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Abstract

The development of new catalysts is a key objective for a cleaner and 

sustainable chemistry. Two important families of catalysts coexist nowadays. Metal 

clusters with variable number of atoms and zeolites with a flexible framework, 

reaching high activity and selectivity for a large class of chemical reactions, finely 

tunable by phase transitions and doping, respectively. The structure of the catalyst 

itself can be studied by a variety of spectroscopic and crystallographic techniques. 

The surface of the solid presents a variety of sites, including defects such as steps 

with variable coordination for the active element. Moreover, the nature of the surface 

can change upon the reaction conditions, and its structure is more difficult to 

characterize from microscopy and spectroscopy. The determination of the active site 

is hence a challenge, and most probably several possible ab initio methods based on 

Quantum-chemistry and thermodynamics are helpful tool to extract necessary 

information on them.

Thus, the main motivation of this thesis is to use a computational approach to 

model two classes of catalytic materials, zeolites and metal clusters, to understand the 

reactivity related to their unique structural features. In the thesis, we will be 

specifically studying beta zeolite doped with tetravalent Sn and Ti atoms. The Sn-

and/or Ti-BEA presents new promising mechanisms in various oxidation and 

reduction reactions enhancing industrial applications, yet their several structural and 

electronic properties are inaccessible through experiments. Motivated by this 

problem, we try to resolve some of the loop holes of the structural differences and 

connect it to reactivity. To the other end, in the thesis, we have performed DFT based 

calculations to study theoretically the ground state structure, electronic structure and  

chemical bonding of Al clusters with N2 molecule. This study is extrapolated to 

thermodynamics using AIMD technique to understand the chemisorption of N2 on Al 

clusters.

The organization of the thesis will be as follows:



xi

Chapter 1 Introduction

In Chapter 1 we will begin by giving a brief introduction to general definition of 
catalyst and general terms related to it, such as energetics, type of catalysts, their 
advantages and applications. Thereafter in next section, we will focus on the zeolites, 
describing the enhancement of their catalytic properties by doping. This will be 
followed by providing a brief discussion on the recent experimental and theoretical 
research advances. In last section, we describe the peculiar surprises of metal cluster 
resulting in their stability and size sensitivity. Similarly, the enhancement of metal 
clusters by melting is discussed with several examples in the proceeding section.  In 
addition at the end we will review selected metal cluster reports including Al clusters. 
We will end the chapter by describing the motivation behind the research carried out 
and by presenting an outline of the thesis.

Chapter 2 Theoretical background

In Chapter 2 we will present an outline of the theoretical framework behind the 
methodology used in the most part of the work presented in the thesis. We will begin 
with a brief introduction to the many-body problem by talking about the Hartree 
approximation, the Hartree-Fock (HF) approximation, and the methods which go 
beyond HF. This will be followed by a discussion on the use of density functional 
theory (DFT) as an alternative route for performing such calculations. Next a 
description of the concepts of molecular dynamics and ab initio molecular dynamics 
will be given. We will also explain and compare the ideas and algorithms behind 
Born-Oppenheimer molecular dynamics and Car-Parrinello molecular dynamics. 
Lastly, we will illuminate on the implementation of the plane wave-pseudopotential 
molecular dynamics method in the program package of VASP for performing solid-
state calculations. Several descriptors, FF, ELF, FMO, RMS and MSD used to 
discuss the reactivity are also shortly elaborated.

Chapter 3 Properties of Sn-BEA Vs. Ti-BEA

Periodic density functional theory has been employed to characterize the differences 
in the structural, Lewis acidic and hydrophilic properties of Sn-BEA and Ti-BEA. We 
show that the incorporation of Sn increases the Lewis acidity of BEA compared to the 
incorporation of Ti. Hence, the present work gives insight into the role of Sn in 
increasing the efficiency of the oxidation reactions. The results also justify that the 
percentage of Sn substituted in BEA is less than Ti. The structural analysis shows that 
the first coordination shell of Sn is larger than that of Ti. However, the second 
coordination of both sites remains the same. The water adsorption properties of these 
substituted zeolites are quantified. Moreover, we explain the higher Lewis acidity of 
Sn than the Ti site on the basis of the Fukui functions and charge population analysis.

Chapter 4 Role of plane wave cut-off in structural and energy convergence



xii

Periodic systems are best described by the pseudo-potential methods. However, the 
accuracy of its description depends on the cut-off of plane wave basis. This is much 
more critical in the case of weak interactions, where a clear understanding on the 
influence of plane wave cut-off on the structural and electronic properties is not 
readily available in the literature. In the present work, we have taken a metal 
substituted beta zeolite–H2O complex for understanding this objective. Our studies 
show that while a lower cut-off of 500 eV is sufficient for the convergence of the 
structural parameters, description of energy-dependent properties necessitates a high 
cut-off value.

Chapter 5 Probing Lewis Acidity of Sn- and Ti-BEA using industrially 
important ligands

The Lewis acidic nature and reactivity of two industrially important catalysts, viz., Sn 
and Ti substituted beta zeolite (T-BEA) are analyzed using a unique combination of 
structural parameters, energetics and reactivity descriptors. To achieve this purpose, 
we adsorb the industrially important moieties (L) namely NH3, H2O, CH3OH, CH3CN 
on the active sites of T-BEA. The analysis of the structural properties of these 
complexes reveals that TO4 shows typical characteristic splitting 120°/90°, close to 
bipyramidal geometry as compared to tetrahedral symmetry observed in the bare T-
BEA. This is associated with small variations in the framework bond lengths (≥ 0.08 
Å) and a substantially large variation of bond angles (≤ 10˚) in all the ligand-zeolite 
complexes. Further in both cases of Sn and Ti substituted beta zeolite, ligand interacts 
at optimum inter-atomic bond distance. Our interaction energies show that adsorption 
of all ligand moieties is stronger at Sn center than that of Ti. In general, the order of 
stability of the different T-BEA adducts is NH3>H2O>CH3OH>CH3CN. The ligand 
interaction is associated with the corresponding bond elongation and bond reduction 
of the adsorbed molecules on catalyst active site, which can be taken as measure of 
red or blue shifted frequencies. Finally, the global descriptors of reactivity justify the 
fact that soft acid, Sn-BEA, interacts strongly with soft bases following the Pearson's 
HSAB principle. However, hard acid, Ti-BEA interacts with soft bases to form a 
stable Lewis adduct. Furthermore, the HOMO-LUMO gap of all Sn-BEA--L adducts 
is lower than that of Ti-BEA--L adducts indicating to its higher Lewis acidic nature 
compared to Ti-BEA.

Chapter 6 Role of Structure and Bonding of Al Clusters in the adsorption of N2

Reactivity of Aluminum Clusters has been found to exhibit size sensitive variations. 
This work is motivated by a recent report predicting higher reactivity of melted 
Aluminum clusters towards the N2 molecule as compared to the non-melted Al 
clusters. We attempt to understand the underlying electronic and structural factors 
influencing the adsorption of N2 molecule (a prerequisite for the reactivity) on ground 
state geometry (a non-melted structure) of various Al clusters. The results show that 
the adsorption energy is of the order of 8-10 kcal/mol and does not vary with respect 
to the cluster size and the electronic properties of the ground state geometry. The 
structural and electronic properties of high energy conformations of Al clusters (a 
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melted cluster) are also analyzed to explain their higher reactivity towards N2

molecule.

Chapter 7 Thermodynamic study describing chemisorption of N2

In this chapter, we address the dynamic interactions of N2 with Al13 clusters at Room 
Temperature (RT). For this study, we obtain the high energy conformation (melted 
structures) of Al13 cluster from the high temperature simulations. The phase transition 
of the Al13 clusters over all temperatures is verified using MSD and RMS-BLF 
descriptors. Similarly, we address the phase transition of Al100 cluster over three 
different temperatures. The results clearly show that the melted structure forms Aln--
N2 cluster with more ease compared to non-melted structure. In addition, finite 
temperature simulation suggests the multiple Al-N bond formation which is not 
clearly seen from static calculations [chapter 6]. For understanding the interaction 
strength of N2, This outcome is supported with various structural properties such as 
average bond lengths and average interaction energies.
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CHAPTER 1

Introduction

"Everything's got a moral, if only you can find it."

-Lewis Caroll (Alice in Wonderland)

In the 20th century, advances in chemical sciences changed our lives. It has 

shaped our modern technological society by supplying us with energy, medicines, 

crop protection, foodstuffs, and new materials worldwide. Unfortunately, even though 

chemistry is the science with the highest impact on our everyday lives, chemicals and 

the chemical industry have a poor public image. This is partly due to hazardous and 

polluting nature of traditional chemical processes. Today, the escalating costs of 

petrochemicals, and the increasing energy and raw material demands in Asian 

emerging markets, are forcing a change. Two popular terms associated with this 

change are sustainability, or sustainable development. A sustainable society is one 

that meets the needs of the current generation without sacrificing the ability to meet 

the needs of future generations. Sustainable development can be reached using the

strategic goals, the practical approaches, and the operational and monitoring tools. 

For example, if you use less or no solvent, and replace stoichiometric reagents with 
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catalytic cycles, reactor space–time yields go up [1]. 

To achieve this objective, research into catalytic materials is developing 

rapidly, so as to elucidate their fundamental properties for synthesizing specifically-

tailored materials for various applications. In addition, finding new applications such 

as providing environment friendly process using the existing knowledge about these 

important and remarkable materials is a ongoing research problem. As pressure 

increases on the World's finite and dwindling supplies of hydrocarbons, obtained 

mainly from crude oil developments, the use of zeolites and metal clusters as 

catalysts to render known hydrocarbon cracking and oxidation chemistry is more 

efficient. Designing such materials requires invention, experiment-ation, and 

developing an understanding of the fundamentals of their structure, bonding and 

reactivity. Advances in theoretical methods are likely to play an increasing role in 

predicting the features and synthetic viability of modified and novel catalyst 

structures.

In this chapter we begin by giving a brief introduction to definition of catalyst, 

type of catalysts and the general overview on the use of these materials as the novel 

catalyst including their advantages and applications, in Section 1.1. The detail 

discussion associated with zeolite and recent advances in their application is done in 

Section 1.2. In Section 1.3 we discuss a selected interesting metal cluster materials 

and their catalytic potential. We end the chapter by describing the motivation behind 

the research carried out herein and by presenting an outline of this thesis in Section 

1.4.
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1.1 General Overview

Catalyst is a substance that can cause a change in the rate of a chemical reaction 

without itself being consumed in the reaction; the changing of the reaction rate by use 

of a catalyst is called catalysis. Substances which increase the rate of reaction are 

called positive catalysts or, simply, catalysts, while substances which decrease the 

rate of reaction are called negative catalysts or inhibitors. 

1.1.1 Catalysts and reaction energetics

One of the high impact industrial applications of catalyst is lowering the hard 

conditions of reaction processes. Catalysts enable reactions to occur much faster or at 

lower temperatures by providing an alternative pathway of lower activation energy 

for a reaction. This is done by inducing some changes in reactants while the catalyst 

remains chemically unchanged. This can be observed on a Boltzmann distribution and 

energy profile diagram, Figure 1.1. 

Figure 1.1: Energy profiles highlighting role played by catalyst

In short, catalysts reduce the amount of energy needed to start and complete a 
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chemical reaction. Molecules that would not have had the energy to react or have low 

energies so that they probably would have taken a long time to react are able to react 

in the presence of a catalyst. As the catalyst is not consumed in the process, each 

catalyst molecule can participate in many consecutive cycles, so we need only a small 

amount of catalyst relative to the substrate. The substrate/catalyst ratio reflects the 

catalyst's efficiency, which is measured in terms of turnover number.

1.1.2 Types of catalysts

Catalysts are divided into two main types - heterogeneous and homogeneous. 

Heterogeneous catalysts are present in a different phase from that of the reactants 

(e.g. a solid catalyst in a liquid reaction mixture), whereas homogenous catalysts are 

in the same phase (e.g. a dissolved catalyst in a liquid reaction mixture). This 

difference is clearly brought out in Figure 1.2. 

Figure 1.2: Phase distinguish as in Hetero- and Homogeneous catalyst  

A simple model for heterogeneous catalysis involves the catalyst providing a 

surface on which the reactants are temporarily adsorbed. For example, in Haber 

process (which is used to manufacture ammonia), finely divided iron acts as a 

heterogeneous catalyst. The active site in the metal participates in partial weak 
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bonding with the reactant gases. As a result, the bonds within the reactant are

weakened and are held in close proximity to each other (see Figure 1.3). In this way 

the particularly strong triple bond in nitrogen is weakened. Following this, hydrogen 

and nitrogen atoms are brought closer than would be the case in the gas phase, thus 

the rate of reaction increases. Turn Over Number (TON) and Turn Over Frequency 

(TOF) per active site, or per gram catalyst are the important terms in heterogeneous 

catalysis. This is because one does not know exactly how many active sites are on the 

surface. Other such commonly used heterogeneous catalysts include vanadium oxide 

in the contact process, nickel surface in the manufacture of margarine, alumina and 

silica in the cracking of alkanes and platinum rhodium palladium surfaces as catalytic 

converters in car engines. 

Figure 1.3: NH3 synthesis over Heterogeneous Metal surface 
catalyst  

A typical example of homogeneous catalysts (see Figure 1.4) are H+(aq) 

(which acts as a catalyst in esterification) and chlorine free radicals (in the breakdown

of ozone). Chlorine free radicals are formed by the action of ultraviolet radiation on 

chlorofluorocarbons (CFCs). They react with ozone forming oxygen molecules and 

regenerating chlorine free radicals as follows:

Cl(.) + O(3) → ClO(.) + O(2)

ClO(.) + O → Cl(.) + O(2)

Homogenous catalysts generally react with one or more reactants to form a chemical 

intermediate that reacts to form the final reaction product, in the process regenerating 
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the catalyst. Following is a typical reaction scheme, where C represents the catalyst:

A + C → AC (1) B + AC → AB + C (2) 

                       
Cl(.)

Figure 1.4: Homogeneous Acid catalysts 

In homogeneous catalysis, the TON is the number of cycles that a catalyst can run 

through before it deactivates, i.e., the number of A molecules that one molecule of 

catalyst can convert into B molecules. The TOF is simply TON/time, i.e., the number 

of A molecules that one molecule of catalyst can convert into B molecules in one 

second, minute, or hour. Thus, the catalyst opens a selective route to the desired 

product. There are various kinds of product selectivity. 

1.1.3 Applications, Advantages and Disadvantages

There are many different catalyst compounds (Figure 1.5). They range from the 

proton, H+, through Lewis acids, organo-metallic complexes, organic and inorganic 

polymers, all the way to enzymes. However, their application is based on the type of 

reaction to be catalyzed.

The main categories of reactions catalyzed by homogeneous catalysts are: 

dissociation and coordination; oxidative addition; reductive elimination; insertion and 

migration; de-insertion and β-elimination; and nucleophilic attack on a coordinated 

substrate. Many homogeneous catalysts are based on a (transition) metal atom that is 

stabilized by a ligand or simply called as organo-metallic complexes. The ligand is 

usually an organic molecule that attaches to the metal atom. The main advantage of 

an organo-metallic homogeneous catalyst is the tunability of catalyst's property by 

changing this ligand. Selecting the right metal and the right ligand can improve the 

catalyst's activity, selectivity, and stability. The most commonly used homogeneous 

organo-metallic compounds as catalyst include Rh[P(Ph)3]3Cl, Cr(CO)6,
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IrCl(CO)[P(C6H5)3]2, Ti(OiPr)4, Cu(OTf)2 , Ni[P(Ph)3]3, DIOP, BINAP, dpp-benzene, 

Xantphos,  Ni(CO)4 and many more. 

Figure 1.5: Different classic Catalysts

Apart from this some species without metal co-ordination helps to speed up 

various organic reactions. This typically points the classic acid/base catalysis simply 

by H+ and OH-. Examples include aldol reactions, esterifications and trans-

esterifications, and synthesis of nitroaromatics such as 2-methyl-1, 3, 5-

trinitrobenzene. Brønsted acids catalyze reactions by protonating nucleophilic sites 

such as lone pairs on O or N atoms or alkene pi-bonds. Organocatalysis is a subtype 

of acid catalysis. The catalysts are small organic molecules, predominantly composed 

of C, H, O, N, S, and P atoms. These molecules are often Lewis acids or bases. 

Organocatalysts display several advantages over organometallic complexes: They are 

typically inexpensive, readily available, and many of them are air-and water-stable. 

The fact that they contain no metals is an advantage in itself: There is no need for 

metal separation and recovery at the end of the reaction. Moreover, organocatalysts 
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are usually much less toxic than their organo-metallic counterparts. The typical 

examples of organocatalysts are piperidine praline, Cinchona alkaloid.

Significantly, two of the seven Nobel Prizes in chemistry given this century 

were awarded for achievements in homogeneous catalysis: In 2001 William Knowles 

[2] and Ryoji Noyori [3] shared the prize with Barry Sharpless [4] for their 

contributions to asymmetric hydrogenation and oxidation catalysis, respectively. Four 

years later, Yves Chauvin [5], Robert Grubbs [6], and Richard Schrock [7] shared the 

prize for their contribution to metathesis catalysis.

The main advantage of homogeneous catalysis is the high activity and 

selectivity, which can be tuned by changing the catalyst’s molecular properties. 

Moreover, homogeneously catalyzed reactions are not hampered by surface effects, 

phase transfer limitations or mass-transfer problems. All the catalytic sites are 

accessible and every single metal atom is a potential active site. Despite these 

advantages, the main disadvantage is the problem of catalyst separation, recovery and 

recycling [8]. Most homogeneous catalysts are thermally sensitive, and decompose 

below 150◦C. Thus distillation, even at reduced pressure, will lead to catalyst 

decomposition. Low-pressure distillation is also problematic, because a catalyst 

optimized for working under the high-pressure reaction conditions may undergo 

undesirable side-reactions under reduced pressure. This often prevents their scientific 

successes from becoming commercial ones.

On the contrary, heterogeneous catalysis covers all the cases where the 

catalyst and the substrate are in different phases. However, heterogeneous catalysis, 

usually refer to a system where the catalyst is a solid and the reactants are gases or 

liquids. Most of the heterogeneous catalysis was developed for the applications in 

petrochemicals and bulk-chemicals industries. Due to reactivity and process size 

considerations, these industries favor continuous processes at high temperatures. This 

meant that working with solid catalysts and gaseous reactants was often the best 

option. Table 1.1 lists some of the common examples of heterogeneous catalysts and 

the respective industrial processes. Other common model catalyst systems include 

thin metal and oxide films [9], glassy metals [10], supported catalysts based on 
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chemical vapor deposition [11], and supported homometallic and bimetallic clusters 

and oxides [12].

Table 1.1: Examples of major industrial processes using heterogeneous catalysis

Solid catalysts are also used in clean energy applications such as fuel cells 

[13], solar energy conversion [14], and energy storage cycles [15]. The most 

preferred material for various chemical processes is the metallic surface. Another 

such recently developed noticeable catalytic materials constitute clusters of various 

metallic and non-metallic elements. The cluster size varies from few to several 

hundred atom’s combination. Experiments have demonstrated that the properties of 

clusters uniquely depend on their size and composition and that they evolve 

differently [16]. These tiny surfaces exhibit the emphatic chemical and physical 

properties. This leads to potential applications of these materials in oxidation 

chemistry. Especially the melted analogues of these clusters are helpful in bringing 

down the tedious reaction. The latter characteristic of these clusters are hence useful 

to change the traditional high temperature, pressure demanding processes in 

applications like hydrocarbon cracking, diffusion, polymerization etc. Nevertheless, 

not all heterogeneous catalysis occurs on metal surfaces. Zeolites, for example, are 

excellent solid acid catalysts. These are porous crystalline structures of metal oxides, 

often made from silicon, aluminum, and oxygen. By substituting cations in the zeolite 

framework, one can create Bronsted [30b] and/or Lewis acid sites. These highly 

crystalline materials can be synthesized to exact specifications, including the setup of 

identical active sites at uniform distances.

One important advantage of heterogeneous catalysis is the ease of catalyst 

separation. In gas/solid systems the catalyst is easily separated and cleaned, and in 
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liquid/solid systems it can be simply filtered. Such solid acids have an important 

advantage over HF, HCl, or H2SO4: They are easily isolated from the product mixture 

and require no neutralization [17]. This means no salt waste, and considering the 

enormous production volumes in the petrochemical industry, this is a big advantage 

even when the acid is used in catalytic amounts [18]. In addition these materials are 

susceptible to all temperature and pressure ranges. Only to sustain such conditions, 

specially designed equipment is needed in industrial processes. 

1.1.4 Motivation for Theoretical Investigation

At first glance, heterogeneous catalysis seems overwhelming. It is the more varied 

and the most complicated of the two catalysis sub disciplines, combining physical, 

inorganic, organic and organo-metallic chemistry, surface science, and materials 

science. From the outside, the process seems extremely simple: reactants enter the 

reactor, and products leave it. Inside, things are much more complicated: reactants 

must diffuse through the catalyst pores, adsorb on its surface, travel to the active site, 

react there, and desorbs back to the gas phase. All of these steps happen at the 

molecular level (also called the microscopic). However, the catalyst itself is a 

macroscopic object, with an intricate surface structure, and physical interactions at 

the macroscopic level also affect the reaction outcome. This is what makes 

heterogeneous catalysis so complicated. Unlike the situation for molecular catalysts, 

the bulk parameters such as particle size, shape, and mechanical strength are crucial 

here. The surface interactions hold the key to the catalyst’s activity, selectivity, and 

stability. Two other crucial factors are mass transfer and heat transfer. 

At the microscopic level, metal crystal surfaces show various steps and kinks. 

Strikingly, it is often precisely at these irregular points that catalysis happens. This is 

because the surface atoms at those spots are not fully coordinated, and thus have more 

options for interacting with substrate molecules [19]. However, one can predict the 

properties and performance of new catalysts [18, 20] by combining the data from 

high-throughput experimentation with statistical analysis and descriptor models (in-

silico design). The development of XRD, in situ IR, mass spectrometry, EXAFS and 

NMR analysis techniques enables today’s chemist to study reaction kinetics, and 
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examine catalytic intermediates under true reaction conditions. The latter type of 

modeling deals with catalyst descriptors, structure/activity and structure/property 

relationships [21]. There are various levels of catalyst descriptors, ranging from very 

simple ones based on composition parameters to ones based on high-level quantum 

computations. This leads to a better understanding of reaction mechanisms and 

exciting new reactions. By using reactive probe molecules, we can qualify and 

quantify the type and number of active sites. First, we can easily change a single 

parameter in the model, thus observing the influence of this parameter on the 

reaction. Such simulations are essential in industrial process design, where any 

changes in the reactor configuration are very costly. Second, computer models can 

help identify the properties of new catalysts and materials, including ones that are 

difficult (or indeed impossible) to synthesize in the laboratory. In addition to all of the 

above, we can simulate any experimental conditions, including reactions at extreme 

temperatures and pressures using dynamics, which are difficult to set up in the 

laboratory. Modeling the structure/activity relationships of such catalysts can save not 

just much synthetic effort but also it saves chemical and financial wastage. In 

addition, Simulations let us observe reactions and species that are inaccessible by 

experiment, such as the transfer of single protons, intermediates and even the 

transition states. 

Thus main aim of the present thesis is to apply the Density Functional 

Theory to investigate the structure-property relationship of two different classes of 

chemical systems. One of the aspects is to deal with the structural, electronic 

properties and reactivity differences of Sn-BEA and Ti-BEA zeolite in a crystalline 

phase by DFT with PBC. The other aspect is to use a combined, DFT and MD 

approach basically known as AIMD, to study the structural, bonding properties and 

hence finally reactivity of Al metal clusters.

We in the next section give an introduction to these two systems of study.
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1.2 Metal Oxide Framework: Zeolite

‘‘La Roca magica’’ (the magical rock), so printed a Cuban newspaper [22], in 

applaud of one of its country’s greatest mineral resources—Zeolites. The first zeolite 

was identified in 1756 by the Swedish mineralogist (Baron) Friedrich Axel Cronstedt, 

who observed that on heating the stones he had gathered, in a blow-pipe flame, they 

danced about in a froth of hot liquid and steam, appearing as if the stones themselves 

were boiling. He thus coined the name ‘‘zeolite’’ which from Greek derivation (zein, 

‘‘to boil’’; lithos, ‘‘a stone’’) means ‘‘stones that boil’’ [23]. The phenomenon he 

observed provides a vital clue to an essential property of zeolites, which is their 

ability to absorb a substantial proportion of water, and indeed of other liquids.

1.2.1 General Features

Zeolites are crystalline aluminosilicates with composition represented by the 

empirical formula, 

MxDy[Alx+2ySin−(x+2y)O2n]mH2O 

where x is the number of monovalent cations, y is the number of bivalent cations, n is 

cation valence, and m is the number of water molecules in the zeolite formula [24, 

25]. The structure of a zeolite consists of a three dimensional framework of SiO4 and 

AlO4 tetrahedra, each of which contains a silicon or an aluminum atom in the center. 

They are termed as TO4 tetrahedron (Fig. 1.6(a)), where T is Si or Al. The oxygen 

atoms are shared between the adjoining tetrahedra units which can be present in 

various ratios and arranged in different ways. The combination of several 

aluminosilicate rings then leads to the formation of structural channels and cavities. 

The diameter of these channels or pores range from 0.3 to 1.0 nm. The smallest pore 

size is formed by a eight ring pore with diameters 0.3 to 0.4 nm e.g. zeolite A, A 

medium pore zeolite, is a ten ring pore with a 0.4 to 0.6 nm in diameter, such as 

ZSM-5. Large pore zeolites are with twelve ring pores with 0.8 nm, e.g. zeolite beta 

[26]. The extra-large pore zeolites are with fourteen ring pores with 1.0 nm, e.g. 

UTD-1. Structure commission of IZA registered approximately 130 molecular sieve 

structures but only about 15 of them have commercial interest till now: 
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- From natural zeolites mordenite, chabazite, erionite, and clinoptilolite.

- From synthetic zeolites A, X, Y, mordenite, L, ZSM-5, Beta, ferrierite, MCM-22, 

SAPO-34, SAPO-11.

A zeolite with a two or three dimensional channel system can have a better 

catalytic activity involving physical or chemical adsorption [26b]. Diffusion of 

molecules also depends on the number of channels [24, 25]. 

Figure 1.6: The three structural units of a zeolite. (a) Primary, (b) Secondary and 

(c) Unit Cell

The structural formula of a zeolite is based on the crystallographic unit cell formula 

Mx/n.[(Al2O3)x.(SiO2)y].wH2O, where x and y are total number of tetrahedra per unit 

cell and y/x is usually 1 to 5, and w is the number of water molecules in the unit cell, 

M is the metal cation or proton of valence n, to produce electrical neutrality, since for 

each Al tetrahedron in the lattice there is an overall charge of -1. The sum x+y is the 

total number of tetrahedra in the unit cell. The portion [ ] above represents framework 

composition. In most zeolite structures the primary structural TO4 tetrahedra (Fig. 

1.6(a)) are assembled into secondary building units (Fig. 1.6(b)), which may be 

simple polyhedras such as cubes, hexagons and octahedral [26]. The final structure 

framework (unit cell) consists of assemblies of these secondary units. The framework 

may be considered in terms of large polyhedra building blocks forming characteristic 

cages. For example, sodalite and sodalite Y can both be generated by the truncated 

octahedron known as beta-cage. Extended structure of zeolite MFI with pores and 

channels formed from several unit cells is shown in Figure 1.7.
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Figure 1.7: Extended structure of a zeolite (MFI) consisting of 
several unit cells

1.2.2 Applications and Advantages

Today, mainly synthetic zeolites are used widely in petroleum refining and chemical 

processes and natural zeolites are utilized mainly in many non catalytic applications. 

Zeolites selectively adsorb or reject different molecules and hence, act as 

molecular sieves. The molecular sieve action may be total or partial, depending upon 

the conditions, such as the pore size of the zeolite, size of the diffusing molecule and 

moreover, the activation energy of the molecule to pass through the channels. Zeolites 

are microporous materials widely used as heterogeneous catalysts, where the shape 

and selectivity plays an important role. The above properties of zeolites are 

responsible for widespread industrial applications of zeolites, as ion exchangers, 

selective adsorbents [27]. More importantly, they have been used in oil and 

petrochemical industries as oxidation or reduction catalyst in many processes such as 

cracking, isomerization and alkylation [28-30a]. Recently, they have been shown to 
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have applications in optical switching, microwave absorption, optical data storage, 

etc.

From the catalytic viewpoint the following factors can be utilized in catalysis: 

acidity of zeolites (for some reactions also basicity), redox properties (zeolites contain 

suitable metals), multifunctional character of specially prepared modified forms of 

zeolites, shape selectivity of zeolites. Proton-donor Bronsted acid sites [30b] are 

generated by isomorphous substitution of tetravalent silicon by trivalent cations [30c] 

and mainly by aluminum. Alternatively, extra–framework cations, either monovalent 

(e.g. Na+ or K+), or divalent (e.g. Ca2+, Sr2+) are incorporated into the extra–

framework sites [24, 25 30]. Experiments have shown that there are some ’free’ 

hydroxyl groups present on the zeolite framework, which are also responsible for 

acidity. On the contrary, Lewis acid sites arise from the isomorphous substitution of 

more electronegative atom such as Ti, Sn, etc, at the active sites. Due to the high 

electronegativity, they have ability to accept a pair of electrons and are probable sites 

for oxidation reactions [31, 32]. Also, Lewis electron acceptor sites are formed by 

thermal treatment of silicon-rich H-forms of zeolites, e.g. ZSM-5 by dehydroxylation 

of Si-OH-M groups (M is trivalent cation) [33].

In addition, zeolites also show non catalyzed utilizations as: 1. Sorption and 

separation processes in detergents and cleaning of waste waters. 2. Improving 

physical and chemical properties of soils and used as dietary additive to the feedstuff 

and sorption material in agriculture. 3. Increasing chemical resistance of cement-

based composites and sorption efficiency of the mineral filler in geosynthetic clay 

liner in building industry and environmental engineering, respectively.

In the present thesis we have characterized such Lewis acid sites in Sn and 

Ti substituted beta zeolite. In addition, we compare their Lewis acidity and 

hydrophillicity, which are extremely crucial factors in industrial applications.

1.2.3 Enhancement of catalyst by doping: Recent studies and 

advances
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The chemical substitution of Si by some other atoms like Ge, Sn, Ti, etc., can relax 

the zeolite framework and can affect a certain chemical reactions taking place within 

the zeolite [34, 35]. The catalytic properties of zeolites, in which the Si atoms are 

substituted by the metal ions like titanium or vanadium, occur not due to Bronsted 

acidity [30b]. There are no O-H groups or counter ions present, because there is no 

surplus charge in the framework. In case of vanadium the oxidation state +v leads to 

formation of a V=O double bond. The high potential of zeolites in Lewis acid 

catalyzed reactions origins directly from the incorporated tetravalent T-atoms [36], 

attributed to their electronegative nature. Since all tetrahedra sites are exposed to the 

pore volume, zeolites possess a very high surface area compared to inorganic solids. 

Zeolite frameworks are not rigid, and at higher temperatures the shape and 

dimensions of the pore openings and the channels are more flexible. Although various 

frameworks, such as mordenite, chabazite,  ferrierite, ZSM-5, MCM-22 were in 

common commercial practice, a large pore zeolites as silicalite and beta were chosen 

for the incorporation by the transition metals.

