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ABSTRACT

Nanostructures of silicon and germanium are currently of great interest because of its future applications in
nanodevices, sensors, germanium and silicon based optoelectronics, biological systems, and possibilities of cluster
assembled materials and superatoms. A detailed research has been done on silicon and germanium based clusters.
The thesis sheds light onto these systems from a theoretical perspective. The density functional theory, a successful
material specific theory is used for describing the structure, growth, stability, electronic, chemical and physical
properties of pure and transition metal doped germanium nanoclusters. In the present research work, first the method
is applied for the pure and transition metal doped germanium nanoclusters of different size and shape, and then
optimized through the interaction between the atoms in the clusters to search for the stable cluster of different sizes.
The accepted optimized model of different structures is then critically examined using comparisons of energetic
stability and types of chemical bonding present in the clusters. To check the structural and chemical stabilities of the
optimized nanoclusters, different parameter like binding energy (BE), Fragmentation energy (FE), Vertical
ionization potential (VIP), Vertical electron affinity (VEA), IR and Raman spectrum and nucleus independent
chemical shift (NICS) have been calculated. After the confirmation of the stability of some of the structures, few
selected transition metal doped germanium clusters are used to form superatom which are useful from application

point of view.

In the later part of the thesis, we applied first principle method for hydrogen storage materials which is
future energy solutions. Hydrogen is a promising clean energy carrier, and thereby it has attracted lot of interest
among scientific communities, government organizations and industries. One of the primary technical challenges is
the lack of economic, effective and safe hydrogen storage medium, Therefore, storage of hydrogen in solid-state
materials offers an alternative way. The use of magnesium based system is considered as one of the promising
hydrogen storage material, which leads to lightweight materials, low cost and having high hydrogen storage
capacity. In this research work we found some transition metal doped magnesium based nanoclusters which can
store hydrogen as an energy source. Based on the calculated parameters like chemisorptions and physisorption
energy, reaction energy and the relaxation of H-H bond length, the most suitable size and composition have been

identified as the most specific hydrogen storage element in the nano-order dimensions.
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CHAPTER 1

1.1 Preamble

Nanoclusters, consisting of a few to a few hundreds of atoms have attracted attention because of their
importance in nanoscience and nanotechnology. The nanoclusters are considered as the new phase of matter where
the properties are very much sensitive to the size and composition. Effectively nanoclusters are a bridge between
bulk materials and atomic or molecular structures. The physical and chemical properties of bulk material are
independent of its size, whereas, at the nanoscale stage, the size-dependent properties are often observed. Hence,
tailoring of their electronic properties is easy to achieve by varying the composition, size, and structures. After the
advent of laser vaporization techniques, studies of metal and semiconductor nanoclusters are becoming more
interesting. The present high performance characterization experimental tools have been applied to determine the
structures of nanoclusters and it has contributed important information in nanotechnology and nanoscience. To
understand the science behind their electronic structures and properties, the computational modeling using different
quantum mechanical techniques have been developed. Due to quantum confinement effect, the physical and
chemical properties of nanoclusters are different from those of bulk materials as we mentioned. Ab-initio first
principle quantum mechanical calculation of theoretically predicted optimized nanoclusters motivates
experimentalists to produce nanostructures of particular interest on the basis of the theoretical understanding. Over
the last several years, different metal and semiconductor binary nanoclusters have been studied [1-7] using small
atomic clusters as constituent elements to build up relatively bigger and well-controlled nanostructure. To reduce the
size of the devices, silicon and germanium nanoclusters have been extensively investigated, both experimentally and
theoretically [4-7]. Sometimes it is found that chosen stable clusters with a specific composition can mimic the
chemical property of an atom or a group of elements in the periodic table. This major finding, known as the
superatom concept, came from the study of aluminum clusters [8-9] where interesting size-dependent reactivity is
noted. On the other hand, to solve problems in renewable energy field, metal clusters are very much useful as
hydrogen storage elements. In both cases, theoretical predictions of the nanoclusters are very much important to
model and design the appropriate materials based on demand. These are not always possible only experimentally in
a controlled manner because of high probability of reaction affinity of the small size clusters. So, theoretical

prediction of hybrid nanoclusters and their characterization are very hot topic of research at the present age.

Therefore, both experimental as well as theoretical research in the field of nanoscience and technology are

essential in the development of this field.



1.2 Clusters, properties and the goal of the cluster science

In the last few decades, cluster science has become a rapidly growing interdisciplinary field of study with
the advancement of experimental, theoretical and computational techniques. Therefore, research on the cluster
science has increased rapidly. There are several reasons for that. Firstly, clusters provide a bridge between the limits
of isolated atoms, molecules and bulk matter. Therefore, it is interesting to study the evolution of the cluster
properties with size in a particular composition. Such knowledge provides a new viewpoint and this would improve
the understanding of the behavior that occurs at the more familiar limits. This enthusiasm is still a primary
influential force for cluster science and also this thesis will touch upon some aspects of the size evolution of cluster
properties. A second motivation in the cluster science is to study the reasons behind the nucleation at an atomistic
level, which can form thermodynamically and chemically stable structures. Most of the current works in this area is
now no longer directed at clusters as a model of a (critical) nucleus, but instead of clusters as an environment in
which nucleation can occur on faster time scales and for which only a single nucleation event is required to

transform the cluster.

