configuration

in MTW is also shown in Figure 12. The diffusion energy profile shows a single
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Figure 12. Variation of interaction energy of p-IBEB when it diffuses through 3 unit cells
in the b-direction of MTW. The molecular graphics picture depicts the cross-section of 12-
m channel. A typical minimum energy location of the p-IBEB in the diffusion path is also

shown. The dotted lines are drawn to indicate the unit cells.
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Figure 13. Variation of interaction energy of the isomers of IBEB, when they diffuse
through the 12-m channel in the b-direction of MTW. The regions of diffusion considered

is same as Figure 12; p-IBEB (a), m-IBEB (b) and o-IBEB (c).
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maximum and a single minimum in each unit cell. The minimum and maximum energy
occur when the atoms of the molecule are closer and farther, respectively, to the surface of
the zeolite.

The diffusion energy profiles for all the three isomers are shown in Figure 13.
Table 4 presents the diffusion energy barriers for all the five molecules. Although the
difference in the diffusion energy barriers of p-IBEB and m-IBEB is not significant, the o-
IBEB has a large diffusion energy barrier with positive interaction energy at some
positions of the diffusion path. These values also indicate that zeolite MTW will not be
suitable for the disproportionation reaction.
3.2.2.3. Cancrinite

Next, the diffusion behaviour of the molecules in cancrinite is studied. The
symmetry and arrangement of the 12, 6 and 4-m channels in CAN are exactly same as in
OFF. However, the pore diameter of CAN is considerably smaller (5.9 A) than that of
OFF (6.7 A). The cross sectional view of the 12-m channel of CAN is shown in Figure 14.
The molecules are diffused through 5 unit cells along the c-direction. The variation of the
interaction energy between p-IBEB and CAN as the molecule diffuses in c-axis through
three unit cells is shown in Figure 14. The minimum energy configuration of p-IBEB is
also shown in Figure 14. The diffusion energy profile shows two peaks with maximum
energy within a unit cell. This can be related to the presence of two intersecting 6-m ring
within a unit cell. Figure 15 shows the diffusion energy profiles for the three isomers. The
diffusion energy barriers calculated are again summarized in Table 4. The diffusion energy
barrier of o-IBEB is 4.6 times and of m-IBEB is 5.6 times larger than that of p-IBEB.
Hence, ideally CAN is expected to lead to better selectivity in the alkylation reaction. It is
also observed from the absolute values that all the molecules are tightly fitting in CAN.
The interaction energy of isomers of IBEB at their minimum energy configurations is
given in Table 5. It can be seen that the absolute values of interaction also follow the same
trend, namely p-IBEB > m-IBEB > 0-IBEB. The influences of such energy characteristics
are discussed in Chapter 3. In OFF and MTW, all the molecules have favourable
interaction energy. It is pertinent to note that o-IBEB has a large positive interaction
energy with CAN framework indicating a repulsive interaction. So, the entry of o-IBEB

into channel of CAN itself has large activation energy barrier. Hence, in additions to the
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Figure 14. Variation of interaction energy of p-IBEB when it diffuses through 3 unit cells

in the c-direction of CAN. The molecular graphics picture depicts the cross-section of 12-

m channel. A typical minimum energy location of the p-IBEB in the diffusion path is also
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Figure 15. Variation of interaction energy of the isomers of IBEB, when they diffuse

through the 12-m channel in the c-direction of CAN. The regions of diffusion considered
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diffusion energy barrier, the absolute value of interaction energy is also an important
factor. These results indicate that if o-IBEB diffuses inside the channels of CAN, it is
likely to undergo decomposition or cracking, which lead to deactivation of the zeolite due
to coking.57 Hence, by finding the ways to control the cracking, the potential of the shape

selective properties of zeolites can be exploited.

Table 5. The interaction energy values (kJ/mol) of isomers of IBEB inside various zeolites

at their minimum energy configuration

Molecule Zeolites
OFF MTW CAN
m-IBEB -181.64 -192.36 -151.96
o-IBEB -138.39 -168.77 +184.03
p-IBEB -189.90 -193.37 -174.51

3.2.3. Influence of Pore Architecture in Diffusion

From these studies we have seen that diffusion of molecules in zeolites depends on
three important parameters, namely: (i) on the size of the molecules, (ii) on the pore
diameter of the zeolites and (iii) pore architecture. The size and shape of the molecules are
more flexible. In fact, the flexibility of the isomers of IBEB studied by conformational
analysis indicate that their flexibility is in the order p > m > 0. When the zeolite pore
diameters match the dimensions of the molecules, the considerable increase in the diffusion
energy barriers of o-IBEB and m-IBEB, compared to p-IBEB can be related to their
flexibility. From the results presented here, the influence of pore architecture and pore
dimensions could be discussed in detail. The figures presented here for the isomers of
DIBP, p-IBEB, o- and m-iBEB follow almost the same trend but with varying diffusion
energy barriers. As mentioned above, all the diffusion energy barrier values extracted from
these studies are summarized in Tables 2-4. In general, it can be observed that ‘channel-
like architecture as in MTW, MOR, CAN etc. are good for the selectivity than ‘cage-like’

architectures as in the case of FAU and LTL. Cages which are large enough to
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accommodate all the molecules are leading to uniform diffusion behaviour for all the
molecules with different sizes.

When the molecules diffuse through the channels of zeolites, they pass through
surface and windows. From the analysis of the orientation and location of molecules in the
minimum and maximum energy conformations, we observe that the alkyl groups in the
molecules have favourable interaction with the surface in the zeolite framework, while the
phenyl ring has an unfavourable interaction. As observed in the case of faujasite and
zeolite L, the molecules prefer to change their orientation in which the alkyl groups can
have more interaction with the surface. In mazzite also the adsorption sites, where alkyl
groups are facing the 8-m windows in the zeolite framework are unfavourable. In
mordenite, for all the isomers of IBEB, the alkyl groups have an end-to-end vector along
the channel axis with phenyl plane facing the 8-m side pockets, during the diffusion. In
cases, where the diameters of 12-m channels are getting smaller, the alkyl groups do not
show such favourable interaction. The “window effect” discovered by Gorring58 describes
the non-linear relation between the diffusion coefficient and size of the molecule. Our
results provide qualitative explanation based on the interaction of molecule with the
surface and windows inside channels. However, it is necessary to calculate the electronic
interactions of the alkyl and phenyl groups with the side pockets and pore walls of the
zeolite to understand the ‘window effect’ quantitatively, which is attempted in Chapter 6.