The first synthesis of the titanosilicalite, TS-1, with MFI structure was 

achieved on 1983, and its unique catalytic activity in oxidation reactions with 

hydrogen peroxide, led to fast progress of investigation on the heterogeneous catalytic 

oxidation and reveal a new possibility for economical and ecological attractive 

industrial production of many chemicals [37, 38]. Consequently, detailed 

investigation of TS-1 with different physical methods and catalytic tests for oxidation 

reactions of alkanes, alkenes, and aromatic hydrocarbons, with hydrogen peroxide as 

oxidant under mild conditions were published in literature [39] Ten years after that, 

the research group of Corma et. al. has published a direct synthesis of titanium 

containing materials with the framework of beta (BEA) [40, 41]. In these two zeolites 

the framework Ti atoms possess tetrahedral coordination, an octahedral coordination 

is realized in the zeolite ETS-10 [42]. The main difference between TS-1 and Ti-Al-

BEA, are the larger channels and the presence of Al in the BEA. The former feature 

allows larger molecules to enter in the zeolite pore, while the presence of Al causes 

the Bronsted acidity [30b] of the zeolite, which can lead to further acid catalyzed 

consecutive reactions. Thus, Ti-Al-BEA is broadly applicable and exhibits higher 
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activity than TS-1 [43]. On the other hand sometimes the selectivity of the catalytic 

reactions is diminished. Due to acidity of the aluminium sites, Ti-Al-BEA enhances 

the rate of secondary reactions and causes decomposition of desired epoxides. There 

are various methods reported to suppress this additional acidity, and one obvious way 

is to synthesize Al free BEA. However, recent experiments with hydrophobic Al free 

Ti-Beta (Ti-BEA) showed that although a clear benefit in epoxide selectivity was 

obtained, the epoxidation activity was still lower than for TS-1 [44]. The successful 

catalytic results obtained with Ti zeolites motivated researchers to synthesize zeolites 

containing other transition metals in framework positions. Tin and zirconium have 

been incorporated tetrahedrally into the framework of zeolite beta [45] and interesting 

catalytic properties, different from those of Ti zeolites, have been observed in the 

products.

Recently, Sn-BEA was shown to have better catalytic activity than Ti-BEA 

[20]. Al-free-Sn BEA was first synthesized by Mal and Ramaswamy, who predicted 

that the Sn atom should be tetrahedrally coordinated [45a]. Corma et. al. showed for 

the first time that the Sn-BEA acts as an efficient catalyst for the Baeyer–Villiger 

oxidation (BVO) reaction in the presence of H2O2 [20]. They further showed the 

probable reaction mechanism of the Baeyer–Villiger oxidation reaction, in which the 

carbonyl group of the ketone is initially activated, and then followed by a reaction 

with the non activated H2O2, in contrast to what occurs in the Ti-BEA zeolite [20]. 

Later, it was also shown by Corma et. al. that Sn-BEA acts as a better catalyst than 

the Ti-BEA for the MPVO reaction [46, 47]. The increase in the activity of BEA by 

the substitution of Sn can be rationalized by the higher atomic size and 

electronegativity than the Ti atom, leading to stronger Lewis acid sites. This shows 

that the combined property of large pore dimension and high Lewis acidity of Sn-

BEA makes it a highly active stereo-selective catalyst for many oxidation and 

reduction reactions. 

1.2.4 Characterization: Experiment and Theory

It is known that the crystallographically inequivalent T-sites will have different 

activity and shape selectivity due to the differences in the topological environment 
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around the T-sites. Hence, in the isomorphically substituted zeolites, it is important to 

understand the nature of the active sites and to precise their structures. Experimental 

techniques such as X-ray diffraction, diffraction, and magic-angle-spinning (MAS) 

NMR, MAS and IR spectroscopy have been used to investigate the coordination of 

the active T-sites in the zeolite and their interaction with organic molecules [47-50]. 

The hydrophobic Ti-BEA was characterised by EXAFS–XANES, showing again the 

same geometry for the Ti sites that was observed before for Ti-Al-BEA and for TS-1. 

Similarly, Sn119 MAS NMR spectrum and in situ EXAFS spectroscopy of Sn-BEA 

confirmed that the Sn atoms have a tetrahedral coordination and XRD could identify 

those unique sites for Sn substitution [46-48]. It is clear, then, that an intrinsic 

difference in the activity of the Ti/Sn sites must exist and this should be related to 

electronic effects in relation to the Ti/Sn atoms. This is further supported by the fact 

that solvents with different electron donating capabilities influence differently the 

catalytic behavior of TS-1, Ti-BEA and Sn-BEA [51]. 

However, in zeolites such as Sn-BEA or Ti-BEA, in which the concentration 

of the Sn or Ti is low in the framework, it becomes difficult to obtain the structural 

features of the local active sites by using these experimental techniques [48, 49]. 

Various quantum-mechanical methods have been implemented to study the structural 

and electronic properties of the active sites in zeolites. Finite or cluster models of an 

active site cut out of the zeolite crystal have been used for theoretical investigations, 

in which the dangling bonds of  the cluster are saturated by hydrogen atoms. The 

reviews by Sauer and co-workers may be referred for detailed study on the cluster 

models of zeolites [52]. The advantage of using the cluster model is that it avoids 

artificial periodicity for systems with large Al and cation content and is 

computationally cheap. It is also a better model for representing the active sites on the 

surface. However, cluster models neglect the effect of long-range interactions and 

some artificial states are introduced due to the atoms lying at the boundary of the 

truncated fragment. Periodic methods are the only way to overcome all these 

problems, as they include the long-range electrostatic interactions. One can refer to 

these studies for the further comparison of clusters model versus the periodic model 

calculations [52, 53].
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Sastre et. al. have carried out cluster calculations on the Ti-BEA and TS-1 

using ab initio Hartree–Fock and density functional theory [54]. On the basis of the 

LUMO energies, they characterized the acidity of these two zeolites and proved that 

Ti-BEA is more Lewis acidic than TS-1 [54]. Dimitrova and Popova have done a 

cluster model study on Al, B, Ti, and V incorporated into BEA and further studied 

their interaction with the peroxo group [55]. Their study showed that the 

incorporation of Ti is energetically more favorable than the other atoms and Ti 

increases the oxidizing power of the peroxo group. Zicovich-Wilson and Dovesi 

carried out periodic Hartree–Fock calculations on Ti-containing zeolites such as 

SOD, CHA, and alpha-quartz (QUA) [56]. Interestingly, they showed that the 

substitution of Si atoms by Ti atoms in a zeolite is an endothermic process when 

evaluated with respect to pure silico zeolite. They also proved that the incorporation 

of Ti within the zeolite framework is thermodynamically less favorable than the 

formation of extra framework TiO2 clusters. This explains the difficulty of 

synthesizing high Ti content zeolites [56]. Very recently, Damin et. al. analyzed the 

interaction of Ti-CHA with various molecules such as NH3, H2O, H2CO, and CH3CN 

using a periodic approach [57]. Moreover, there have been several studies on other 

zeolites by using a periodic description [58]. Recently, Rozanska et. al. have used a 

periodic approach to study the chemisorption of several organic molecules in zeolites 

[59]. To confirm the peculiarities of Sn-BEA, analogous experiment on Sn-BEA and 

CH3CN adsorption has been recently carried out by Corma and co-workers [60]. 

Their study predicted a blue shifted Δυ(CN) stretching frequency of +42 cm-1. In 

addition, to study the structure-activity relation in Sn-BEA catalyst they carried out a 

computational study based on a cluster model approach. Interestingly, to study the 

influence on reactive site, their model comprised of reaction sites accompanied by 

various functional groups. In the past, [61-65] main attention has been devoted to 

study of the Ti (IV) center reactivity in various zeolites such as TS-1, CHA etc. 

through the adsorption of NH3 and H2O like basic moieties. Bordiga et. al. [65] 

studied the adsorption of CD3CN and pyridine on Ti centers of the TS-1. They 

confirmed their results with the experimental vibrational spectra. 
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As the epoxidation of olefins and few other reactions such as, the Meerwein–

Ponndorf–Verley reaction, BVO are catalyzed by these Lewis acids, we thought that 

differences in the Lewis acidity of the Ti and Sn in both structures could be 

responsible for their different catalytic behavior. Quantum chemical calculations can 

yield useful information regarding the electronic properties of these materials [66] 

and its relation with Lewis acidity. Motivated by this, in the present work, we 

examine the effect of the incorporation of Sn and Ti in BEA using a periodic model 

of beta zeolite. Indeed, when the number of substituted Si atoms per unit cell is very 

small (here 1/64), the system can be assumed periodic. 

Thus the aim of this thesis is to characterize the Lewis acidity of titanium 

and tin centers in Ti-BEA and Sn-BEA zeolites, respectively and its relation with 

structural factors.

1.3 Metal Clusters

Clusters are aggregates of atoms or molecules, intermediate in size between 

individual atom and bulk. There are many different types of clusters, such as metallic 

clusters, molecular clusters, organic clusters and quantum dots. Clusters are different 

from both molecules and solids, and for this reason can have very different properties. 

Molecules are characterized by having definite and unique structure and specific 

composition. On the other hand clusters may be composed of any number of particles 

and have a tendency to grow. Figure 1.8 shows typical growth pattern observed in Au 

clusters.

1.3.1 General Features

Metal clusters are among the more complex and interesting ones. As the dimension of 

the metal clusters goes on decreasing quantum effects becomes much more prominent 

and affect the behavior of e.g. the B. E., ionization potentials, polarizabilities, optical 

spectra, etc. [67]. Such changes in the electronic structure can affect the bonding and 

other physical and chemical properties of metal clusters. As the number of particles of 
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the cluster becomes larger, the number of locally stable structures (isomers) of the 

cluster grows rapidly. Mainly theoretical and experimental research has been focused 

on the evolution of properties with size, particularly those, such as structural, 

electronic, magnetic and optical properties [68-70]. The most interesting are the metal 

clusters where the transition from a localized (covalent or ionic) to a delocalized 

(metallic like) bonding occurs as the size of the cluster increases [68, 69, 71]. 

Structure and stability are the most important properties of the metal clusters, which 

can be correlated with the type of atom–atom bonds formed in the metal cluster and 

later to its application. 

Figure 1.8: Growth pattern observed in Au clusters
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In general there are four types of bonds which can be distinguished within the metal 

clusters viz. covalent, ionic, metallic and van der Waal [69]. Among these clusters, 

covalent and ionic clusters are supposed to be the most stable clusters due to strong 

inter-atomic bonds. Recently, metal cluster stability is linked to the presence of 

aromaticity and/or anti-aromaticity [72]. In a combined experimental and theoretical 

work, Li et. al. [73] for the first time showed the existence of aromaticity in XAl4
−

(where, X=Li, Na, Cu) clusters.

During the study of the structural properties of metal clusters, it has been 

found that some clusters have unusual stability than others and were termed to be 

’magic clusters’ [71, 73b]. The stability of these magic clusters was analogous to the 

stability seen in atoms and nuclei due to shell closing. Magic clusters show significant 

peaks in the mass spectra and are easily distinguishable via mass spectrometry 

techniques. These kind of metal clusters were first observed in the mass spectra of Na 

[74]. Knight et. al. used a mass spectra of the alkali clusters to show that the most 

stable clusters consist of 2, 8, 20, 40,... atoms, which interestingly coincides with the 

magic numbers observed in nuclei with 2, 8, 20, 40,... nucleons [75]. Magic numbers 

are different for different clusters and depend on the electronic structure and the 

geometry of the cluster. The interactions between the rare gas atoms are of van der 

Waal’s type and hence the stability of the magic clusters in these systems is due to the 

atomic packing and atomic shell closure. However, in simple alkali or alkaline earth 

metals the atoms interact more strongly and hence the formation of magic clusters is 

due to the electronic shell closure [75-78]. Al7
+ and Al14

+ appear as magic clusters in 

some mass spectra of Al clusters. An unstable homoatomic metal cluster can be 

converted to a stable ’magic’ cluster by doping with a single impurity [79-83]. For 

example, Al7C
−, Sn doped Lin, doping of Al13 cluster by a tetravalent atom.

Metal clusters can be classified as homoatomic and heteroatomic (or mixed) 

clusters. Homoatomic metal clusters contain same type of atomic species; on the 

other hand heteroatomic clusters are made up of different type of atomic species. 

Extensive theoretical and experimental studies have been carried out on the structural 

and electronic properties of homoatomic metal clusters such as Li, Na, K, Al, Sn etc. 

[76, 84-87]. In the last decade, similar investigations have been extended to study the 
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heteroatomic clusters, but comparatively to a lesser extent than the homoatomic metal 

clusters. One of the reasons for this would be the complexity produced by the 

additional interactions of the unlike atoms (hetero interactions) within the 

heteroatomic clusters. In small clusters, even a single impurity is expected to 

influence the structural and electronic properties [79-81]. For instance, Kaneher and 

co-workers have studied the structural and electronic properties of Sn doped Lin

clusters using AIMD simulations [83]. Binary clusters such as AxBy also belong to the 

class of mixed clusters [88]. Chacko et. al. have worked on some Al4X4 mixed 

clusters where (X=Li, Na, K, Be, Mg, B and Si) [73, 89]. The other interesting works 

on mixed–metal clusters are on GaAs, AlAs, [90], AuIn [91]. Changing the 

stoichiometry of different kinds of atoms provides another interesting way of 

improving the reactivity and selectivity of clusters in the context of catalysis. Another 

crucial factor which enhances reactivity of metal cluster dramatically is melting. The 

melting transitions of isolated metal nano clusters have received a lot of attention 

recently. Well-defined melting transitions have been observed and implied in many

applications for metal clusters with fewer than 100 atoms.

1.3.2 Enhancement of catalyst by melting: Recent studies and 

advances

It is now well established that metal clusters with 10–103 atoms can display 

transitions i. e. melting between solid like and liquid like states. The transitions have 

first order characteristics and have been observed in experiments by means of a peak 

in the heat capacity due to the latent heat. Experimental studies on the phase 

transitions have now been performed for a variety of cluster materials including 

sodium [92-99], tin [100-101], gallium [102-104], sodium chloride [105], and 

aluminum [106-110] and these measurements have stimulated a number of theoretical 

studies [111-115]. The experimental studies of cluster melting have revealed 

significant size dependent fluctuations in the melting temperatures. 

Pawlow a century ago [116] predicted that the melting points of small 

particles are depressed due to the increase in the surface-to-volume ratio. Sodium and 

aluminum clusters have been the most widely studied materials for the phase 
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transition. For sodium clusters it appears that variations in the melting temperatures 

are correlated with geometric shell closings [117]. For the aluminum clusters studied 

so far, both geometry and the electronic structure are important [110, 118]. A number 

of recent simulations have shown that cluster melting can be preceded by structural 

transitions [119, 120]. For example, using a Gupta potential, Li et. al. found that 

structural transitions between low enthalpy geometries (the ground state, icosahedral, 

and cuboctahedral) occur for Au55 at temperatures well below the melting 

temperature [121]. Cleveland et. al. found that for Au146  and Au459  the melting 

process is punctuated by solid-to-solid structural transformations from the ground 

state to higher enthalpy icosahedral structures which are precursors to melting [122].

Schebarchov and Handy discovered that structural transitions occur in the solid part 

of a coexisting solid-liquid Ni1415 cluster [123a]. In the case of palladium clusters, 

transitions from both fcc and decahedral ground states to icosahedral structures 

precede melting [123b]. Experimental evidence for structural transitions in isolated 

metal clusters is scarce. Ion mobility measurements have revealed some examples for 

both aluminum [124a] and gold [124b]. Low temperature dips in the heats capacities 

for Al56
+ –Al62

+  have been attributed to exothermic structural transitions annealing 

[106, 108].

These phase transitions, however, are not found to be strictly size consistent. 

That is, as size of cluster decreases there are no linear drop in their melting 

temperature. For instance, the extensive first principle thermodynamic simulations 

[125] on Al13 and Ga13 show higher than bulk melting temperatures. Upon doping 

with carbon a substantial reduction in melting is observed, thus allowing to tune finite 

temperature properties of small clusters. Doping causes lot of structural 

rearrangement of atoms within the cluster enhancing its reactivity, whereas, melting 

induces less coordination enhancing the catalytic activity. In the last decade, various 

clusters of Au, Pt and Pd are utilized vastly for their high catalytic reactivity [126]. 

Bulk gold is well-known to be chemically inert; the metal does not react with oxygen 

in air. However, it is now well established that gold clusters differ from bulk as they 

have several surface and corner atoms that have low coordination and hence adopt 

geometries that are extremely active for catalyzing certain oxidation reactions [127]. 
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Some of the unique properties observed in these gold clusters are better response 

properties [128], and different melting behavior [129]. Several interesting findings on 

Au clusters have been summarized in a recent review on theoretical chemical 

calculations on gold [130]. One of the important applications of Au clusters has been 

for CO oxidation. In this context, the interaction of ground state geometry of Au 

clusters with O2 [131] and CO [132] has been widely studied. Moreover, it has now 

recently been reported that in some cases the higher energy conformations have better 

adsorption properties as compared to the ground state cluster [132b, 133]. Many 

additional reports have shown that this activity of neutral clusters which depends 

upon the type of sites exposed and their ability to absorb or donate electrons can be 

elevated by phase transitions. Although, no explicit study on phase transitions of Pt 

and Pd all-metal cluster is reported so far, these are well known catalysts in many 

applications. The scope of catalytic reactions initiated by these above mentioned 

metal clusters is given in Table 1.2. Considering the two critical issues, abundance 

and cost, the expensive materials like Au, Pt are best replaced by Al metal clusters. 

Many recent studies have proved the potential use of Al metal clusters as 

catalyst in varied applications [134]. A major breakthrough addressed by M. F. 

Jarrold [135] motivated us to study the novel features of Al clusters, where they 

discuss the reactivity of N2 on a Al100 cluster. They have determined the melting 

temperature of Al100 using heat capacity measurements following which the ion beam 

experiments are used to investigate the reaction between the cluster and molecular N2. 

They show above the melting transition, the activation barrier for N2 adsorption 

decreases nearly by 1 eV. The importance of Al-N reaction has also motivated 

Romanowski et. al. [136] to perform a theoretical study of N2 reaction with liquid Al 

metal. They have determined the activation barrier for dissociative chemisorption of 

N2 to be 3.0 eV. They propose that the melting decreases the surface energy, and 

atoms in liquid are mobile and better able to adjust the N2 molecule. Hence, previous 

studies on N2 adsorption conclude that the atoms on the surface of the liquid cluster 

move to minimize their energy, lowering the activation barrier. 

Apart from the enhanced mobility, detailed information on the reactivity of 

various Al clusters and the reacting sites within them has not yet been clearly 
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obtained.

Table 1.2: Metal Cluster Catalyzed reactions

A very little understanding is available concerning the role of structure and bonding 

of Al clusters on the adsorption reactivity of the cluster. The catalytic reactivity is 

always attributed to specific and precise structural rearrangement of atoms in the 

material. It is worthwhile to correlate the above two parameters to their reactivity. 

Thus, the interesting questions are: “Is the chemisorption of N2 molecule a 

consequence of highly different structure of Al cluster following the phase transition? 

Do the changes in structure modify the chemical bonding property within the cluster 

thereby enhancing its reactivity or the higher reactivity is completely due the 

dynamical rearrangement of atoms within cluster? Does this reactivity vary as a 

function of cluster size?” 

To answer the above questions, in this thesis, we have studied systematically 

the adsorption behavior of N2 on Al cluster as a function of cluster size. We also 

address the issue of conformational changes following the phase transition and 
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their impact on N2 adsorption. 

1.3.3 Characterization: Experiment and Theory

Cluster production is one of the most important steps in cluster studies. To produce 

them, one can either aggregate the particles or break them directly from a solid or in 

liquid. These can be produced in the form of colloidal particles. Mostly, the studies 

have been focused on the formation of clusters in the gaseous phase by using cluster 

sources. One of the most popular sources to produce metal cluster is the supersonic 

jet. The other two sources to produce clusters are the gas aggregation and the surface 

source. However, in laser vaporization technique the clusters are produced from the 

surface of a solid material by particle or photon impact or by a high electric field. 

Smalley and coworkers were the first to combine a laser ablation method and a 

supersonic beam. In this source, metal vapor is produced by the pulsed-laser ablation 

of a rod of the material to be investigated. This source can be considered as the hybrid 

of the supersonic jet and the gas aggregation source [16]. All known spectroscopic 

techniques such as optical, [137] infrared, photoelectron, [16] have been applied to 

study the poperties of clusters. Photodetachement and photodissociation techniques 

have allowed us to gain insight into the electronic properties of charged clusters.

Jarrold et. al., have investigated the photodissociation of aluminum cluster 

ions [77]. The first attempt to measure the ionization energies of aluminium clusters 

by laser vaporization was by Cox et. al. [138]. Information on the structural and 

bonding properties can be obtained through vibrational spectroscopy. Very recently, 

Fielicke et. al. used far-infrared spectroscopy to determine the structures of cationic 

vanadium clusters containing 6 to 23 atoms [139]. Recently, structures of silver and 

gold cluster ions have been studied by collision cross section [140]. However, none of 

these experimental techniques or studies could reveal the evidence of catalytic nature 

of the gold clusters against their noble metallic phase. Gold clusters are the excellent 

demonstration, where theory has played a immodest role in determining their 

notabilities. Satya Bulusu et. al. reported theoretical grounds of hollow golden cages. 

Their recent work has shown that gold has some unique properties such as strong 

relativistic effects and aurophilic attraction, which likely play a key role in allowing 
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the formation of these unusual golden cages. Gold anion clusters of 13 atoms or fewer 

possess planar structures, whereas a cluster of 20 (Au20) possesses a pyramidal 

structure and also examine the intermediate structures resulting in the high reactivity 

[141a]. The same authors also demonstrate planar-to-tubular structural transition in 

boron clusters: B20 as the embryo of single-walled boron nanotubes using theoretical 

simulations [141b]. 

In this new era, a computer simulation has led to a novel way of doing science 

that combines both theory and experiments. The finite number of atoms considered in 

the metal clusters makes these systems ideal for theoretical studies. They can also 

help and guide the experimental work. Theoretical approaches used to study cluster 

science are either based on the first principle methods, such as HF, CI, DFT or 

classical approximations such as jellium model, tight binding etc. 

Classical Approaches 

Jellium model is one of the simplest and widely used theoretical model to study the 

electronic properties of metal clusters. It is simple enough to be applied to spherical 

metal clusters ranging up to few thousand atoms. Jellium model completely ignores 

the ionic core structure and replaces it by an uniform positive charge as being 

smeared out over the entire volume of the cluster, while the valence electrons are free 

to move within this homogeneously distributed positively charged background. The 

electronic energies are calculated self-consistently to obtain the energy levels [69, 71, 

142]. This approach is thus particularly suitable for systems with rather delocalized 

valence electrons such as bulk metal. According to the jellium model clusters with 

closed electronic shells have the spherical shapes, while clusters with partially filled 

or opened electron shells are deformed. Hence, the background of the jellium model 

can be modified according to the shape of the cluster. The initial work by Ekardt has 

succesfully shown that the jellium model can account for the experimentally observed 

properties [143]. A number of characteristic properties of metal clusters such as static 

polarizabilities, collective electronic excitations (plasmons), ionization potentials as 

well as the so called ’magic numbers’ can be explained in terms of jellium model and 

its extensions [142, 143].
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The limitation of using the jellium model is obvious since it neglects the ionic 

perturbation. It fails to understand the properties of covalent and ionic solids, where 

the electrons are localized in the bonding region. Thus jellium model has a limited 

range of applications which include the group Ia metals, alkaline earth metals and to 

some extent the transition metals. Nevertheless, the model cannot compete with the 

conventional ab initio quantum chemical methods to study the properties of less than 

20 atoms cluster. Reviews by Brack [144] and W. de Heer [67b] are suggested for the 

detailed study of the jellium model and its applications.

Ab initio Approaches

Although classical and semi-classical approaches are successful in describing the 

stability and structural properties of the metal clusters [142, 143], very little 

information on the electronic structure and related properties such as polarizabilities, 

optical spectra and ionization potentials of small clusters is available through these 

approximations. Moreover, the hybridization taking place within the atoms cannot be 

explained on the grounds of classical and semi-classical theories. The most widely 

used ab initio method to calculate the ground state properties are the HF and DFT. 

The post HF method such as DFT, CI, CC have been used to calculate the excited 

state properties of metal clusters [32]. Many techniques, such as simulated annealing, 

conjugate gradient, Newton-Raphson have been employed for searching the potential 

energy surface to find the lowest energy configuration. Simulated annealing 

technique begins by heating the cluster at a very high temperature and then cooling or 

quenching it slowly, hence probing the thermally accessible regions of the phase 

space [145]. In a series of papers, the electronic structure of the clusters composed of 

Ia–group metal atoms and of IIa–group atoms have been investigated at the ab initio

level [146]. Other studies on mixed metal clusters have also been carried out at the ab 

initio levels [147].  

In the last decade combined approach of DFT and MD has been employed to 

study the ground state and dynamical properties of metal clusters [148]. In this 

approach the electronic potential derived from the DFT is combined with the classical 

MD equation, during the motion of nuclei to develop an efficient combined electron–
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ion minimization. This approach was first proposd by Car and Parrinello [149]. This 

technique also helps in studying the melting of clusters. Thermodynamical 

simulations are based on the concepts such as temperature, pressure, equipartition, 

phase transition, [150] conformational search of clusters etc [151]. These simulations 

are carried out in a micro-canonical ensemble (constant energy) or in a canonical 

ensemble (constant temperature) [152].
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1.4 Motivation and outline of the thesis

Presently variety of materials that are of industrially important processes are under 

investigation, but none of these are found to be the replacement of zeolites in the 

petroleum cracking. In addition, development in the zeolites and metal clusters render 

the new mechanisms for oxidation chemistry, unlike the traditional routes, drastically 

influencing the yield and reactor-time space. In view of this fact the current need, 

therefore, today is to bring about breakthroughs in the existing technologies as well as

design new materials with major modifications. Experiments in this context are time 

consuming and also demand a lot of human and financial resources. In comparison, 

computation is a fast, promising and cost effective tool to monitor this task. In this 

decade, there are plenty of examples found where theory and simulations have played 

significant role in supporting experiments and evaluating materials. Thus, main aim 

of the present thesis is to understand the reactivity of two classes of catalyst zeolites 

and metal clusters using ab initio methods in computer simulations.

The outline of the thesis is as follows. Chapter 2 provides the theoretical 

background of the computational techniques employed in this work. In the succeeding 

chapters 3-5, results from our theoretical studies on the Sn-BEA and Ti-BEA are 

presented. Specifically, chapter 3 deals with the comparative study of structural, 

acidic and hydrophillic properties of Sn-BEA and Ti-BEA using p-DFT. In chapter 4, 

influence of plane wave cut-off on structural and electronic properties with example 

of Sn-BEA and Ti-BEA zeolite water molecule interaction is discussed. The strength 

of interaction of various ligands with Sn-BEA Vs. Ti-BEA, concluding the trend of

reactivity is outlined in the chapter 5.  Chapter 6 and 7 deals with the catalytic 

reactivity issues of Al metal clusters. Chapter 6, in general is first principle study on 

the role of structure and bonding of Al clusters in the adsorption of N2 molecule. The 

contributing thermodynamic factors behind the chemisorption of N2 molecule, first on 

the Al13 cluster and then on the Al100 cluster, is focused separately in chapter 7.          
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CHAPTER 2

Theoretical Methods and Computational 

Aspects

Abstract:
As discussed in chapter 1, the aim of the thesis is to address the structure-

property relationship of two heterogeneous catalysts viz. zeolite and metal clusters. 

This chapter is devoted to some of the theoretical approaches used for the description 

of periodic and non-periodic systems. The methodology used in both cases is based 

on Density Functional Theory. Later, we also discuss the AIMD technique based on 

the DFT, to study the adsorption properties of metal clusters. Finding the ground state 

geometry and the properties associated with material has been a central goal of many 

researchers. Both these methodologies will be elaborated in this chapter. 

In the last decade, various quantum mechanical methods have been 

implemented to treat the electronic structure of molecules, clusters and solids. We 

begin Section 2.1 with a brief introduction to the many-body problem by discussing 

the Born-Oppenheimer approximation, Hartree approximation, Hartree-Fock theory, 

and methods beyond Hartree-Fock. In Section 2.2 we provide a summary of density 

functional theory which is as an alternative route for performing such calculations. 

Special attention is given to the Hohenberg-Kohn theorems, Kohn-Sham equations, 

and the different exchange-correlations functionals. In Section 2.3 a description of the 

concepts of molecular dynamics is given while the foundations of ab initio molecular 

dynamics are laid in Section 2.4. In Section 2.4 we explain and compare the ideas and 
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algorithms behind Born-Oppenheimer molecular dynamics and Car-Parrinello 

molecular dynamics. Lastly, the implementation of the above mentioned methods via 

the plane wave-pseudopotential approach employed in Vienna ab initio simulations 

package (VASP) for performing solid-state calculations is discussed in section 2.5. In 

the last section 2.6 of this chapter, we discuss the interpretation of the data obtained 

from these theoretical calculations. For further detailed information on the other 

theoretical methods, interested reader is referred to the review by Payne et al. [1a]

2.1 The many-body problem

Any given system composed of N electrons and M nuclei can be determined by 

solving the Schrödinger equation. The time-independent Schrödinger equation [1b] 

has the form

                                                  HΨ = EΨ                                                 (2.1.1)

where Ψ is the wavefunction of the system, E is the energy eigenvalue and H is the 

Hamiltonian operator. H is the sum of the kinetic energy T and potential energy V

operators and can be written as
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    (2.1.2)

In the above equation the first two terms are the kinetic energies of N electrons with 

masses m and M nuclei with masses MA, the third term is the electrostatic repulsion 

between electrons separated by rij, fourth term is the electrostatic repulsion between 

nuclei separated by RAB and the last term is the Coulombic attraction between 

electrons and nuclei riA distance apart. 

2.1.1 Born-Oppenheimer approximation

Since nuclei have much larger masses their velocities are consequently smaller 
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compared to electrons. The Born-Oppenheimer approximation [2] assumes that the 

nuclei are fixed which amounts to removing the second term in Equation (2.1.2). Due 

to the above approximation, the fourth term is a constant and is included in the total 

energy after calculating the wavefunction. These simplifications result in the 

electronic Hamiltonian operator (He):
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The conceptual and numerical problems related to the electron-electron interactions 

(second term) in Equation (2.1.3) are the most challenging to deal with. An 

elementary scheme would be to set the corresponding terms to zero implying that the 

N electrons move completely independent of each other. Then the total wavefunction 

Ψ

                                   )()...()( 2211 NN rrr                            (2.1.4)

becomes a product of N one-electron wavefunctions ψi. However such a Hamiltonian 

is very archaic and hence electron-electron interactions must be calculated.

2.1.2 Hartree approximation

To have the similaristic model of electron-electron interactions, under the Hartree 

approximation each electron is thought of as moving in a field built by all other 

electrons. The electron-electron interactions then depend only on the positions of the 

electron under consideration which moves in an electronic sea made by the rest of the 

electrons. The second term in Equation (2.1.3) can therefore be approximated as a 

sum of one-electron potentials vi
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where ψi is the orbital for the ith electron. The solution of Hartree approximation 

needs to be derived self-consistently because calculation of ψi depends on Σ(1/rij) 

which in turn is defined in terms of ψi. The total wavefunction is still expressed as the 

Hartree product as given in Equation (2.1.4). However it is not antisymmetric with 

respect to exchange of electrons and does not account for the Pauli exclusion 

principle. In order to bring in the Pauli exclusion principle one has to go beyond the 

Hartree method.