As we have mentioned that nanoclusters are mesoscopic particles ranging from few to few hundreds of
atoms in size. In contrast to the free molecule in gases, the condensed phases of matter are called as liquid,
crystalline, solids and glasses depending on their properties on the constant proximity of all their constituent atoms.
Weakly bound solids, such as solid carbon dioxide or their liquid counterparts, are made up of molecules whose
properties differ a little from the properties of the same molecules in gaseous phase. These are called Van der Waals
solids. Another type of bonding found in condensed matter where ionic compounds are held together by the mutual
attraction of the opposite charged ions. Further, metallic bonding is another type in which electrons moving between
the positive atomic cores form an electron cloud. The attraction between the positive cores and the negative charges
is responsible for holding metals together. Clusters are aggregates of atoms, molecules or ions that adhere together
under forces is mentioned above that bind the atoms, ions or molecules. The difference is due to the most stable
structure in small size clusters and bulk solids which is their most stable form. In the small sized clusters and
nanoclusters, the structural periodicity is absent which is must in crystal lattice in i.e. in bulk. The most common
geometries that are present in the nanoclusters are in the form of icosahedrons, incomplete icosahedrons, hexagonal
prism structures, or anyother polyhedral structures. In general, these clusters cannot grow in the form of periodic

lattices. But appropriate modeling can form cluster assembled materials in the form of 1-D nanotubes or 2-D planer



structures using these nanoclusters. Some properties of these clusters reflect their quantum confinement effect,
which is rarely found in bulk. One such property is the nature of the energy levels occupied by the electrons.
Clusters containing only a small number of metallic atoms have very few available discrere quantum states. In this
sense, small stable clusters of metal atoms are sometimes looks like a molecule with much bigger size and having
specific important character, such as, magnetic moment, ionization potential, etc. These clusters are known as the

superatomic clusters.

In the cluster science, study of the electronic and thermodynamic stability, electronic, magnetic and optical
properties are of main interest. In a particular size and composition, there may be a number of isomers, and among
these isomers, one would be the most stable which is known as ground state isomer. Such unusual stability suggests
that its interpretation should be associated with the closing of electronic shells or energy levels. The overall structure
that determines the clusters stability is generally called its shell structure. When atoms form a lattice, the discrete
energy levels of the atoms are smudged out into energy bands. The term density of states refers to the number of
energy levels in a given interval of energy. For a metal, the top band is not totally filled, in the case of a
semiconductor the top occupied band called the valence band, is filled and there is a small energy separation referred
to as the band gap between it and the next higher unfilled band. When the size of bulk metal is reduce in the size to a
few hundred of atoms, the density of states in the conduction band, and the top band containing electrons change
dramatically. The continuous density of states in the band is obtained by introducing finite width to a set of discrete
energy levels, spacing larger than the thermal energy. A small cluster is analogous to molecule having discrete
energy levels with bonding and antibonding orbitals, and the size is of the order of the wavelength of an electron. In
this situation, the energy levels can be modeled by quantum mechanically treating a particle in a box. This is
referred to as the quantum size effect. Cluster of atoms bound by Vander Waals force or by other simple forces
depending only on the distance between each pair of atoms have unusual stability when the cluster has exactly the
number of atoms needed to form regular icosahedrons. The shell structure, that provides special stabilities in this
class of clusters, is determined by the individual stability of the shells of the atoms themselves. In simple metal
clusters, the electrons and the filling of those shells that have energy states available to the electrons, determine the
shell structure. The numbers of electrons corresponding to closed electron shells in metal clusters are 2, 8, 20, 40,
58, 68, 92, and 126. The electronic shell structure can be modeled by assuming that the positively charged cores
consisting of the protons and inner-shells electrons of all the clusters which smeared out into a continuous shell

structure. Here, the electron-counting rule plays an important role to understand the stability of the clusters.



The significant properties of clusters are their electric, magnetic, and optical behavior where the size and
composition of cluster plays an important role. As we know, quantum mechanics predict the wavelike character of
matter. This wavelike behavior is detectable only when the matter is examined on the scale of nanometer or less. In
fact, we can say that quantum properties play a major role in determining the electronic behavior of the cluster. In
particular, since the size of the clusters is so small, the energy levels or quantum states of the electrons are not close
enough to permit the cluster to behave like a bulk. Magnetic properties of cluster depend only on the number of
unpaired electrons, holding by the clusters. The optical properties of the weakly bound clusters are much like those
of their component atoms or molecules. The small differences in frequencies between the component elements and
the clusters are frequently used to analysis of how the cluster is bound and what its structure may be. However, the
optical properties of metal clusters are similar to the corresponding bulk metals than its constituent atoms.

Sometimes, these properties help to identify the stable clusters.

Much work has been reported on the properties of the nanoclusters. However, it is still driven by the
prospect that a fundamental understanding of the properties, particularly the chemical reactivity of metal clusters,
could have far-reaching consequences for catalysis. Small metal particles and clusters (supported, for instance,
within a zeolite) could provide both a large surface area to volume ratio and the properties, such as activity and
selectivity, which have been tailored to catalyze a specific reaction [10-11]. With this background of understanding

of cluster, the present thesis focuses on the main two research fields in the cluster science.

The thesis consists into seven chapters. First and second chapters discuss introduction and methodology. In
the following chapters (chapter 3 to chapter 6) the research works have been described. In chapters 3 and 4, the work
related to the investigation and analysis of the inherent science of the stability of the clusters and super atoms are
presented. The next two chapters (chapters 5 and 6) are practical application oriented, where the possibility of metal
clusters have been investigated to use it as an effective nanocluster based hydrogen storage elements to solve the

possible fuel problems. The last chapter describes the summery and future scope of the present work.