In addition to the size as well as shape of the reactant molecules and the dimensions
as well as architecture of the pores, there are factors such as Si/Al ratios, the number and
nature of exchanged cations, temperature which influence the vibration of the framework
and the nature of transition state also influence the shape selectivity in a minor way. ZSM-
5 is known to be the best catalyst for the selective production of p-xylene than any other
zeolite, independent of the Si/Al ratios and the exchanged cations,” which emphasize the
importance of pore architecture. The transition state for 4,4-DIBP and p-IBEB would be
more “linear”. It is reasonable to assume that the transition states for the formation of 4,3-
DIBP, 3,3’DIBP, m-IBEB and o-IBEB can have somewhat “bent” configuration, like these
isomers themselves, resulting in higher activation energy values for diffusion of these

molecules.
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4. CONCLUSIONS

From the results presented here and on the lights of above discussions, the salient
general features of the diffusion of the isomers of DIBP and IBEB can be summarized as
given below.

(i) The diffusion characteristics of these molecules in the zeolite lattice depend on
the molecular dimensions, pore diameter and the pore architecture of the zeolite.

(ii) The molecule-lattice interactions control the diffusion mechanism of molecules
through the channel of a zeolite. The molecules prefer the configurations, where there is
maximum interaction between the surface of the zeolite and the alkyl groups of the
molecules.

(i) Force field energy minimization calculation of the diffusion energy profile is
simple technique relative to experimental studies of diffusion and reliable technique for
logical catalyst screening.

(iv) For the diffusion of DIBP, these calculations show that significant energy
barriers exist for 4,3-DIBP and 3,3-DIBP in MTW, 3,3"-DIBP in MOR and for none of
them in LTL. Hence, the order of selectivity in the shape selective production of 44-
DIBP will be MTW > MOR > LTL which is in the order predicted in the experimental
study.32

(v) For the diffusion of IBEB isomers, the order of selective production of p-IBEB
among the zeolites with pore diameter 2 7.0 A, seems to be MOR > MAZ > LTL ~ FAU.
CAN which has one dimensional pore and smallest diameter shows better selectivity for p-
IBEB in the alkylation reaction. OFF has side pockets to the 12-m channel and shows less
selectivity for alkylation. MTW has an intermediate selectivity and thus the order of
selectivity in shape selective alkylation of IBB with ethylene to p-IBEB will be CAN >
MTW > OFF. The interaction energy values of p-IBEB with the framework of OFF, MTW

and CAN indicate its slow diffusion in these zeolites.
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CHAPTER 5

MOLECULAR DYNAMICS STUDIES ON DIFFUSION OF
AROMATICS IN MORDENITE

ABSTRACT

Molecular dynamics simulations are performed in order to study the dynamics of
the isomers of isobutylethylbenzene (IBEB) in mordenite at 298 K. Diffusion of the
isomers of IBEB show a linear variation for the mean square displacement (MSD) versus
time plot. The MSD of o-IBEB is 6 A” after 20 x 10?5, whereas the MSD of m-IBEB is
175 A? after 20 x 10" s. However, p-IBEB has a MSD of more than 1000 A? after 20 x
1075, subsequently the diffusion coefficients obtained at low sorbate concentration are in
the order: p-IBEB > m-IBEB > 0-IBEB. Due to the linear structure of p-IBEB, it diffuses

faster along the 12-m channel of mordenite.
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1. INTRODUCTION

The diffusion of aromatics in zeolites is of great interest in the context of separation
and catalytic processes such as alkylation, transalkylation and isomerisation. For instance,
the separation of p-xylene from Cg aromatics (a mixture of the xylene isomers and
ethylbenzene) is performed on the industrial scale using selective adsorption on zeolite
molecular sieves.' The selectivity in a catalytic reaction can be determined from the
diffusivity of the molecules involved in the reaction.” Several experimental studies to
measure the diffusivity of aromatics inside zeolites, such as crystallographic,” infrared,*’

> The aim of these studies is to

thermodynamic10 and NMR'"""? have been reviewed.'”
understand the sorption and diffusion behaviours of sorbates inside zeolites. However, a
complete understanding of adsorption and diffusion in zeolites is hindered by the large
discrepancies between the results obtained using different techniques.16

The need to gain a detailed insight into the behaviour of zeolite-sorbate systems on
the molecular scale has inspired the development of computational methods to study such
systems. Atomistic simulations based on interatomic potentials have proved to be of
considerable value in studying the diffusion of organic molecules inside zeolites.'” An
overview of the efforts in this area and the different techniques used has been compiled by

Catlow.'®

Among them, the molecular dynamics (MD) technique gives access to time-
dependent and temperature-dependent properties and is often used to study various aspects
of dynamics of sorbates. Since the first attempts to use MD for the simulation of diffusion
processes in zeolites, sorbate molecules which could be represented by spherical particles

have been preferentially chosen.'”*

This was mainly due to the lesser computational
effort required to model the interactions in such systems. This class of molecules includes
noble gases (mainly Ar, Kr and Xe) and small spherically symmetric molecules like
methane and CF,. Trouw and Iton,'” Cohen de Lara er al.*” and Yashonath et al.*' have
studied the motion of methane in silicalite, NaA and faujasite, respectively. Although most
of the MD simulations have been carried out in zeolites A, Y and silicalite, there are very
few works in mordenite. Nowak et al.’' simulated the diffusion of methane in mordenite.
El Amrani’’ studied the diffusion of rare gases (Ne, Ar and Xe) in a model dealuminated

mordenite. In most of the studies the sorbate molecules are modeled as soft spheres,

interacting between them and with the framework atoms via Lennard-Jones or similar
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potential functions. Moreover, interactions with Si or Al atoms of the framework are
usually neglected, as they are considered shielded by the O atoms which cover the inner
surfaces of the channels and cavities.

More complicated systems have been addressed by Leherte et al.”® who
investigated the dynamics of water in ferrierite and by Demontis et al.,** who studied the
diffusion of benzene in NaY. With the help of modern powerful computers it becomes
possible for simulating large molecules inside zeolites. Goodbody ez al.”® June et al.*® and
Hernandez and Catlow’ simulated the behaviour of alkanes, such butane and hexane in
silicalite for different loading of molecules. Schrimpf et al.*® studied the structure,
energetics and diffusion properties of p-xylene in NaY. Sastre e al.*® used MD techniques
to simulate the diffusion of a binary mixture of ortho and para-xylene in purely siliceous
zeolite CIT-1. However, only little work has been undertaken until now to investigate the
static and dynamic properties of aromatic compounds in mordenite by means of force field
and MD simulations.** Our energy minimization calculations showed that mordenite is
the most efficient shape selective catalyst among the seven large pore zeolites analyzed.
Hence, we chose to study the dynamics of these molecules inside mordenite by MD
calculations to get further insight on the diffusion characteristics. In this work, we focus
on the dynamics of ortho, meta and para-isobutylethylbenzene (IBEB) in mordenite. In
order to locate the adsorption sites and to obtain the minimum energy pathway for
diffusion of the aromatics, we performed constrzined force field energy minimization
calculations earlier (Chapter 4). Here, we describe our results on MD simulations
performed at 298 K with an aim of investigating the diffusion process occurring in the time
scale of the simulations. The dynamic properties studied include the probable adsorption
sites, residence times in characteristic regions of the zeolite framework and self-diffusivity

of the aromatics.