2.1.3 Hartree-Fock approximation: Slater determinant

Thus, the many electron wavefunction Ψ may be approximated in the form of a Slater 

determinant composed of an antisymmetrized product of N orthonormal spin orbitals 

ψi(x) for all the electrons, where each ψi(x) is a product of a spatial orbital φk(r) and a 

spin function σ(s) = α(s) or β(s).
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In the Hartree-Fock (HF) approximation [3] the orthonormal spin orbitals that 

minimize the total energy is given by
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for the above determinant form of ΨHF are found. The normalization integral 

HFHF  | is equal to 1 and energy is given by the formula
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The Jij are called Coulomb integrals and Kij are called exchange integrals. 

Minimization of Equation (2.1.8) subject to the orthogonalization conditions gives the 

HF differential equations
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and j and k are the Coulomb and exchange operators respectively. In the HF scheme 

the one-electron effective potential has the form v + g, where v is the potential of an 

electron in the external field and g is equal to sum of Coulomb potential, taking into 

account the repulsion of the other electrons, and the exchange potential, which has no 

classical interpretation and is caused by the antisymmetrization of the one-electron 

functions in the expressions for ψ. The Coulomb and exchange potentials for each ψi

depend on the solutions ψj of all the other equations with j≠i. Therefore the HF 

equations form a system of interrelated equations that is solved by the self-

consistency method.

Even if the HF equations are correctly solved, the method eventually turns out 

to be theoretically incomplete. Despite the correct treatment of electronic exchange 

within the HF theory, electronic correlation is totally missing. Consequently the 

correlation energy may be defined as the difference between the correct energy and 

that of the HF solution i.e. Ecorr ≡ E - EHF. Therefore, for including correlation one has 
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to go beyond the HF theory.

2.1.4 Beyond Hartree-Fock (Correlation energy)

Some instances of the different methods that take correlation effects into account are 

the Møller-Plesset (MP) perturbation theory [4], configuration interaction (CI) [5] and 

coupled cluster (CC) [6]. In  perturbation theory the difference between the exact 

Hamiltonian and sum of one electron operators is introduced as a perturbation to the 

unperturbed HF solution. Correlation corrections can be derived to a chosen order. 

Another way to include correlation is to work with a multi-determinant wavefunction 

instead of the single-determinant wavefunction. This approach is used in CI and CC 

methods. Treatment of exchange and correlation follows another route in the density 

functional theory which is covered in the next section.

2.2 Density functional theory

The density functional theory (DFT) [7] allows one to move away from the N-

electron wavefunction Ψ and its associated Schrödinger equation and replace them by 

the much simpler electron density ρ(r) and its corresponding calculation scheme. The 

history of using electron density as the basic variable began with the pioneering work 

of Thomas and Fermi.

2.2.1 Thomas-Fermi theory

Thomas [8] and Fermi [9] proposed in 1927 that statistical considerations can be used 

to estimate the distribution of electrons in an atom. In this method the kinetic energy 

is approximated as an explicit functional of density, idealized as non-interacting 

electrons in a homogeneous gas with a density equal to the local density at the given 

point. Neglecting the exchange and correlation terms, the Thomas-Fermi (TF) total 

energy of an atom with a nuclear charge Z in terms of electron density is given by 
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where the Fermi coefficient CF = 2.871. Assuming that for the ground state of an 

atom the electron density minimizes the energy functional [ ( )]TFE r under the 

constraint

                                                 drrrNN )()]([                                    (2.2.2)

Applying the method of Lagrange multipliers to incorporate the constraint, the 

ground-state electron density must satisfy the variational principle

                                            0)(][   NdrrE TFTF                           (2.2.3)

which yields      
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Hence, the TF theory involves solving the Equation (2.2.4) under the constraint 

(2.2.2) and inserting the resulting electron density in Equation (2.2.1) to yield the 

total energy.

            The TF theory though allows the explicit calculation of an atom’s total energy, 

its accuracy is low. The errors for the total energies of atoms are relatively large and 

still more for molecules which are unstable within the TF theory. Due to these 

reasons, this method was considered as an oversimplified model.

2.2.2 Hohenberg-Kohn theorems

The modern formulation of density functional theory originated with the fundamental 

theorems of Hohenberg and Kohn [10]. The first Hohenberg-Kohn (HK) theorem

states that: The external potential v(r) is determined, within a trivial additive 

constant, by the electron density[ ( )]r . Since [ ( )]r determines the number of 
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electrons, it follows that [ ( )]r also determines the ground-state wavefunction Ψ and 

all other properties such as kinetic energy T[ ( )]r , potential energy V[ ( )]r and total 

energy E[ ( )]r of the system. Hence the ground state expectation value of any 

observable, including the total energy, is a unique functional of the ground-state 

electron density[ ( )]r . 

                      ][][][][  eenev VVTE    ][)()(  HKFdrrvr           (2.2.5)                                     

where                                      ][][][  eeHK VTF                                     (2.2.6)                        

The second HK theorem states that: For a trial density
~
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This provides a variational principle such that the search for the lowest-energy 

wavefunction Ψ0(r) can be replaced by a search for the lowest energy electron density 

0[ ( )]r and the ground-state energy E0 is given as the minimum of the functional 

Ev 0[ ( )]r .

The classical part of the electron-electron interaction Vee[ ( )]r in Equation 

(2.2.6) is the Coulomb potential energy
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In the TF theory Vee[ ( )]r is replaced by J[ ( )]r and kinetic energy T[ ( )]r is taken 

from the theory of a non-interacting uniform electron gas. This constitutes a direct 

approach for calculating T[ ( )]r and therefore the total energy if the electron density 

is known but only approximately. It would however be preferable to correctly 
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calculate T[ ( )]r as it forms the leading part of the total energy. Kohn and Sham 

proposed introducing orbitals into the problem allowing more accurate computation 

of T[ ( )]r with a small residual correction that is handled separately.

2.2.3 Kohn-Sham equations

For a system of noninteracting electrons the kinetic energy is
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and the electron density is   
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with x including both space and spin coordinates. Here ψi and ni are the natural spin 

orbitals and their occupation numbers respectively. Using orbitals to calculate the 

kinetic energy is an indirect though accurate approach. 

Kohn and Sham [11] replaced the interacting many-body problem by a 

corresponding noninteracting particle system with the same density in an appropriate 

external potential. The total energy functional is then expressed in atomic units as
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In the above equation the first term is the kinetic energy functional of the system of 

noninteracting electrons with the same density, the second term is the classical 

Coulomb energy for the electron-electron interaction, the third term is energy 

functional incorporating all the many-body effects of exchange and correlation and 

the last term is the attractive Coulomb potential provided by the fixed nuclei.

The construction of the Kohn-Sham (KS) functional is based on the 



Chapter 2 Theoretical Methods 52

assumption that the exact ground state density can be represented by the ground state 

density of an auxiliary system of noninteracting particles. The solution of the KS 

auxiliary system can be viewed as the minimization problem of the KS functional 

with respect to the density. This leads to N KS equations 
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Here i are eigenvalues, ψi are KS orbitals and veff is the effective potential

                                       )(
||

)(
)()( '

'

'

rvdr
rr

r
rvrv XCeff 


 


                       (2.2.14)

that is the sum of potential from the nuclei, a Hartree-style potential and the potential 

for exchange and correlation. The latter is defined as
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In Equation (2.2.14) ( )effv r depends on[ ( )]r . Hence the KS Equations (2.2.12), 

(2.2.13) and (2.2.14) have to be solved self-consistently. Therefore, in a DFT 

calculation one begins with a guess for [ ( )]r for constructing ( )effv r from Equation 

(2.2.14). After the first iteration we get a new electron density from which the Hartree 

and exchange-correlation potentials are generated to yield a new potential. This 

process is repeated until self-consistency is achieved.
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2.2.4 Exchange-correlation functionals

In the KS equations while the kinetic energy is incorporated correctly, a challenge in 

DFT is the search for a good approximation of the exchange-correlation 

functional [ ( )]XCE r . One of the many approaches is the local density 

approximation (LDA) [11]. The LDA exchange-correlation energy functional is given 

as

                                            drrrE XC
LDA
XC )]([)(][                             (2.2.16)

where [ ( )]XCE r is the exchange-correlation energy per particle of a uniform 

electron gas of density [ ( )]r . The exchange part of [ ( )]XCE r can be expressed 

analytically by that of a homogeneous electron gas.

                                 
3/1)()]([ rCr XX   ,    

3/1
3

4

3







XC                        (2.2.17)

The correlation part may be obtained from perturbation theory or from Quantum 

Monte Carlo method. The corresponding exchange-correlation potential and KS 

equation then become

                              










)]([

)()]([
)(

)(
r

rr
r

E
rv XC

XC

LDA
XCLDA

XC                (2.2.18)

                      )()()(
||

)(
)(

2

1 '
'

'
2 rrrvdr

rr

r
rv iii

LDA
XC 












       (2.2.19)

The self-consistent solution of Equation (2.2.19) defines the LDA method. Application 

of LDA amounts to assuming that the exchange-correlation energy for a nonuniform 

system can be obtained by applying uniform electron gas results to infinitesimal 

portions of the nonuniform electron distribution and then summing over all individual 
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contributions.

LDA is expected to work for systems with slowly varying electron densities. 

However it was  failure for even semiconductors and insulators due to large 

cancellations in the exchange part. Hence further improvements are called for. A route 

to bring about this improvement is to take into account the gradient of the electron 

density. The idea is to include ∂ρ(r)/∂r as well as ρ(r) to describe the exchange hole. 

This is implemented via the method of generalized gradient approximation (GGA) in 

which the exchange-correlation energy functional is written as

                                     drrrFrrE GGA
XC )](),([)()]([                       (2.2.20)

In 1986 the exchange part of )]([ rEGGA
XC  was proposed by Perdew and Wang (PW86) 

[12] and another correction was developed by Becke in 1988 (B88) [13]. Gradient 

corrections to the correlation part were proposed in 1986 by Perdew (P86) [14], in 

1991 by Perdew and Wang (PW91) [15], in 1988 by Lee, Yang and Parr (LYP) [16] 

and in 1996 by Perdew, Burke and Ernzerhof (PBE) [17]. In all our density functional 

calculations the PW91 GGA functional and B3LYP GGA functional has been 

employed. 

2.3 Molecular dynamics

The aim of molecular dynamics (MD) is to model the detailed microscopic dynamical 

behavior of many different types of systems as found in chemistry, physics or biology. 

In such a scenario, the motions of nuclei must be taken care as a function of time and 

temperature. 

In the MD method, nuclear motion of the particles is described using the 

laws of Newton’s mechanics whereby every new distribution is derived from the 

previous one by using the interactions between the particles. For an ith particle of the 

system, the total potential energy at time t0=0 is computed as a sum of all pair 

interactions uij
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Once this is obtained, the force acting on the particle can be calculated as
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which causes an acceleration                   
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This in turn modifies the initial velocity iv


to 
'
iv


and then every particle is allowed to 

move with that velocity over a short period of time Δt. This produces new positions 

'
ir


for all the particles at time t1 = t0 + Δt. Next the potential energies 
'
iu , forces

'
if


and 

velocities 
''

iv


are calculated for this new distribution. This procedure is repeated for a 

large number of times. Therefore MD simulations can describe systems that evolve in 

time. The new positions are derived from the Newtonian laws of motion and are 

therefore deterministic.

2.3.1 Equations of motion

The Hamiltonian for a system of N particles moving under the influence of a potential 

function U(RN) is given by
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where RN and PN are the sets containing all the positions and momenta respectively. 

The forces are derived from the potential
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The equations of motion are according to Hamilton’s equations
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From which the Newton’s second law is obtained

                                                      )( N
III RFRM                                             (2.3.7)

The equations of motion are integrated and atomic trajectories are followed on the 

potential energy surface.

2.3.2 Numerical integration

The numerical integration techniques are applied on a discretization of time and a 

repeated calculation of the forces on the particles during the MD simulation. These 

methods must have the properties of (a) long time energy conservation to ensure that 

we stay on the constant energy hypersurface and short time reversibility and (b) short 

time reversibility so that the discrete equation still exhibit the time reversible 

symmetry of the original differential equations. 

A computationally efficient scheme is the Verlet algorithm [18]. To derive it 

)(tri


is expanded forward and backward in time in the third order of Taylor 

expansion.
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A MD simulation is usually performed for a fixed number of particles N 

inside a fixed volume. The initial values for positions and velocities are chosen 

together with an appropriate time step. The first part of the simulation is the 

equilibration phase in which strong fluctuations may occur. Once all the important 

quantities are sufficiently equilibrated, the actual simulation is performed. The time 

evolution of such a microcanonical ensemble is accumulated over many time steps. 

Finally observables are calculated from the trajectory as time averages which are 

thought of as being comparable to experimentally observed ensemble averages.

2.4 Ab initio molecular dynamics

The basic idea underlying every ab intio molecular dynamics (AIMD) method is to 

compute the forces acting on the nuclei from electronic structure calculations that are 

performed on-the-fly as the MD trajectory is generated. In this way the electronic 

variables are not generated beforehand, but are considered as active degrees of 

freedom. This implies, that given a suitable approximate solution of the many-

electron problem, chemically complex systems can also be handled by MD. Thus, one 

has to select a particular approximation for solving the Schrödinger equation. 

2.4.1 Born-Oppenheimer molecular dynamics

The most commonly employed approach to AIMD is the Born-Oppenheimer 

molecular dynamics (BOMD) in which the electronic problem is solved using DFT 

for obtaining the ground state eigenvalue. The steps involved in the Born-

Oppenheimer Molecular Dynamics algorithm are displayed in Figure 2.1. For an 

interacting system of electrons with classical nuclei fixed at positions {RN}, the total 

ground state energy can be found by minimizing the KS energy functional (as defined 

in Equation 2.2.11)
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with respect to orbitals which are subject to the orthonormality constraint

                                                        ijji                                               (2.4.2)

The corresponding Lagrangian for BOMD is therefore
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and the equations of motion are

                                        



 ]},[{min

}(

N
i

KS
III RERM

i




                             (2.4.4)

The forces between nuclei needed for the implementation of BOMD are 
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Once the initial forces are calculated they are next fed into a numerical integration 

procedure together with a set of initial velocities for the nuclei, and a step of 

molecular dynamics is carried out, yielding a new set of positions and velocities. At 

the new nuclear positions, the energy functional is minimized again and a new set of 

forces is obtained and used to perform another step of MD propagation. This 

procedure is repeated until an entire trajectory has been generated. These steps 

involved in BOMD are displayed in the form of a flowchart presented in Fig. 2.

which tells that BOMD requires a full self-consistent density functional minimization 

of energy and its derivative at each point.
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Figure 2.1: Flowchart displaying the steps involved in the Born-Oppenheimer 

Molecular Dynamics algorithm
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For cutting down computational expenses it would therefore be appealing to have an 

approach that does not require exact calculation of ground state energy at every step. 

An elegant alternative to BOMD was proposed by Car and Parrinello [19a].

2.4.2 Car-Parrinello molelcular dynamics

Car-Parrinello molecular dynamics (CPMD) [19a] is an efficient way to combine a 

quantum chemical description of electron dynamics and a classical description of 

nuclei dynamics in a unique framework. The Car-Parinello approach exploits the 

time-scale separation of fast electronic and slow nuclear motion. This is achieved by 

mapping the two-component quantum/classical problem onto a two-component 

purely classical problem with two separate energy scales. 

In CPMD the extended energy functional EKS is considered to be dependent 

on {Фi} and RN. In classical mechanics the force of the nuclei is obtained as the 

derivative of a Lagrangian with respect to the nuclear positions. Similarly, a 

functional derivative with respect to the orbitals, which if also interpreted as classical 

fields, would yield the force on the orbitals. Car and Parinello postulated the 

following Lagrangian using EKS   
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and the equations of motion are
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where μ is the “fictitious mass” or inertia parameter assigned to the degrees of 

freedom. The forces needed for the implementation of CPMD can be obtained as the 
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partial derivatives of the KS energy functional with respect to both the nuclear 

positions and the KS orbitals
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The forces in Equation (2.4.13) are the same forces as in BOMD but in BOMD these 

were derived under the condition that the wavefunctions are optimized and are 

therefore are only correct up to the accuracy achieved in the wavefunction 

optimization. In CPMD these are the correct forces and calculated from analytic 

energy expressions are correct to machine precision.

In CPMD we begin with a starting configuration for which the KS equation is 

solved for the electrons. Next the forces are evaluated as the derivative of EKS with 

respect to nuclear positions as given in Equation (2.4.13). In the same nuclear step the 

fictitious forces acting on the orbitals are calculated as the functional derivative of 

EKS with respect to orbitals (see Equation (2.4.12)). This is followed by an update of 

the nuclear and electronic configurations and another step of MD is performed. For 

generating a trajectory these steps are continuously repeated.

It is noticeable that only one electronic step is performed for all the nuclear 

steps and hence the computationally demanding full electronic minimization is 

executed only for the starting configuration. If μ is small then the new electronic 

configuration corresponding to the new nuclear configuration will be already near 

enough to the exact ground state. On the other hand if μ is large then it ensures the use 

of reasonably large time steps, in order to have a fast integration of the equations.

In addition to above mentioned fundamental concepts, several new MD 

approaches are developed by many researchers which are not only conceptually 

simpler but are computationally much more economic than the conventional 

approaches . For example, S. K. Ghosh and co-workers [19b, 19c] recently proposed 

a one dimensional descriptor (energy, electron transfer) approach to multidimensional 

dynamical processes in condensed phase.
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However, in the present thesis we use only the AIMD, BOMD approach, to 

obtain and study the melted surfaces of Al metal clusters.

2.5 Plane wave-pseudopotential method

This section discusses the implementation of the plane wave-pseudopotential method

within the program code VASP [20,21] used during the course of this work for 

calculating properties of solids. In an extended solid-state material the number of 

nuclei and electrons is of the order one mole. The computational problem of solving 

Schrödinger’s equation involves diagonalization of large matrices of the order of one 

mole X one mole. This challenging task is simplified by exploiting the translational 

symmetry properties of the crystal in question. 

2.5.1 Bloch’s theorem and plane wave basis

In an infinite crystal which is translationally invariant under a lattice translation T, the 

effective KS potential υeff as defined in Equation (2.2.14) possesses the periodicity of 

the lattice

                                                       veff(r + T) ≡ veff(r)                                          (2.5.1)

Further, in order to satisfy the KS equations one must have

),(),( rkeTrk i
ikT

i                                   (2.5.2)

This results in the Bloch’s theorem [22] for the KS orbitals according to which ψi(k,r) 

can be written as a product of a function ui(k,r) that has the periodicity of the lattice 

and a plane wave eik.r with k being a vector in the first Brillouin zone (BZ), i.e.

                                                    ),(),( rkuerk i
ikr

i                                           (2.5.3)

The periodic function can be expanded in the plane wave basis as
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where Ωcell is the volume of the primitive cell and G are the reciprocal lattice vectors. 

In the above form the ψi(k,r)’s are k-dependent. The complete set of G vectors is 

infinite and evaluating sums over all such vectors would be computationally 

expensive. Since orbitals and densities tend to become smooth at small scales, i.e. the 

plane wave components become negligible for large G vectors, therefore during 

calculations the infinite sums over G vectors and cells can be truncated.

2.5.2 Pseudopotentials

The most common pseudopotential (PP) approach is the frozen core approximation

which is based on the fact that physical and chemical properties of crystals mostly 

depend on the distribution of the valence electrons. Hence the core electrons can be 

considered to be “frozen” while keeping intact the core electron distribution of the 

isolated atom in the crystal environment. In turn, the long range interactions of the 

core are accounted for by PPs. 

Conventionally the PP is constructed by satisfying four general criteria: 

(a) the valence pseudo-wavefunction Фl
PS must be the same as the all-electron (AE) 

wavefunction Фl
AE outside a given cut-off radius Rcut,

(b) the charge enclosed within Rcut must be equal for the two wavefunctions, i.e.

                                             
cutcut R

AE
l

R
PS
l drrdrr

0

2

0

2
)()(                           (2.5.5) 

and is normalized such that

                                            1)()(
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This is commonly referred to as norm-conservation, 

(c) ФPS must not have any radial nodes within the core region and, 
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(d) the valence AE and PP eigenvalues must be equal. These features are illustrated in 

Figure 2.2. 

Figure 2.2: A schematic diagram of an atomic all-
electronic wavefunction (solid line) and the 
corresponding atomic pseudo wavefunction (dashed 
line) together with the respective external Coulomb 
potential (solid line) and pseudopotential (dashed line).

Application of PPs has various advantages. It leads to a reduction in the 

number of electrons in the system and thereby allows for faster calculations and a 

simplified treatment of bigger systems. PPs also allow for a considerable reduction of 

the basis set size. The pseudized valence wavefunctions are nodeless functions and 

therefore require less basis functions for an accurate description. Furthermore the 

relativistic effects connected to the core electrons are incorporated into the PPs 

without complicating the calculations of the final system. Most importantly, PPs are 

transferable which implies that the same PP would be adequate for an atom in all 
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possible chemical environments. This proves particularly useful during a simulation 

in which a change of environment is expected, such as in case of chemical reactions 

and phase transitions.

2.6 Interpretation of Data using analysis tools

VASP [20, 21] is a package for performing geometry optimization and AIMD 

simulations with the use of DFT potential and PBC. It is a useful package for 

simulating periodic solids and hence uses plane wave basis set in conjunction with 

Vanderbilt’s ultra–soft pseudopotentials. However, finite cluster or molecules can also 

be simulated by using a supercell. Its an all–purpose code for carrying out AIMD 

simulations. The AIMD approach implemented in VASP is based on BOMD concept, 

where an exact evaluation of the instantaneous electronic ground state is obtained 

from DFT at each MD step using efficient matrix diagonalization schemes. The 

optimization techniques discussed in the next section are efficiently implemented in 

VASP.

2.6.1 Optimization Techniques

Optimization techniques are used to drive the system in the minimum energy 

configuration. Once the initial configuration is defined the next step is to find its 

minimum energy structure. A variety of optimization techniques have been suggested. 

The final ground state geometry is considered only when the ions and the electrons 

are in their minimum energy configurations.

Conjugate gradient

The conjugate gradient method [1a] provides simple and efficient way to locate the 

minimum of a particular system. The initial direction is taken to be the negative of the 

gradient at the starting point. A subsequent conjugate direction is then constructed 

from a linear combination of the new gradient and the previous direction that 

minimized the function. It should be noted that at each point the gradients are 

orthogonal but the directions are conjugate. Since the minimization along the 
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conjugate directions is independent, the dimensionality of the vector space explored 

in this technique reduces by one at each iteration. When the dimensionality of the 

function has been reduced to zero, there are no directions left in which to minimize 

the function, so the trial vector must be at the minimum. In this technique, the search 

direction is generated using the information from all the sampling points along the 

conjugate gradient path.  

quasi-Newton

A quasi-Newton (variable metric) algorithm [23] is used to relax the ions into their 

instantaneous ground state. The forces and the stress tensor are used to determine the 

search directions for finding the equilibrium positions (the total energy is not taken 

into account). This algorithm is very fast and efficient close to local minima, but fails 

badly if the initial positions are a bad guess. Since the algorithm builds up an 

approximation of the Hessian matrix it requires very accurate forces, otherwise it will 

fail to converge. This method works very well for the systems initial guess lying close 

to the minima. It implicitly calculates an approximation of the inverse Hessian matrix 

by taking into account information from previous iterations. On start up, the initial 

Hessian matrix is diagonal. Information from old steps (which can lead to linear 

dependencies) is automatically removed from the iteration history, if required. The 

number of vectors kept in the iterations history (which corresponds to the rank of the 

Hessian matrix must not exceed the degrees of freedom. Naively the number of 

degrees of freedom is 3*(NIONS-1). But symmetry arguments or constraints can 

reduce this number significantly. 

2.6.2 Structure and Bonding

To study the ground state properties of a system it is necessary to obtain the ground 

state geometry of the system. Location of global minimum of any system is a 

complicated problem. The geometry optimization belongs to the problem of 

minimizing an N-dimensional function with respect to a set of coordinates. Hence the 

problem becomes much more complicated as the dimension of the system increases. 

None of the optimization schemes discussed in the earlier section can guarantee for 
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the search of global minimum. The only way to find the global minimum is to find 

same minimum energy configuration in a number of different calculations. Another 

direct approach is to study the structure and bonding pattern to insure the optimum 

values of these properties.

Bonding

Bonding in chemical systems can be described either as localized or delocalized. The 

covalent, ionic, hydrogen and polar bonds belong to the localized bonding character, 

while metallic bonding belongs to the other class. The characterization of chemical 

bonds is a qualitative rather than a quantitative exercise. Bader used the topological 

description of electron density ρ(r) as a tool to understand the bonding in various 

chemical systems. However, it is known that, electron density alone does not easily 

reveal the consequences of the Pauli exclusion principle on the bonding.

Electron Localization Function

Becke and Edgecombe proposed ELF, [24] which has been used to examine electron 

localization in atoms, molecules and solids. The idea was based on the measure of the 

probability of finding an electron in the neighborhood of another electron with the 

same spin. Several reviews have discussed in depth the application of ELF. [25]– [28] 

ELF can be viewed as a local measure of the Pauli repulsion between electrons owing 

to the exclusion in three dimensional spaces. It therefore makes it possible to define 

regions of space that are associated with different electron pairs in a molecular or a 

solid. The ELF is defined as
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where the sum in Eqn. 2.6.4 is over all the occupied orbitals. Dh is the kinetic energy 

of the electron gas having the same density or one can say its the value of Dp in a 

homogeneous electron gas. This clearly shows that for a homogeneous electron 

distribution the value of ELF will be equal to 0.5. According to the definition, the 

ELF values lie between zero and one. Chemical systems in which, in the vicinity of  

one electron, no other electron with the same spin may be found, that is, where 

electrons are alone, or form pairs of antiparallel spins, for instance as occurs in 

bonding pairs or lone pairs. In this case, the Pauli principle has little influence on 

their behavior and the ELF value tends to 1. However, if the probability of finding the 

electron in the vicinity of other electron is high than the ELF value decreases.

Examination of each term in the Eqn. 2.6.3 is quite revealing. First term is 

the total kinetic energy of N noninteracting fermions in the ground state, whereas the 

second term is what the kinetic energy density at a point in space would be if only one 

occupied orbital contributed to the electron density at the point. The latter term is a 

lower bound for the former. Eqn. 2.6.3 quantifies the amount of Pauli repulsion at a 

given point r in space. As a result the ‘excess’ Pauli kinetic energy is small in region 

where the electrons are localized as discussed above.

Figure 2.3 shows the ELF pictures of two different molecular systems viz 

methyl acetate and benzene. Region (a) of the methyl acetate shows a localization 

region at the center of C–C bond, indicating a covalent bond. The double bond 

character is shown by the region (b). Region (d) and (e) indicate a lone pair of 

electrons on the O atoms. ELF of benzene clearly shows a symmetric electron 

localization pattern. Hence, indicating a resonance or delocalized state. In the present 

work ELF has been used to understand the localized and weak bonding in Sn or Ti–

Beta zeolite and water complex. Later, it has been used to analyze the bonding pattern 

of the Al metal clusters and eventually how this changes due to N2 adsorption.
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Figure 2.3: (a) Methyl acetate Figure 2.3: (b) Benzene

2.6.3 Conceptual DFT: Reactivity Descriptors

Based on the famous Hohenberg and Kohn theorems [10], DFT provided a sound 

basis for the development of computational strategies for obtaining information about 

the energetics, structure, and properties of (atoms and) molecules at much lower costs 

than traditional ab initio wave function techniques. On the other hand, a second 

branch of DFT has developed since the late 1970s, called “conceptual DFT” by its 

protagonist, R. G. Parr [29]. A breakthrough in the dissemination of this approach was 

the publication in 1989 of Parr and Yang’s 'Density Functional Theory of Atoms and 

Molecules' [7], which not only promoted “conceptual DFT” but, certainly due to its 

inspiring style, attracted the attention of many chemists. Many of such chemical 

phenomena can be understood and predicted by some theoretical quantities that have 

a direct relationship with the characteristic sets of important chemical properties. 

These quantities are, in general, called descriptors. The reactivity descriptors are very 

much pertinent to the reactivity of the molecular systems and are intended to provide 

a qualitative and semi-quantitative measure of the extent to which a particular site 

will be affected in a given condition. In the last two centuries, there have been several 

attempts to explain the nature of bonding and reactivity of molecular systems based 

on some intuitive ideas, models and empirical rules in terms of the reactivity 

descriptors [30-32]. In particular, the concept of the highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) developed by 

Fukui (frontier molecular orbital theory) [33], Mulliken's donor acceptor concept 

(overlap and orientation principle) [34] and Pearson's hardness and softness concept 
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(Hard-Soft Acid-Base principle) [35]. These descriptors or principles have made a 

profound impact on our understanding of the experimental observations at the 

microscopic level in an elegant way. Formulation and concept of some of these 

reactivity descriptors is summarized as follows.

Localized Fukui Functions 

The site-selectivity of a chemical system, cannot, however, be studied using the 

global descriptors of reactivity such as electronegativity. For this, appropriate local 

descriptors need to be defined. An appropriate definition of local softness s(r) is given 

by 2.65 
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Where f(r) is defined as the Fukui function (FF). It is obvious that local softness, s, 

contains the same information as the Fukui function as well as additional information 

about the molecular softness. FF can be interpreted either as the change of the 

electron density ρ(r) at each point r when the total number of electrons is changed or 

as the sensitivity of a system’s chemical potential to an external perturbation at a 

particular point r
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The latter point of view, by far the most prominent in the literature, faces the N-

discontinuity problem of atoms and molecules, leading to the introduction of both 

right- and left-hand-side derivatives, both to be considered at a given number of 

electrons, N =N0:
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For a nucleophilic attack provoking an electron increase in the system, and
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For a electrophilic attack provoking an electron decrease in the system.

Although, in principle, the neutral or N0-electron system’s electron density contains 

all information needed for the evaluation of the Fukui function, most studies in the 

literature have been carried out in the so-called finite difference method, 

approximating

)()()(
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A third function describing radical attack, f 0(r), is then obtained as the arithmetic 

average of f +(r) and f -(r). To obtain the local information, Atom condensed Fukui 

functions were first introduced by Yang et al, based on idea of integrating the Fukui 

function over atomic regions, similar to procedure followed in population analysis 

technique. Combined with finite difference approximation, this yields working 

equations of the type

00 ,1, NANAA qqf  


(2.7.2)

1,, 00 
  NANAA qqf (2.7.3)

Where, qA,N0 denotes the electronic population of atom A of reference system. In ab 

initio calculations these numbers are obtained mostly by a Mulliken and Lowdin 

population analysis. However, the surplus or depleted charges on each atom in a 

system derived by Mulliken and/or Lowdin population scheme, itself serves as a 

reactivity descriptors, predicting the electrophilic and/or nucleophilic nature of a 

particular atom in that chemical environment. 

HOMO-LUMO analysis 

Since the derivative of 2.6.7 is not known exactly, there are various different 

strategies to calculate, in an approximate way, the Fukui function. Two different 

finite-difference approaches can be followed. Separate calculations of (N0 + 1) and 

(N0 – 1) electrons simply by relaxation of orbitals from the neutral system. This 
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approach has been known as the ‘relaxed orbital’ approach. On the contrary, assuming 

that the shape of molecular orbitals does not change when a small amount of charge is 

added or subtracted, Yang et. al. calculated the derivative of 2.6.7 as, governing 

electrophilic attack, 
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known as the ‘frozen orbital’ approximation, where dρ is same as dρvalance. Under 

frozen orbital approximation atom-condensed Fukui functions will be nothing but the 

respective atomic population of HOMO or LUMO orbitals. FMO theory predicts that 

the preferable electrophilic reaction in a molecule will take place at the site where the 

relative density of the HOMO is high and the position, which has a relatively high 

LUMO density, is preferable for the nucleophilic reaction.