1.3 Literature review and research gap

The major thrust of cluster science is to produce a wide variety of nanostructure materials and understand
their properties. Metal clusters, which are studied theoretically and experimentally, have drawn extensive attention
in different field because of their attractive physical and chemical properties [12-15]. Recent finding of Os cluster

[16] can be used as catalysts for methane dissociation and hydrogenation, which act as an aid in further experimental
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and theoretical studies. Low lying structure of small iridium clusters have been investigated by Chen et al. [17].
Zhang et al. [18] identified the geometrical and magnetic properties of Th, cluster and found that local spin magnetic
moment exhibits a weak dependence on the cluster size. In particular, research on mixed metal clusters has become
an advanced topic in cluster science [19]. The structural, electronic and magnetic properties of Sc, Ti doped Au
cluster shows that the electronic properties of the golden cage can be systematically tuned through doping. It can be
used in electronic devices for tuning [20]. Investigation of the Cr doped Au cluster by Dong et al. [21] found that the
cluster has magnetic moment which can be used as a magnetic storage device. Magnetic properties of small sized Pt
capped Fe, Co and Ni clusters have been studied by Sahoo et al. [22]. Current findings of uranium encapsulated
Auy, [23] cage provide a theoretical basis for future synthesis and further study of mixed cluster, which might

subsequently facilitate application of radio-labeling which is another biomedical application.

Among the clusters of different compositions, study of pure and hybrid semiconductor nanoclusters has
attracted a lot of theoretical and experimental attention due to their potential applications in the electronic industries
[24-27]. However, pure semiconductor clusters are chemically reactive due to the presence of unsaturated dangling
bonds on the cluster surface. There are two ways to saturate the dangling bonds on Si and Ge cluster, first
encapsulation of transition metal (TM) in the cage [28], and second, the addition of hydrogen atoms exhohedraly
[29]. Involving these two, it has been observed that, encapsulation of transition metal in semiconductor cage cluster
is very effective for saturating the dangling bonds of Si and Ge cage clusters [30]. The first experimental
contribution to this field was made by Beck [31] who found that the transition metals (TM) such as Cr, Mo, W etc in
silicon cluster enhance the stability of the doped cluster. Recent reports on metal encapsulated caged cluster of
silicon [32-33] and germanium [34-35] have opened new avenues to develop different nanostructures which may
have many applications in the field of electronics and luminescence. The transition metal doping has proven to be
effective to tune the optoelectronic, magnetic properties and stability of the host clusters [36]. The structural, optical,
and magnetic properties of Cu, Ag and Au doped silicon clusters have been investigated systematically by Ma et al.
[37] and found that the clusters have potential application in magneto-optics and photovoltaic cells. Recent study
suggests that the physical and chemical properties of silicon cluster can be easily adjusted by changing their sizes,
and shapes [38, 39]. The role of the d shell and the atomic radii of the dopant atoms in the cage formation of the
transition metal doped Si cluster have been investigated by Li et al. [40]. A theoretical study of Yang et al. [41]
predicts the lowest energy structure of Au,Si (n = 16-20) has the Si atom bound to the exterior surface of an Au,

cage. The structural, electronic, and magnetic properties of TMGe, (TM = Mn, Co, and Ni) have been studied by



Neha et al. [42] which showed that the TM atom always prefers to occupy surface position for n< 9 and endohedral
position for n > 9. The magnetic properties of TM doped germanium clusters offer a new direction for further
improvements. Study of lowest energy structure of neutral and cationic transition metals Au, Ag, Yb, Mn, Fe doped
germanium cluster can be altered by varying the element of the cage itself or transition metal atom. It also suggests
that GegFe and Ge;oFe would be useful as the building blocks in cluster assembled nanomaterials due to their high
stability [43]. The findings of metal encapsulated germanium cage clusters led to a renewed interest. Recent
theoretical investigation on Cr doped germanium cluster [44] explains the origin of magnetic moment in the clusters
which is mainly localized at the Cr atom. Kapil et al. [45] performed a systematic study on Ni doped germanium
clusters within the frame work of linear combination of atomic orbital shaded light on the design of Ge based
superatom. To explain the relative stability, chemical, and vibrational properties of cluster, Manish et al. [46]
performed a theoretical calculation on transition metal (TM = Ti, Zr and Hf) doped cluster and found that the metal
doped fullerene like clusters are chemically stable. Jorg et al. [47] presented a combined theoretical and
experimental study on lithium doped germanium cluster and analyzed the chemical properties in detail using density
of states and molecular orbitals. Effects of size selectivity on the geometry and electronic properties of bimetallic
Au-Ge nanocluster has been studied by Xiaojun et al. [48], and demonstrated that the induced effect by an additional
electron in the neutral cluster enhances their stabilites. Deng et al. [49] have studied the structural, electronic and
magnetic properties of VGe, (n = 3-12) cluster using anion photoelectron spectroscopy in combination with DFT
and gave a detail description on charge transfer mechanism and the minimization of the clusters. They have [50] also
investigated the structural and magnetic properties of Co doped germanium anion clusters using photoelectron
spectroscopy. Recently Ravi et al. [51] investigated the stability, electronic and magnetic quenching of Mo doped
Ge, cluster using density functional theory and found that the MoGe;, with hexagonal prism-like structure is the
most stable isomer and possesses strong aromatic character. Magnetic quenching of the Mo atom with increase of
the clusters explained by means of strong hybridization between d orbital of Mo with p and s orbitals of Ge cage.
Recently, the atomic and electronic structure of both neutral and negatively charged ZrGe, (n =1-21) cluster have
been studied by Vijay et al. [52], this study provides a platform for further study of charged germanium cluster.
These studies of transition metal encapsulated clusters of germanium have shown that, in general, the growth
behavior, electronic and magnetic properties are very sensitive to transition metal doping as well as the size of the

cluster.