2. METHODOLOGY

Molecular dynamics simulation is carried out by solving Newton’s: equation of
motion, using the Verlet algorithm.“ The initial velocities have been assigned to all atoms
of the system according to a Maxwell-Boltzmann distribution. The calculations are carried

out at 298 K in the NVT (canonical) ensemble with full periodic boundary conditions. A
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simulation box containing 8 unit cells of mordenite™ (1152 atoms) and one sorbed
molecule is considered. The zeolite frame was held fixed in our calculation. The
interaction between the molecule and the mordenite framework is studied using the
consistent valence force field (CVFF) parameters. Short-range host-guest interactions are
calculated using Lennard-Jones potential.46 These parameters are already listed in Table 1
of Chapter 1.

Simulations are performed using a time step of 1x 10" s. Each of the IBEB
isomers is initially located at their minimum energy configurations derived by force field
energy minimization technique. The system is allowed to equilibrate for a 5 X 10" s
period and then data are collected for a subsequent 20 X 10 s period. The results of the
calculations are saved every 10 X 10" s and from these data, analyses of the diffusion
process are undertaken. Mean square displacements (MSD) are calculated according to the

well known Einstein Formula:

<|r(0) ~c(0)] 2>

6t

- (1)

where (]r(O)—r(t)|2> is the mean square displacement of the particles averaged on

trajectories of duration, t. Pair distribution functions, g(r), have also been calculated using
standard procedure.47 All simulations are performed using the program DISCOVER*

supplied by Biosym Technologies Inc., USA.

3. RESULTS AND DISCUSSION
3.1. Adsorption Sites and Energetics

Force field energy minimization calculations were performed for the systematic
search for minimum energy configurations. Figure 1 shows the minimum energy
configurations of the isomers of IBEB in mordenite. In Figure 1a, the diffusion path of the
p-IBEB is also shown. At minimum energy configuration, the molecule moves towards the
walls of the zeolite from its centre. Smaller displacement of the molecule from the centre
of zeolite channel is observed for m-IBEB and o-IBEB also. The molecular graphics
analysis of the results of configurations generated during the MD simulation is carried out.

These results provided information on the adsorption sites inside MOR and the modes
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Figure 1. Minimum energy configurations of (a) p-IBEB, (b) m-IBEB and (c) o-IBEB
obtained from the diffusion energy profiles calculated by force field energy minimization

method.
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Figure 2. Pair distribution function for the centre of mass of p-IBEB in mordenite at 298 K.
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Figure 3. Pair distribution function for the centre of mass of m-IBEB in mordenite at 298
K.
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Figure 4. Pair distribution function for the centre of mass of o-IBEB in mordenite at 298 K.

of adsorption of isomers of IBEB. p-IBEB possesses more dynamic freedom inside the 12-
m channel of MOR compared to m- and o-IBEB. The molecules are found to be displaced
from the centre of the 12-m channel in most of the configurations during the simulation.
An explanation for this phenomenon can be provided by the analysis of our MD results for
the pair distribution functions, g (r). Figures 2, 3 and 4 show the pair distribution functions
for p-IBEB, m-IBEB and o-IBEB, respectively. These plots correspond for a loading of 1
molecule per 8 unit cells of MOR at 298 K. The structural distributions of the molecules
during the simulation are evident from these figures.
3.2. Coefficients of Self-Diffusion

The diffusion coefficient of guest molecules is the most interesting dynamic
property in the study of zeolite-sorbate systems. The coefficients of self-diffusion are
computed from the MSD of the centre of mass of the guest molecule as a function of time.
Figure 5 shows the MSD of the centres of masses of the isomers of IBEB with respect to
time. The diffusion coefficient D can be calculated from the slope of the MSD plot

according to the Einstein relation. The calculated diffusion coefficients of all the three
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isomers are given in Table 1. The diffusivity of the three isomers are in the order of p-
IBEB > m-IBEB > 0-IBEB. These results are in correspondence with the size of the
molecules and their flexibility. Similar trend was qualitatively predicted by the energy

minimization calculations.
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Figure 5. The variation of mean square displacement of the centre of the mass of the

molecule with time of MD simulation; (a) p-IBEB, (b) m-IBEB and (c) o-IBEB.

Table 1. Self-diffusivities of the isomers of IBEB in mordenite from the plots in Figure 5.

Molecule Self-diffusivity (10~ m®/s)
p-1BEB 60.20
m-IBEB 7.39
o-IBEB 0.15
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4. CONCLUSIONS

The dynamics of o-, m- and p-IBEB in purely siliceous mordenite are studied by
MD technique. Earlier force field energy minimization calculations provided the starting
minimum energy location for MD studies and our results validate such approach.

MD simulations are performed in order to study the behaviour of the isomers of
IBEB at room temperature. The distributions of the molecules in the 12-m channel of
mordenite give important information for the interprétation of the results derived from
energy minimization calculation and further understanding of their adsorption
characteristics. The diffusivities of the isomers of IBEB are found to decrease in the order:

p-IBEB > m-IBEB > 0-IBEB.
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CHAPTER 6

INFLUENCE OF ZEOLITE COMPOSITION ON ACIDITY
AND ETHYLATION ACTIVITY: A QUANTUM CHEMICAL
STUDY

ABSTRACT

In this chapter, the modifications of frontier molecular orbital energy of the guest
molecules located inside a microporous zeolitic cavity are studied by quantum chemical
calculation. MNDO (Modified Neglect of Diatomic Overlap) method has been used to
study fully siliceous cluster models of sites in the 12-m channel of mordenite. The
interaction of isobutylbenzene (IBB) with the cluster models representing the wall of the
12-m channel of mordenite is studied. It is found that the highest occupied molecular
orbital (HOMO) energy of IBB increases when it is inside the zeolite pore compared to its
gas phase. The changes in HOMO energy of ethylbenzene (EB), o-, m- and p-
isobutylethylbenzene (IBEB) when they are confined inside zeolites relative to gas phase
are also presented.

The effect of the chemical composition on the acidity is studied by isomorphous
substitution of Si by trivalent atoms such as Al, Ga and B using ab initio calculations. The
local softness decreases in the order: (Al, Si) > (Ga, Si) > (B, Si) when they are
isomorphously substituted for Si in the framework. The softness of the acid site plays an
important role in catalytic activity especially for orbital-controlled reactions. The catalytic
implications of the changes in the softness of various sites in zeolites have been brought
out from results of quantum chemical calculations. The local softness values for various

atoms in IBB are useful to understand the selectivity in its ethylation reaction.
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1. INTRODUCTION

Over the last three decades, significant advances have been made concerning: (i)
the synthesis of aluminosilicates including the isomorphous substitution of silicon or
aluminium by other elements,"” (i) tailoring the physicochemical properties of zeolites by
post-synthesis solid state treatments to enable them as host structures with characteristics,
which suit the specific requirements of each process’ and (iii) the structural
characterization of these solids by means of recently available instrumental techniques such
as solid state NMR, X-ray photoelectron spectroscopy (XPS) and both neutron and
synchrotron based diffraction.’