Pearson's definitions of Hardness and Softness

The general idea of classifying reagents with respect to their chemical behavior 

stimulated further research on the physical properties of the complexes. Among all, 

the work contributed by Pearson is considered to be one of the most important works 

and it has been found to be very useful for correlating and better understanding of a 

very large amount of chemical information in terms of the hard and soft parameters. 

Later on these concepts were coined as HASB principle around 1963. He has actually 

classified the molecular systems in terms of the hard-soft acid-base in a general way: 

Hard acid: acceptors or nucleophiles, Soft acid: Low positive charge, Hard base: 

donors or electrophiles, Soft base: Low electronegativity. HSAB principle says that 

there is an extra stabilization if hard acids bind to coordinate with hard bases and soft 

acids bind to coordinate with soft bases. A more interesting idea is the one that relates 

the hard-hard and soft-soft character, respectively, to ionic and covalent interaction 

[36-39]. A simple explanation for hard-hard interactions is by considering them to be 
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primarily electrostatic or ionic interactions. Here, we use these concepts to quantify 

the Lewis acidic nature of Sn and Ti substituted BEA zeolites and their interactive 

way with different Lewis bases. Thus, these reactivity descriptors have been used 

extensively for the study of site selectivity of atoms in a molecule. In this thesis, these 

quantities will be computed and are used to predict the inter-molecular reactivity 

trend.

2.6.4 MD analysis tool

The state of thermodynamic system and the motion of atoms within it is understood 

and analyzed through two standard parameters viz. RMS and MSD. We describe these 

two concepts in short below.

RMS

The δrms is a measure of fluctuations in the bond lengths averaged over all the atoms 

and over the total time span. It is defined as
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where N is the number of atoms in the system, rij is the distance between atoms i and 

j, and <...>t denotes a time average over the entire trajectory. 

MSD 

The MSD is another widely used parameter for analyzing a solid-like-to-liquid-like 

transition. In the present work, we calculate the MSD for individual temperatures 

over a given simulation, which is defined as
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where RI is the position of the I
th

atom and we average over M different time origins 

t0m spanning the entire trajectory. The MSD indicates the displacement of an atom in 

the cluster as a function of time. In the solid-like region, all atoms perform oscillatory 
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motion about fixed points resulting in negligible MSDs of individual atoms from their 

equilibrium positions. In a liquid-like state, on the other hand, atoms diffuse 

throughout the cluster and MSDs eventually reach a saturated value of the order of 

the square of the cluster radius. The liquid-like state hence represents a structure 

which has very less correlation of each atom with the neighboring one.
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CHAPTER 3

Properties of Sn-BEA Vs. Ti-BEA 

Abstract:
Periodic density functional theory is employed to characterize the differences 

in the structural, Lewis acidic and hydrophilic properties of Sn-BEA and Ti-BEA. The 

results show that the incorporation of Sn increases the Lewis acidity of BEA 

compared to the incorporation of Ti, thereby increasing the efficiency of the oxidation 

reactions. The results also justify as to why the percentage of Sn substituted in BEA is 

less than of Ti. The structural analysis shows that the first coordination shell of Sn is 

larger than that of Ti. However, the second coordination of both sites remains the 

same. The water adsorption properties of these substituted zeolites are quantified. 

Finally, we explain the higher Lewis acidity of Sn than the Ti site on the basis of the 

Fukui functions and charge population analysis.

3.1 Introduction
Zeolite Beta (BEA) is used as one of the active catalysts for carrying out 

several organic reactions such as epoxidation of olefins [1], aromatic and aliphatic 

alkylation [2], acid catalyzed reactions [3], etc. Some of the important reactions which 

can be catalyzed by BEA include the Baeyer-Villiger oxidation (BVO) reaction and 
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the Meerwein-Ponndorf-Verley reduction of aldehydes and Oppenauer’s oxidation of 

alchols (MPVO) reaction [4]. The reasons for using BEA as an efficient catalyst are 

its relatively large pore size, its flexible framework and its high acidity [5]. It is also 

well-established that the acidity of BEA can be finely tuned by the incorporation of 

various atoms such as B, Al, Ti, Zr, Fe, etc [6-9]. These sites substituted in the BEA 

framework act as an active Bronsted or Lewis acid sites depending upon their valence 

states [8]. Among various atoms, Ti substitution in a BEA framework leads to an 

active catalyst for epoxidation of olefins in the presence of H2O2 [7-10]. Other Ti 

zeolites, which have been successfully used for the oxidation of small organic 

molecules, are the titanium silicalites (TS-1, TS-2) [11]. Several studies have been 

reported to understand the differences of the activity and selectivity between these 

two zeolites [1,12]. Corma et al. have shown that these differences arise from the 

hydrophilic/hydrophobic nature of the Ti sites [1,9]. According to their report, Ti sites 

in TS are more hydrophobic than those in the Al-Ti-BEA. Hence, TS was preferred 

over Al-Ti-BEA when the solvent used in the reaction was prepared in an aqueous 

medium. 

One of the challenges in this field is to increase the efficiency of a zeolite by 

substitution with other elements. Such an attempt has been made recently by 

incorporating Sn in BEA. Mal and Ramaswamy successfully synthesized the Al-free 

Sn-BEA [13]. In an interesting experimental work, Corma et al. showed that the 

incorporation of Sn in the BEA framework results in a more efficient catalyst for the 

BVO reaction in the presence of H2O2 [14]. In their study, a new mechanism was 

proposed for the oxidation of ketones. They showed that the Sn site in BEA activates 

the carbonyl group of the cyclohexanone followed by the attack of H2O2, unlike the 

Ti sites which initially activate the H2O2. This result was attributed to the higher 

Lewis acidity of the Sn site with respect to the Ti site. Hence, incorporation of Sn in 

BEA leads to a higher selectivity toward the formation of lactones in the BVO 

reaction as compared to that of Ti  [14, 15]. On this background, highly selective 

MPVO reactions were carried out more efficiently with Sn-BEA than Ti-BEA [16]. In 

these studies, it was shown that the Sn site is situated within the framework and no 

extra framework Sn was detected. Although much of the experimental studies have 
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focused on the efficiency of the Sn-BEA, the higher Lewis acidity of the Sn site 

compared to the Ti site in BEA is still not understood. Recently, Sever and Root used 

the M(OH)4 (M = Sn, Ti) cluster models to investigate the reaction pathways for the 

BVO reaction [17]. Their study supports the formation of a Criegee intermediate that 

contains a five-membered chelate ring with the tin center. Further, they conclude that 

the Baeyer-Villiger rearrangement of the chelated Criegee intermediate is the rate-

determining step for the overall reaction. In addition, the Gibbs activation barrier for 

rearrangement of the chelated Criegee intermediate is over 17 kcal/mol less than the 

corresponding activation barrier for the nonchelated Criegee intermediate in the 

noncatalyzed mechanism. Thus the Lewis acidic tin center facilitates the 

rearrangement step by stabilizing the hydroxyl leaving group as the peroxo bond is 

cleaved in the transition state.

One of the important issues concerning the activity and selectivity of the 

zeolite is its hydrophobic/hydrophilic nature [18, 19]. It is known that, if the zeolite is 

hydrophilic in nature, the water present in the solvent poisons the active sites. This 

hinders the kinetics of the reaction and decreases the activity of the zeolite. Corma et 

al. have bypassed this problem by modifying the catalyst design, which allows the use 

of Sn-BEA in the presence of aqueous media [20]. Very recently, Boronat et al. have 

done theoretical calculations using a Sn(OSiH3)3OH cluster model to understand the 

effect of H2O during the BVO reaction [31]. Their results show that one water 

molecule is permanently attached to the Sn active site. To understand the water 

adsorption competence, Fois et al. continued the interaction study of water molecules 

with the Ti sites in Ti-offretite using Car-Parrinello molecular dynamics [21]. They 

found that, at higher loading of water molecules, the Ti atom expands its coordination 

number. 

In the past decade, several experimental and theoretical studies have been 

employed to characterize the role of Ti sites at a microscopic level in various Ti-

zeolite systems [1, 7, 22-26]. It has been revealed that due to the high crystallinity, 

low Ti content and large quadrupolar moment of Ti, accurate information on the Ti 

sites in BEA is not possible through experimental techniques [25]. Hence, it is 

necessary to use theoretical methods to explore the local behavior for, e.g., structure, 
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electronic and bonding properties of these sites. Sastre and Corma have used ab initio 

calculations to discuss the role of the Ti sites in Ti-BEA and TS-1 [26]. The energies 

of the lowest unoccupied molecular orbital (LUMO) of Ti-BEA  and TS-1 with one Ti 

substituted in turn at every T site were shown to be different. Furthermore, the Ti sites 

in Ti-BEA were found to be more acidic than those in TS-1 and this acidity varies 

among all of the Ti sites in both zeolites [26]. This indicates that not only two 

different Ti-containing zeolites have different acidities, but also different T sites 

within a particular zeolite have varying acidities. Boronat et al. have also 

characterized the acidic characteristics of several transition metals substituted in BEA 

on the basis of LUMO energies [27]. 

Very recently, Bare et al. have used the EXAFS technique to investigate the Sn 

site in Sn-BEA [28]. They showed that Sn was not randomly distributed in BEA, and 

takes specific crystallographic sites, i.e., T5/T6 sites in their nomenclature, which 

corresponds to T1 and T2 in our nomenclature, following Newsam et. al. [29]. 

Surprisingly, they found that this substitution takes place through pairing of these 

sites, within the six-membered ring, i.e., two T1 or two T2. However, no explanation 

was given for this distribution. At the same time, in a theoretical work using a 

periodic approach based on density functional theory (DFT), we have proposed the 

sites for Sn substitution in BEA [30]. According to these results, T2 site is the most 

probable site for the Sn substitution based on thermodynamics consideration. 

Moreover, we found that the substitution of two Sn atoms per unit cell is 

thermodynamically unfavorable. This is consistent with the earlier experimental 

results. 

As it can be seen from the above description, the incorporation of Sn in BEA 

proves to be a better catalytic site than Ti. Hence, detailed information on the 

differences in the properties of Sn and Ti sites in BEA, such as the quantification of 

the Lewis acidity, number of T atoms to be substituted in the unit cell and 

hydrophobicity, is of fundamental importance and is still to be resolved. The aim of 

the present theoretical study is to bring out the differences in these substituted BEA 

zeolites by analyzing their structural, electronic and water adsorption properties. 
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Moreover, we use the local reactivity descriptors such as the Fukui functions (FFs) 

and charge population to analyze the Lewis acidic strength of Sn and Ti sites.

3.2 Methodology and Computational Details
Several theoretical studies based on a classical as well as quantum potential 

have been proposed to study the properties of zeolites [26, 33-40]. It has been a 

practice to adopt cluster models cut from the zeolite crystals to study these properties. 

One of the obvious reasons to use the cluster model is that it is computationally 

cheap. Sauer et al. have conducted an extensive study of zeolites using cluster models 

[35, 36]. A periodic approach provides a more realistic description to study the 

properties of a crystal [39, 24]. Although zeolite catalysts are neither crystals nor 

periodic solids, it is more convenient to use periodic boundary conditions, when there 

are very few substituted sites per unit cell. 

Earlier experimental studies have indeed proved that Sn and Ti sites in BEA 

are very few, that they are situated within the framework and during the BVO or 

MPVO reaction these sites do not dissociate from the framework [4a, 15]. In the 

present work, we have employed the periodic DFT to investigate the properties of Sn-

BEA and Ti-BEA. The advantage of using periodic boundary conditions is that the 

long range electrostatic interactions are included within Ewald summations. The unit 

cell of BEA is shown in Figure 3.1. The instantaneous stationary electronic ground 

state is calculated by solving the Kohn-Sham equation based on DFT. The valence 

electrons have been represented by the plane waves in conjunction with the 

Vanderbilt’s ultrasoft pseudopotentials (PPs) for the core [41]. It is worth mentioning 

that during the interaction between two systems the complete plane wave avoids the 

basis set superposition error. The exchange-correlation functional is expressed by the 

generalized gradient approximation (GGA) with the Perdew-Wang 91 (PW91) 

functional [42]. The calculations were restricted to the gamma point in the Brillouin 

zone sampling. The energy cutoff used for the plane waves was 21.83 Ry (300 eV). 

The interaction between the water molecule and the Sn and Ti sites in BEA was 

studied using an energy cutoff of 36.74 Ry (500 eV).
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Figure 3.1: Crystallographically defined 9 

T sites of BEA. The gray spheres represent 

the Si sites.

For large systems, such as the present study, our study is limited to 36.74 Ry 

cutoff and our calculations may not have converged with respect to the energy cutoff. 

A much higher energy cutoff value has been used for the description of hydrogen 

bonding in the context of plane waves for HF clusters [43] using standard norm 

conserving pseudopotentials. On the other hand, we have used ultrasoft 

pseudopotentials, which may require a much lower energy cutoff. Further, our 

calculation is on a true periodic system, which may require much less cutoff than the 
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free HF molecules enclosed in a box of 15 Å as in the work on HF clusters. For 

periodic systems, such as zeolites, cutoffs similar to the ones employed in the present 

study have been used [44] in earlier studies by others. However, it would be 

interesting to investigate the convergence of the adsorption energies with energy 

cutoffs for systems studied in this paper in the future.

The energies corresponding to the HOMO, LUMO, and HOMO-LUMO gaps 

are obtained using the periodic calculations at all nine T sites of Sn- and Ti-BEA. The 

above calculations have been performed by the VASP code [45]. The charge 

population and local reactivity descriptors have been calculated using the cluster 

model, cut from the optimized periodic systems of Sn-BEA and Ti-BEA. The cluster 

model cuts are represented in Figure 3.2. The clusters have been cut considering the 

most reactive T sites, i.e., T2 and T1 for Sn and Ti-BEA, respectively. The clusters 

have been terminated with the H atoms. These clusters were reoptimized by 

constraining the terminal H atoms and relaxing all of the other atomic positions. The 

cluster calculations have been carried out by the DFT approach and B3LYP functional 

with the basis set DZVP [46]. These calculations are done using the GAMESS 

program [50].

BEA is a high silica zeolite and consists of two different ordered polytypic 

series, viz., polymorph A and polymorph B [29]. It has two mutually perpendicular 

straight channels with a cross section of 0.76 nm * 0.64 nm which run along the a and 

b directions. Intersecting to these, at right angles, a helical channel of 0.55 nm * 0.55 

nm also exists along the c-axis. This gives rise to a three-dimensional pore system of 

12-membered ring aperture. The unit cell of an ideal fully siliceous BEA consists of 

192 atoms with 64 Si and 128 O atoms distributed within the tetragonal lattice of 

dimensions of (12.6 * 12.6 * 26.2) Å. There are nine distinct crystallographically 

defined T sites, as shown in Figure 3.1. We adopt the experimental structure as 

defined by Newsam et al. and accordingly define the nine T sites in the unit cell of 

BEA [29]. The structural optimization of the Si and Sn- and Ti-BEA has been carried 

out in two steps. In the first step, the conjugate gradient method was used to optimize 

the unit cell of BEA. The optimization was considered to be achieved when the 

maximum forces on the atoms were less than 0.1 eV/Å.
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Figure 3.2: The cluster models cut from the 

optimized periodic Sn and Ti-BEA systems. The T 

sites are T2 and T1 for the Sn- and Ti-BEA systems, 

respectively.

In the second step, these optimized geometries were reoptimized with the quasi-

Newton method unless the maximum force on the atoms was less than 0.06 eV/Å. 

One should note that during the optimization the cell shape of the unit cell has been 

fully relaxed, while keeping its volume constant. The reason is that the percentage of 

Sn and Ti in BEA is only 1/u.c. We expect that if the concentartion of the Sn or Ti is 

increased in BEA the volume of the cell along with the shape has to be relaxed. In the 

case of Sn- and Ti-BEA, each of the nine distinct T sites were substituted by Sn and 

Ti atoms (i.e., Si/(Sn or Ti) ) 63/1, respectively, and were optimized. Once the active 

site in Sn- and Ti-BEA was confirmed, one water molecule was introduced near these 



Chapter 3  Properties of Sn-BEA Vs. Ti-BEA 86

active sites and the same optimization procedure was followed as discussed above. 

The structural data for the Sn-BEA has been taken from a recent publication by us 

[30].

3.3 Results and Discussion
3.3.1. Structure of Sn-BEA and Ti-BEA: Tables 3.1 and 3.2 present the 

optimized structural details of all nine T sites of Sn-BEA and Ti-BEA, respectively. It 

should be noted that only the average bond distances and bond angles are presented. 

It can be seen from Table 3.1 that the  Sn-O bond distances range between 1.908 and 

1.917 Å, the Sn-O-Si bond angles range from 136 to 144.2° and the Sn-Si distance is 

around 3.241 Å. Very recently, Bare et al., with the help of the EXAFS technique, 

showed that the Sn-O bond distances and Sn-Si distances in Sn-BEA were around 

1.906 and 3.5 Å, respectively [28]. This clearly shows that the theoretical results 

presented by us are in good agreement with the experimental results. However, the 

theoretical results of Bare et al. were not consistent with their experimental data. This 

may be due to keeping the shape of the unit cell fixed during the optimization and 

using the local density approximation in their study [28]. On the other hand, we have 

relaxed the lattice vectors of the unit cell during the optimization and also used the 

GGA exchange-correlation potential, as explained in the earlier section. The change 

in the local coordination of the T site in Sn-BEA compared to the Si-BEA has been 

illustrated in the earlier study.

Table 3.2 shows that the average Ti-O bond distances of the nine T sites in 

BEA vary from 1.794 to 1.799 Å. These values are in good agreement with the earlier 

works on Ti-BEA [7]. Compared to Sn-O bond distances; the Ti-O distances are 

smaller. This is due to the larger atomic size of Sn with respect to Ti. From the data of 

Tables 3.1 and 3.2, it can be noticed that the average Sn-O and Ti-O bond lengths are 

very similar for all T sites, whereas the corresponding bond angles have a large range 

of variation. Moreover, in both the Sn- and Ti-BEA models, the largest average angles 

belong to the T1 and T2 sites. The average experimental values of T1-O-T and T2-O-

T angles in the unsubstituted Si-BEA are 155.3 and 155.9°, respectively, and they also 
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correspond to the largest T-O-T angles in the framework. If we compare Sn and Ti 

substituted in the framework with Si, we get the expected

Table 3.1: Optimized Structural Parameters of Sn-BEA. Average Sn-O Bond 
Lengths, Sn-O-Si Bond Angles and Sn-Si Distances of All the 9 T Sites of Sn-
BEA

Table 3.2: Optimized Structural Parameters of Ti-BEA. Average Ti-O Bond 
Lengths, Ti-O-Si Bond Angles and Ti-Si Distances of All the 9 T Sites of Ti-BEA
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order for average T-O bond lengths Sn-O > Ti-O > Si-O, with around 0.12-0.15 Å 

difference at each replacement. The average T1-O-T or T2-O-T bond angles vary as 

Sn-O-Si < Ti-O-Si < Si-O-Si. These Ti-O-Si bond angles which range between 144 

and 152° are larger than the Sn-O-Si bond angles with a range between 136.0-143.5°. 

Due to the angular flexibility, the Ti-Si distance differs only by ~0.04 Å from the Sn-

Si distance. Although the first coordination shell radius of Ti is smaller than that of 

Sn, the second coordination shells are at similar distances. The adaptation of the BEA 

framework to Sn and Ti substitution results thus in a quite localized deformation of 

the siliceous framework. Hence, we can infer that the difference in adsorption 

properties between Sn- and Ti-BEA should be mainly due to the electronic differences 

of these sites. 

3.3.2. Energetics of Sn-BEA and Ti-BEA: In this subsection, we discuss the 

thermodynamic stability of Sn-BEA and Ti-BEA. This is done by calculating the 

cohesive energies for each of the nine T sites in Sn-BEA and Ti-BEA. Cohesive 

energy of a solid is defined as the difference between the energy of the bulk (solid) at 

equilibrium and the energy of the constituent atoms in their ground state [30]. 

Cohesive energy does not account for the kinetic formation of the system, nor for the 

different nature of the synthesis intermediates generated in aqueous solution, which 

can generate different routes for the solid growth. The cohesive energies of all nine 

substituted T sites of Sn-BEA and Ti-BEA are given in Table 3.3. In our earlier 

investigation, we showed that the substitution of Sn in the BEA framework decreases 

the cohesive energy [30]. Hence, the incorporation of Sn in BEA is 

thermodynamically less stable than the Si-BEA. On this basis, we explained the fact 

that the incorporation of Sn in the BEA framework is restricted. Interestingly, Bare et 

al. predicted the formation of Sn pairs as the active sites, where the two Sn atoms 

were shown to be on the opposite sides of a six-membered ring [28]. They showed 

that one of these pairs is present per 8 u.c. of BEA. Unfortunately, at present, it is out 

of scope to consider 8 u.c. of BEA. Nevertheless, we have carried out the calculations 

placing two Sn atoms per u.c. at the T1 and T2 (T5 and T6 according to Bare et al.) 

positions which are situated in the six-membered ring and are on the opposite side of 

each other (Figure 3.1). We found that this does not increase the cohesive energy. The 
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cohesive energy of Si-BEA is -1527.902 eV [30]. From Table 3.3; we see that the 

cohesive energy of Ti-BEA is about 3 eV higher than that of Si-BEA.

Table 3.3: Cohesive Energies of All the 
9 T Sites of Sn-BEA and Ti-BEA

T site Sn-BEA Ti-BEA

T1 1521.387 1530.797

T2 1521.681 1530.767

T3 1521.468 1530.210

T4 1521.523 1530.045

T5 1521.405 1530.014

T6 1521.431 1530.570

T7 1521.457 1530.359

T8 1521.621 1530.415

T9 1521.323 1530.282

This indicates that the incorporation of Ti in BEA is thermodynamically more 

favorable than that of Sn. Among the nine T sites of Ti-BEA, we found that the T1 

and T2 sites have the highest stability, and that T5 is the least stable. We have also 

calculated the cohesive energy with two Ti per u.c. (i.e., Ti/Si ) 2/62 per u.c.). The 

two Ti atoms were incorporated at two different T2 positions at a distance of 9 Å. 

This reveals an increase in the cohesive energy of about 3 eV compared to one Ti per 

u.c. Thus Ti could be incorporated more easily in BEA than Sn. That these 

calculations are carried out on a dehydrated solid resulting from a thermodynamically 

driven synthesis, ignoring the effects of the various ingredients and formation 

conditions, i.e., the nature and energies of the synthesis intermediates. Nevertheless, 

these results are consistent with the earlier experimental works, where it has been 

shown that the amount of incorporated Ti is larger than that of Sn in BEA [7, 15].
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3.3.3. Lewis Acidity of Sn-BEA and Ti-BEA: Earlier experimental studies 

have conjectured that Sn acts as a better Lewis acidic site than Ti in BEA [14-16]. 

Hence, Sn-BEA acts as a more active catalyst for the oxidation reactions. This 

motivated us to compare the Lewis acidity of Sn- and Ti-BEA. First, one must recall 

that the Lewis acidity, being related with an electron acceptor character, can be 

correlated with the global electron affinity of the solid. Qualitatively, LUMO energies 

can be used for a omparing between the electron affinities of Sn- and Ti-BEA [26, 

27]. The HOMO and the LUMO energies, and their corresponding HOMO-LUMO 

gaps of Sn-BEA and Ti-BEA, have been reported in Table 3.4.

Table 3.4: Energies of the HOMO, LUMO and HOMO-LUMO Gaps of the 9 T 
Sites of Sn-BEA and Ti-BEA

T site Sn-BEA Ti-BEA

HOMO

(eV)

LUMO

(eV)

gap

(eV)

HOMO

(eV)

LUMO

(eV)

gap

(eV)

T1 -3.124 1.333 4.457 -3.135 1.417 4.552

T2 -3.125 1.366 4.491 -3.133 1.469 4.602

T3 -3.131 3.121 1.557 -4.688 1.548 4.669

T4 -3.117 1.421 4.538 -3.120 1.492 4.612

T5 -3.131  1.450 4.581 -3.152 1.500 4.652

T6 -3.120 1.426 4.546 -3.145 1.453 4.598

T7 -3.121 1.419 4.540 -3.156 1.486 4.642

T8 -3.117 1.497 4.614 -3.144 1.470 4.620

T9 -3.114 1.506 4.620 -3.121 1.454 4.575

Globally, the average LUMO energy among the Sn substituted models is lower than 

that for the Ti ones. In our earlier results on Sn-BEA, we have shown that out of the 
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nine T sites the T1 and the T2 sites have low LUMO energies compared to the other T 

sites, and would be the probable sites for the reaction [30]. Interestingly, T1 and T2 

have been proposed as the most probable sites for Sn substitution from EXAFS 

experiments [28]. The two corresponding LUMO orbitals have similar low energies, 

making these two models good candidates as Lewis acids [27]. Both sites have also 

the smallest HOMO-LUMO gap. A smaller gap, in a solid, correlates with a larger 

global softness. The most probable Sn-BEA solids would thus correspond to the most 

Lewis acidic and the more “soft” models.

In the case of Ti-BEA, we can see from Table 3.4 that the T1 site has the 

lowest LUMO energy, whereas T3 has the highest. We can also notice that T1 and T2, 

which have the largest cohesive energies, have also low HOMO-LUMO gaps, with 

T1 having the smallest. Considering these two factors together, we propose that these 

sites would also be the most favorable sites for the substitution by Ti and also for the 

reaction to take place. We propose thus that, in both cases, Sn and Ti would be more 

probably substituted at the T1 and T2 sites. Considering their LUMO energies, about 

0.1 eV lower for Sn-BEA, we can infer that Sn-BEA is more Lewis acidic than Ti-

BEA. Moreover, with the corresponding HOMO-LUMO gaps being lower for Sn-

BEA than for Ti-BEA, this also suggests that Sn-BEA is a softer acid. Despite its 

smaller radius, Ti has thus less ability to adapt to the various geometric environments, 

showing the behavior of a “harder” species. 

Local reactivity descriptors such as condensed electrophilic and nucleophilic 

FFs and charge populations have been used to interpret the acidic strength of the Sn 

and Ti sites [47-49]. Table 3.5 describes the Mulliken and Lowdin charge populations. 

We can see from Table 3.5 that the positive charge on Sn is higher than that on Ti. 

This indicates that there is a charge buildup on the Ti compared to Sn. This probably 

arises due to the back-donation of electrons from the neighboring oxygen atoms to the 

empty d-orbitals of Ti, lowering its positive charge and therefore its Lewis acidity.
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Table 3.5: Mulliken and Lowdin 

Charges of Sn and Ti Atoms in their 
Respective Configurations

T site Mulliken Lowdin

Sn 1.57 1.28

Ti 1.32 0.89

The values of electrophilic FFs (f+) and nucleophillic FFs (f-) obtained through the 

Lowdin population scheme are given in Table 3.6. The electrophilic (fk
+) and 

nucleophilic (fk
-) FFs of a particular kth atom are defined as 

fk
+ ≈ qk

N
0+1 - qk

N
0

fk
- ≈ qk

N
0 -  qk

N
0-1

qk values are the electronic population of the kth atom of a particular species.

It can be seen that the electrophilic FFs (Table 3.6) of Sn and Ti in their respective 

configurations are higher than those of the other atoms. This shows that the Sn and Ti 

sites act as the probable Lewis acidic sites for the nucleophilic attack. Interestingly, 

the Sn site is slightly more electrophilic than the Ti site. This clearly indicates the 

higher Lewis acidity of Sn compared to the Ti site. 

3.3.4. Hydrophilicity of Sn-BEA and Ti-BEA: One of the important issues 

concerning the selectivity toward the organic molecules in zeolites is the 

hydrophobic/hydrophilic character of these catalysts [18]. Indeed, for reactions such 

as BVO and MPVO in the presence of aqueous solvents, zeolites containing both 

Lewis acidity and hydrophobicity would be the most appropriate [20, 31]. In fact, 

being a product of reaction, water is always present in the catalyst pores. However, 

this presence is not desirable, because its adsorption is competitive with that of 

reactants and also due to the product hydrolysis. On a perfect silicalite surface, water 

is physisorbed, i.e., its interaction energy is weak; mainly due to van der Waals 

forces. As soon as defects are present, water may bind to the silanols or dissociate and 
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react with the surface [32]. In order to be hydrophobic; zeolites must thus present less 

or no defects.

Table 3.6: Condensed Electrophilic (f+) and Nucleophilic 
(f-) FFs of the 9 T Sites of Sn-BEA and Ti-BEA

Atoms Sn-BEA Ti-BEA

f+ f- f+ f-

T=Sn/Ti 0.2465 0.00265 0.2170 0.0024

Si 0.0267 0.0015 0.0245 0.0011

Si 0.0308 0.0009 0.0258 0.0013

Si 0.0255 0.0031 0.0236 0.0028

Si 0.0250 0.0037 0.0241 0.0030

O 0.0465 0.0002 0.0737 0.0003

O 0.0464 0.0048 0.0677 0.0038

O 0.0461 0.0075 0.0705 0.0037

O 0.0408 0.00373 0.0714 0.0002

If this is achieved, i.e., for highly hydrophobic samples, experimental results show 

that substituted Ti- BEA is much more hydrophobic than Sn-BEA [20]. Although it is 

difficult to compare Ti-BEA and Sn-BEA with a high loading of water, it is of 

particular interest to investigate, at the microscopic level, the coordination of Sn and 

Ti sites in the presence and absence of one water molecule. For this comparison, Sn 

and Ti have been located at sites T2 and T1, respectively. The full systems have then 

been optimized with a higher energy cutoff to account for the hydrogen bonding as 

mentioned in section 2.

Table 3.7 gives the averaged optimized T-O(BEA), T-OH2 bond lengths, T-O-

Si bond angles and T-Si distances, where (T) Sn and Ti. We can see that after 

hydration, the Sn-O distance has been increased by 0.013 Å and the Sn-O-Si angle is 
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also increased by about 3.2° with respect to the dehydrated Sn-BEA. The bond 

distance between the Sn site and the H2O is 2.38 Å. The hydrated Ti-BEA shows a 

similar trend with a Ti-O bond length and the Ti-O-Si bond angle which have been 

increased by 0.025 Å and 2.3°, respectively. The Ti-OH2 bond distance is 2.44 Å. We 

see that the Sn-OH2 distance is shorter than Ti-OH2. In order to understand the 

adsorption of the H2O molecule to the T sites, we have calculated the binding energy 

(BE) of a single water molecule to the Sn and Ti sites in BEA (Table 3.7). This is 

done as follows

BE= E complex (BEA + H2O) - {E (BEA) + E (H2O)}

Table 3.7: Structural Parameters and Binding Energies (BEs) of Sn-BEA 
and Ti-BEA in the Presence of H2O

As can be seen from Table 3.7, the BEs of a water molecule to the Sn and Ti sites are 

-32.07 and -13.0 kJ/mol, respectively. This clearly shows that the water molecule has 

an exothermic interaction with the Sn and Ti sites. This has been confirmed 

experimentally for Ti-BEA zeolite [7]. Furthermore, the Ti-BEA and H2O complex is 

~20 kJ/mol less stable than the Sn-BEA and H2O complex. This also confirms the Sn 

site in BEA has high Lewis acidity and is more hydrophilic compared to Ti-BEA.