One of the major elaborations of the past few decades was the identification of cluster science as a field that
has a huge impact on science and technology. Attributable to the reduced size and related phases of quantum
confinement, an exciting achievement in cluster science is the realization that chosen stable clusters can mimic the
chemical property of an atom or a group of elements in the periodic table. This major finding, known as the
superatom concept is explained by the Zhixun and Castelman [8-9]. Torres et al. [53] have studied the structural and
electronic properties of MSiys (M= Sc-, Ti, V+) superatom which can serve to grow low dimensional system. Shell
magnetism in transition metal doped calcium superatom has been investigated by Vikas et al. [54]. They reported a
stable magnetic FeCag cluster with 24 valance electrons distributed following a closed shell sequence. The last four
electron occupying the majority 2Dy, 2D,%,?, 2D,, and 2Dy, levels while the unfilled 2D;* level is separated by a
large energy due to atomic deformation and exchange splitting. A study on 4d transition metal doped Mg, clusters
(TcMg,) was reported by Xian et al. [55], where they explained the enhanced stability of TcMgg cluster with high
magnetic moment having a closed shell electronic configuration 152, 2P°, 1D*. A recent [56] theoretical study of
the doping of Zn; nanoparticle with transition metal impurity(TM = Sc, Ti, V, Cr, Mn, Fe, Co, Ni and Cu), has
investigated and Zn atomic environment found to be spin polarized and modulates the total spin moment of these
molecular magnets depending on the induced moments and magnetic coupling. The existence of designer magnetic
superatom VNag has been studied by Khanna et al. [57], and they have found that VVNag is a magnetic superatom
with a filled d-subshell and magnetic moment of 5uB. This opens a pathway to investigate the spin dependent
electronics of the new magnetic motifs. Its low electron affinity is consistent with filled subshell and enhanced
stability. Recent finding of Al;,Cu superatom by Reveles et al. [58] can be used as stable building blocks of ionic
salt. Zhang et al. [59] have demonstrated a first principle investigation for magnetic superatom in the vanadium
doped lithium clusters. Molecular orbitals analysis shows that V/Lig has an electronic configuration 1S? 1P° 1D°,
exhibiting Hund’s rule that can be used for magnetic building blocks for nanomaterials. Similarly, using an ab-
initio computational technique on cluster, Acevedo et al. [60] have studied the gold, aluminium, and gallium
superatom complexes, that gives further insight into the superatom analogy in the class of ligand metal clusters. The
superatom may be used to create molecular electronic devices for the next generation of faster computers with large
memory storage. Using magnetic superatom, it is expected to develop volatile data storage, denser integrated

devices, and higher data processing.

The exploration of transition metal doped magnesium cluster for hydrogen storage has been an important

and active area of research. So hydrogen storage in metal hydride is the focus of chapters 5 and 6. Varano and
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Henery have [61] investigated the hydrogen adsorption on magnesium doped aluminium clusters using DFT method.
Recent study on small metal clusters [62, 63] shows that they can be used as a process of hydrogen dissociation.
These theoretical studies have shown that how the number of atoms, shape, and the particular electronic spin state in
small clusters can drastically change the ability to dissociate hydrogen molecule from the clusters surface. A DFT
approach has been studied for use some metal clusters as hydrogen storage materials in detail by Giri et al. [64].
They have explained the capacity of metal cluster to trap hydrogen molecules. Theoretical investigation of
adsorption and dissociation of H, on (ZrO,), (n= 1-6)clusters have been investigated by the Jin et al. [65] They have
found that the absorption favors the sites with low coordinate number and increasing H-H bond length that helps to
dissociate hydrogen molecule on the surface. Srinivasu et al. [66] have performed a systematic study on molecular
hydrogen adsorption in binary metal system using ab initio quantum mechanical calculation. Stability of transition
metal on Mg surface and their effect on hydrogen adsorption have been studied by Chen et al. [67] and they have
found that TMs doping with second layer on Mg surface is generally more stable than that on clean Mg but weaker
than TMs in the first layer. This favors the peripheral positions of TMs atom. Fanjie and Yanfei [68] have reported
the electronic, structural and magnetic properties of Mg, X cluster (X= Fe, Co, Ni) and they have found that TMs
atom is endohedrally localized in Mg,X clusters. Recently, Guo [69] has investigated the possible dissociation
mechanism and dissociation pathway of H, on Al,Cr (n = 1-13) clusters, and characterizes the hydrogen dissociation
behavior by the activation number and reaction energy. This study provides a theoretical approach of TM metal
doped clusters as highly efficient and cost effective catalysts for hydrogen dissociation. Mananghaya [70] has
reported the implementation and effectiveness of the ability of nitrogen doped carbon nanotube (4ND-CNNT)
decorated with Sc for hydrogen storage under the spin-unrestricted density functional theory. Detailed structural and

electronic properties are reported starting from one to five hydrogen molecules absorbed by the system.

Investigation of nano clusters have been carried out experimentally and theoretically in numerous ways. As a results
,wide variety of materials are found with wide range of structural,optical,electroni can dmagnetic properties.

[1] No systematic investigation on the growth pattern mechanism for TM metal doped germanium and silicon
nanoclusters were reported in the literature.

[2] It is quite important to study the electronic, thermodynamic and chemical behavior of different TM doped
germanium and silicon nanoclusters to predict the superatom.