However, despite the considerable volume of information obtained recently and the
important catalytic role played by such isomorphously substituted zeolites, many facets of
their behavior are poorly understood. For example, regarding the acidic properties, it is
found that the intrinsic strength of the sites depends not only on the nature of atoms in next
neighbour coordination sphere but also on the crystalline structure of the zeolite.

The reactant molecules experience the influence of the strong electric fields existing
in the cavities which produce an induced polarization of the guest.é'8 Detailed maps
showing electrostatic potentials have been reported for some zeolites using cluster

models™'® and periodic Hartree-Fock models."’

It has been realized that not only ionic
interaction but covalent interactions also play an important role in some reactions catalyzed
by zeolites. The formation of activated complexes inside zeolite cages and the mechanisms
of transfer of electrons between zeolite and adsorbate could be understood only by

s . . . 12-14
invoking the above two interactions.

In the case of ethylation of aromatic molecules
with ethylene, the reactivity of aromatics as electron donors is related to the energy of their
highest occupied molecular orbital (HOMO)."*'® The higher HOMO energy of donor
aromatics when they are confined inside zeolite pores relative to gas phase, leads to higher

. . : . . 17-19
covalent interaction according to the general theory of reactivity.

According to
Pearson’s hard-soft acid-base (HSAB) principle, the feasibility of electron transfer can be
described within a perturbational semi-empirical approach. The feasibility of electron
transfer is inveréely proportional to the HOMO-LUMO energy gap between the electron

18
donor and acceptor.
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In a different approach using density functional theory, the feasibility of electron
transfer between donor and acceptor is inversely proportional to the hardness of both the

. 5 2021
molecules involved in the process.

The chemical hardness of a molecule may be
influenced even by a small difference between its LUMO and HOMO energy values. It is
expected that a decrease in the HOMO-LUMO gap will lead to softness of the molecule,
since they will undergo polarization more easily and consequently the reactivity will be
altered.

These concepts can be applied in a straightforward manner when one considers
reactions in either the gas or even liquid phase. However, when the reaction occurs in a
confined space, it has to be considered that the electronic properties of some molecules can

22

change due to confinement inside zeolite pore.” It has been shown that the change in
energy of the molecular orbitals of the confined molecules is inversely proportional to the
size of the zeolite pore.23 This effect becomes particularly important when the size of the
molecule matches the size of the pore. This electronic effect arising due to the
confinement of the molecule inside zeolite pores may be defined as ‘electron confinement
effect’. The electron confinement effect essentially affects the orbital energies of the
confined molecules and becomes more important when the pore size of the structure
decreases and when the molecular orbitals are more diffuse. For ethylene and aromatic
molecules, the HOMO energy seems to be more sensitive to the electron confinement
effect than the LUMO energy and thus a decrease in the HOMO-LUMO band gap is
expected.15

The acid strength of zeolite sites have been calculated for various cluster models to
study the influence of structure and composition on Brdnsted and Lewis acidity.“‘m
However, theoretical studies on the local hardness and softness of acid sites in zeolites are
limited. Local hardness and softness parameters have been used as descriptors of
reactivity.31 Global hardness, which is defined as the second derivative of energy with
respect to the number of particles at constant temperature and external potential and its
inverse, global softness are related to the stability of the systems.32 The affinity of two
systems to react has been proposed by Pearson.”” The principle of maximum hardness
(PMH), proposed by Parr and Pearson,”> which is rigorously proved by Parr and

Chattaraj,34 relates the stability of the systems at constant chemical potential to the
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hardness. The PMH was tested by several authors using ab initio and density functional

3537 To describe the reactivity, a local quantity namely Fukui function was

theoretic level.
first proposed by Parr and Yang.38 Local softness, which is related to the Fukui function,
through a factor of global softness, is introduced as another reactivity parameter. The local
hard-soft acid-base (HSAB) principle based on the polarizability was originally proposed
by Parr and Yang,33 and later proved by Gazquez and Mendez”® HSAB principle predicts
the reactivity centers in two reacting systems based on equal softness. Krishnamurty er
al.™® have shown the validity of local HSAB principle in cases of interaction of small
gaseous molecules with the zeolite surfaces. Fukui functions and local softness parameters
have been successfully used in various studies by Geerlings and coworkers.>"#!*
Recently, a new scheme based on the relative electrophilicity and nucleophilicity has been
proposed by Roy et al.* to explain the reactivity aspects of some carbonyl compounds
such as aldehydes and ketones.

Achieving a very high selectivity with zeolite catalysts is an essential requirement
to use them for the production fine chemicals. Although the shape selectivity is the major
controlling factor, there are several studies in literature to show that electronic factors also
play a subtle role in controlling selectivity. In this context, the aim of this work is to
calculate the change in the frontier molecular orbital energies of aromatics such as EB,
IBB, 0-, m- and p-IBEB upon confinement in the pores of mordenite. Local softness of the
ring carbons of IBB molecule is studied to predict the direction of the alkylating group.

Variation of local softness of the acidic hydrogen and the alkylating group is calculated

when the Si atom is isomorphously substituted by Al, Ga or B.

2. METHODOLOGY
2.1. Theory

The concept of HSAB was introduced by Pearson’ based on the polarization
properties of acid and base centres. There are two theoretical approaches to explain HSAB
principle.

The first was developed by Klopman45 and Salem™ simultaneously by using
second-order perturbation approximation to the molecular orbital theory. This approach

relates the HSAB principle to the frontier molecular orbital theory of Fukui ez al ™ 1t
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one considers product formed from two reactants, A and B, by the formation of a covalent
bond, one can decompose the Hamiltonian of the system into two terms. The first
describing the system composed by the noninteracting reactants and the second describing
the perturbation of each fragment by the other. Developing this in second-order
perturbation theory, Klopman obtained the expression for the change of energy during the

reaction as given in Equation 1.

2
2
[occ virt occ virt ] [icra Csb’B ab]
(1)

Tr-% % P
r S

r S s r

%9
AE = —aZb(qa +qy )’Babsab +kz<l Eokk1+

where the indexes a and b refer to the atomic orbitals of reactants A and B; & and / to the
atoms of each reactant; r and s to the molecular orbital of each reactant without interaction.
The first and second terms correspond to the first-order approximation. The first term
represents the closed shell repulsion between the occupied orbitals of each reactant. The
second term represents the coulombic interaction between the atoms of each reactant
considering them as point charges Q;. The third term is a second order approximation and
depends mainly on the energy differences between the occupied molecular orbitals of one
fragment and the virtual orbitals of the other. The chemical meaning of this term refers to
the energy related to the formation of a covalent bond and can be associated with the
hardness of the reactants.