It must be recalled that interaction energies calculated with DFT based 

methods do not include van der Waals attractive contributions. In recent work, these 

dispersion terms have been added empirically [51] or using adequate correlation 
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functionals [52]. It is easy to give an a posteriori estimate of the van der Waals 

stabilization of water bound to the Sn or Ti sites in BEA, using an empirical 

correction. Using our optimized Sn and Ti structures, the van der Waals stabilization 

energy of the bound water molecule has been calculated using the universal force 

field [53]. The following energies have been found: -13.8 kJ/ mol for Sn-BEA and -10 

kJ/mol for Ti-BEA. Since these empirical van der Waals terms are additive, one can 

infer that a water dimer would form a very low exothermic complex with the Sn-BEA 

model but would still be nonbonding with the Ti model. Hence, these results show 

that Ti-BEA is less hydrophilic than Sn-BEA. This confirms the earlier experimental 

findings [20a].

3.4 Conclusion
The present theoretical investigation reveals the differences between the Sn-

BEA and Ti-BEA based on their structural, Lewis acidic and hydrophilic properties. 

Our analysis shows that the Sn and Ti atoms may occupy T2 and/or T1 

crystallographic positions in BEA. Although the first coordination shell of Sn is larger 

than Ti, the second coordination shell in both model zeolites is similar. This explains 

the relaxation of the local environment of the substituted site. The structural data on 

Sn-BEA and Ti-BEA presented in this work are in good agreement with the earlier 

experimental studies. The cohesive energy results demonstrate that the incorporation 

of Ti is more favorable than Sn in BEA. Nevertheless, we show that Sn-BEA is more 

Lewis acidic than Ti, and hence proves to be a more efficient catalyst for the 

oxidation reactions than Ti-BEA. Interestingly, we have used the local reactivity 

descriptors such as condensed electrophilic and nucleophilic FFs to explain the higher 

Lewis acidic strength of Sn than Ti. The charge population analysis quantifies the 

back-donation of the electrons in Ti which is not seen in Sn. One of the important 

aspects concerning the activity and selectivty of the zeolite which we have addressed 

in the present work, is the hydrophilic nature of the Sn and Ti sites in BEA. Our 

results show that Sn-BEA is more hydrophilic than Ti-BEA. 
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Thus, the present study gives insight into the microscopic properties of the 

active sites in Sn-BEA and Ti-BEA and the differences between them, which would 

have been otherwise difficult to understand through experimental methods.
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CHAPTER 4

Role of plane wave cut-off in structural and 

energy convergence

Abstract:
Periodic systems are best described by the pseudo-potential methods. 

However, the accuracy of its description depends on the cut-off of the plane wave 

basis. This is much more critical in the case of weak interactions, where a clear 

understanding on the influence of plane wave cut-off on the structural and electronic 

properties is not readily available in the literature. In the present chapter, we have 

taken a metal substituted beta zeolite–H2O complex for understanding this objective. 

Our studies show that while a lower cut-off of 500 eV is sufficient for the 

convergence of the structural parameters, description of energy-dependent properties 

necessitates a high cut-off value.

4.1 Introduction
Among several theoretical methods, the total energy techniques such as 

Hartree–Fock (HF) and post-HF methods have been successfully applied to 

understand the structure and properties of systems containing 10–100 electrons [1]. 

The advances in density functional theory (DFT) [2,3] have facilitated the extension 

of these studies to large polyatomic molecules with more than 100 electrons. With the 
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advent of pseudo-potential (PP) based DFT methods [4], these studies were extended 

to periodic systems where core electrons are represented by pseudo-potentials and 

valence electrons are dealt with plane waves (PW). This reduces the computational  

expense of simulation [5] in dealing with large complex molecules and, in particular, 

for periodic systems. In addition, PW technique is popular as it is straight forward to 

use in solid state periodic simulations. PW periodic DFT (p-DFT) based methods 

have found an impressive range of applications [6–10].

An extremely appealing feature of PW basis is that the energies calculated do 

not suffer from the basis set superposition error (BSSE). This enables a better 

description of adsorption processes that are characterized by interaction energies of 

moderate strength. However, the quality of the PW basis set is specified by an 

important parameter: the electronic kinetic energy cut-off, Ecut. Therefore, for a given 

structure and a set of pseudo-potentials, the first task in any PW calculation is to 

choose appropriate cutoff energy for the basis. This is done by means of a 

convergence test, in which calculations are carried out with series of increasing cut-

off energies. The convergence of a given quantity, usually the total energy, is 

monitored towards its large cut-off limit. However, as will be discussed later, this is 

not a sufficient test for studying weak interactions.

Many physical properties such as bulk moduli, piezoelectric constant, phonon, 

and phase transitions, are related to the total energy of a system. In contrast, chemical 

properties such as interaction energy, adsorption energy, intrinsic reaction barriers 

etc., are related to the differences in total energies of two systems. In p-DFT, 

truncation of PW at a finite cut-off may lead to an error in the calculation of the total 

energy and other energy-related properties. These errors are usually reduced by 

increasing the value of kinetic energy cut-off and hence the number of PW. In 

principle, the PW cut-off is increased until the calculated total energy is converged. 

However, a relative property, such as weak interaction energy need not converge at 

the same rate as that of the total energy. Hence, all these parameters, despite having 

some default values in the program, need to be carefully chosen in a given simulation.

Based on the above issues and inspired by the work of Ramirez-Solis and co-

workers [11], we examine the convergence of total and interaction energies as a 
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function of PW basis. In the earlier work [11] the statistical and dynamical structure, 

energy convergence, and frequency convergence of Hydrogen Fluoride clusters were 

studied using standard norm conserving pseudo-potentials. The authors enclosed each 

molecular cluster in a box of 15 Å Here the vacuum region and the decaying wave 

functions are more delicate to handle with plane waves and the cut-off is crucial. 

Their study verified the need of a large plane wave cut-off for a proper description of 

ionic and hydrogen bonded interactions in a cluster. The authors mentioned that it 

would be interesting to have similar comparisons with the ultrasoft pseudo-potentials. 

It is to be noted that in the present study, we have used ultrasoft pseudopotentials, 

which are known to typically require 2.5 – 4 times lower cut-offs. Although similar 

attempts [12–17] have been previously made in the computational chemistry 

community, a clear description of the PW variation for a large periodic model is not 

yet available.

Consequently, we aim to examine the influence of PW cut-off on the 

convergence of a weakly interacting zeolite and water complex. These catalysts are so 

chosen because they are preferentially hydrophobic in nature [18,19]. In addition, 

zeolite beta (BEA) is a well known active catalyst for carrying out several organic 

reactions. Hence, the nature of its interaction, which is mainly weak attractive and 

coordinative, with several organic reagents and reaction media necessitates an 

understanding using such theoretical studies [20–22]. The incorporation of Ti- and 

Sn- at active sites (T-sites) finely tunes acidity and increases activity of the BEA (T-

BEA). Several studies describe the structural and energetic features of these systems 

[23–27]. Structural details of Sn/Ti- BEA-complexes, their cohesive energies, 

interaction energies along with reactivity are well studied in the literature [22,28–34]. 

This system is an appropriate example as it features a rigid and flexible framework 

with a simultaneous presence of two types of bonding, a covalent one e.g. Si–O and a 

weak hydrogen bonding due to the adsorption of a water molecule, representing a 

wide range of chemical systems. Hence, the main focus of present study will be to 

examine the role of PW in describing the structural properties such as bond length, 

bond angle etc., total energies of each individual system and their respective 

interaction energies. We also include a short discussion on the density-dependent 
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HOMO, LUMO and ELF contours. These maps are calculated at PW cut-offs of 500 

eV and 1000 eV to highlight the effect of basis extension.

4.2 Simulation Model
Since the zeolites are periodic and crystalline, their simulation is a challenging 

task. The most appreciated approximation for investigation of active sites within 

zeolites is a computationally cheap cluster model [35–38] approach. However, since a 

cluster model is an abbreviated form of a 3D structure, it introduces some artificial 

surface states and does not consider the long range interactions. In addition, the 

presence of a few substituted active sites in zeolites forces one to use periodic 

boundary conditions (PBC) in their representation. PBC corresponds to one or more 

unit cells replicated to form an infinite lattice. This ensures that the density of the 

system remains constant throughout the simulation and that the surface effects are 

absent. Despite the complexity to build such models, several reaction mechanisms of 

these catalytic materials are studied periodically [39–41]. However, as mentioned 

above, a clear understanding on the convergence of structure and energy with respect 

to PW cut-off is not available in the literature.

The unit cell of an ideal fully siliceous BEA zeolite consists of 192 atoms with 

64 Si and 128 O atoms distributed within the tetragonal lattice of dimensions (12.6 * 

12.6 * 26.2 )Å. Figure 4.1 shows the unit cell of BEA zeolite. There are nine distinct 

crystallographically defined T-sites. We adopt the structure of BEA from our previous 

chapter [34] and incorporate the Sn- and Ti-atoms at T2 and T1 sites [42], 

respectively. The interaction of H2O molecule at the active site is very important since 

it gives rise to geometric perturbations and energetic differences. Schematic 

representation of T-BEA/H2O is given in Figure 4.1 (small molecule adsorbed on T-

site). The most favorable H2O ligand approach at the active T-site is along the b axis. 

Various other possible orientations of H2O ligand at the active site result in high 

energy and high force values. The insertion of water molecule results in elongation of 

one of the T–O bonds compared to that of the others present in TO4 unit. The four 

framework oxygen atoms are no longer equivalent and split into one axial (T–Oax) 
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opposite to the adsorbed ligand and three equatorial (T–Oeq), respectively.

Figure 4.1: Optimized T-BEA unit cell with 
interaction of H2O molecule at T1 site. Black sphere, 
Ti-atom; gray spheres, Si atoms; yellow spheres, O 
atoms; and small green spheres, H atoms.

Consequently, six O–T–O angles of the TO4 unit give rise to two triplets, Oeq–T–Oeq

and Oeq–T–Oax. These are labeled as a and b, respectively. This geometric distortion 

leading to more distorted bipyramidal geometry makes the structure more reactive.
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4.3 Computational Details
All periodic calculations in the present study are carried out using VASP 

[9,10]. The PBC facilitates one to add long range electrostatic interactions through 

Ewald summations. As in standard DFT programs, the stationary ground state in p-

DFT is calculated by solving iterative Kohn–Sham equations. We use Vanderbilt’s 

ultrasoft pseudo-potentials [43] for describing the behavior of core electrons. Here we 

vary the number of PW for valence, and analyze the properties of the systems with 

respect to their number. The energy cut-off for plane waves is varied from 300 eV i.e. 

21.83 Ry to 1200 eV i.e. 88.20 Ry. The exchange–correlation functional is expressed 

by the generalized gradient approximation (GGA) using Perdew–Wang 91 [44] 

functional (PW91). The calculations are restricted to gamma point in the Brillouin 

zone sampling. The structural optimization of Sn- and Ti-BEA is carried out using the 

conjugate gradient method. The structure is considered to be optimized when the 

maximum force on each atom is less than 0.08 eV/Å. Similar optimization procedures 

are repeated for the interaction of water molecule at Sn- and Ti-centers in BEA, and 

for that of periodic bare H2O molecule. The above procedure of optimization is 

followed for all systems with PW cut-off varying from 300 eV to 1200 eV at an 

interval of 100 eV. 

While calculating the total energy, one should take care of the charge density. 

The charge density is computed easily in real space, as it is simply the square of 

magnitude of the wave function. However, the charge density has components up to 

twice the cut-off wave vector in case of PW. Most programs assign some default grid 

size according to the need of the computation. However, the accuracy of such default 

values cannot be taken as granted for systems where a large number of PWs are 

required to explain weak interactions. As an illustration, Figure 4.2a shows a model 

convergence pattern of the total energy of Sn-BEA and H2O complex as a function of 

cut-off value at default FFT grid assigned by the VASP program. Similarly, the total 

energy of each system converge smoothly until 700 eV cut-off, beyond which it fails 

to converge with default grid values. A consequence of this is also observed in the 

respective interaction energy. The Figure 4.2b highlights the oscillatory interaction 



Chapter 4  Role of PW cut-off 107

energies of the complexes as a result of bad convergence of the total energy of the 

individual system. 
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Figure 4.2: (a) Total energy of Sn-BEA + H2O as 
a function of PW cut-off at default FFT grid. (b) 
Interaction energy of Ti-BEA and H2O as a 
function of PW cut-off at default FFT grid.

As the energy-dependent relative property is far from the convergence, it is necessary 

to explore the energy surface of materials using higher cut-offs. Hence, to maintain a 

faithful representation of charge density one must compute it on a grid twice denser 

than that required in the representation of the wave function. In addition, considering 

the size of our periodic model and to achieve a better relative accuracy, we fix the 
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FFT grid to a cubical 96*96*96 mesh size. Further discussion of the results will be 

mostly in graphical form. The graphical figures are obtained from differential plots, 

where, we assume the converged values at limiting cut-off (1000 eV) as a reference 

zero and rest of the higher energies are subtracted from these reference values. Figure 

4.3, taken as evidence for structural convergence, depicts nuclear–nuclear repulsion 

energy as a function of cut-off. Figure 4.4 gives the total energy of water as a function 

of cut-off. Figure 4.5a and b depicts the convergence. We have not presented figures 

for them. Figure 4.6 a and b displays the most important property, the fluctuations of 

interaction between Ti-BEA and Sn-BEA with water molecule,respectively.

4.4 Results and Discussion
We first examine the convergence of structural parameters over the range of 

PW cut-off, 300–1200 eV. Table 4.1 shows the convergence of some relevant 

geometrical parameters. The intra-molecular distances are quite stable from 400 eV. 

As a result of water adsorption, both the T-BEA–water adducts show an elongation of 

all T–O bond lengths as compared to the bare T-BEA systems. For Sn-BEA, it is 

stable at 1.91 Å, where as in water adduct, it gets elongated to 1.92 Å. For Ti-BEA, 

T–O distance converges to 1.80 Å. This gets elongated and converges to 1.82 Å in its 

water adduct. In TBEA–water adduct, T–Si bonds do not show much elongation as 

compared to the bare T-BEA. For bare T-BEA, T–Si distance converges to 3.33 Å and 

for the corresponding adduct, it converges to 3.36 Å. T–O–Si bond angle gets much 

widened in the respective water adducts. For Sn-BEA and H2O complex, the T–O–Si 

angle widens from 143 to 145.2 deg, where as for Ti-BEA it changes from 152 to 

157.7 deg. The most important inter-molecular interaction involves oxygen atom of 

water molecule with Sn- and Ti-atoms in BEA. In Sn-BEA, T–OH2 distance varies 

from 2.43 Å to 2.44 Å, showing its convergence from 500 eV. However, in Ti-BEA, 

T–OH2 distance varies from 3.84 Å to 4.13 Å and converges to 3.84 Å 600 eV cut-

off.
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Table 4.1: Convergence of various geometrical parameters of T-BEA+H2O as a 

function of plane wave cut-off

Geometrical 
parameters

Sn-BEA Sn-

BEA+H2O

Ti-BEA Ti-BEA+H2O

T-O  Å (300 eV) 1.91 1.92 1.80 1.82

T-O  Å (400 eV) 1.91 1.92 1.80 1.82

T-O  Å (1000 eV) 1.91 1.92 1.80 1.82

T-Si  Å (300 eV) 3.33 3.34 3.33 3.35

T-Si  Å (400 eV) 3.33 3.36 3.33 3.36

T-Si  Å (1000 eV) 3.33 3.36 3.33 3.36

T-O-Si deg (300 eV) 143.0 145.9 152.0 157.8

T-O-Si deg(400 eV) 143.0 145.2 152.0 157.7

T-O-Si deg(1000 eV) 143.0 145.2 152.0 157.7

T-OH2 Å (300 eV) - 2.43 - 4.07

T-OH2 Å (600 eV) - 2.44 - 3.84

T-OH2 Å (1000 eV) - 2.44 - 3.84

Thus, the structural convergence is less sensitive to the number of PW and the 

evidence of this fact is given through Figure 4.3. Figure 4.3 represents the variation of 

Ewald energy i. e. nuclear–nuclear repulsion energy for Ti-BEA over the plane wave 

basis. This figure depicts the model plot of nuclear repulsion energy as a function of 

cut-off as rest of the systems follow similar trend. The Ewald energy plot (Fig. 4.3) 

distinctly shows a plateau around 600 eV cut-off. This leads to conclusion that the 

nuclear positions are fixed at and above these cut-offs. However, for low cut-offs of 

400 eV and 500 eV, the difference of repulsion energy from converged energies is 

negligible and hence one can assume the qualitative structural convergence even at 

500 eV. Thus, the convergence of the structural parameters at lower PW cut-off 

validates the use of ultrasoft pseudo-potentials. These results certainly indicate that 
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for accurate structure one does not need very high kinetic energy cut-offs.
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Figure 4.3: Ti-BEA nuclear–nuclear repulsion energy 
(Ewald energy) (eV) as a function of PW cut-off (eV).

The convergence of adsorption energies with respect to the PW cut-offs for 

zeolitic system is one of the most crucial issues to be investigated. These catalytic 

materials are expected to exhibit the hydrophobic nature and the water present is 

responsible in poisoning the active site. Discrepancy in calculation of the adsorption 

energy of water molecule on Sn- and Ti-BEA zeolite is already reported by us in our 

previous chapter [34]. We next analyze the convergence of total energy and the 

desired properties dependent on it as a function of plane wave cut-off. Figures. 4.4 

and 4.5 a and b present the convergence of total energies of water and T-BEA 

systems, respectively. Figure 4.6 a and b depicts the interaction energies at variable 

cut-off for two different T-BEA systems with water molecule.

In our study of T-BEA and their weakly interacting water adduct, we attempt 

to determine properties that are essentially chemical in nature. Chemical properties 

are mostly determined by the electronic structure in the region between atoms, rather 

than in the space within atomic cores. This fact has already been made use of in the 

pseudo-potential approximation, and as we will see, it does not allow us to use a 

lower PW cut-off for the electronic energy convergence. The electronic energy is 

much more sensitive to the variation of PW cut-off. The total energy convergence of 

Ti-BEA–H2O and Sn-BEA as a function of PW basis are plotted in Figure 4.5 a and b 
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(rest of the systems follow a similar trend). The total energies of T-BEA and their 

respective water complexes are seen to converge very slowly at lower cut-offs up to 

500 eV. At these cutoffs the difference in total energy is around 1 eV between two 

successive cut-offs. However, 600 eV onwards, this difference reduces and the total 

energies of all systems converge much faster. Absolute convergence can be seen from 

900 eV to 1000 eV cut-off. For water molecule (see Fig. 4.4), although the 

convergence is relatively faster even at lower cut-offs, we observe that at cut-offs 

beyond 700 eV, the electronic energy is well saturated. 
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Figure 4.4: H2O total energy (eV) as a function of PW cut-off (eV).

The total energy decreases linearly up to 700 eV cut-off, beyond which a smooth 

convergence is observed. Although a solid is known to converge at a faster rate than 

the gas phase molecules, Figure 4.4 shows a reverse trend. The electronic energy of 

molecular water converges at a lower cut-off of 600 eV. However, the interaction 

energy (defined as ET-BEA+1H2O – (ET-BEA+E1H2O)) which is a relative term, converges 

only at cut-offs larger than 800 eV. The oscillatory behavior of interaction energy 

(Fig. 4.6 a and b) affirms the failure of low cut-offs in calculating the energy-

dependent properties. Interaction energy greatly fluctuates for low PW cut-off: 300–

700 eV. At the cut-off 300 eV, the interaction energy values are clearly misleading, 

since Ti-BEA turns out to be more hydrophilic in nature compared to Sn-BEA.
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Figure 4.5: (a) Ti-BEA + H2O total energy (eV) 
as a function of PW cut-off (eV). (b) Sn-BEA 
total energy (eV) as a function of PW cut-off 
(eV).

Several experimental and theoretical work [34,45] reports Sn-BEA to be strongly 

acidic and hydrophilic in nature. The variation in the convergence of interaction 

energy remains same even though the number of plane waves are increased. Thus, the 

evaluation of a relative property, such as the interaction energy, justifies role of 

exceptionally high cut-off in an energy-dependent property convergence.

A keen observation of Figures 4.5 a-b and  4.6 a-b highlights a slight error in 

the convergence of total and interaction energies above 1000 eV cutoff. A good 

convergence of energies, absolute or interactive, is obtained up to 1000 eV, beyond 

which these values violate the convergence pattern. In this case, as already described 

in the computational discussion, when the cut-off reaches its high limiting value a 

denser grid construction is advisable to accommodate this exceeded threshold of PW.



Chapter 4  Role of PW cut-off 113

-0.01

-0.005

0

0.005

0.01

0.015

200 300 400 500 600 700 800 900 1000 1100 1200 1300

PW Cut-off (eV)

In
te

ra
c

ti
o

n
 E

n
e

rg
y

 (
e

V
) 

T
i-

B
E

A
 a

n
d

 H
2

O

(a)

-0.035

-0.03

-0.025

-0.02

-0.015

-0.01

-0.005

0

0.005

0.01

0.015

200 300 400 500 600 700 800 900 1000 1100 1200 1300

PW Cut-off (eV)

In
te

ra
c
ti

o
n

 E
n

e
rg

y
 (

e
V

) 
S

n
-B

E
A

 a
n

d
 H

2
O

(b)
Figure 4.6: (a) Ti-BEA and H2O Interaction energy 
(eV) as a function of PW cut-off (eV). (b) Sn-BEA 
and H2O Interaction energy (eV) as a function of PW 
cut-off (eV).

Highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) are characteristic of a particular system and are considered 

as the descriptors of global reactivity. Hence, for both individual T-BEA systems and 

their water adducts, we inspect the convergence of HOMO and LUMO with respect 

to the cut-off. HOMO, LUMO energies and their energy gap start to converge above 

600 eV cut-off. For Sn-BEA, the converged values of HOMO and LUMO are 3.109 

eV and 1.344 eV, respectively. For Ti-BEA, the HOMO converges to 3.144 eV and 

LUMO to 1.374 eV. For Sn-BEA adduct, the converged values of HOMO and LUMO 

are 2.891 eV and 1.659 eV, respectively. For Ti-BEA, adduct the corresponding 

values are 2.888 eV and 1.366 eV, respectively.
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Analysis of HOMO orbital (see figure 4.7a) at 500 eV and 1000 eV shows a 

contribution from the framework oxygen (clearly showing p-orbital lobes) 

surrounding the T-atom. The oxygen of water molecule does not contribute to the 

HOMO. 

(a) HOMO at 500 eV

(b) LUMO at 500 eV

Figure 4.7: (a) HOMO and (b) LUMO of   
Ti-BEA+H2O

Analysis of the LUMO orbital (see figure 4.7b) at 500 eV and 1000 eV highlights the 

polarization of the neighboring framework oxygen due to T-atoms. The LUMO is 

mostly concentrated on the T-atom. In addition, the density on the oxygen atom of the 

water molecule is also polarized due to the T-atom. This is a most important outcome 
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where a weak hydrogen bonding is observed between the framework oxygens 

(surrounding T-atom) and the H atom of the adsorbed water molecule. However, 

interestingly, we note that both the HOMO and LUMO orbital contour maps are 

converged by 500 eV cut-off, indicating that a lower cut-off is sufficient for studying 

the orbital contributions.

As an extension to this, we also evaluate a property, Electron Localization 

Function (ELF), which is often used to study the bonding pattern within molecules 

and solids [46,47]. Typically, the existence of an isosurface in the bonding region 

between two atoms at high values of ELF e.g. greater than 0.70 signifies a localized 

bonding. ELF is a function of q(r) and hence w(r). ELF contours  for a isovalue of 

0.80 (figure not shown) clearly show localized electron density around the oxygen 

atoms coming from the lone pair of electrons on them. The basins on the water 

molecule are merged showing them to be strongly covalent in nature. In contrast, the 

basins in zeolite cages are not merged. Around an isovalue of 0.65 (see figure 4.8), 

the basins in the zeolite cage also merge. The ELF contours converge for a plane 

wave cut-off of 500 eV indicating that structural and electron densities converge 

earlier than the total energy values. Hence, we state explicitly that density-dependent 

properties along with structure converge at much lower cut-offs.

In addition, variation of unit cell parameters i.e. a, b, c is also studied as a 

function of cut-off. For both T-BEA systems, a, b and c converge to 12.66 Å, 12.66 Å 

and 26.29 Å, respectively, above 600 eV cut-off. Unlike geometrical features, lattice 

vectors are very sensitive to the quality of plane wave cut-off chosen. All the above 

values describing geometrical data match very well with our earlier electronic 

structure studies [34]. Thus, although the pseudopotential techniques are easy to be 

applied for large complex systems, the evaluation of several properties, as described 

above, necessitates the need of proper selection of parameters like kinetic energy cut-

off for the plane wave basis in their accurate description.
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Figure 4.8: ELF at 0.65 of Sn-BEA+H2O

4.5 Conclusion
In this paper, we study the role of a simple parameter, cut-off energy of a 

plane wave basis, required for an accurate description of periodic systems. Different 

types of bonding (intra- and intermolecular) can be described with reasonable 

accuracy by a low plane wave cut-off. This fact is proved by the description of ELF 

and HOMO–LUMO contours. However, the total energy and relative properties 

depending on it, such as interaction energy, require a cut-off which is larger than that 

required for structural convergence. The role of plane wave basis extension for these 

periodic solids is exactly the same as that reported in earlier studies [11,48,49] for 

finite molecular systems. Hence, for these particular periodic systems one can use 500 

eV cut-off in structural convergence, where as total energy convergence requires more 

than 800 eV cut-off. 

We conclude that caution must be exercised while choosing these control 

parameters, both from the structural and energetic point of view, for systems 

involving ionic and weak interactions. Also, as discussed in the methodology, in order 

to avoid artificial results, additional parameters like grid size need to be set up 

properly.
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CHAPTER 5

Probing Lewis Acidity of Sn- and Ti-BEA using 

industrially important ligands

Abstract:
The Lewis acidic nature and reactivity of two industrially important catalysts, 

viz., Sn and Ti substituted beta zeolite (T-BEA) are analyzed using a unique 

combination of structural parameters, energetics and reactivity descriptors. To 

achieve this purpose, we adsorb the industrially important moieties (L) namely NH3, 

H2O, CH3OH, CH3CN on the active sites of T-BEA. The calculations were performed 

using a periodic density functional method where the valence electrons are described 

using a plane wave basis set in conjunction with pseudo-potentials for the core 

electrons. The analysis of the structural properties of these complexes reveals that

TO4 shows typical characteristic splitting 120°/90°, close to bipyramidal geometry as 

compared to tetrahedral symmetry observed in the bare T-BEA. This is associated 

with small variations in the framework bond lengths (≥ 0.08 Å) and a substantially 

large variation of bond angles (≤ 10˚) in all the ligand-zeolite complexes. Further in 

both cases of Sn and Ti substituted beta zeolite, ligand interacts at optimum inter-

atomic bond distance. Our interaction energies show that adsorption of all ligand 

moieties is stronger at Sn center than that of Ti. In general, the order of stability of the 

different T-BEA adducts is NH3>H2O>CH3OH>CH3CN. The ligand interaction is 

associated with the corresponding bond elongation and bond reduction of the 
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adsorbed molecules on catalyst active site, which can be taken as measure of red or 

blue shifted frequencies. Finally, the global descriptors of reactivity justify the fact 

that soft acid, Sn-BEA, interacts strongly with soft bases following the Pearson's 

HSAB principle. However, hard acid, Ti-BEA interacts with soft bases to form a 

stable Lewis adduct. Furthermore, the HOMO-LUMO gap of all Sn-BEA--L adducts 

is lower than that of Ti-BEA--L adducts indicating to its higher Lewis acidic nature 

compared to Ti-BEA.

5.1 Introduction
The importance of the metal substituted BEA framework and its applications 

[1-21] are thoroughly discussed in the introduction section of chapter 3. Apart from 

the hydrophilic and/or hydrophobic nature comparison, we can take the water 

adsorption as the measure of the strength of Lewis acid base interaction. The strong 

interaction of the basic water molecule at the active Sn site than that of Ti assures its 

higher acidic nature. In general, the catalytic activity of a Lewis acid for oxidation is 

related to its ability to form acid–base adducts with either the substrate or the 

oxidizing agent, enhancing its reactivity. The formation of adduct implies an electron 

density transfer from the Lewis base to the Lewis acid which is directly proportional 

to the energy difference and degree of overlap between the occupied orbital of the 

base and the empty orbital of the acid. Therefore, the strength of a Lewis acid can be 

related to the energy of its LUMO in such a way that the lower the LUMO energy, the 

easier its interaction with a base molecule [22-25]. However, other factors influence 

the acid–base interaction. For example, one such factor is the HSAB (hard–soft acid–

base) principle, which states that hard acids coordinate preferentially to hard bases 

and soft acids with soft bases [26, 27]. Another factor to be considered is the 

possibility of back-donation of electron density from the Lewis acid to the 

unoccupied orbital of the Lewis base [22]. An interaction may or may not occur, 

depending on the energy difference and degree of overlap between the orbital 

involved [23]. Modification of the electronic levels of both the metal and the 
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molecule, after the adsorption of a basic molecule on the metal center, should also be 

taken into account. Hence, the activity of a catalyst for a given reaction depends not 

only on the properties of the isolated active site, but also on the changes caused by its 

interaction with the reactant molecules [26,27]. This latter approach has been adopted 

by several experimentalists using in situ IR and EXAFS spectroscopies [15, 19] and 

theoreticians [21, 23, 25, 28-32] using simple adsorption model of basic moieties at 

catalyst active centers. The above mentioned parameters are analyzed in the present 

study on metal substituted beta zeolite-ligand complexes. 

In the past, [21, 25, 28-32] main attention has been devoted to study of the 

Ti(IV) center reactivity in various zeolites such as TS-1, CHA etc. through the 

adsorption of NH3 and H2O. Bordiga et al. [28, 33, 34] study the adsorption of 

CD3CN and pyridine on Ti centers of the TS-1. They confirm their results with the 

experimental vibrational spectra. Similarly, Corma et. al., [29] performed the in situ

IR and DFT calculations with deuterated acetonitrile to outline the peculiarities of Sn-

BEA. However, most of these studies consider a cluster model approach. The main 

drawback of the cluster model in the characterization of T(IV) Lewis centers using 

adsorption model is two fold: 1) the high dilution of the T(IV), where T/Si is lower 

than 1/30 ( here in BEA also we have only one T/Si ratio) and 2) the presence of the 

framework defects (Si vacancies) generating internal hydroxyl groups. 

Hence, in our present study, we execute periodic-DFT (p-DFT) for the 

interaction study of important basic moieties adsorbed at the active sites of Sn-BEA 

and Ti-BEA. To study the interaction, we consider the basic moieties such as NH3,

H2O, CH3OH, CH3CN. The clear interest towards NH3 and H2O molecules is the 

direct comparison with previous results. In addition, the NH3 molecule is used in 

ammoximation of cyclohexanone to give cyclohexanone ossime as reagent. Also it is 

a stronger base than the H2O molecule which helps direct comparison due to the 

effect induced by the Lewis base of the increasing strength. The choice of other 

molecules such as CH3OH and CH3CN is justified by the important role played by 

these moieties in the industrial application of BEA. The Lewis acid-base adducts thus 

formed is taken as measure of strength of interactions to compare the acidity of Sn 
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and Ti centers in the BEA. The results are in qualitative agreement with previous 

studies. The bond elongation, bond reduction of adsorbed bases and deformation of 

TO4 moiety is reported in detail for each adduct. In particular, we also report the 

discrepancy played by the weak bonds such as hydrogen bond in predicting 

misleading strength of interaction for that of Sn-BEA. In addition, difference in the 

interaction energies for Sn-BEA and CH3CN using periodic and cluster model is 

clearly highlighted. 