[3]Study of small sized metal clusters that can be used as effective nanocluster based hydrogen storage elements to

solve the possible fuel problems.
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CHAPTER 2
THEORETICAL BACKGROUND OF DENSITY FUNCTIONAL THEORY

2.1 Foundation of Density functional theory

Hartree introduced a quantum mechanical method to calculate approximate wave function and energies of
atoms, and ions which are called Hartree function [1]. Fock and Slater individually proposed a self consistent
procedure with consideration of Pauli Exclusion Principle and the multi-electron wave function in the form of a
determinant of one particle orbitals known as Slater determinant. In the same time 1927 Fermi and Thomas [2]
proposed a statistical model to calculate the energy of atoms by approximate the distribution of electron in atoms.
They expressed the Kinetic energy of an atom by the functional of electron density. In starting this part did not
contain any information regarding exchange energy, which is a conclusion of Pauli Exclusion Principle and in 1930
Dirac add this term [3]. In fact the Thomas Fermi theory was the first predecessor step towards the density
functional theory. In 1964 Hohenberg-Kohn made the foundation of DFT and solves the complicated many electron
wave function introducing the functional [4]. These functional only deals with the 3 variable which is easy to handle
rather than 3N variables (N is the number of electrons and each electron has 3 spatial variables). The Hohenberg
and Kohn theorems deal with the central quantity of DFT known as exchange correlation functional. The
Hohenberg-Kohn first theorems point out the ground state energy is uniquely determined by the electron density.
The second theorem states that by minimizing the energy of the system, ground state energy can be obtained. The
electron density of any system determines all ground state properties of the system. In this case the total ground state
energy of a many-electron system is a functional of the density. So if we know the total energy of system, we can

obtain all the information related to system at hand.

2.1.1 Hartree fock approximation

Finding and describing complete solution to the Schrédinger equation of electrons in solids it is necessary
to obtained the many electron wave functions for the system at hand. Except for the very simple case like H,"
guantum mechanics are faced with many electron problems. To solve such type of problem is the Hartree fock
approximation. It has played very important role in quantum chemistry. Hartree simplified the problem by making
an assumption about the form of the many electron wave-function, namely that it was just the product of set of
parameter values which most correctly describe the ground state of the system is just the set of values which
minimizes the total energy. So using Hartree fock approximation [1] it is possible to solve the N electron wave

function. Defining a suitable subset, this gives a reasonable approximation to the exact wave function. In this
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scheme it consist approximation of the N electron wave function by an antisymmterized product of N one electron

wave function. This product is known as Slater determinant. We are representing Slater determinant by ¢/,

| qjo) = |X1’X2' P 'XN > (21)
This one electron function y; are known as are called spin orbital’s, and are composed of spatial orbital ¢;(r)and

one of the two spin functions, a(s), B(s).
x(x) = ¢i(r)o(s),o=aqa,p (2.2)

The spin functions have important property that they are orthonormal. In the Hartree fock approximation these spin
orbital’s y; varied under some condition that they will remain orthonormal such that the energy obtained from the
corresponding Slater determinant is minimum

min
PspoN

Elosp] (2.3)

Eyp =

Here the expectation value can be obtained by extanding the determinant. The HF energy is given by

By = S 1) %iium)—wuo 24)
1 i

Where (ii | jj) and (ij | ji) defines like

i[5 =00 [u @) |* -y G oy dig

(1 |J1) = ff Xi (x1))(j _— Xj (x2) Xi (x2) dx7 dx,
Where the first term give the kinetic energy and electron nucleus attraction and second terms giving the coulomb
and exchange integrals. Now in this equation the spin orbital’s remain orthonormal that must be satisfied throughout

the minimization which give the Lagrangian multipliers ;. Using these Langragian multipliers we can define fock

operator which is an effective one electron operator

M

1, 7,
7= —EVL-—Z—+VHF (2.5)

T;
NLA

In this equation Kinetic energy and electron nucleus interaction is defined by first two terms and VVHF is the Hartree

fock potential. It is the average repulsive potential experienced by the i" electron due to the remaining N-1 electrons.

2.1.2 Hohenbeg-Kohn theorems

In the ground state DFT, we can describe the N electron system by the Hamiltonian

13



H=T+V+7V, (2.6)

= —i%?+2v(n)+%iiﬁ (2.7)

with the kinetic, potential and interaction energy operators. The central statement of formal density functional theory
is the Hohenberg Kohn theorem [4] can be written by these two statements:

1. The external potential v (r) of N interacting electron uniquely determines by the ground state electron
density n (r), in which the electrons move and thus the Hamiltonian and all physical properties of the
system formally determined by the ground state density.

2. The ground state density n(r) and the ground state energy of a system characterized by the potential V, (r)
which can be obtained by the variational principle. It involve only the density i.e. ground state energy can
be written as a functional of the density. This gives the ground state energy E, if and only if the true ground

state density no (r) is inserted. For other densities n(r ), the inequality

Ey = Egolnol < Egoln] (2.8)
holds. There exists a functional F[n] such that the energy functional can be written as

Egoln] = F[n] + [ d3r9,(r)n(r) (2.9)
This functional is universal because it is independent of the potential 9,(r) of the particular system for a
given particle- particle interaction. The proof of the Hohenberg-Kohn theorem is based on the Rayleigh-
Ritz variational principle. From the Hohenberg- Kohn variational principle, i.e. in the second statement, the
ground state density n(r) corresponding to the external potential 9(r) can be obtained as solution of the

Euler equation:

6Eg[n] _ &6F[n] _
T = Syt =0 (2.10)

So the formal definition of the Hohenberg-Kohn functional is given by
Flnl = T[n] + Vee[n] = (Y[n]|T|¥[n]) + (¥ [n]|Ve|¥[n]) (211)
Where ¥[n] is the N electron wave function which yields the density n and minimizes the expectation value of

T + V... Approximation have been suggested, the oldest one is very well known Thomas- Fermi [2] approximation

which precedes the Hohenberg Kohn theorem.
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2.1.3 Kohn-Sham approach

Kohn-Sham suggest [5] a wonderful idea that how the universal functional can be approached. They
realized the most of the problems with direct density functional like the Thomas Fermi method. Kohn Sham
introduced the concept of a non-interacting reference system built from a set of orbitals where the major part of the
kinetic energy can be computed to good accuracy. In this theory Kohn-Sham proposed a way of approximating the
universal functional Fyx[p]. Kohn and Sham divided the kinetic energy functional T[p] into the kinetic energy of a
hypothetical non-nteracting system of electrons Tg[p] and an unknown part T,[p] = T[p] — Ts[p] which contains
the correction due to interaction between the electrons in the real system.