Applying the frontier orbital theory, which says that the terms other than those with
the smallest difference (£, - E;), that is, (ELumo - Enomo) can be neglected, the energy related

to the second order can be approximaied by

2
Z( ) CmcxbﬂmJ
ab

AEP» 2 — 2
E_FE (2)

where r is HOMO of fragment A (donor) and s is LUMO of fragment B (acceptor). This
depends only on the energy difference (E, - E;), the resonance integral f» and the
coefficients C,, that correspond to the contribution of each atomic orbital to the HOMO and
LUMO, ie., to the frontier orbital density. The hardness and sofiness of a species
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(molecule or atom) can be calculated using Koopmans theorem. According to Koopmans
theorem, the frontier orbital energies are given by

IP = - Egomo

EA =-Erymo

where IP and EA are the first ionization potential and electron affinity of the species.
Following Pearson,” for a closed-shell species, the hardness parameters can be obtained
using Koopmans theorem for the eigenvalues corresponding to the highest occupied and

lowest unoccupied molecular orbitals as

1
n = 5 (ELumo — Enomo) (3)

The second approach involves the calculation of total energies of the molecule and
its monopositive and mononegative ions. From the calculated total energies one can derive
the hardness, using finite difference approximation. The global hardness is defined as the
second derivative of the energy with respect to the number of particles for a given external

potential:

3%E 3
n=(asz %ﬁ) @
v(F) v(F)

where E is the total energy, N is the number of elecirons of a chemical species and w is the

chemical potential. The corresponding global softness is expressed in terms of the inverse

of global hardness as:

2
Sziz[a fjj [ﬂ) s
n \0E” ),z \OM/),4

By applying the finite difference approximation, we get what are known as the operational

global hardness and softness as:
_IP-EA
2

S= :
IP-E4

The local softness s(7) may be defined as,

5(7) =(89 L )] @®)
v(F)

(6)

(7)

ou
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so that, IS(F)dF =S

Combining equations 8 and 5 we can write,

a0 (7) oN au
)= — J— = 7F).S = A .S 9
il ( oN jv(r—) [a“)v(f) b (aV(F)]N ?

where [ (F) is defined as the Fukui function by Parr and Yang.38 f (F) defines the

sensitivity of chemical potential to the local external perturbation at point r. From the
definition of the local softness, one can infer that local softness can also be used as
reactivity measure. Local HSAB principle states that the local softness is a better reactivity
descriptor with respect to the reaction partner. The definitions of f () and s(7) involve
derivatives of o(F) with respect to the number of electrons. A finite difference scheme
has been used to define three different types of local softness for nucleophilic, electrophilic

and radical attacks as given below:

sk*z[Qk(NO*-l)_Qk(No)]’S (10)
Sk-=[Qk(NO)—Qt(NO_1)]'S (11)
sko=%[Qk(NO+1)_Qk(NO—1)]’S (12)

whereo, (N,), 0, (N, +1) and 0, (N, —1) are the Mulliken populations on atom k in
the No, (Ng + 1) and (N - 1) electron systems, respectively.
2.2. Computational Details

The reactivity parameters used in this study include global hardness, global
softness, O—H bond length (roy) of bridging hydroxyl group, net charges (qy) of the acidic
hydrogen, ionicity |quqe|of O—H bond, local softness (sy") of acidic hydrogen and its
relative electrophilicity (sy"/sy). The quantum chemical calculations have been carried out
at the MNDO®" and ab initio Hartree-Fock®® level with different basis sets. The Hartree -
Fock calculations were carried by GAMESS package developed by Dupuis and
coworkers” in a SGI-Indy workstation. The calculation of IP and EA as the difference of
separate SCF energy values of neutral and monopositive or mononegative ions of same
cluster model is explained elsewhere.”

Cluster models of mordenite zeolite containing 118 atoms are taken for MNDO

calculations. The stoichiometry of the cluster model is HySi;;O4. Acidity of zeolite
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clusters is studied in small clusters which are represented as: H;SiO(H)TH; where T = Al,
Ga and B. The influence of zeolite composition on ethylation activity is studied in these

clusters substituting the acidic hydrogen atoms by ethyl group.

3. RESULTS AND DISCUSSION
By screening several zeolites using energy minimization calculations for the
selective production of p-IBEB, we found that mordenite is the most potential candidate
(please see Chapter 4). Hence, here we analyze the electronic confinement effect of the
reactant and product molecules inside the pores of mordenite.
3.1. Influence of Mordenite Pore on Frontier Molecular Orbitals of Guest Molecules
When studying the interaction of guest organic molecule with zeolite host, the first
aspect to be considered is the location of the guest molecule and the part of the zeolite
lattice which provides the interacting part of the whole zeolite lattice. The minimum
energy configuration of the molecules in the channel of mordenite are those obtained using

the force field energy minimization technique as discussed in Chapter 4. A cluster is

Figure 1. Cluster of mordenite terminated by hydrogens showing the position of
isobutylbenzene molecule at the minimum energy configuration as derived from force field

energy minimization calculations.
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generated to study the electronic confinement effect by MNDO calculations. This cluster
model contains in addition to the molecule, a full layer of a 12-m ring which has the
maximum interaction with the molecule and the other SiO, units which are closer to the
molecule. The unsaturated valency of silicon atoms in the 12-m ring are saturated by
attaching hydrogen atoms to them. Figure 1 shows a typical cluster model for representing
the confinement of IBB inside the 12-m ring of mordenite. The stoichiometry of the
cluster model to represent the zeolite framework is H,,Si;,O,,. Similar type of clusters are
taken for other molecules based on their minimum energy configurations. We performed
single geometry calculations for all the cluster models. The HOMO and LUMO energies
of EB, IBB, o-, m- and p-IBEB in the gas phase and when they are in their minimum

energy configuration in the pore of mordenite are given in Table 1.

Table 1. Frontier orbital energies (au) and hardness (au) of the EB, IBB, o-, m- & p-IBEB
molecules in gas phase and upon confinement inside the channel of mordenite at their

minimum energy configurations derived by force field energy minimization technique.

Molecules Gas phase Inside zeolite cavity
HOMO LUMO n HOMO LUMO n
EB -0.34054  0.00945  0.17500 -0.25638  0.07270  0.16454
IBB -0.34115  0.00911  0.17513 -0.25593  0.07250  0.16422
o-IBEB -0.33900  0.00713  0.17306 -0.26244  0.07245  0.16745
m-IBEB -0.33943  0.00717  0.17348 -0.25898  0.07232  0.16565
p-IBEB -0.33720  0.00514  0.17117 -0.26100  0.07200  0.16650

The results show the effect of the confinement on the frontier orbitals of the
molecules when they are inside the pores of mordenite. It is seen from Table 1 that both
HOMO and LUMO energies of confined molecules increase with respect to the values
obtained in the gas phase. However, the HOMO energy values are more sensitive than the
LUMO energy values. Differences in HOMO energy values observed for the molecules
are large enough to expect reasonable differences in the chemical behaviour of the

molecules inside zeolite pores with respect to gas phase.
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Global hardness values calculated according to Equation 3 are also given in Table
1. The chemical hardness is a qualitative parameter to estimate the extent of the electron
confinement effect. A decrease in the hardness after confinement is seen in Table 1. In
other words softness of the molecules increases when they are inside the pores of
mordenite.