The work is organized as follows: Section II elaborates the periodic model of 

T-BEA and the respective adducts formed after adsorption of L. Section III discourse 

the computation used to model and calculate the systems. Section IV imparts the 

finding of these calculations, mainly, the comparative study of adsorption of the 

above mentioned basic moieties to study the deformation and hence resulted 

reactivity. Section V finally concludes the results. 

5.2 Simulation Model
In this simulation, we use the periodic DFT (p-DFT) to built the Ti-BEA, Sn-

BEA and their adducts with different basic molecules (L=NH3, H2O, CH3OH, 

CH3CN). The unit cell of BEA is shown in Figure 5.1. BEA is highly siliceous 

material, with a three-dimensional pore system of 12-membered ring aperture. The 

unit cell of an ideal fully siliceous BEA consists of 192 atoms with 64 Si and 128 O 

atoms distributed within the tetragonal lattice of dimensions (12.6*12.6*26.2) Å. 

There are nine distinct crystallographically defined T-sites. We adopt the structure of 

the BEA from our earlier theoretical study [22b]. In our earlier analysis[22b], we 

found that the Sn and Ti atom occupy T2 and/or T1 crystallographic positions in 

BEA. Hence, in the rest of the calculations we use single substituted Sn at T2 and Ti 

at T1 positions. The interaction of basic molecules at the active site is very important, 

since it gives rise to geometric perturbation and the energetic differences. We tried 

the various possible approaches of the basic molecule at the active site. Many of these 

resulted in high energy and high force values. The most favorable ligand approach at 

the active T-site is along the b axis (see Figure 5.2). This insertion gives rise to 
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geometric distortion [28-30]. Schematic representation of T-BEA--L is given in 

Figure 5.2-5.3. We built the same periodic environment i.e. size of unit cell, grid size 

etc for the T-BEA--L adducts and bare L molecules as that of the bare solid i.e. T-

BEA.

Figure 5.1: The Crystallographically 

defined BEA unit cell with Ti at T1 site.  

Black sphere:Ti atom. Gray spheres: Si 

atoms. Yellow spheres:O atoms.
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Figure 5.2: Optimized T-BEA/NH3. 

Black sphere: T atom. Gray spheres: Si 

atoms. Yellow spheres: O atoms, Pink 

sphere: N atom and small green spheres: H 

atoms.

Figure 5.3: Optimized T-

BEA/CH3OH. Black sphere: T atom. 

Gray spheres: Si atoms. Yellow spheres: O 

atoms, Red spheres: C atoms and small 

green spheres: H atoms.                     

5.3 Computational Details
As in earlier chapters all the calculations are performed using VASP code 

which utilizes p-DFT [35] and Vanderbilt’s ultrasoft pseudo-potentials [36]. The 

optimized T-BEA model obtained in chapter 3 [22b] was employed as the starting 

geometry to study the interaction of T-BEA zeolite with all probes. The adducts so 

formed have been fully optimized at 500 eV PW basis cut-off without any 

geometrical constraints. The interactions thus obtained are further evaluated at 1000 

eV cut-off considering single point convergence keeping in mind the conclusions of 
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chapter 4 [37]. The exchange-correlation functional is expressed by the generalized 

gradient approximation (GGA) with the Perdew-Wang 91 functional [38]. The 

calculations were restricted to the gamma point in the Brillouin zone sampling. The 

structural optimization of the Sn- and Ti-BEA has been carried out using conjugate 

gradient method. The optimization was considered to be achieved when the maximum 

force on the atoms was less than 0.08 eV/Å. One should note that during the 

optimization, the cell shape of the unit cell has been fully relaxed, while keeping its 

volume constant. This is due to the fact that the percentage of Sn and Ti in BEA is 

only 1/u.c. Similar optimization procedure is repeated for the calculation of Sn-BEA 

and Ti-BEA with all basic molecules, L, interacting at the Sn and Ti centers, 

respectively. The optimization of bare L moieties is derived with same computational 

procedure.  

5.4 Results and Discussion: Interaction of T-BEA with NH3, 

CH3CN, CH3OH and H2O

The least energetic approach of the ligand moieties on the active T-site in the 

BEA are shown in Figures 5.2 and 5.3. The NH3 and CH3CN interact with Sn and Ti 

centers via N atom as shown in Figure 5.2, where as CH3OH and H2O interact via O 

atom as shown in Figure 5.3. This section first discusses the common structural 

features of all adducts and further it investigates the comparative interaction energy 

differences and predicts the trend of reactivity of all moieties with the respective 

catalyst. Following this with the help of global descriptors of reactivity, LUMO (of 

catalyst) and HOMO (of ligands) we will summarize the inter-reactivity trend for Sn 

and Ti substitutions.

(a) Structural deformation of T-BEA framework upon ligand adsorption:

Table 5.1 presents the optimized structural details and the reactivity 

descriptors of Sn-BEA and Ti-BEA. These are the results obtained from chapter 3 but 

for the sake of simplicity repeated here. It should be noted that only the average bond 

distances and bond angles are presented. It can be seen from Table 5.1 that if we 

compare the Sn and Ti substitution in zeolite beta framework, we get expected order 
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of <T-O> bond lengths, viz., Sn-O > Ti-O. On the other hand, the <T-O-Si> bond 

angles vary as Sn-O-Si < Ti-O-Si. The particular T-O bond length difference is due to 

the larger atomic size of Sn with respect to Ti. On the other hand, smaller sized Ti 

shows better angular flexibility with greater Ti-O-Si angle and consequently resulting 

in larger Ti-Si bond distance (by ~0.04 Å from Sn-Si distance).

Table 5.1: Optimized structural parameters of Sn-BEA and Ti-BEA.

Average T-O Bond Lengths, T-Si Bond Distances, T-O-Si Bond Angles and the HOMO, LUMO 

energies.

T T-O (Å) T-Si (Å) T-O-Si (deg) HOMO (eV) LUMO (eV) Δ(H-L)(eV)

Ti 1.80 3.3 151.7 -3.13 1.42 - 4.55

Sn 1.91 3.34 144.2 -3.12 1.37 - 4.49

Thus, the adaptation of the BEA framework to Sn and Ti substitution results in a quite 

localized deformation of a pure siliceous framework. Hence, we can infer that the 

difference in adsorption properties between Sn- and Ti-BEA should be mainly due to 

the electronic differences of these sites and the changes caused by the interacting 

reactant molecules. Detailed understanding on the structural differences between Sn-

and Ti-BEA zeolite is available in one of our earlier studies [22b]. Table 5.2 presents 

the optimized structural parameters of T-BEA--L adducts. We can see that after the 

adsorption of ligand molecules at the reactive center, the corresponding framework T-

O bonds undergo the following perturbation with respect to that of bare T-BEA: In 

the bare T-BEA, T atoms were in perfect tetrahedral environment, however, in their 

respective adducts the four framework oxygen atoms of TO4 unit split into one axial, 

T-Oax, opposite to the adsorbed ligand and three equatorial, T-Oeq. Consequently, the 

T-Si distances are also perturbed. Figure 5.4 presents this detail splitting of the TO4

unit. Table 5.2 gives this range of T-O and T-Si bond distances in the adducts. Here, 

the larger T-O bond length (or T-Si) corresponds to the respective T-Oax bond (or T-
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Siax), thus, the oxygen atom which is exactly opposite to adsorbed ligand constitutes 

the most affected T-O (or T-Si) bond.

Table 5.2: Optimized structural parameters of T-BEA--L adducts. 

Adducts T-O 

(Å)

T-Si 

(Å)

T-L 

(Å)

HL-OT 

(Å)

α (deg) β (deg) T-O-Si 

(deg)

NH3/Ti 1.80-

1.88

3.24-

3.45

2.35 2.23 

(1)

110.9-

131.2

95.0-

104.9

144.1-

161.9

NH3/Sn 1.89-

1.99

3.29-

3.53

2.38 2.71 

(0)

105.8-

137.3

95.5-

103.4

142.3-

159.4

CH3CN/Ti 1.79-

1.88

3.29-

3.45

2.35 2.45 

(0)

110.1-

125.5

93.9-

102.5

146.6-

163.2

CH3CN/Sn 1.89-

1.99

3.31-

3.52

2.38 2.90 

(0)

107.0-

129.1

94.0-

107.0

142.3-

158.4

CH3OH/Ti 1.80-

1.86

3.26-

3.43

2.46 2.54 

(1)

111.3-

123.7

102.4-

105.9

146.4-

160.2

CH3OH/Sn 1.89-

1.98

3.22-

3.45

2.44 2.57 

(1)

106.6-

129.8

100.6-

103.5

141.4-

150.1

However, the rest three T-Oeq (or T-Sieq) bonds correspond to the smaller value of this 

range. The impact of tetrahedral symmetry loss by framework oxygen atoms is not 

just restricted to bond distances but it also disturbs the corresponding T-O-Si 

framework bond angles. The resulting range of T-O-Si bond angle is given in last 

column of Table 5.2. In both T-BEA--L adducts, the largest bond angle of this range 

belongs to T-Oax-Si where as the smallest to T-Oeq-Si. The most disturbed framework 

bond angle is O-T-O. The total six O-T-O angles of the original T-BEA TO4 unit 

gives rise to two triplets Oeq-T-Oeq, α, and Oeq-T-Oax, β, angles. Table 5.2 highlights 

the fact that these triplets are also not equal but fall in a range. In addition to these 

bonds and angles formed by framework atoms, Table 5.2 also reports the hydrogen

bond (HL-OT) formed between framework oxygen (OT) and ligand hydrogen (HL). 
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Here, the bracketed values indicate the number of hydrogen bonds formed by ligand 

hydrogens. These structural deformations in the complexes are commonly seen in 

case of all ligands. 

Figure 5.4: Optimized T-BEA/H2O showing axial (ax) and 

equatorial (eq) splitting of TO4 unit. Black sphere: T atom. 

Gray spheres: Si atoms. Yellow spheres: O atoms, and small green

spheres: H atoms.       

Note: An H atom of H2O clearly shows hydrogen bonding with 

framework oxygen.

Coming to the details of the structural deformations, the T-O bonds in the 

respective T-BEA--L adduct show elongation to an equal extent. Thus, irrespective of 

the nature of adsorbed ligand, Ti-Oax and Ti-Oeq comprise to 1.88 and 1.80 Å, 

respectively. Similarly, the Sn-Oax and Sn-Oeq bonds correspond to 1.99 and 1.89 Å. 

The adsorption of L causes on an average 0.081 Å and 0.083 Å elongation of T-Oax

distance in Ti-BEA and Sn-BEA adduct, respectively. However, the rest three T-Oeq 
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bonds are closer to the T-O bonds of the bare T-BEA. Thus, we note an equal 

perturbation of T-O bonds in both the Sn- and Ti-BEA framework upon interaction 

with all ligands. The average variations of Ti-O bonds reported above agree well with 

the EXAFS data [33, 34]. Interestingly, earlier cluster calculations [39] also report a 

similar range of variations. Accordingly, the T-Si bond distances also show variation 

in the T-BEA--L complexes compared to the bare T-BEA. Unlike T-Oeq bonds, T-Sieq

bonds optimize to lower bond lengths compared to T-Si distances present in the bare 

T-BEA. Once again, irrespective of ligand nature and metal active center, T-Sieq bond 

reduces by ~0.04 Å. However, the T-Siax bond further elongates by ~0.14 Å and 

~0.18 Å in respective Ti- and Sn-BEA adducts. The Sn-BEA--CH3OH adduct is 

exception here, where the Sn-Sieq bond show strong reduction where as the Sn-Siax

bond result in shorter elongation. 

As discussed, hydrogen bond (HL-OT) is observed between the ligand 

hydrogen (HL) and framework oxygen (OT). At T1 site (Ti-substituted site) these 

hydrogen bonds formed are shorter in bond length but at T2 site (Sn-substituted site) 

these bonds result in weak bonding. In the case of Ti-BEA--NH3 adduct, we report 

strong hydrogen bond of 2.23 Å which later on results in elevated interaction energy 

of NH3 with Ti center as will be elaborated in next section. The most important inter-

molecular bond length, distance between active site of zeolite and interacting atom of 

adsorbed ligand, T-L, is reported in Table 5.2. It is seen from the table that NH3

molecule is optimized at a distance of 2.35 Å from the Ti center (T1-site) of BEA, 

being slightly shorter (about 0.017 Å) compared to that obtained on the Ti-CHA 

model [27b]. The Sn-BEA--NH3 distance optimizes at 2.38 Å. Similarly, the CH3CN 

interaction optimizes at 2.35 Å and 2.38 Å from Ti and Sn centers of BEA, 

respectively. In general, the ligands containing oxygen atom as donor atom converge 

to longer inter-molecular bond. The CH3OH optimizes respectively to 2.46 Å and 

2.44 Å at Ti and Sn centers. The Sn-BEA--OH2 inter-molecular bond optimizes at 

2.38 Å. The Ti-BEA--OH2 bond length optimizes at 2.44 Å. 

To conclude, the Ti-O-Si bond angles, which range between 144 and 163 

degree, are larger than the Sn-O-Si angles (142-159 deg). This can be attributed to the 
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angular flexibility of small sized Ti. This angle reduces exceptionally during the 

formation of Sn-BEA--CH3OH adduct. In addition, ligand approach at active T2 site 

is more linear, L-T-OT angle being close to 180°, where as same angle at T1 site is 

close to ~170° (see Fig. 5.4). Consequently, six O-T-O angles in the respective adduct 

of Sn- and Ti-BEA split to different extent. The order of O-T-O angle splitting vary 

with respect to strength of ligand as NH3 >CH3CN>CH3OH. Thus, the structural 

study of adducts conjecture that irrespective of the ligand nature, the bond length 

variation of the framework atoms is restricted in fixed range, however, bond angles 

deviates to different magnitudes. Similarly, irrespective of the catalyst active center, 

Sn or Ti, ligand interacts at optimum bond distance.

(b) Energetics of interacting T-BEA and Ligands (L): In this subsection, 

we discuss the strength of interaction of various ligands with Sn-BEA and Ti-BEA so 

as to highlight the distinct Lewis acidic nature of Sn and/or Ti centers. For this 

purpose, we calculate the interaction energy defined as the difference between the 

energy of adduct formed at equilibrium and the energy of the constituent molecules in 

their ground state. This is calculated as follows,

Interaction Energy (Eint) = (ET-BEA + EL) – ET-BEA--L  ....I      

In our earlier investigation on the hydrophilicity of Sn- and Ti-BEA [22b], we 

showed that the energy of H2O interaction with Sn-BEA is 0.3323 eV and that of with 

Ti-BEA is 0.1342 eV. The Sn site in BEA is more hydrophilic compared to Ti site. 

This also confirms the higher Lewis acidic nature of Sn-BEA. As the water is the 

most common reaction medium, H2O gains extreme importance in determining the 

catalyst activity study. Thus, water not only coordinates with catalyst active center 

but many times poisons the site and reduces its reactivity. Here, we do not consider 

the structural details of the T-BEA and H2O adduct. The geometric features 

concerning the T-BEA--H2O adducts are reported by us in the earlier study [22b]. For 

detailed interest one can refer to this study. We are going to extrapolate the analysis 

of this exothermic interaction of water to analyze the interaction of all ligands with 

both the Sn and Ti centers. The interaction energy of all ligands with Sn- and Ti-BEA 
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is reported in Table 5.3. The interaction energies reported in bracket are calculated at 

high PW cut-off of 1000 eV.

By the simple chemist intuition, we expect the higher acidic Sn center to result 

in stable interaction with the strong base NH3 to form a better Lewis adduct than the 

less acidic Ti center. However, interaction energies of NH3 ligand with the Sn and Ti 

substituted beta zeolite contradict these findings. Table 5.3 highlights the increase of 

interaction energy by 0.02 eV (0.06 eV at 1000 eV PW cut-off), while going from Sn 

to Ti center. 

Table 5.3: HOMO, LUMO energies of Lewis bases and T-BEA--L adducts.

Systems Eint (eV) HOMO (eV) LUMO (eV) Δ(H-L) (eV)

NH3 - -6.03 -0.80 -5.23

NH3/Ti 0.3156

(0.3459)

-2.69 1.43 -4.12

NH3/Sn 0.2963

(0.2825)

-2.78 1.91 -4.70

CH3CN - -8.10 -0.85 -7.25

CH3CN/Ti 0.0325

(0.0083)

-2.80 1.36 -4.15

CH3CN/Sn 0.1607

(0.1074)

-2.84 2.11 -4.95

CH3OH - -6.33 -0.75 -5.58

CH3OH/Ti 0.0716

(0.0980)

-2.65 1.43 -4.08

CH3OH/Sn 0.2951

(0.3016)

-2.80 1.77 -4.57
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Although this increase in the interaction energy is not considerable, we attribute this 

discrepancy to the distortion in the local environment after the adsorption of NH3 as 

discussed below. The interaction of NH3 is considered at T1 site of Ti-BEA where as 

for Sn-BEA it is at T2. Although the Sn-O-Si bond angles are smaller than Ti-O-Si, 

the Ti-center shows better angular flexibility due to its small atomic radius [22b]. As 

a result, hydrogen bond formed between the framework oxygen and the ligand 

hydrogen atoms (NH3) is retained during the optimization. However, due to lack of 

Sn-O-Si angular flexibility there is no such hydrogen bonding observed for the 

adsorbed NH3 in the case of Sn-BEA (ref. Table 5.2). The HL-OT bond lengths are 

reported in Table 5.2. The shortest bond distance between hydrogen atom of ammonia 

and framework oxygen in Ti-BEA--NH3 adduct is 2.24 Å where as same for Sn-BEA-

-NH3 adduct is 2.72 Å. This strong hydrogen bonding interaction of Ti-BEA--NH3 

adduct reflects in step up interaction energy compared to Sn-BEA--NH3 adduct. We 

also carry a test calculations of NH3 interacting with Sn-BEA, where, Sn is now 

substituted at T1 site. Surprisingly, interaction energy is 0.78 eV (an increase of 0.49 

eV from its T2 site). At T1 site, Sn-BEA-- NH3 does not fail to count the strong 

hydrogen bond. The shortest hydrogen bond thus formed is 2.33 Å and NH3

optimizes at shorter bond length of 2.33 Å. Therefore, though the structural 

arrangement of atoms look equivalent in the unit cell model of BEA, the electronic 

difference in local environment of the active site plays an extensively important role 

in deciding materials catalytic behavior. The corresponding adsorbed N-H bonds are 

very weakly elongated in Ti-BEA--NH3 adduct (about 0.001 Å). On the other hand, 

elongation is about 0.016 Å for Sn-BEA--NH3 adduct. This elongation of interacting 

ligand N-H bond can be taken as evidence of red shift in IR frequency and hence 

measure of strength of interaction at catalyst active site. 

An earlier experimental study of the vibrational properties of CH3CN 

adsorbed on different zeolite, TS-1, as an evidence for the presence of Lewis acidic 

centers [28] associated with Ti(IV) was given by Bonino et. al. They found that 

acetonitrile forms a labile adduct with the Ti of TS-1 with a Δυ(CN) stretching 

frequency of +37 cm-1. Analogous experiment on Sn-BEA has been recently carried 
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out by Corma and co-workers [29, 30]. Their study also predicted a blue shifted 

Δυ(CN) stretching frequency of +42 cm-1. In addition, to study the structure-activity 

relation of catalyst they had carried out a computational study based on a cluster 

model approach. Interestingly, their model comprised of various reaction sites and 

various neighboring groups. For the comparison purpose, we restrict our self to pure 

siliceous environment of Sn center and do not consider their hydrolyzed model. In 

line with their frequency analysis, the CN distance in our calculation passes from 

1.161 Å (bare one) to 1.156 Å (engaged one) predicting blue shift of the υ(CN) 

stretching frequency. This result is in qualitative agreement with the results reported 

in previous literature [28-30]. In particular, the interaction of probe molecule such as 

acetonitrile with Lewis acid center involves electron density transfer from lone pair of 

nitrogen to the catalyst LUMO, as a result CN bond reduces and υ(CN) frequency 

shifts to higher value. The computed blue shift, accompanied by a reduction of -0.005 

Å of the C-N distance (compared to bare CN distance), proves the strong adsorption 

of the CH3CN on the T-BEA active centers. This fact is well reproduced in the 

interaction energy calculation with the both T substituted BEA. Although, the cluster 

model predicted T-L bond lengths match well with our periodic model the interaction 

energy values differ from ours [29]. The interaction energy of Sn-BEA with CH3CN 

predicted by the cluster model approach was 0.3 kcal/mol [29]. However, the additive 

long range interactions covered in periodic model results in an interaction energy 

increase of 3.45 kcal/mol. This difference can be attributed to the additive interaction.  

The interaction energy of CH3CN with Ti-BEA adduct is 0.032 eV (0.008 eV at 1000 

eV PW cut-off). Thus, the interaction of Sn-BEA is stronger with CH3CN than that of 

Ti-BEA.

The CH3OH is reagent of prime interest in several industrial reactions. The 

lone pair present on the O atom of CH3OH should be more attractive towards the 

positive centers present in substituted BEA. Similar to CH3CN interaction, the 

interaction energies computed for Sn-BEA, Ti-BEA and CH3OH show large 

differences. The Sn-BEA and CH3OH interaction is stronger and turns out to be 0.295 

eV (0.301 eV at 1000 eV PW cut-off). On the other hand, the Ti-BEA and CH3OH 
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interaction energy is 0.0716 eV (0.098 eV at 1000 eV PW cut-off). In the optimized 

structure of Ti-BEA--CH3OH, C-O bond is 1.46 Å and O-H bond is 0.97 Å (i. e. 

elongates to +0.02 Å and +0.006 Å with respect to bare molecule). For Sn-BEA 

adduct, the C-O bond shows elongation by 0.013 Å and OH bond by 0.003 Å. The 

computed elongations can be accounted as measure of adsorption of CH3OH on the 

active centers, resulting in the red shifted frequencies. This is a consequence of 

structural differences around T1 and T2 sites of the beta zeolite. 

The present energetics of ligand interaction reveals that all the basic moieties 

result in exothermic interaction with Sn and Ti sites. Furthermore, the higher 

interaction energies of Sn-BEA--L adducts confirm their stability compared to Ti-

BEA--L adducts. The ligand interaction is associated with the respective bond 

elongation and bond reduction of the adsorbed molecules on catalyst active site, 

which can be taken as measure of red or blue shifted frequencies. In general, the order 

of stability of the different T-BEA adducts is NH3>H2O>CH3OH>CH3CN. For Sn-

BEA, this order is slightly reversed: viz., the H2O interacts strongly with Sn-BEA 

compared to NH3. However, in next section of reactivity descriptors, frontier orbital 

energies, justify the permanence of these respective interactions. The interactions of 

CH3CN and CH3OH are almost negligible with Ti-BEA. In conclusion, the higher 

acidic Sn site interacts strongly with all basic moieties compared to lesser acidic Ti 

site.

(C) Reactivity of T-BEA towards Ligands (L): We have applied the HSAB 

principle to understand the reactivity of Sn- and Ti-BEA towards ligand moieties. 

Pearson formulated the concept of HSAB principle for understanding reactivity of 

chemical systems and their interactions [26, 27]. This gave a new insight in 

interpreting the reactivity of chemical systems on the basis of their HOMO and 

LUMO energies [26, 27]. Thus a system can be categorized as soft acid (SA) with 

low lying LUMO, soft base (SB) with high lying HOMO and hard acid (HA) with 

high lying LUMO where as hard base (HB) with low-lying HOMO. It has been well 

established that the interactions between SA-SB are covalent, HA-HB are ionic and 

SA-HB or HA-SB are mostly weak electrostatic and form Lewis adducts. Here, we 
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must recall that the Lewis acidity, being related with an electron acceptor character, 

can be related with the global affinity of the solid [22b, 23, 24]. Qualitatively, LUMO 

energies can be used for a comparison between electron affinities of Sn- and Ti-BEA. 

The HOMO and the LUMO energies and their respective HOMO-LUMO gaps of Sn-

and Ti-BEA are revised [22b] in Table 5.1. Globally the LUMO energy of Sn 

substituted BEA zeolite is lower than that of the Ti ones. Also the corresponding 

HOMO-LUMO gap of Sn-BEA is small which correlates this solid to a larger global 

softness. Thus, the Sn-BEA results in the most Lewis acidic and softer solid, hence, 

more reactive catalyst.  

Table 5.3 describes the HOMO, LUMO energies, and the corresponding 

HOMO-LUMO gaps of all the ligand molecules. We observe decreasing order of 

HOMO energies of all the ligands as: H2O (-5.99 eV) > NH3 > CH3OH > CH3CN. 

Thus, here CH3CN lead to hard base and rest three bases are soft bases based on their 

closely lying HOMO energies. However, NH3 and H2O are of equal strength. This is 

in line with our interaction energy analysis of the different T-BEA adducts 

(NH3>H2O>CH3OH>CH3CN) where we get less adsorption energy of CH3CN with 

both Sn- and Ti-BEA. However, soft bases namely H2O and NH3 interact strongly 

with Sn and Ti-BEA. The global descriptors of reactivity thus explain the fact that 

soft acid, Sn-BEA, interacts strongly with soft bases H2O, NH3 and CH3OH to give a 

covalent complex where as hard acid, Ti-BEA interacts with same bases to form a 

stable Lewis adduct. In addition, according to the above definition, interaction 

between CH3CN with Ti-BEA is weakly ionic, (see Table 5.3: interaction energy is 

negligible) where as interaction of CH3CN with Sn-BEA is weakly electrostatic 

(Lewis Acid-Base adduct) in nature. In general, interaction of Sn-BEA is strong with 

all ligands compared to Ti-BEA (compare interaction energies of respective adducts). 

Table 5.3 also summarizes the HOMO-LUMO gaps of all T-BEA--L adducts. The 

HOMO-LUMO gap of all Sn-BEA--L adducts is lower than that of Ti-BEA--L 

adducts. This thus explains the greater stability of all Sn-BEA--L complexes. Hence, 

we can once again state that globally Sn-BEA zeolite results in higher Lewis acidic 

catalyst forming stable interaction with all basic molecules than the Ti-BEA zeolite. 
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Other reactivity descriptors such as chemical potential, hardness and philicity of a 

molecule are also added in Table 5.4 for the sake of completeness. 

Table 5.4: Chemical Potential, Hardness and Philicity descriptors for L and T-BEA--L. 

Systems µ η ω

NH3 -3.42 -2.62 -2.23

CH3OH -3.54 -2.79 -2.25

CH3CN -4.48 -3.63 -2.76

NH3/Sn -0.44 -2.35 -0.04

CH3OH/Sn -0.61 -2.04 -0.09

CH3CN/Sn -0.37 -2.48 -0.03

NH3/Ti -0.63 -2.06 -0.1

CH3OH/Ti -0.52 -2.29 -0.06

CH3CN/Ti -0.72 -2.08 -0.12

However, it may be noted that none of these descriptors follow the trend 

reported by the interactions energies. The reason for this may be attributed to the 

sensitivity of these descriptors which applies to periodic density functional methods.

In addition to highlight the charge transfer in the interactions of T-BEA and L, 

we include a short discussion with the help of difference charge density (Δρ) plots. 

The Δρ plots for each type of interaction viz. covalent, Lewis adduct and ionic are 

reported in Figure 5.5. Here, the blue signifies charge gain where as red represents 

charge depletion. The Fig. 5.5a shows SA-SB, Sn-BEA--H2O interaction. The charge 

transfer between H2O and Sn- is indicated by small blue sphere. The blue sphere 

along inter-molecular bond, here, represents the bond critical point which can be 

taken as measure of a strong bonding such as covalent interaction. The Fig 5.5b and 

5.5c shows, SA-HB and HA-SB, Lewis acid-base interactions forming Lewis adducts. 

As discussed in the beginning of this section these interactions are weakly 
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electrostatic in nature and this is well reflected in their Δρ plots. The presence of 

small red sphere along the inter-molecular bonding space here denotes loss of charge 

where as blue sphere on ligand donor atom indicates concentration of charge density 

on it. Similarly, HA-HB, Ti-BEA--CH3CN, ionic interaction is shown in Fig. 5.5d 

(for clear visualization not color coded). Fig. 5.5d clearly shows a polarized charge 

density between Ti-BEA--CH3CN bonding region which is an indication of ionic 

bond. Both the atoms, Ti- (blue sphere) and N- (red sphere), show polarization of 

electronic densities on them.

Figure 5.5a: Sn-BEA--H2O: SA-SB, 
covalent interaction indicated by 
presence of blue sphere along inter-
molecular bond.

Figure 5.5b: Sn-BEA--CH3CN: SA-
HB, weakly electrostatic interaction
indicated by red sphere along inter-
molecular bond.

Figure 5.5c: Ti-BEA--NH3: HA-SB, 
weakly electrostatic interaction
indicated by red sphere along inter-
molecular bond.

Figure 5.5d: Ti-BEA--CH3CN: HA-
HB, ionic interaction indicated by 
polarization of density along inter-
molecular bond.
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5.5 Conclusion
The reported geometries of the substituted beta and their respective 

interactions with NH3, H2O, CH3OH and CH3CN are obtained with the plane wave 

basis code VASP. Catalyst active site T2 and T1 are substituted by Sn and Ti, 

respectively. All the interactions are fully optimized without any geometrical 

constraints. The geometric and energetic deformations are discussed successfully 

using p-DFT. 

In the bare T-BEA, TO4 moiety is quite near to tetrahedral symmetry [22b, 28, 

40]. However, the results discussed here predict the deformation of TO4 moiety due to 

adsorption of basic molecules. In the optimized ligand adsorbed adducts, TO4 shows 

typical characteristic splitting 120°/90° there by resulting into a nearly bipyramidal 

geometry. Irrespective of the adsorbed ligand nature, the bond length variation of the 

framework atoms is restricted in fixed range while the bond angles exhibit a larger 

variation. Similarly, irrespective of the catalyst active center, Sn or Ti, ligand 

interacts at an optimum bond distance. The interaction energy results demonstrate that 

all the basic moieties results in exothermic interaction with Sn and Ti sites. 

Furthermore, the higher interaction energies of Sn-BEA--L adducts confirm their 

stability compared to Ti-BEA--L adducts. This strength of interaction is also 

associated with a corresponding bond elongation and/or bond reduction of the 

adsorbed molecules on the catalyst active site, which can be taken as measure of red 

or blue shifted frequencies [28, 33, 34]. In general, the order of stability of the 

different T-BEA adducts is NH3>H2O>CH3OH >CH3CN. For Sn-BEA, this order is 

slightly reversed. The H2O interacts strongly with Sn-BEA compared to NH3. Overall 

the interaction of ligands with Sn and Ti substituted beta zeolite depend on a delicate 

balance of several factors such as substitution site of metal, angular flexibility around 

those sites and weak interactions like hydrogen bonds. All these factors reflect in 

global reactivity descriptors. The global descriptors of reactivity justify the fact that 

soft acid, Sn-BEA, interacts strongly with soft bases H2O, NH3 and CH3OH to give a 

covalent complex where as hard acid, Ti-BEA interacts with same bases to form a 

stable Lewis adduct. In addition, the interaction energies and reactivity descriptors of 



Chapter 5  Probing Lewis acidity of Sn- and Ti-BEA 140

Ti-BEA--CH3CN complex indicates it to be weakly ionic where as interaction of 

CH3CN with Sn-BEA is weakly electrostatic in nature. The Δρ plots support these 

findings. The HOMO-LUMO gap highlights the greater stability of all Sn-BEA--L 

complexes which once again address the higher Lewis acidic nature of Sn-BEA than 

Ti-BEA.