Kohn-Sham equations — Here we have to use the expression of the exact kinetic energy of the non-

interacting  reference  system  with the same density as the real, interacting one
1 N
i

This is not equal to the true kinetic energy, even if the system shares the same density. Kohn-Sham introducing the

following separation for the functional this is
Flp@] = Tslp(] + Jlp(] + Exclp()] (2.13)

Where Ey, the so called exchange-correlation energy is defined like

Exclpl = (Tlp]l — TslpD) + (Ecelp] —JlpD) = Telpl + Enuclpl (2.14)

So the exchange correlation energy Ey. is the functional which contains everything that is unknown. Ey. Contains
not only the non classical effects of self interaction correction, exchange and correlation which are contribution to
the potential energy of the system, but also a portion belonging to te kinetic energy. Ts is expected to be a functional
of p. Here we can see that the energy expression of the non-interacting system contains only two components: the
kinetic energy and the energy due to the interaction with the external potential. But the problem is that how we can
determine the orbital’s in our non-interacting system. Following this approach the many electron problem is again
mapped onto an effective 1-electron problem and all unknown terms are merged into exchange-correlation part. The
one particle wave function can now be determined by solving the 1-particle equations under the constraint to

reproduce the density of the real interacting system. This yields the so-called Kohn-Sham (KS) equations.

=3V + Ve (0| ¥ = B, (2.15)
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Where the effective potential V, /(- contains external potential, the classical columbic potential due to electron-

electron repulsion V; and exchange-correlation potential V. (1),
1p(2
Veff (1") = Vext + f f%drldrz + ch(r) (216)

The density p(r) of the real system can be given in the terms of Kohn-Sham orbitals

N
p() = ) %P 217)
i=1
And the exchange-correlation potential V. () is given by the derivative of the E,.[p]
_ SExc[p(r)]
Vo(r) = 2t (218)

Kohn-Sham equation has same structure as Hartree-fock equation. Since the effective potential depends on the
density itself, the equation has to be solved by self-consistent method. Initially we guess the electron density. By
using some approximation for the functional dependence of E,. on the density, we compute V. as a function of r.
The set of Kohn-Sham equation is then solved to obtain an initial set of K-S orbital (¥;). The set is used to compute
an improved density by using above equation. The process is repeated until the p and the E,. converge to within

certain tolerance. The electronic energy is then calculated from the above equation.

2.1.4 Schrodinger equation
This part begins with the definition of the electron density given by Schrédinger in 1926 [6] and traces its

use and many applications directed at the understanding of the properties of matter to its present day role in density
functional theory and the development of the quantum mechanics of an open system. The material world which we
experience everyday, as studied by chemistry and condensed matter physics. It is built up from electrons and a few
kinds of nuclei. The basis interaction is electrostatic or Columbic: An electron at position r is attracted to a nucleus
of charge Z at R by the potential energy [-Z / r-R], a pair of electrons at r and r_ repels one another by potential
energy [1/ (r-r )], and two nuclei at R and R_ repel one another as [ZZ_ / (R-R_)]. The electron must be described
by quantum mechanics, while the more massive nuclei can sometime regarded as classical particle. All of the
electrons in the lighter elements and the chemically important valance electrons in most elements move at speed
much less than the speed of light, and so are non- relativistic. Different chemical theories had the ambition to
rationalize those experimental facts. The most fruitful and promising framework so far is probably the Density
Functional Theory of quantum mechanics. Quantum mechanics is the only theory we have why electrons and nuclei

combine to form atoms, and why atoms form chemical bond to form molecules. We can say quantum mechanics is a

16



set of equations that tells us how to compute the energy and position of a wave with mass and a charge. The key
equation of quantum chemistry is the “Schrodinger equation”. The simplest wave is one that is moving in one

dimension (x) and does not interact with anything:
Y(x) = sin (%ﬂx) (2.19)

here A is the wavelength and W(x) is known as the wave-function. The energy of this wave function can be obtained

from its second derivative with respect to “x”, and the equation is:

2 2
=& v=-%rv (2.20)

where T is the Kinetic energy. Since the wave is not interacting with anything, there is no potential energy and the

total energy E =T, so it gives:

H¥(x) = E¥(x) (2.21)
This is the Schrodinger equation for an isolated electron, where H is known as Hamiltonian operator. As is well
known the ultimate aim of most quantum chemical scheme is the solution of the time independent, non relativistic
Schrodinger equation. The key problem in the structure of matter is to solve the Schrédinger equation for a system
of N interacting electrons in the external columbic field created by a collection of atomic nuclei. It is very difficult
problem in much body theory and in fact the exact solution is known only in the case of uniform gas for atom with a
small number of electrons and molecules. Since the exact many electron wavefunction cannot be obtained, one tries
to get accurate approximate solutions of the Schrédinger equation. An intuitive approach to do this first we write
the Hamiltonian of such a system in the following general form:

1 &7 o] &z, z
A= - ZZ—AZZ—+Z 4 2B 2.22)
2 Z?’=1 V% iA Tij Ryp Rap (

2
ZZA 1 V i=1 A=1 i=1 j>i Y A=1B>4

Here H is the Hamiltonian operator for a molecular system consisting of M nuclei and N electrons in the absence of
magnetic or electric field. The wave function contains all the information that can possibly be known about the
system at hand. Again here H is a differential operator representing the total energy. In this equation A and B run
over the M nuclei while i, j denote the N electrons in the system. The first two terms describe the Kinetic energy of
the electrons and nuclei respectively, M is the mass of nucleus ‘A’ in multiples of the mass of an electron, here the
laplacian operator /¢ is defined as a sum of differential operator