In Chapter 4, it is shown that the interaction energy becomes favourable as the
molecule approaches the walls of the zeolite. The minimum energy configuration is found
when the molecule is near the walls and the maximum energy is observed when it is at the
centre of the zeolite channel. The total energy, HOMO, LUMO energies and hardness of
IBB in gas phase as well as at minimum and maximum energy configurations obtained
from force field energy minimization calculation are shown in Table 2. It is seen from
Table 2 that when the molecule moves more close to the walls of the zeolite, the HOMO
energy increases with respect to the gas phase molecule. The LUMO energy also
experiences a slight increase when the molecule moves from the center of the channel
towards the walls of the zeolite. The energy difference between the minimum and
maximum energy configuration calculated using MNDO quantum chemical method is
24.16 kJ/mol. From force field energy minimization calculations this energy was found to
be 10.13 kJ/mol. The difference in energy obtained by quantum chemical calculation and

energy minimization may be due to the artifact of the cluster model.

Table 2. Total energy, HOMO, LUMO and hardness of IBB in the gas phase and at

minimum and maximum energy configurations inside the 12-m channel of mordenite.

Gas phase Inside the pore of mordenite
Maximum energy Minimum energy
Total energy (au) -54.28916 -681.85489 -681.86409
HOMO (au) -0.34115 -0.26478 -0.25593
LUMO (au) 0.00911 0.07188 0.07250
Hardness, 1) (au) 0.17513 0.16833 0.16422




3.2. Influence of Chemical Composition on Acidity

The cluster models chosen to study the influence of isomorphous substitution of Al,
Ga or B in place of Si is shown in Figure 2. The zeolite cluster models
H,;Si—O(H)—AIH;, H;Si—O(H)—GaH; and H;Si—O(H)—BH; are denoted by (Al, Si),
(Ga, Si) and (B, Si) respectively. Si—O—T bridge is bonded to hydrogen atoms to fix the
boundary conditions. The Si—H and T—H distances are fixed as 1.5 A with the H atoms
lying along the vectors, Si—O and T—O, respectively. The initial geometry of these
cluster models are derived from the crystal structure reported for the faujasite lattice.™
However, to make it a general utility for all zeolites, the geometry of all the atoms in these
cluster models are optimized (fully optimized cluster). Trial calculations are also carried
out for the initial geometry (rigid cluster). Calculations are performed for the geometry
where peripheral hydrogen atoms are held fixed and only the geometry of central atoms are
optimized (partially optimized cluster). The exact prediction of the acid strength of these

55-57
are used as

isomorphously substituted zeolite observed in the experimental studies
criteria to fix these calculation parameters. Experimentally the acid strength in substituted
zeolites are found to be decreasing in the order (Al, Si) > (Ga, Si) > (B, Si). Although a
larger cluster model is desired, we observed that the cluster models where the T atoms are
terminated by -OH groups, are unsuitable to analyze the HSAB results. The oxygen atoms
bridging a T and H (T—O—H) have larger electronegativity than the oxygen atoms
bridging two Ts (T—O—T). Due to the unrealistic electrostatic potential created by O in
T—O—H in the vicinity of Brénsted acid sites, these cluster models become unsuitable.
The electronic structures are calculated for the neutral, anionic and cationic cluster models.
The global softness of the cluster models and the local softness on the acidic sites are
computed according to the Equations 7 and 10 respectively.
3.2.1. Calculations with 3-21G Basis Set

Table 3 shows the reactivity parameters of the fully optimized zeolite cluster
models calculated using 3-21G basis set. These parameters are given only for the bridging
H atoms obtained through both the Mulliken and Lowdin population analysis. The values
of the charge on the bridging H atom, qy, indicate that the acidity decreases in the order
(Al, Si) > (Ga, Si) > ( B, Si). The values of the OH bond length, roy, which is an

indication of the strength of the bond and therefore the acidity of the hydroxyl group are
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also in perfect agreement with experimental data.’® The same conclusions are arrived

when considering |quqq |, which is a measure of the ionicity of the OH bond.

Si
Al
(a)
Si
Ga
(b)
Si
B
(c)
O oOxygen
¢ Hydrogen

Figure 2. The geometry of the cluster model: H;SiO(H)TH; (where T = Al, Ga or B) used
to study the influence of chemical composition on the acidic properties. The geometry is
fully optimised using 3-21G and DZV basis sets. The properties calculated for these

cluster models are given in Tables 3 and 5.
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Table 3. Calculated values of the reactivity parameters (au) of the bridging hydroxyl group

for the fully optimized cluster models using 3-21G basis set

Cluster 1oy Mulliken ' Lowdin

Ay lanol i Su /sy A lanQol  su' Sy /sy

(Al, Si) 0.966 0.4706 0.4393 0.1857 3.5427 0.3250 0.1740 0.1394 3.9462
(Ga, Si)  0.965 0.4691 0.4343 0.1649 2.9268 0.3226 0.1726 0.1322 3.4324
(B,Si)  0.963 0.4666 0.4032 0.1796 2.0205 0.3225 0.1396 0.1291 2.1126

However, local softness (sy") values calculated using Mulliken population are in
the order: (Al, Si) > (B, Si) > (Ga, Si), which is not in agreement with experiments. The
explanation for the less accurate description of the acidity by the local softness may be due
to its dependence on basis sets. Cluster model may also have effect on local softness. It is
interesting to see that the local softness values (sy") calculated using Lowdin population
follow the experimental trend. Thus sy~ (or sy) values are strongly influenced by basis set
and/or cluster models. However, the ratio (sy'/sy), which involves two differences of
electron densities of systems differing by one in their number of electrons at constant
nuclear framework, is expected to be less sensitive to the basis set and/or cluster model.
The bridging H atom having the highest sy*/sy” value is the most acidic proton. The sy"/sy’
values for all the three clusters are presented in Table 3. It is seen that the new parameter,
the relative electrophilicity (sy /sy) is good indicator of acidity. The sy /sy values are
larger for the systems with higher acidity.

The fully optimized disiloxane analogs, H;S+—O(H)—THj (T = Al, Ga, B), do not
belong to any particular type of zeolite. We imposed little constraints in the cluster models
to mimic experimental geometry. The H—T—H (T = Si, Al, Ga, B) angles are held fixed
at their crystallographically determined geometry and only the central part of the cluster is
optimized which is reasonable to take care the geometry distortions due to isomorphous
substitution of Si by other trivalent cations. The reactivity parameters for these clusters are
given in Table 4. All the reactivity parameters calculated using Mulliken population
analysis are in agreement with acidity trends in contrast to previous case. The ionicity of
the OH bond, |quqol, local softness, sy, and relative electrophilicity, sy'/sy values

calculated by Lowdin population analysis are also in agreement with experimental acidity

102



trend. The charges on acidic hydrogen, qy, calculated from Mulliken or Lowdin
population do or do not follow the experimental acidity trend. Even in cases where they
follow experimental acidity their numerical values show minor variation. Hence, it may be

concluded that sy /sy is a more reliable parameter to predict acidity.