Chapter 5  Probing Lewis acidity of Sn- and Ti-BEA 141

5.6 References
[1] R. L Wadlinger, G. T. Kerr, E. J. Rosinski. U.S. Pat. 3 308 069 (1967).

[2] J. M. Newsam, M. M. J. Treacy, W. T. Koestsier, C. B. de Gruyter. Proc. R. 

Soc.London. A420 (1988) 375.

[3] (a) A. Corma, M. T. Navarro, F. Rey, J. Rius, S. Valencia, Angew. Chem. Int. 

Ed. 40 (2001) 2277. (b) A. Corma, M. T. Navarro, F. Rey, S. Valencia, Chem. 

Commun. (2001) 1486. 

[4] G. Bellusi, G. Pazzuconi, C. Perego, G. Girotti, G. Terzoni. J. Catal. 157 

(1995) 227. 

[5] (a) J. A. Martens, J. Perez-Pariente, E. Sastre, A. Corma, P. A. Jacobs, Appl. 

Catal. 45 (1988) 85 (b) P. Ratnasamy, R. N. Bhat, S.K. Pokhriyal, S. G. 

Hagde, R. Kumar, J. Catal. 119 (1989) 65.

[6] L. Boretto, M. A. Camblor, A. Corma, J. Perez-Pariente, J. Appl. Catal. 82 

(1992) 37. 

[7] A.J. Hoefnagel, H. van Bekkum, Appl. Catal. A. 97 (1993) 87. 

[8] A. Corma, J. L jorda, M. T. Navarro, F. Rey, Chem. Commun. (1998) 1899. 

[9] T. Blasco, M. A. Camblor, A. Corma, P. Esteve, J. M. Guil, A. Martinez, J. A. 

Perdigon-Melon, S. Valencia, J. Phys. Chem. B 102 (1998) 75. 

[10] a) A. Corma, L.T. Nemeth, M. Renz, S. Valencia. Nature 412 (2001) 423. b) 

A. Corma, M. E. Domine, L. T. Nemeth, S. Valencia. J. Am. Chem. Soc. 124

(2002) 3194.

[11] N. K. Mal, A. V. Ramaswamy. Chem. Commun. 425 (1997).

[12] (a) S. R. Bare, S. D. Kelly, W. Sinkler, J. J. Low, F. S. Modica, S. Valencia, 

A. Corma, L. T. Nemeth, J. Am. Chem. Soc. 127 (2005) 12924. (b) A. Corma, 

L. T. Nemeth, M. Renz, S. Valencia, Nature 412 (2001) 423. 

[13] (a) A. Corma, V. Fornes, S. Iborra, M. Mifsud, M. Rez, J. Catal. 221 (2004) 

67. (b) A. Corma, S. Iborra, M. Mifsud, M. Renz. J. Catal. 223 (2005) 96. (c) 

A. Corma, M. Renz, Chem. Commun. (2004) 550.

[14] (a) A. Corma, M. E. Domine, L. Newmeth, S. Valencia, J. Am. Chem. Soc. 

124 (2002) 3194. (b) A. Corma, M. E. Domine, L. Nemeth, S. Valencia. J. 



Chapter 5  Probing Lewis acidity of Sn- and Ti-BEA 142

Catal. 215 (2003) 294.

[15] S. R. Bare, S. D. Kelly, W. Sinkler, J. J. Low, F. S. Modica, S. Valencia, A. 

Corma, L. T. Nemeth, J. Am. Chem. Soc. 127 (2005) 12924.

[16] I. Pbpai, A. Goursot, F. Fajula, J.  Phys. Chem. 98 (1994) 4654.

[17] (a) N. Jardillier, D. Berthomieu, A.Goursot, J. U. Reveles, A. M. Koster,  J. 

Phys. Chem. B 110 (2006) 18440. (b) A. Martınez, A. Goursot, B. Coq, G. 

Delahay. J. Phys. Chem. B 108 (2004) 8823.

[18] S. Krishnamurty, T. Heine, A. Goursot. J. Phys. Chem. B 107 (2003) 5728. 

(b) T. Heine, A. Goursot, G. Seifert, J. Weber.  J. Phys. Chem. A 105 (2001)

620.

[19] K. Sun, W. Su, F. Fan, Z. Feng, T. A. P. J. Jansen, R. A. van Santen, C. Li. J. 

Phys. Chem. A 112 (2008) 1352.

[20] (a) M. Kubo, Y. Oumi, H. Takaba, A. Chatterjee, A. Miyamoto. J. Phys. 

Chem. B 103 (1999) 1876. (b) K. Teraishi, M. Ishida, J. Irisawa, M. Kume, Y. 

Takahashi, T. Nakano, H. Nakamura, A. Miyamoto. J. Phys. Chem. B, 101 

(1997) 8079.

[21] (a) E. A. Pidko, P. Mignon, P. Geerlings,  R. A. Schoonheydt, R. A. van 

Santen. J. Phys. Chem. C 112 (2008) 5510. (b) F. Tielens, J. F. M. Denayer, I. 

Daems, G. V. Baron, W. J. Mortier, P. Geerlings. J. Phys. Chem. B 107 

(2003) 11065.

[22] (a) S. Shetty, S. Pal, D. G. Kanhere, A. Goursot. Chem. Eur. J. 12 (2006) 

518. (b) S. Shetty,  B. S. Kulkarni, S. Pal, D. G. Kanhere, A. Goursot.. J Phys 

Chem B 112 ( 2008) 2573.

[23] (a) M. Boronat, A. Corma, M. Renz, G. Sastre, P. M. Viruela. Chem. Euro. J. 

12 (2006) 7067. (b) Boronat, M.; Corma, A.; Renz, M.; Sastre, G.; Viruela, P. 

M. Chem. Euro. J. 2005, 11, 6905.

[24] G. Sastre, A. Corma. Chem. Phys. Lett. 302 (1999) 447.

[25] A. M. Vos, K. H. L. Nulens, F. De Proft, R. A. Schoonheydt, P. Geerlings. J. 

Phys. Chem. B 106 (2002) 2026.

[26] R. G. Parr, R. G. Pearson, J. Am. Chem. Soc. 105 (1983) 7512 .



Chapter 5  Probing Lewis acidity of Sn- and Ti-BEA 143

[27] R. G. Pearson. J. Am. Chem. Soc. 85 (1963) 3533.

[28] a) F. Bonino, A. Damin, S. Bordiga, C. Lamberti, A. Zecchina, Langmuir 19 

(2003) 2155. b) A. Damin, S. Bordiga, C. Lamberti, A. Zecchina, K. Doll. J. 

Chem. Phys. 118 (2003) 10183.

[29] M. Boronat, P. Concepcion, A. Corma, M.Renz. Catalysis Today 121 (2007) 

39.

[30] M. Boronat, P. Concepcion, A. Corma, M. T. Navarro, M.Renz, S. Valencia. 

Phys. Chem. Chem. Phys. 11 (2009) 2876.

[31] I. Phpai, A. Goursot, F. Fajula, D. Plee, J. Weber. J. Phys. Chem.99 (1995) 

12925.

[32] (a) E. L. Meijer, R. A. van Santen, A. P. J. Jansen, J. Phys. Chem. A 103 

(1999) 2553. (b) E. H. Teunissen, A. P. J. Jansen, R. A. van Santen, J. Phys. 

Chem. 99 (1995) 1873. (c) A. G. Pelmenschikov, R. A.  van Santen, J.  Phys. 

Chem. 97 (1993) 10678.

[33] (a) S. Bordiga, A. Damin, F. Bonino, A. Zecchina, G. Spano, F. Rivetti, V. 

Bolis, C. Prestipino, and C. Lambeti, J. Phys. Chem. B 106 (2002) 9892. (b) 

T. Blasco, M. A. Camblor, A. Corma, P. Esteve, J. M. Guil, A. Martinez, J. A. 

Perdigon-Melon, and S. J. valencia, J. Phys. Chem. B 102 (1998) 75. (c) A. 

Zecchina, S. Bordiga, G. Spoto, A. Damin, G. Berlier, F. Bonino, C. 

Prestipino and C. Lamberti, Top. Catal. 21 (2002) 67.

[34] (a) V. Bolis, S. Bordiga, C. Lamberti, S. Zecchina, F. Rivetti, G. Spano and 

G. petrini, Langmur, 15 (1999) 5753. (b) V. Bolis, S. Bordiga, C. Lamberti, S. 

Zecchina, A. Carati, F. Rivetti, G. Spano and G. petrini, Macroporous Mater. 

30 (1999) 67.

[35] (a) G. Kresse, J. Hafner. Phys. Rev. B 48 (1993) 13115. (b) G. Kresse,  J.  

Furthermuller, Comput. Mater. Sci. 6 (1996) 15.

[36] D. Vanderbilt. Phys. ReV. B 41 (1990) 7892.

[37] B. S. Kulkarni, S. Krishanamurti, S. Pal, Chem. Phys. Lett. 484 (2010) 374.

[38] Perdew, J. P.; Wang, Y. Phys. ReV. B 45 (1992) 13244.

[39] A. Damin, F. Bonino, G. Ricchiardi, S. Bordiga, A. Zecchina, and C. 



Chapter 5  Probing Lewis acidity of Sn- and Ti-BEA 144

Lamberti, J. Phys.Chem. B 106 (2002) 7524.

[40] M. Renz, T. Blasco, A. Corma, V. Formes, R. Jensen, L. Nemeth. Chem. Eur. 

J. 8 (2002) 4708.



Chapter 6  Role of structure and bonding of Al clusters    145 

 

 

 

 

 

 

CHAPTER 6 

Role of Structure and Bonding of Al Clusters on 

the adsorption of N2  
 

Abstract: 
  Reactivity of aluminum clusters has been found to exhibit size 

sensitive variations. This work is motivated by a recent report [1] predicting higher 

reactivity of melted aluminum clusters towards the N2 molecule as compared to the 

non-melted Al clusters. We attempt to understand the underlying electronic and 

structural factors influencing the adsorption of N2 molecule (a prerequisite for the 

reactivity) on ground state geometry (a non-melted structure) of various Al clusters. 

The results show that the adsorption energy is of the order of 8-10 kcal/mol and does 

not vary with respect to the cluster size and the electronic properties of the ground 

state geometry. The structural and electronic properties of high energy conformations 

of Al clusters (a melted cluster) are further analyzed to explain their higher reactivity 

towards N2 molecule. These findings are also validated with the help of activation 

barriers.  

 

6.1 Introduction 
 The appearance of the bulk motif in small sized aluminum clusters has excited 

many researchers. As a consequence of this property, Al clusters are attracting a lot of 
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attention for their potential applications in optics, medicines [2], microelectronics [3] 

and nanocatalysis [4]. In addition to the appearance of bulk motif, ground state Aln 

clusters (n < 100) show size specific features in their structures [5-8], cohesive 

energies [9-11], and thermodynamic properties [12-14]. For example, the ground state 

geometries of many clusters are seen to change from a disordered morphology to an 

ordered one (or vice-versa) with the addition of a single atom [15]. Adding an extra 

atom to some clusters also changes the melting transition from a first-order to a 

second order [16-22]. The above mentioned and many other size dependent 

characteristics make the study and application of aluminum nano clusters with up to a 

few hundred atoms both interesting and challenging.  

 One such application is the synthesis of aluminum nitride. Aluminum nitride, 

one of the industrially important materials, carries high impact as an electronic 

material and is usually synthesized through a direct reaction between Al surface or 

clusters and N2 at a high temperature and pressure [23]. Nevertheless, one needs to 

modify a processing condition to smoothen such tedious and hard reactions. 

Consequently, recent experimental studies showing that Al clusters of range 25-100 

have melting temperatures that are 450 K, well below the bulk melting temperature, 

934 K, has excited several researchers [22]. Not only clusters in this range show a 

depressed melting temperature, they also show a size sensitive melting behavior. 

These results can be exploited to design the chemical reactions at desired temperature 

by choosing an appropriate cluster. In addition, the depressed melting temperature of 

clusters facilitates easier chemisorption and thus various chemical reactions at very 

low temperatures (around 450 K). It is noteworthy that N2 molecule is only known to 

physisorb on the Al surfaces below the melting temperatures [24] and thus use of 

clusters for such reactions could be more advantageous. 

 The above aspect is demonstrated very nicely in a recent report by Jarrold and 

co-workers [1] where they discuss the reactivity of N2 on Al100 cluster. They have 

determined the melting temperature of Al100 using heat capacity measurements 

following which the ion beam experiments are used to investigate the reaction 

between the cluster and molecular N2. They show that on a melted structure, the 

activation barrier for N2 adsorption decreases nearly by 1 eV. The importance of Al-N 



Chapter 6  Role of structure and bonding of Al clusters    147 

 

reaction has also motivated Romanowski et. al. [25] to perform a theoretical study of 

N2 reaction with liquid Al metal. They have determined the activation barrier for 

dissociative chemisorption of N2 to be 3.0 eV. They propose that the melting 

decreases the surface energy, and atoms in liquid are mobile and better able to adjust 

the N2 molecule. Hence, previous studies on N2 adsorption conclude that the atoms on 

the surface of the liquid cluster move to minimize their energy lowering the activation 

barrier.  

 Apart from the enhanced mobility, very little understanding is available 

concerning the role of structure and bonding of Al clusters on the 

adsorption/reactivity of the cluster. The catalytic reactivity is always attributed to 

specific and precise structural rearrangement of atoms in the material. It is 

worthwhile to correlate the above two parameters to their reactivity. Thus, the 

interesting questions are: “Is the chemisorption of N2 molecule a consequence of 

highly different structure of Al cluster following the phase transition? Do the changes 

in structure modify the chemical bonding property within the cluster thereby 

enhancing its reactivity or the higher reactivity is due the dynamical rearrangement of 

atoms within cluster? Does this reactivity vary as a function of cluster size?” To 

answer the above questions, we have studied systematically the adsorption behavior 

of N2 on Al cluster as a function of cluster size. We also address the issue of 

conformational changes following the phase transition and their impact on N2 

adsorption.  

To achieve this objective, we choose a series of Al clusters of variable size. It 

includes low energy conformers of Al2, Al3, Al13, Al30 and Al100 clusters. Al2 and Al3 

are the smallest of Al clusters that have been analyzed for understanding the 

adsorption of N2 molecule. The reason for starting with such small clusters is to have 

a qualitative understanding on two issues viz., (a) to understand the electronic 

properties underlying the adsorption of the molecule on the cluster. (b) to analyze the 

adsorption of N2 molecule as a function of Al cluster size. After analyzing various 

reactive sites of these clusters, N2 is adsorbed on them to study the nature of its 

adsorption. The zero-temperature studies of adsorption is extended to a decahedron 

conformer as well as a few high energy conformers of Al13 (typically seen after the 
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phase transition) to analyze the ease of adsorption on high energy conformations. 

Since melting enhances distortion, these high energy structures help us to correlate 

the specific role of structure and bonding towards chemisorption of N2. All 

considered structures were optimized and the bonding properties within them are 

analyzed through Electron Localization Function (ELF) and Frontier Molecular 

Orbital (FMO).  

 The rest of the work is organized as follows. In Section 6.2, we give a brief 

description of the computational method and descriptors of reactivity used in this 

work. Results and discussion are presented in section 6.3 for Aln--N2 interaction. 

Finally, our conclusions are summarized in section 6.4. 

 

6.2 Computational Details 
  As mentioned, we have considered aluminum clusters of varying sizes viz.,: 

Al2, Al3, Al13, Al30 and Al100 for the study. All the possible conformations of these 

clusters are optimized. Following the optimization, low lying structures are 

considered for further study of adsorption. All the structures were optimized using 

Density Functional Theory (DFT) based method. The optimization is carried out 

using VASP [26, 27]. As in standard DFT programs, the stationary ground state is 

calculated by solving iterative Kohn-Sham equations [28]. We use Vanderbilt's ultra-

soft pseudo-potentials29 within the Local Density Approximation (LDA) for 

describing the behavior of core electrons. An energy cut-off of 400 eV is used for the 

plane wave [30] expansion of Al and N atoms. The structural optimization of all 

geometries is carried out using the conjugate gradient method [31], except for the 

high energy conformers where, we use quasi-Newton method [32] in order to retain 

the local minima. The structure is considered to be optimized when the maximum 

force on each atom is less than 0.01 eV/Å. Similar optimization procedures are 

repeated for the interaction of N2 molecule at all Al cluster reactive sites, and for that 

of bare N2 molecule. All the molecules are enclosed in cubical box of 25 Å 

dimensions.  

 Various descriptors are used to analyze the reactivity of the Al clusters [33, 
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chapter 2]. We have analyzed the ELF for all clusters and their complexes of N2 at 

isovalue where atomic basins start merging. Thus, as size and geometry of Al cluster 

changes, here, the ELF analysis helps us to understand the discrete bonding pattern. 

In addition, we also analyze the partial charge densities of FMO. The Highest 

Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital 

(LUMO) are the best used global descriptors of reactivity [34, 36a]. The N2 

adsorption at particular site is followed by HOMO and LUMO analysis, which helps 

to distinguish the most reactive site. Subsequently, after complex formation, same 

descriptors elaborate the peculiar Al-N bonding. In addition, to understand the over 

all charge distribution after complex formation, the charges on various atoms (in 

optimized bare clusters and respective complexes) are calculated through the 

GAMESS [36b] (following the single point energy convergence on the VASP 

optimized geometries). 

  Following the studies on the ground state conformations of Al clusters of 

varying sizes, as mentioned, we have considered few high energy conformations of 

Al13 for N2 adsorption. This is done with an aim of elucidating the role of electronic 

properties of these high energy melted conformations on the chemisorption. One of 

the earlier theoretical works has reported that Al13 undergoes a solid to liquid 

transition between 1000-1700 K [37]. Hence, the high energy conformations are 

obtained from a finite temperature run of Al13 at 1200 and 1600K. It may be recalled 

that an earlier work [37] predicted 1600K to be nearly melting temperature of the 

cluster. The finite temperature calculations are performed by using Born-

Oppenheimer molecular dynamics based on the Kohn-Sham formulation of DFT, 

employed in VASP. The ionic phase space of the cluster is sampled classically in a 

canonical ensemble using a method proposed by Nóse [38]. Pursuing the simulation 

of 10 pico seconds, few conformations were chosen from these high temperature runs. 

The structure, bonding and reactivity of these clusters are discussed and compared 

with those of the low lying conformation of the same cluster. 
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6.3 Results and Discussion 
(A) Size dependence of the reactivity: Ground State Geometries of Al clusters 

and their Interaction with N2 

(i) Al2: 

Al2 like any mono atomic dimer cluster is a covalently bonded one [39-43], 

while Al3 is a widely studied system for adsorption of various molecules such as H2 

[44-46], O2 [47] etc.  Figure 6.1 gives the ground state geometry of Al2 and its 

complex with N2. The ELF contours and the frontier orbitals for these systems are 

given in the same Figure. Various inter atomic distances along with the Mulliken 

charges on each atom [in square bracket] for Al2 and Al2--N2 are given in the same 

Figure.  

We begin with a discussion of Al2 followed by its complex with N2. The inter 

atomic bond distance in Al2 is 2.59 Å. This is in perfect agreement with the reported 

literature values [39-43]. The covalent nature of Al2 is well seen from the contours of 

ELF, where both Al basins merge considerably around a value of 0.76. The FMO 

analysis predicts that HOMO orbital is bonding orbital (σ-overlap) and LUMO is 

localized on the two Al atoms (p-orbitals). The favorable mode of N2 interaction with 

Al2 is a linear structure as seen from Figure 6.1. Other modes of interaction 

(perpendicular to the Al-Al bond of Al2 molecule) do not result in local minima. The 

Al2--N2 complex has an interaction energy of -0.57 eV (-13.10 kcal/mol). Following 

the adsorption of N2 molecule, the Al-Al and N-N bond distances increase marginally 

from 2.59 to 2.61 Å and from 1.11 to 1.15 Å, respectively. The Al2--N2 interaction 

optimizes at an Al-N distance of 1.86 Å. The corresponding ELF contours at an 

isovalue of 0.76 reveals a polarized electron density on Al(2) and N(1) atoms (see 

Figure 6.1). There are no merged basins in the Al-N bonding region even at an 

isovalue of 0.50. 

The HOMO of Al2--N2 complex is composed of 2p orbitals of N atoms while 

the LUMO is composed of p orbitals of interacting Al atom and N2 atoms. To 

understand the charge redistribution following the adsorption of N2, we study the 

difference charge density (Δρ) (Figure 6.1). The blue region indicates charge gained 
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where as the red region indicates the charge depletion. The presence of red region 

along the N2 and Al2 bonds and presence of blue region around the each atom shows a 

small polarization within the whole molecular space. Thus, Al2 and N2, in their 

interaction show an overall charge transfer from Al2 to N2. In order to quantify the 

charge transfer we have calculated the Mulliken charges for individual systems and 

the complex. The charges of Al atoms in the bare Al2 are nearly zero. The 

corresponding charges on Al atoms in the complex are 0.123 a. u. (non-interacting Al 

atom) and 0.513 a. u (interacting Al atom). The N(1) atom (interacting N atom) in N2 

shows charge gain of -1.202 a. u. while N(2) is slight positively charged. Thus, both 

the difference charge density and Mulliken charges reveal an overall charge transfer 

from Al2 to the N2 molecule. 

 

Figure 6.1: Al2 and its N2 interaction from ELF and FMO 

 

 The moderate interaction energy of N2 with Al dimer promotes us to study the 

nature of N2 interaction as a function of cluster size and geometry. Does the bonding 
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remain same for larger cluster sizes? Does interaction energy increase with the cluster 

size? Various such questions will be addressed in the next few sections.  

(ii) Al3: 

 A three atom cluster has three possible geometric configurations viz., linear 

conformation, zig-zag conformation and a cyclic conformation [48, 49]. The three 

conformations in Al3 differ from each other by nearly 1 eV with cyclic Al3 as the most 

stable configuration. This is consistent with earlier literature reports [48, 49]. Cyclic 

Al3 is an equilateral triangle as shown in Figure 6.2 with Al-Al bond distances of 2.47 

Å. Thus, we note a decrease in inter atomic bond distance within the Al atoms as 

compared to the Al2. In spite of the decreased bond distances, the ELF basins merge 

only at a value of 0.74 as compared to 0.76 in Al2. The HOMO of Al3 shows a multi 

centered bonding arising from the overlap of s-p hybridized orbitals. The LUMO is 

made up of p orbitals of Al atoms. Considering the orbital contributions and their 

density contours, we verified two modes for N2 adsorption. One perpendicular to the 

plane of triangle and another along one of the Al-Al bonds as shown in Figure 6.2. 

The first Al3--N2 conformation was found to be a meta stable one with N2 getting 

desorbed. However, the second Al3--N2 configuration resulted in a stable minima with 

an interaction energy of -0.47 eV (i. e. -10.77 kcal/mol). Interestingly, this is nearly 3 

kcal/mol lower than that of dimer complex.  

 N2 adsorption reduces the symmetry of the Al3 cluster from an equilateral 

triangle to an nearly isosceles triangle. The Al(2)-Al(3) (see Figure 6.2) increases to 

2.64 from 2.47 Å with rest of the two Al-Al bond lengths remaining around their 

original values. The Al-N interaction converges to the same bond length as that in 

Al2--N2 complex i. e., 1.86 Å. The N2 bond also increases to 1.15 Å from 1.11 Å like 

in the case of Al2-N2. The ELF contour of the complex (at an isovalue of 0.80) shows 

polarization of densities on Al(3) atom (the Al atom interacting with N2) and N(1) 

atom. Similar to Al2--N2 complex, Al3--N2 complex does not show merged basins in 

the Al-N bonding region. 
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Figure 6.2: Al3 and its N2 interaction from ELF and FMO 

 

The frontier orbital analysis shows that HOMO is contributed by the p orbitals of N2, 

Al(3) and Al(2) atoms. The LUMO is composed of bonding orbital of Al(1) and Al(2) 

atoms (the two Al atoms not interacting with N2). The charges derived by Mulliken 

population analysis for Al3 and Al3--N2 are given in Figure 6.2. All the atoms in the 

Al3 are nearly neutral in the cluster as well as the complex. However, the N2 molecule 

is polarized following the complexation. However, the difference charge density plot 

shown in Figure 6.2 reveals that there has been some charge redistribution among the 

Al and N atoms. Each atom is seen to donate some electrons from one of its orbital 

and gain in another of its atomic orbital there by neutralizing the overall charge 

transfer. Thus, Al3, shows a marginal decrease in the interaction energy. 

(iii)  Al13: 

 Our next cluster to be studied for N2 adsorption is an Al13 cluster. Al13 is the 

most well studied among the aluminum clusters. Icosahedra (Ih) is indebted global 

minima in all extensive static and dynamic studies of Al13 [50]. Hence, we found it 



Chapter 6  Role of structure and bonding of Al clusters    154 

 

interesting to chose this as the next larger cluster for N2 adsorption. Figure 6.3a shows 

optimized geometries of Ih, and its N2 complex. We now classify atoms within the 

cluster in order to facilitate the discussion of various reactive sites with the cluster 

and the N2 adsorption on them. Various atomic sites in the Ih conformation can be 

classified into three types viz., “A”, “B” and “C” depending upon their chemical 

environment and their distances from the central atom (see Figure 6.3a). Site A is the 

single central atom. Site B and C are the surface atoms containing six atoms each. 

The atoms “B” lie at a distance of 2.66 Å from the central atom “A” and atoms “C” 

lie at a distance from 2.60 Å from central atom “A”.  

 

Figure 6.3a: Al13 (Ih) and its N2 interaction from ELF and FMO 

 

Figure 6.3b shows another perspective of the Ih conformation for a better 

understanding of the reactive sites. Thus, the structure is highly symmetric. Table 6.1 

gives details of these inter atomic distances between various types of sites. Distances 

between two adjacent “B” atoms is 2.82 Å, while that of two adjacent “C” atoms is 

2.90 Å. Owing to their different orientations with respect to the central atom “A”, the 
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inter atomic distance between two diagonally placed “B” atoms is 5.32 Å while the 

distance between  “C” atoms is 5.21 Å. The inter-atomic distance between site “B” 

and “C” is 2.70 Å.  

This symmetry is reflected in Mulliken atomic charges (tabulated in Table 6.1) 

and ELF peculiarities of Ih geometry are also reproduced in the FMO’s. Analysis of 

HOMO reveals a multi centered bonding contributed by “C” atoms in the same plane 

as seen in Figure 6.3a. However, the LUMO is contributed by only “B” atoms.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Following the analysis of FMO and ELF, site “B” and “C” appear to be susceptible 

[51] to the N2 attack. Hence, we have studied the adsorption of N2 on both these sites.  

 

 

 

Figure 6.3b and 6.3c: Al13 (Ih) and its N2 

interaction another perspective 
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The adsorption of N2 on site “B” results in a meta-stable structure with finally N2, 

desorbing from it. The adsorption of N2 on site “C” results on the other hand in a 

stable conformation with an interaction energy of -0.34 eV (-7.91 kcal/mol). 

Interestingly, this is nearly half of that found for O2 molecule on Al13 (-0.77 eV) 

reported by Shiv Khanna and co-workers [47]. They attribute such a low interaction 

energy of Al13 to its magic cluster property (exceptional stability) and hence its 

nonreactive behavior towards many reagents. The marginally lower interaction energy 

of Al13 towards N2 molecule as compared to Al2 and Al3 is reflected in its Al-N bond 

distance (which is 1.90 Å as compared to 1.86 Å in Al2 and Al3 complex). The N-N 

bond distance in the complex is 1.13 Å as compared to 1.15 Å in Al2 and Al3. 

 

Table 6.1: Structural and Electronic Properties of Al13 (Ih) and its N2 Complex 

Distance (Å) Ih Ih--N2 

A-Cint - 2.63  

A-B 2.66 2.65 

A-C 2.60 2.54 

Al-N - 1.90 

N-N 1.11 1.13 

B-C 2.70 2.78 

B-B (diagonally placed) 5.32 5.50 

B-B 2.82 2.85 

C-C (diagonally placed) 5.21 5.28 

C-C 2.90 2.86 

Interaction energy (kcal/mol) - -7.91 
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Average Charges on various sites as obtained from Mulliken population 

analysis (a. u.) 

Sites Ih Ih--N2 

A 3.43 3.49 

B -0.3 -0.51, -0.52, -0.49, -0.30, -

0.30, -0.27 

Cint -0.3 0.81 

C -0.28 -0.49, -0.36, -0.41, -0.28, -

0.26 

N(1) - -0.22 

N(2) - 0.1 
 

 

 Following the N2 adsorption there is a small loss of symmetry. For the sake of 

better understanding of structural changes following the adsorption we rename the 

interacting “C” atom as “Cint”.  The “A”-“C” bond distance in the Al13(Ih)--N2 

complex reduces to 2.54 Å from 2.60 Å, “A”-“Cint” increases to 2.63 Å from 2.60 Å. 

Similarly, “B”-”C” bonds increase to 2.78 Å from 2.70 Å. The “A”-“B” and “B”-“B” 

bond distances in the complex remain around their original values. The distance 

between “C”-“C” is 2.86 Å in the complex as compared to “C”-”C” distance of 2.90 

Å in Ih. The interatomic distances between the diagonally opposite “B” atoms in 

complex is 5.50 Å (as compared to 5.32 Å) and that between diagonally opposite “C” 

atoms is 5.28 Å (as compared to 5.21 Å). Thus, the volume of the cluster increases 

marginally following the N2 adsorption.  

Analysis of FMO’s shows that HOMO is contributed by the interacting Al 

atom, and some lower plane of atoms in the cluster. The charge distribution in Al13--

N2 complex is given in Table 6.1. There is an overall charge transfer of 0.21 electrons 

to N2 from Al13 atom. It may be noted that this is less than that seen in Al2 but more 
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than what is seen for Al3. The Al atom bonded to the N2 molecule acquires a positive 

charge of 0.81 a. u. As a consequence, following the charge transfer (see Figure 6.3c), 

the atoms on upper half (atoms above the central atom “A”) of Al13 are more 

negatively charged compared to those on lower half (atoms below the central atom 

“A”). The finer details of the charge distribution (see Figure 6.3c) show that the 

positive charge on central atom “A” increases marginally by 0.05 a. u.  

The ELF of Al13--N2 complex is shown in Figure 6.3a. It is interesting to note 

that there is lesser polarization of electron density around N2 as compared to the case 

of Al2 and Al3. This and the fact that the first merging of the basins occurs only at 

0.76 isovalue reflects the lower interaction between the Al13 and N2.  

(iv) Al30: 

 To evaluate the adsorption energy of N2 molecule as a function of cluster size, 

we next consider a 30 atom cluster. There have been quite a few recent reports on the 

lowest energy conformation of Al30. One of the reports has suggested a double 

tetrahedron as a local minima for Al30 [52]. Recent reports, on the other hand have 

reported few other conformations as the lowest energy geometry for Al30 [6, 53]. 