92 92 92

2 2 - —_
Va= axz = dy; = 0z} (2.23)
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In the remaining three terms define the potential part of the Hamiltonian and indicating the attractive electrostatic
interaction between the nuclei and the electrons and the repulsive potential due to the electron-electron and nucleus-
nucleus interactions, respectively. So electrons are fermions, so that the total electronic wave function must be anti-
symmetric with respect to exchange of two electrons. Nuclei can be fermions, bosons or distinguishable particles,
according to the particular problem under consideration. All the ingredients are perfectly known and in principle all
the properties can be derived by solving the many body Schridinger equation. But this problem is almost impossible
to treat in a full quantum mechanical framework. This Schroédinger equation can be further simplified if we take the
advantages of the differences between the masses of nuclei and electrons. This is the famous Born-Oppenheimer

approximation.

2.1.5 Born-Oppenheimer approximation

Unfortunately we are not able to solve the Schrddinger equation for a wave function with more than one
particle. So equation can be further simplified if we take advantage of the differences between the masses of nuclei
and electrons. Electron are so much lighter than nuclei, we can assume that the nuclei appear stationary to the
electron. In the practical point of view we can consider the electron as moving in the field of fixed nuclei and we can
take the position of the nucleus and electrons separately. This is Born- Oppenheimer approximation [7]. So if the
nuclei are stationary in space and do not move, than the kinetic energy of the nuclei is zero and the potential energy

is merely constant. Thus the Hamiltonian equation reduces to the so called electronic Hamiltonian.

1
—=T+ Ve + Ve (2.24)
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In this condition the total energy E.,4;is then the sum of E,,;,. and the constant nuclear repulsion term

M M Z' Z
E, .= Z Z e (2.25)
A=1B>A AB 'AB
H\elecwelec = EetecPeiec (2-26)
Etotar = Eetec + Enuc (2-27)

the expectation value of the second operator Vy is also termed the external potential, Ve, in Density functional

theory.
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2.1.6 Principle of anti-symmetry

In this situation the wave function ¥ itself is not observable. A physical interpretation can only be
associated with the square of the wave function in that represent the probability that electrons 1, 2 ...N are found
simultaneously in volume elements dx;, dx,.....dx,. Since electrons are indistinguishable, this probability must not
change if the coordinates of any two electrons are switched, it can be shown that the only possibilities occurring in
nature are that either the two functions are identical or that the interchange leads to a sign change. Electrons are
fermions and ¥ must therefore be anti-symmetric with respect to interchange of the spatial and spin coordinates of

any two electrons.

2.1.7 Variational principle

Now to solve the Schrodinger equation for any molecule, first we have to set up the specific Hamiltonian
operator. For this end we should know about those parts of Hamiltonian that are specific for system. If we inspection
of equation (2.20) we get only the information about the number of electrons, N, and the external potential Vey.
Further remaining pats like operator of kinetic energy or the electron repulsion are independent of the molecule. In
the second step we have to find out the eigenfunctions and eigenvalues. Once the wave function is determined, all
the interested properties can be found out. Apart from trivial exceptions, we don’t have any strategy to solve the
Schrédinger equation exactly for atomic and molecular system. There is a method for systematically approaching
the wave function of the ground state W,. This is the variational principle, which holds a very important role in
guantum chemical application. As we know by fundamental quantum mechanics law that the expectation value of a
particular observable represented by the appropriate operator O using any, possibly complex, wave function Wy,

that is given by
(0) = (lptrial|0|wtrial) (2-28)
Here the bracket notation used for integrals known as Dirac notation.
So the variational principle says that the energy computed via equation as the expectation value of the Hamiltonian
operator H from any guessed Wy Will be an upper bound to the true energy of the ground state, i.e.
(Periat|H[Prriat) = Eriat 2 Eo = (WolH|¥o) (2.29)
Here the equality holds if and only if Wya is identical to Wo. Now to solve this equation we will introduce functional.

2.1.8 Functional

A function maps one number to another. A functional assigns a number to a function. Here we encounter

for the first time the main mathematical concept of density functional theory. A rule which assigns a number to a
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function is called a functional. To distinguish a functional from a function in writing, we use square brackets for the
argument. Hence f(x) is a function of the variable x while F[f] is a functional of the function. So when we show that
the ground state energy of a quantum mechanical system is a functional of the density, we will then want to
minimize that energy to find ground state density. To do this we must know how to differentiate functional. So for
beginning we must define a functional derivative. As we know the key insight that makes DFT awesome is the
Hohenbeg-Kohn theorem, which says that instead of trying solving this really hard 3N dimensional problem of
finding the wave-function, there exist a 3 dimensional problem for finding the electron density. So to put this a little

concretely, after doing some math we get an equation like
Vip(X)] = e.p(x) (2.30)

Where p (x) is the electron density throughout space and V is a functional (mathematical object that takes as and
argument a function and returns a new function). A lot of different approximate functional exist. They trend to vary
along a computational accuracy. That is, the functional that are more accurate take more time to compute. So now
for finding the ground state energy and wave function we will have to minimize the functional E['Y'] by searching
through all acceptable N electron wave function. The function which gives the lowest energy will be W, and the
energy will be the true ground state energy E,. This equation can be expressed as

min

Eo=y_n

E[¥] (2.31)

Here W- N indicates that W is an allowed N electron wave function. So in DFT the functional is the electron density
which is a function of space and time. The electron density is used in DFT as the fundamental property unlike

Hartree fock theory which deals directly with the many body wavefunction.