Table 4. Calculated values of the reactivity parameters in au of the bridging hydroxyl

group for the partially optimized cluster models using 3-21G basis set

Cluster 1oy Mulliken Lowdin

(A) qu lqudo! su” Su /Sy Qu |quqo | SH+ Su /sy

(AL, Si) 0.968 0.4861 0.4597 0.2594 4.6712 0.3361 0.1779 0.1886 5.0196
(Ga, Si) 0.966 0.4854 0.4549 0.2373 4.1611 0.3340 0.1759 0.1792 4.5636
(B,Si)  0.963 0.4813 0.4169 0.2322 2.2952 0.3351 0.1393 0.1622 2.2771

3.2.2. Calculations with DZV Basis Set

We used a larger basis set namely DZV basis and calculated the reactivity
parameters mentioned above. These values, calculated by both Mulliken and Lowdin
population analysis for fully optimized cluster are given in Table 5. The calculated rqy,
lqudo!, sy, and sy /sy are in good agreement with the experimental values; however, the
qy values for (B, Si) cluster calculated by Lowdin population is larger than (Ga, Si) cluster.
The same trend is observed in the rigid cluster models using DZV basis set as shown in
Table 6. Hence, it can be concluded that when larger basis sets are used the local softness

and relative electrophilicity are reliable parameters to describe the acidity.

Table 5. Calculated values of the reactivity parameters in atomic units (au) of the bridging

hydroxyl group for the optimized models using DZV basis set

Cluster 1oy Mulliken Lowdin

(A) du lqudo! su” Su/Su Qu lqugol sy’ Sy /sy

(Al, Si)  0.953 0.4969 0.5698 0.2317 3.8471 0.3653 0.2919 0.1481 4.7210
(Ga, Si) 0.952 0.4891 0.5436 0.2064 2.9183 0.3625 0.2856 0.1369 3.6342
(B,Si) 0.949 0.4874 0.4945 0.1981 2.2639 0.3642 0.2528 0.1197 2.4496
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Table 6. Calculated values of the reactivity parameters in atomic units (au) of the bridging

hydroxyl group for the rigid models using DZV basis set

Cluster 1oy Mulliken Lowdin

¥ ¥

(A) qu lquqo! su 5H+/5H> qu lqudo! s SH+/SH.

(Al, Si) 0.955 0.5129 0.5967 0.3534 5.4834 0.3762 0.2974 0.2209 6.3598
(Ga, Si) 0.953 0.5041 0.5680 0.3265 4.7431 0.3718 0.2882 0.2061 5.4333
(B,Si)  0.950 0.5039 0.5053 0.2788 3.1725 0.3753 0.2466 0.1620 3.1851

3.3. Influence of Chemical Composition on Ethylation Activity

Quantum chemical calculations are also carried out on the isobutylbenzene (IBB)
molecule in order to understand the position (o-, m- or p) where ethylation occurs in this
molecule and the results are given in Table 7. It is observed that the local softness values
at various carbon atoms of IBB are in the order: para > ortho > meta positions. The net
charges calculated indicate that nucleophilic attack will take place in the order: ortho >
para > meta. Hence a proton or an alkylating agent is expected to produce more ortho
isomer. However, based on the local softness values, an alkylating agent with higher

softness value is expected to attack the para position.

Table 7. The electronic properties in atomic units (au) of the fully optimized

isobutylbenzene (IBB) molecule.

Molecule Total Global Mulliken charges Local softness
energy softness 0-C m-C p-C 0-C m-C p-C
IBB -386.7332 2.5218 -0.3183 -0.1924 -0.2189 0.1189 0.0433 0.3841

The formation of surface alkoxy groups due to the activation of alcohols are an
established fact in the literature.”>>’ Quantum chemical cluster calculations in the
literature also have indicated the formation of surface alkoxy groups on the Bronsted acid
sites.® Hence we carried out calculations on the cluster models shown in Figure 3 in order
to understand the ethylation capability of zeolites with different chemical composition.
The results of the calculations are given in Table 8. Thus the alkylating agent is modeled

by replacing the acidic hydrogen by an ethyl group. The zeolitic O—C, of C;Hs group
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Figure 3. The geometry of the cluster model used to study the alkylating agent, namely the

surface ethoxy group; T = Al, Ga or B. The proton at the Bronsted acid site is replaced by

the ethyl group. The calculated electronic properties are given in Table 8.

Table 8. The electronic properties of fully optimized (with ro.c =1.8 A) H;Si(OC,Hs)TH;,

(where T = Al, Ga or B) cluster models.

Cluster Mulliken charges l ' Io_c.yg. Global  Group
‘quCZHsl % 8 softness
models 0 qc2 qe qc,. (A) softness s, +
SiALEt -1.1970 -0.4897 0.0529 0.6144 0.7355 1.80 2.6270  1.9746
SiGa:Et -1.1434 -0.4894 0.0535 0.5955 0.6809 1.80 2.6000 1.9137
SiB:Et  -1.0136 -0.4939 0.0694 0.6012 0.6094 1.80 2.4548 1.8474

distance is fixed at 1.8 A and the geometry of all the other atoms in the cluster model,

shown in Figure 3 are optimized. The global softness values and ionicity of O—C,Hj;

bond are found to follow the trend of the acid strength of these zeolites.

softness of the -C,Hs group shows clear dependence on the chemical composition.

The group

The
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global softness are in the order of (SiAl:Et) > (SiGa:Et) > (SiB:Et). But the group charge
of -C,Hs group does not follow the trend. Thus group softness is found to be a better
parameter than group charges to understand reactivity. In this work we have studied the
isomorphous substitution of Al by other trivalent elements. It is also possible to study
reactivity in terms of global, group and local softness for bigger clusters by varying the

Si/Al ratio.

4. CONCLUSIONS

The electron confinement effect for organic molecules have been calculated by
confining the molecules into all silica clusters of mordenite. The increase in HOMO
energy is found to be higher as the molecule occupies sites nearer to the wall of zeolite.
The HOMO energy value and HOMO-LUMO band gap, point to the fact that IBB
molecule becomes softer after confinement in the microporous environment of mordenite
and this will alter the reactivity of this molecule in zeolite catalyzed reactions.