However, we have used the double tetrahedron for the case of N2 adsorption. The 

geometries of Al30 and its complex with N2 and various other properties are given in 

Figure 6.4. Based on symmetry, the atoms in the cluster can be classified into 7 types 

of sites as shown in Figure 6.4. The inter-atomic distances between various sites are 

reported in Table 6.2. It is seen from the Table that the edge atoms are far from central 

atom (“E”). These bonds lay in the range 3.78 Å to 6.47 Å. On the other hand, surface 

atoms F and G lie at optimal distance of 2.75 Å from central atom while their 

corresponding distances with adjacent surface and edge atoms is slightly longer. The 

bond lengths among edge atoms viz., “A”-”B” (2.65 Å), “B”-”C” (2.65 Å) and “C”-

”D” (2.59 Å) are the shortest ones. The short bond distance between the edge atoms is 

well reflected in the ELF plots (see Figure 6.4). At an isosurface of 0.86 the basins of 

all edge atoms merge. However, at the same value, the basins on surface atoms 

remain as such which merge at a lower value of 0.74. The HOMO of this 

conformation is mainly contributed by “A” and “B” atoms. The LUMO is contributed 

by “C” and “D”. Considering the FMO contributions, N2 can preferably adsorb on the 
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edge atoms “A”, “B” “C”, and “D” atoms.  

 

Figure 6.4: Al30 and its N2 interaction from ELF and FMO 

 

 First, we consider site “A” for N2 adsorption (see Figure 6.4). The Al-N and 

N-N bonds optimize to 1.86 Å and 1.13 Å respectively as in the case of Al13. The 

interaction energy falls in the same range as observed for the earlier clusters, -8.01 

kcal/mol. The structural details of Al30-N2 complex are reported in Table 6.2. 

Although, the original double tetrahedron is not distorted much, there are some small 

perturbations following the N2 adsorption. Notable among them are the inter-atomic 

distances between site “C” and “D” which increases and consequently, ELF at 0.86 

show some disconnected basins. The basin around site A atom, involved in Al-N 

bond, disappears. The HOMO of the complex is formed of P-P orbital overlap of site 

C, site D edge and site F, site G surface atoms. However, the LUMO is similar to the 

LUMO of bare Al30. In addition to this, LUMO is also present on N2 molecule. In the 

above Al30--N2 complex, the N2 is adsorbed vertically on the site A. Adsorption of N2 
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molecule on sites B and C result in similar interaction energies and electronic 

properties.  

 

Table 6.2: Structural and Electronic Properties of Al30 and its N2 Complex 

Distance (Å) Al30 Al30--N2 

A-B 2.66 2.54 

A-E 6.47 6.00 

B-B 2.86 2.91 

B-C 2.65 2.58 

B-F 2.76 2.69 

B-E 4.69 4.60 

C-C 2.68 2.70 

C-F 2.68 2.74 

C-D 2.59 2.63 

C-G 2.74 2.64 

F-G 2.64 2.62 

C-E 3.78 3.90 

F-E 2.75 2.84 

D-G 2.65 2.68 

G-G 2.52 2.65 

G-E 2.75 2.80 

D-E 4.51 4.77 

Al-N - 1.86 

N-N 1.11 1.13 

Interaction energy (kcal/mol) - -8.01 
 

  

We have also attempted a case of multiple bonding where N2 molecule adsorbs on site 

B with slight inclination towards site C, forming a bridge. However, this orientation 

results into a conformation where N2 adsorbs only on site B atom with more or less 
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same interaction energy.  

(v) Al100: 

 We must not forget that the original work reported by Jarrold et. al. is on Al100 

cluster [1]. Hence, to check the N2 interaction with such a large cluster, we consider 

one of the potential minima of Al100 cluster. It is difficult to illustrate the in detail 

structural parameters of 100 atom clusters, hence, we only outline the peculiarities 

found in bonding those obtained from ELF and FMO reported in Figure 6.5. The 

Figure 6.5 shows that most of the Al atoms are clustered on the surface and very few 

of them form the core. The covalency of Al100 cluster is as good as that of 

symmetrical Al30 cluster. The basins on the surface atoms start merging at an 0.84 

isovalue. The HOMO, is centered on many surface atoms, particularly showing the 

multi-centered bonding resembling that of Ih HOMO. The N2 is adsorbed on one of 

the free sites.  

 

Figure 6.5: Al100 and its N2 interaction from ELF and FMO 

 

The interaction energy is -7 kcal/mol with an optimized Al-N bond of 1.91 Å. The N-

N elongation, here, is to the same magnitude of 1.13 Å. Similar to small sized Al 
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cluster N2 complex, ELF does not show any merged basins along Al-N bond. The 

ELF contours merge at lower isovalue of 0.80 resulting in further reduction of 

covalency. The HOMO of Al100--N2 is localized on both N atoms and interacting Al 

atom. On the contrary, N2 also participates in LUMO formation. Thus, the interaction 

energy of N2 molecule with the ground state conformation does not seem to vary 

substantially with respect to the cluster size. 

(B) Influence of melting on the reactivity: High Energy Al13 cluster 

conformations and their Interaction with N2 

(i) Decahedron (Dh): 

 As discussed in Section I, N2 adsorption on Al clusters increases dramatically 

above temperatures which correspond to the phase transition of the later. Just below 

and above the phase transition, clusters visit several high energy conformations. Such 

high energy conformations exhibit contrastingly different structural and electronic 

properties (particularly the surface atoms) as compared to the ground state 

conformations. One of the objectives of this work is to understand if such a change in 

surface properties can contribute to better adsorption of N2 (and hence better 

reactivity) on Al clusters. Hence, we next study some of the high energy 

conformations of Al clusters and N2 adsorption on them. For this purpose, we have 

chosen high energy conformations of Al13 as a case study. It has been reported earlier 

that Al13 undergoes a phase transition around 1400 K [37]. Decahedron is a dominant 

high energy conformation of Al13 seen from 400 K to 1200 K [37]. Hence, we found 

it interesting to study the adsorption of N2 on this conformation. In addition, we have 

also chosen two high energy conformations from a finite temperature run of 1600 K. 

In the next few sections, we discuss the structure and bonding of these high energy 

conformations and their implications on the N2 adsorption.  

 We begin with a discussion on decahedron (Dh). Figure 6.6 shows the 

structural details of this conformation. Dh having lower symmetry than that of Ih, the 

atoms within it can be classified into 5 types.  
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Figure 6.6: Al13  (Dh ) and its N2 interaction from ELF and FMO 

 

Figure 6.6 shows five unique sites (as compared to three seen in Ih). The central atom, 

“A” is bonded to two vertex atoms “B” with an interatomic distance of 2.66 Å. Rest 

of the ten atoms form two planes between the central atom and two vertex atoms and 

are classified as “C”, “D” and “E” based on the symmetry (See Figure 6.6).  

 The inter atomic distances between various sites are tabulated in Table 6.3.  

Interestingly, the inter atomic distances between sites “E” and “D” (i. e. “D”-“D” and 

“E”-“E” bond distances) are 2.59 Å, same as that of Al2 dimer. Such a short bond 

distance is indicative of covalent bonding between these atoms. “C”-“C” bonds are 

the next shortest ones (2.63 Å) Thus, intra-planar atoms are bonded to each other with 

strong covalent bonds. The inter-planar bond distances viz., “C”-“D” and “D”-“E” are 

marginally longer with a reasonably large bond distances of 2.70 Å and 2.81 Å, 

respectively. Rest of the bond distances lay in the order of 2.66-2.72 Å. Analysis of 

ELF basins reveals the covalent nature of bonding across the two planes. 
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Table 6.3: Structural and Electronic Properties of Al13 (Dh) and its N2 Complex 

Distance (Å) Dh Dh--N2 (Ih--N2) 

A-B 2.66 2.66 

A-C 2.66 2.62 

A-D 2.69 2.66 

A-E 2.69 2.53 

Al-N - 1.90 

N-N 1.11 1.13 

B-C 2.69 2.79 

B-D 2.72 2.73 

B-E 2.67 2.70 

B-B 5.32 5.28 

C-D 2.70 2.78 

C-E 4.42 4.31 

C-C 2.63 2.78 

D-E 2.81 2.68 

D-D 2.59 2.77 

E-E 2.59 2.74 

Interaction energy (kcal/mol) - -15.86 

 

 

 

 

 

 



Chapter 6  Role of structure and bonding of Al clusters    165 

 

Average Charges on various sites as obtained from Mulliken population analysis (a. u.)

Sites  Dh Dh--N2  (Ih--N2) 

A 2.93 3.49 

B -0.10 -0.31, -0.51 

C -0.30 -0.26, -0.35, -0.30, -0.30 

D -0.26 -0.50, -0.34 

E -0.24 0.77, -0.40 

N(1) - -0.21 

N(2) - 0.10 
 

 

The ELF basins of same sites merge at a high isovalue of 0.90, whereas those across 

the two planes merge at 0.78 isovalue.(see Figure 6.6). Thus, Dh conformation is a 

more covalently bonded conformation as compared to the ground state Ih 

conformation of Al13. The Mulliken charges on each site are given in Table 6.3. All 

the surface atoms are negatively charged resulting in a positively charged central 

atom. The atoms in the two planes are the most negatively charged ones.  

 The HOMO and LUMO of Dh are reported in the Figure 6.6. The HOMO 

contributed by the bonding orbitals of p-p overlap between the “C”-“C”, “D”-“D” and 

“E”-“E” atoms while LUMO is concentrated only on site B i. e. vertex atom. 

Considering the contribution of various atoms to HOMO and LUMO, we finalize four 

sites for N2 interaction, viz., “B”, “C”, “D” and “E”. Interestingly, sites “B” and “C” 

do not show any reactivity towards N2 adsorption. All orientations of N2 on these two 

sites resulted in high energy structures with N2 getting finally separated. The presence 

of highly covalent bonds around site “C” may be a probable reason for desorption on 

that site, site “B” being least negatively charged may be unfavorable for the N2 

adsorption. However, sites “D” and “E” are better for N2 adsorption leading to stable 

complexes. The site E gives elevated interaction energy compared to site D. In both 

these optimizations although we started with initial Dh geometry, the final complex 
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obtained was nearly Ih--N2 complex. That is during optimization Dh structure 

transforms into an Ih structure. This has been found to be the case irrespective of the 

optimization algorithm and initial orientations of N2 molecule on these sites. Thus, N2 

adsorbed and stabilized complex is no more Dh--N2 complex but it is same as original 

Ih--N2 complex. This change of geometry reflects in ELF and FMO plots shown in 

Figure 6.6 which shows that the contours of this complex are analogous to those in 

original Ih--N2 complex. However, the strength of interaction at both sites, D and E, is 

different. Site E shows almost double interaction energy than that of site D, The 

interaction energy at site E is -15.86 kcal/mol and the same at site D is -8.28 kcal/mol. 

These high energies of interaction are obtained from using definition of interaction 

energy as follows,  

 Interaction Energy = Ecomplex – (E1 + E2)   (1) 

Where, Ecomplex is energy of complex which is converted to N2 adsorbed Ih geometry. 

E1 is energy of optimized Dh and E2 is energy of optimized N2. Since, final complex is 

no longer Dh, if we substitute E1 as energy of optimized Ih, both interaction energies 

(at site D and site E) decrease significantly. In the later case site D is almost not 

bonded to N2 (IE ~ 0.0 kcal) where as interaction of site E and N2 is just same as 

original Ih--N2 complex. As a consequence of this Dh turned Ih--N2 complex shows 

similar behavior of bonding as described above in Ih section. Rest of the geometrical 

parameters of this final complex are same as those found in Ih--N2 complex. 

(ii) High Energy Conformations H1 and H2: 

 We next attempt the adsorption of N2 molecule on some of the high energy 

Al13 conformations which are not so well known. As mentioned earlier, these 

conformations have been extracted from an molecular dynamical simulation of the 

Al13--Ih cluster around 1600 K. Figure 6.7 gives one of the perspectives of both these 

two clusters. It is clearly seen that these high energy conformations are distorted 

leading to as many chemically unequal sites. H1 has nine chemically (Site “A” to Site 

“I” as shown in Figure 6.7) unequal sites while H2 has as many sites as the number of 

atoms within it. The high energy conformation H1 appears to be a hybrid of Ih and Dh 

conformations. The ELF at an isosurface of 0.90 reveals that both these 

conformations are characterized by the presence of covalent bonds at few pockets of 
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the clusters. The inter atomic distances between the atoms in the two clusters range 

from 2.54 to 2.84 Å. The charge distribution as obtained from the Mulliken 

population analysis for both the conformations is given in Table 6.4. It is seen from 

the Table that the atoms on the surface are mostly negatively charged and the central 

atoms are positively charged. Upon adsorption of N2, H1  conformations results in a 

stable complex with an adsorption energy of -7.65 kcal/mol while adsorption of N2 on 

H2 conformations leads to an interaction energy of -13.54 kcal/mol. Interaction 

energy increases by approximately -5 kcal/mol for a high melted and distorted 

structure H2, however, the case is not same for H1--N2 complex. 

 Thus, interestingly it appears that varying the cluster size and just the 

reorientation of the bonds does not contribute significantly to the better adsorption of 

N2 on Al clusters. The clear understanding of this elevated strength of interaction in 

case of H2 conformer can be understood with keen observation of the FMOs. The 

HOMO (see Figure 6.7) is dominantly spread over Al (7). In addition, this site is the 

least bonded and hence free site. The N2 is adsorbed in a plane of triangle made up of 

Al(5),  Al(7) and Al(12) atoms. This forms a stable complex with Al-N bond 

optimized to 1.90 Å. Here, the increase in interaction energy however is not ascribed 

by nature of H2 directly but is approved by additional Al-N bond formed between 

Al(12) and N(1). The characteristic bond formed so is 2.93 Å. The N-N elongation is 

1.13 Å.  
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Figure 6.7(a): Al13 (H1) and its N2 interaction from ELF and FMO 

Figure 6.7(b): Al13  (H2) and its N2 interaction from ELF and FMO 
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Table 6.4: Electronic Properties of H1, H2 (Al13) and its N2 Complex 

Sites H1 H1--N2 

Average Charges on various sites as obtained from Mulliken population analysis (a. u.)

A 2.07 1.61 

B -0.16 1.46 

C -0.01 -0.18 

D -0.20 -0.25 

E -0.36 -0.26 

F -0.28 0.00 

G -0.37 -0.43 

H -0.07 -0.25 

I 0.01 0.00 

N(1) - -0.22 

N(2) - 0.09 

Interaction energy (kcal/mol) - -7.65 

   

Sites H2 H2--N2 

Average Charges on various sites as obtained from Mulliken population analysis (a. u.)

1 1.22 1.20 

2 -0.17 -0.38 

3 0.11 0.22 

4 -0.53 -0.46 

5 0.34 0.17 

6 -0.14 -0.34 

7 -0.49 0.38 

8 -0.13 -0.19 

9 -0.54 -0.42 

10 0.17 -0.02 

11 0.42 0.44 

12 -0.26 -0.34 
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N(1) - -0.18 

N(2) - 0.09 

Interaction energy (kcal/mol) - -13.54 
 

 

The Al(7)-Al(12) bond in bare H2 is 2.58 Å. In the respective complex, the Al(12) is 

close to Al(7). This bond reduces to 2.55 Å as N2 approaches to Al(7) and thus retains 

a favorable geometry to form another Al-N bond (see Figure 6.7, H2--N2 HOMO). 

There is no specific trend i. e. bond elongation or reduction observed in H2--N2 

complex formation. In general, the bonds in close vicinity of Al(7) show bond 

reduction. We also summarize the atomic charges on the interacting Al and N atoms. 

Let us concentrate on the atomic charges which participate in Al-N bond. A positive 

charge of 0.38 a .u. is built on the Al(7). The Al(12) atom is also bonded with N(1). 

Hence, the Al(12) pulls charge of -0.34 a. u. from N(1). The N(1) here, hence, 

acquires slightly less negative charge compared to other N2 complexes.  

 Thus after studying various conformers of Al13 and their interaction with N2, 

we can conclude that in case of Al13, the N2 interaction is not just dependent on 

structural arrangement of atom but is also a function of multiple bonding of N2 with 

Al cluster. In other words, the highly melted or deformed structure where adjacent Al-

Al bonds are not so strongly coordinated, N2 can interact to form various Al-N bonds 

resulting in highly stable (Al)n--N2 complex. This is validated by the analysis of 

average interatomic Al-Al distances in Al13 clusters. The average interatomic distance 

shows a substantial increase in H2, a highly melted structure (3.91 Å) as compared to 

3.59 Å, 3.65 Å and 3.70 Å in Ih, Dh and H1, respectively.  

(C) Activation Barriers for interactive Al13--N2 complexes: 

 The relevance of the calculations presented in previous section can be verified 

by comparing the activation barriers of N2 adsorption on the non-melted and melted 

Al clusters. To determine an accurate value for the activation barrier, we use the 

Nudge Elastic Band (NEB) method incorporated in VASP and calculate the barrier 

energies as a function of Al-N bond length. It adds to our surprise that activation 

barrier drops by ~0.85 eV i.e. 19.60 kcal/mol for the melted cluster. This outcome is 

agreeable with the original experimental result [1]. The large difference in the 
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activation energy for N2 adsorption on melted and non-melted Al13 clusters and the 

fact that the N2 remains adsorbed despite the relatively high barrier are both 

consistent with the idea that the N2 molecule is chemisorbed on the Al13 cluster. 

 Finally, we must address that N2 adsorption is carried out on a melted structure 

obtained after phase transition and no temperature effect is consider while its 

interaction. Thus, to count its chemisorption as mentioned by Jarrold et. al. we must 

bring in the thermal effects with the help of dynamics. Hence, in our next chapter, we 

plan to study the high temperature thermodynamics to obtain highly melted 100 atom 

cluster, followed by the room temperature reaction of N2 adsorption. 

 

6.4 Conclusion and Scope 
 Density Functional Calculations have been carried out to understand the 

adsorption of the N2 molecule on the ground state geometries of Aln clusters (n=2, 3, 

13, 30, 100). The studies were also extended to few high energy conformations of 

Al13. We summarize the adsorption energies of N2 molecule on these ground state 

geometries and high energy conformations of Al13 clusters in Figure 6.8. With the 

exception of Al2, all other ground state conformations show an interaction energy 

between -8 to -10 kcal/mol. As seen from the figure, the interaction energy is stable 

with respect to the cluster size. This interaction is mostly accompanied by a charge 

transfer from Al atoms to the nitrogen atoms in the complex. The bonding within 

ground state geometries in all cluster sizes is partially covalent and partially metallic. 

However, the extent of covalancy is seen to vary to some extent between the various 

sized clusters. Thus, independent of the electronic and structural properties, N2 

interacts weakly with the ground state geometries of Al clusters. The presence of high 

energy conformations of Al13 on the N2 adsorption is seen to give mixed results with 

some high energy conformations leading to similar interaction energies as that of a 

ground state conformation (Decahedron and H1), whereas, high energy conformation 

of Al13, viz., H2 is seen to favor the N2 adsorption better due to the presence of more 

than one Al-N bond. Such multiple bonds between the ligand molecule and cluster 

are, thus, a characteristic phenomenon of high temperatures. This is a consequence of 
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increased interatomic distances between the Al-Al atoms (and thus weaker bonds) 

following the melting. These findings are also validated using the activation barrier 

energies. Thus, the above work indicates that the enhancement of reactivity of melted 

Al clusters is more due to thermodynamic factors and electronic factors play a minor 

role in the increasing adsorption energy of N2 molecule. 

 

 

Figure 6.8: Interaction energy as a function of cluster size 
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CHAPTER 7 

Thermodynamic study describing 

chemisorption of N2  

 

Abstract: 
 In this chapter, we address the dynamic interactions of N2 with Al13 

clusters at Room Temperature (RT). For this study, we obtain the high energy 

conformation (melted structures) of Al13 cluster from the high temperature 

simulations. The phase transition of the Al13 clusters among three distinct 

temperatures is verified using MSD and RMS-BLF descriptors. Similarly, we 

address the phase transition of Al100 cluster over three different temperatures. The 

results clearly show that the melted structure forms Aln--N2 cluster with more ease 

compared to non-melted structure. In addition, finite temperature simulation 

suggests the multiple Al-N bond formation which is not clearly seen from static 

calculations [chapter 6]. For understanding the interaction strength of N2, this 

outcome is supported with various structural properties such as average bond 

lengths and average interaction energies. 

 

7.1 Introduction and methodology 
 0 K calculations bring in considerable insight [chapter 6 (conclusion)] but 

it is important to remember that following the melting of aluminum clusters, the 

chemical reaction between Al cluster and N2 occurs at the room temperature. For 

the sake of understanding the importance of thermodynamic factors playing role 

in the reactivity of the Al clusters we study these systems using dynamical 
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methods in the current chapter. Here, we briefly revise the original experimental 

conditions and set up used by Jarrold et. al.   

 Recently, Jarrold et. al. [chapter 6] mentions the chemical adsorption of N2 

on a melted hundred atom Al cluster. They performed heat capacity measurements 

for Al+100
 to determine its melting and used ion beam experiments to investigate 

the reaction between the cluster and molecular N2. Briefly, aluminum nanoclusters 

are prepared by pulsed laser vaporization and then carried into a temperature 

variable extension where their temperature is set by collision with buffer gas. To 

investigate the reactivity of Al+
100 cluster as function of temperature, the high 

pressure collision cell is replaced by a low pressure reaction cell and N2 is 

admitted to a pressure of < 1mTorr. The reaction cell and N2 are at room 

temperature (300 K). They show for clusters obtained after the melting transition, 

the activation barrier for N2 adsorption decreases nearly by 1 eV. The earlier 

studies proposed that melting decreases the surface energy; the atoms in the 

cluster are thus better able to adjust to the incoming N2 molecule thereby lowering 

the activation barrier. In chapter 6, we determined the size sensitivity of these 

clusters towards the reactivity and the influence of melting on the reactivity. We 

have also calculated the activation barriers for the melted and non-melted Al13 

clusters and conclude that it decreases by ~0.85 eV. Thus, considering the 

promising results presented in the previous chapter, in this chapter we would like 

to gain an insight on the dynamical behavior of Al cluster-N2 complexes.  

   We have considered the Al clusters of two sizes 13 and 100 atoms. First 

we will focus on the 13 atoms cluster. We have carried out a constant-temperature 

dynamics of around 10 ps at temperatures of 200 K, 1200 K and 1600 K of bare 

Al clusters. We ensure the complete melting of Al clusters at 1600 K using the 

RMS-BLF and the MSD. From this trajectory, the few melted structures of Al13 

clusters (conformations that are quite away from the initial icosahedra geometry) 

are further selected for the studying the Aln--N2 dynamics at 300 K (i.e. RT). To 

save the phase space during simulation, we consider three different modes of N2 

adsorption: vertical, inclined (H3) and embedded (H4). The H3 and H4 

conformers are shown in Figure 7.1. Thermodynamic simulations are performed 

by using Born-Oppenheimer MD based on the Kohn-Sham formulation of Density 

Functional Theory (DFT). The ionic phase space of the clusters is sampled by 

using an isokinetic velocity scaling algorithm. The MD simulations have been 
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carried out by using Vanderbilt’s ultra-soft pseudopotentials within the Local 

Density Approximation (LDA) for describing the core valance interactions as 

implemented in the VASP package. An energy cutoff of 400 eV is used for the 

plane wave expansion of Al an N atoms. We have used cubic super cells of length 

25 Å and have ensured that the results converge with respect to a further increase 

in the energy cutoff and size of the simulation box.  

 

H3 
 

H4 

Figure 7.1: Two modes of N2 interactions 

 

Following the finite temperature study, various other thermodynamic indicators 

such as MSD and RMS-BLF as well as structural properties such as average bond 

lengths and average interaction energies are calculated for understanding the 

interaction strength of N2. For further technical details concerning the extraction 

of thermodynamic averages and structural indicators one can refer to chapter 2. 

 

7.2 Results and Discussion 
A) Ionic motion of Al clusters: We first present the finite temperature behavior of 

the Al13 clusters. We begin with a discussion on the calculated MSD curves, 

Figure 7.2, and RMS-BLF values. It is possible to make a detailed analysis of the 

ionic motions by examining the trajectories of the cluster. An analysis of the ionic 

motions of Al13 cluster reveals that the atoms in cluster vibra 

te around its ground state geometry (Ih) at 200 K (figure not shown). Around 1200 

K, the cluster undergoes a peculiar structural arrangement so as to visit its several 

isomers. At this temperature, we found that the structure remains Ih around 20% 
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of simulation time. The other structures seen are Dh and few structures of 

intermediate geometry between Ih and Dh. This deviations of the structure can be 

clearly seen from the MSD plot at 1200 K, where MSD of the atoms is twice the 

largest inter atomic distance (5.31 angs) of the ground state geometry (see Figure 

7.2). Further prominent melting of Al13 cluster is seen at higher temperature of 

1600 K leading to a clear and relatively narrow melting transition. The RMS-BLF 

descriptor for Al13 comes out to be 0.34, 0.35 and 0.36 at 200 K, 1200 K and 1600 

K, respectively. The increasing values of RMS-BLF descriptors support the MSD 

results.  

 

 

 

Figure 7.2: MSD curves for Al13 cluster 
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  Similarly, the melting or phase transition of Al100 cluster is studied 

with MSD and RMS-BLF. The MSD curves of Al100 cluster are shown in the 

Figure 7.3. Considering the relatively large size of this cluster we reduce the 

simulation time, however, this does not affect the qualitative outcome. Around 300 

K, only surface atoms move in their closed vicinity, withal, the core atoms  

 

 

 

Figure 7.3: MSD curves for Al100 cluster 

 

are at their original positions. Between, 550 K and 700 K, we see a continuous 

displacement of atoms over all the surface of cluster. Although, the cluster melts 

completely at 550 K with an MSD value of ~3.5, around 700 K spherical shape of 

the cluster is destroyed to such an extent that the atoms from core move drastically 

to surface and vice a verse. This leads to a unexpected hike in MSD value of ~90 

at 700 K. The RMS-BLF descriptor also increases gradually with respect to 
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temperature of the cluster. These values are 5.6*10-2, 8.39*10-2 and 0.11 at 300 K, 

550 K and 700 K, respectively. The phase transitions or the melting of both the Al 

cluster is in agreement with the recent experiment and theoretical predictions 

[chapter 6]. 

B) Molecular dynamic simulation of Al13--N2 complexes at RT: To model the 

experimental conditions, we carried out a RT simulation of Al13 clusters and N2 

molecule. The bare Al13 cluster is taken from the 1600 K simulation after 

examining its symmetry. It has almost same number of reactive sites as that of the 

number of atoms in the cluster. This ensures that the chosen Al13 cluster is highly 

melted conformer. To save the phase space of simulation, we consider three 

different modes of N2 interaction on the Al13 cluster. The first mode considers the 

vertical approach of N2 molecule at one of the open edge of cluster. However, this 

model failed to converged and both molecules got dissociated along the trajectory. 

In the second mode of interaction, N2 approaches little inclined towards the core 

(H3) of the cluster. In the third mode (H4), N2 molecule is protruding inside the 

cluster (nearly embedded) (see figure 7.1). The last two models could survive 

without N2 dissociating from the Al13 cluster for the considerable time of 

simulation. We study the geometric parameters such as the characteristic bond 

length variations, particularly N-N bond elongations, Al-N bond formations and 

the Al-Al bond fluctuations of the H3--N2 and H4--N2 simulations. In addition, we 

also calculate the average interaction energy over the entire simulation time. The 

atoms in both complexes, viz., H3--N2 and H4--N2, show moderate vibrations at 

RT. The characteristic bond length fluctuations for H3 and H4 are plotted in the 

Figure 7.4 as a function of time. These values are averaged as a function of time.  

 In H3 complex, the N-N bond elongates from 1.13 Å to 1.40 Å. Here, 

although the N-N bond shows substantial elongation, it remains intact throughout 

the simulation time. Both the N atoms, N14 and N15, participate in the Al-N bond 

formation during the complex shaping (see Figure 7.1 and 7.4). The N14 atom is 

bonded to four neighboring Al atoms, namely, Al(9), Al(10), Al(11) and Al(13), on 

the contrary, N15 atom is bonded to only two neighboring Al atoms, Al(9) and 

Al(10). Thus, the H3 complex shows the multiple Al-N bond character with the 

bond length range 1.85 Å to 2.45 Å. In H3, interacting Al atoms show elongation 

of bonds with adjacent Al atoms in the range 2.75-2.95 Å compared to the normal 

Al-Al bonds observed in the bare cluster. 
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 In H4 complex, the N-N bond elongates from 1.13 Å to 3.00 Å. The N-N 

bond elongation to such an extent suggests the N-N bond breaking during this 

simulation. Like the H3 complex, here both the N atoms, N14 and N15, 

participate in the Al-N bond formation during the complex shaping (see Figure 7.1 

and 7.4). However, unlike the previous complex, both N atoms in H4 are bonded 

to four neighboring Al atoms. N(14) is bonded to Al(9), Al(10), Al(1) and Al(13). 

N(15) atom is bonded to Al(2), Al(3), Al(10) and Al(11). Thus, the H4 complex 

also shows the multiple Al-N bond character where the bond length ranges from 

1.90 Å to 2.30 Å. In H4, interacting Al atoms do not show elongation of bonds 

with adjacent Al atoms. They show normal Al-Al bond length of 2.55-2.75 Å. 

 To understand the strength of N2 adsorption, we calculate the average 

interaction energy (IE) of both complexes. The IE of H3 is -1.49 eV and that of for 

H4 complex is -4.14 eV. Although interaction energy of H4 complex is higher than 

that of H3, the fact that N-N bond breaks with inter atomic distance of ~3.0 Å and 

Al-Al bonds corresponds to the normal range of bond distance (same as in bare 

Al13) suggest that the H4 is no longer N2 adsorbed Al13 cluster at the end of given 

simulation. Instead this can be considered as the nitrogen doped Al15 cluster. 

However, the high interaction energy of H3 complex obtained from finite 

temperature simulation supports the chemisorption of N2 and easier tendency to 

form Aln-- N2 clusters starting from the N2 adsorption on melted Al clusters at 

room temperature. 
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Figure 4: Characteristic Bond Length Fluctuations 
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Figure 4: Characteristic Bond Length Fluctuations 
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7.3 Conclusion and Scope 
 To discuss the practical feasibility, the adsorption of nitrogen on Al13 

clusters has been investigated using the BOMD approach. The dynamics of bare 

Al13 clusters is carried out at 200 K, 1200 K and 1600 K. We illustrate the 

complete melting of Al13 cluster around 1600 K using MSD and RMS-BLF 

descriptors. The few melted structures of Al13 clusters are further selected for 

studying the dynamical behavior of the Aln--N2 complex. The interactions of the 

N2 and these clusters are thus examined at RT (300 K) using BOMD method for 

calculating various electronic properties. We optimized the three modes of N2 

adsorption: vertical, inclined (H3) and embedded (H4). The vertical N2 adsorption 

model failed to optimize and finally dissociates. However, N-N bond remains 

intact during the simulation of H3--N2 complex with a slight elongation of N-N 

bond to 1.40 Å, whereas, H4--N2 complex turns out to be an Al-N cluster as N-N 

bond elongates to 3.0 Å. The average of Al-N bonds in H3 comes out to be around 

2.40 Å. The average Al-N bonds in H4 reduce to ~1.90 Å. In addition, we also 

report the average Interaction Energies (IE) of these complexes. For the case of 

H3--N2, IE comes out to be -1.49 eV, while average IE in H4--N2 is - 4.14 eV. 

Both these values are considerably higher than the interaction energy values 

obtained over the ground state conformation in the earlier chapter. Thus, the finite 

temperature simulations for N2 adsorption concludes that the melted structure 

(H3) with high interaction energy proves chemisorption of N2 where as H4 can be 

consider as nitrogen doped 15 atoms Al cluster. The finite temperature studies also 

bring out multiple Al-N bonding. The high interaction energy of N2 on Al13 

clusters suggest the further investigation of Al100 clusters and chemisorption of N2 

on it. 
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