In this study, we also show that Pearson acidity based on HSAB principle is an
important parameter to describe the acidity and selectivity. Local softness, a parameter to
quantify Pearson acidity is derivable from quantum chemical calculations. The influence
of chemical composition explored in this study indicates that it is possible to optimize the
catalytic activity and selectivity by controlling both acid strength and acid softness. It is
found that ‘relative electrophilicity’ (defined as sy"/sy) emerges as a better parameter to

study the acidity and reactivity in ethylation reaction.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

In this thesis, several molecular modeling techniques have been systematically used to
design suitable zeolite catalysts for the synthesis of fine chemicals. Alkylation of aromatic
compounds is a crucial step in the synthesis of several fine chemicals. Although alkylation of
aromatics is commonly carried out over zeolites, the selection of a particular zeolite is rather
by chemical intuition. We have used standard but sound theory-based molecular modeling
techniques. The specific information that could be generated by each of these techniques has
been derived and then they are put together to arrive at the whole picture.

A logical route to design zeolite catalysts has been devised based on the molecular
modeling technique. The procedure starts with the crystal structure of zeolites and the
chemical formula of the aromatic molecules, proceeds in several steps and finally, the suitable
shape selective catalyst is suggested as shown in Figures 1-3. We have studied the selective
synthesis of 4,4-DIBP, which is an intermediate in the synthesis of polymer useful for liquid
crystal display application.' In this case, several zeolites have been experimentally tested.” The
prediction by our molecular modeling technique that ZSM-12 (MTW) will be a suitable
catalyst is in good agreement with the experimental findings.” p-IBEB is the key intermediate
in the synthesis of the analgesic drug - ibuprofen.' The conventional synthesis route for p-
IBEB using Friedel-Crafts catalysts lead to low selectivity (17.6%)° whereas Tokumoto et al.’
have claimed to achieve better selectivity (43%) using a HY zeolite catalyst. However, this
reaction has not been studied over other zeolites. Hence, the studies on the selective synthesis
of p-IBEB over several zeolites described in this study is a ‘de Nova’ attempt. The
computational route to logical design of shape selective zeolite for the production of p-IBEB is
the main content of this thesis.

The first step in the procedure involves the screening of several zeolites to choose the
zeolites which pass the test of structural fitting. The sequence of operations is shown in Figure

I. For p-IBEB, it is observed that small and medium pore zeolites are not suitable. Among the
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Zeolite crystal structure Chemical formula of the molecule

Molecular graphics Molecular graphics
Zeolite lattice Approximate structure

Molecular graphics Energy minimization

1) Pore dimensions 1) Accurate structure

2) Pore architecture 2) conformational flexibility

1) Shape of the molecule

2) Dimension of the molecule

Molecular graphics

Structural fitting of the molecules in zeolites

Figure 1. The first step in the screening of zeolite catalysts for shape selective reactions.
twenty large pore zeolites, aluminophosphate frameworks, natural minerals and those with

more than one polymorphic structure are not considered in this study. Thus seven large pore

zeolites are screened out for further quantitative analysis. Several adsorption sites for the
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molecules inside zeolites are deduced by a ‘hybrid method’ as shown in Figure 2. Finally, the

steps involved in studying the diffusion characteristics are shown in Figure 3. MD and QC

calculations are used to gain better understanding on the adsorption, dynamics and reaction

Guest molecule

High temperature MD

All possible conformations

for the molecule

Zeolite lattice

Monte Carlo docking

Adsorption locations inside zeolite for all
the conformations of the molecule,

generated by MD method

Energy minimization

1) Adsorption sites
2) Information to fix the diffusion path

Figure 2. Locating the adsorption sites and predicting the diffusivity by a hybrid method.



Zeolite lattice

Molecular graphics

Fix the diffusion path Different isomers of the guest molecule

Forced diffusion and energy

minimization

Diffusion energy profile
Diffusion energy barriers

Shape selectivity

Figure 3. Methodology to predict the shape selective efficiency of zeolites, by calculating the
diffusion energy barrier.

mechanism. The details of work and the subsequent outcome from each chapter are given in
the following section.

In Chapter 1, we present a general overview of zeolites tracing their development as
shape selective catalysts since their discovery in 1756. The scope of the thesis is briefly
presented. The theory of several molecular modeling methods adopted in this thesis are
detailed under the title - basics of simulation methods. The methods described include force
field energy minimization, Monte Carlo, molecular dynamics, quantum chemical calculations
and molecular graphics.

Chapter 2 describes the application of molecular graphics and structural fitting of

aromatics in large pore zeolites. The usefulness of deriving several informations from this
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technique is described. The application of molecular graphics to analyse the results of detailed
calculations by other molecular modeling methods is also brought out.

Chapter 3 describes a ‘hybrid method” which combines molecular dynamics, Monte
Carlo and energy minimization methods to locate the energetically favourable adsorption sites
for the guest molecules. Such calculations are performed to locate the isomers of DIBP in
three large pore zeolites and the isomers of IBEB in several large pore zeolites. The ratio of
mean/minimum energy is used to predict the diffusivity of these molecules qualitatively.

Chapter 4 uses the information derived from Chapter 3 on adsorption sites, to fix the
diffusion path for the molecules. The diffusion of isomers of DIBP is studied in LTL, MOR
and MTW using energy minimization technique. The diffusion energy barriers are calculated
from the energy profile plot obtained by plotting interaction energy versus the distance
travelled by the molecule. Similarly, the diffusion of isomers of IBEB is studied in seven large
pore zeolites. The diffusion constraint being the main cause of the shape selectivity, the
efficiency of these zeolites for the shape selective production of the required isomers are
predicted. Additionally, the interaction between the zeolite host and the guest molecules are
understood at an atomic level. The influence of pore architecture on the diffusion
characteristics of the molecules is also brought out.

Chapter 5 describes the application of MD method to study the diffusion behaviour of
p-, m- and o-IBEB inside MOR. The results of these calculations validate the conclusions
derived in the earlier chapters. The diffusivity of the molecules are calculated and reported.
Further, the dynamics of the molecules and the structural details are brought out from the MD
calculations carried out at 298 K.

In Chapter 6, quantum chemical calculations are used to study the electronic
interactions using the cluster approach. Fairly large cluster models have been generated to
represent the adsorption site in MOR. Then, the interaction of guest molecules with the host
zeolite cluster is studied by semi-empirical MNDO method. The variation in the reactivity of
the molecules due to their confinement in the micropores of zeolites is brought out from the
changes in HOMO value and HOMO-LUMO band gap. Pearson acidity based on Hard-Soft
Acid-Base principle is demonstrated as a reliable parameter to describe acidity and it could be

calculated by cluster approach. Further, relative electrophilicity derived from the local softness
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values is brought out as an indication of reactivity, considering ethylation as the typical

reaction.

While the present chapter (Chapter 7) provides the overall summary and conclusions of

this thesis, the specific conclusions derived from each chapter is summarised at the end of

those chapters. In general, it is seen that the combination of several methods is necessary for

obtaining an accurate and reliable information about the adsorption sites and selectivity of

zeolites.
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