2.2 Basic machinery of DFT

Now we will turn to the more complicated problem of how the strategies developed so far can be mapped
onto computational schemes. To this end we will introduce LDA (Local density approximation), Slater determinant,
Exchange correlation energy functional, and Basis set (one of the main part). Briefly LDA make the iterative self-
consistent field procedure for solving the one electron Kohn-Sham equations computationally accessible. This leads
immediately to the problem of which kinds of basis set are suitable in order to expand the Kohn-Sham orbitals in

such calculation and according to which criteria should choose a particular set of orbitals.

2.2.1 Local density approximation

The LDA has been for a long time the most widely used approximation to the exchange correlation energy.

It has been proposed in the seminal paper by Kohn-Sham. This approximation [8] is based on the assumption that a
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system of electrons in molecules or atoms is like an electron gas. In the homogeneous electron gas model the
electrons move in an infinite region of space with uniform positive charge background to preserve charge neutrality.
For an inhomogeneous system it is then assumed that the exchange correlation energy can be obtained by
approximating the density of the inhomogeneous system locally by the density of the homogeneous system of

electron gas. This means that
pret@,r) = p)(Glr —r'l,p(M] - D (2.32)

With g"[|lr — r’'|, p(x)] the pair correlation function of the homogenous gas, which depends only on the distance
between r and r'evaluated at the density p”, which locally equal p(r). Within this approximation, the exchange —

correlation energy density is defined as

elPA[p] = L [ BAC (”)d ’ (2.33)

2 |r—r'
And the exchange correlation energy becomes
Ei24pl = [ p(r) ef24[p(r)]dr (2.34)

Where &,.[p(r)] is the exchange correlation energy per electron of the homogeneous electron gas? The ,.[p(r)]

can be written as the sum of exchange and correlation part as

Exc (.0 (7')) = & (.0 (7")) + Exc (,0 (‘I"))

The exchange part has been expressed explicitly as

ere(p(m) = —' 22 (2.35)

T

But there is no expression for the correlation part of energy. In general the exchange correlation energy density is
not a local functional of p. From its definition it is very clear that it has to be a non-local object because it reflects
the fact that the probability of finding an electron at r depends on the presence of other electrons in the surroundings,

through the exchange-correlation hole.

2.2.2 Slater Determinant

We will lay down the general procedure for constructing anti-symmetric wave function for a multi-electron
atom. But with increasing in the number of electrons, the number of turns increases in such large proportions that we
must find an abbreviated form to represent a wave function. A short hand form is determinant in which spin orbitals
are the elements; each row in this determinant is labeled with an electron and each column with a spin orbital. The

normalized wave function or an n electron atom, there are n rows and m columns
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A(1) B()
1 A B(2)

(2.36)

3l

A(n) B(n)
Such determinants of spin orbitals are called Slater determinants [9]. It consists of approximating the N electron
wave function by an antisymmetric product of N one electron wave function. The Hartree product does not satisfy
the antisymmetric wave function. We consider a two electron case in which we occupy the spin orbital’s y; andy;.

If we put electron one in y; and electron two in x;, we have
YT (X1 X,) = Xi(X)x;(X2) (2.37)
On the other hand if we changed the position of electron then,
YT (X, X,) = Xi(X2)x;(X1) (2.38)

Each of these Hartree products clearly distinguishes between electrons. So here we can obtain that wave function

which will satisfy anti-symmetric condition. By combining these two equation

WXy X,) = 2720 (X0 x, (62D — 1 () ()] (2.39)

1

The factor 2 "2z is a normalization factor. The minus sign insures those wave functions anti-symmetric with respect
to the interchange of the coordinates of electrons on and two. From above equation it is clear that wave function
vanishes if both electrons occupy the same spin orbitals. If these anti-symmetric wave function can be written as

above equation then it is known as Slater determinant form of many body problems.

2.2.3 Basis sets

In order to compute thee energy, we need to define mathematical functions for the orbitals. In the case of
atoms we can simply use the solution to the Schrodinger equation, But what about molecular orbitals. So expanding
an unknown function like molecular orbitals in a set of known functions is not an approximation if the basis set is
complete. A complete basis set means that an infinite number of functions must be used. The expansion of the
molecular orbitals leads to the integrals of quantum mechanical operators over a basis set and the ease with which
these integrals can be calculated also depends on the type of basis function. Thus the one way of constructing

molecular orbitals is as a linear combination of atomic orbitals, we can write like

qDi = /Iizl C/u' Xu (240)
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The approximation becomes better and better if the K increases. Here y,, is a mathematical function that looks like
an tomic orbitals and it is called a basis function. A collection of basis function for various atoms is called a basis
set. Cy; Is a number that indicates how much basis function contributes to molecular orbital’s and it is determines fir
each system via variational principle. Here every molecular orbital’s is expressed in terms of all basis functions and
therefore extends over the entire molecule. There are two types of basis function commonly used in electronic
structure calculation [10-11]

(i) Slater type orbital

(i) Gaussain type orbitals

Slater type orbitals have the functional form like
Xemim (T, 0,®) = NY, 1, (6, ®)r"~te4" (2.41)

Where N is normalization constant and Y; ,,, is spherical harmonic functions. STO (Slater type orbitals) do not have

any analytical solution. Again Gaussian type orbitals can be written as
Xzinm (1,0, @) = NY,,,, (6, @)r2n-2-lg=¢r? (2.42)

The sum of 1, 1,1, determines the type of orbital’s. Here the * dependence in the GTO (Gaussian type orbitals)
makes the GTOs inferior to the STOs. The Gaussian functions are called primitives. Generally three primitives are
sufficient to represent an STO, and this basis set is known as the STO-3G basis set. Minimal basis set are usually not
sufficiently accurate to model reaction energy. This is due to the fact that the atomic basis functions cannot change
size to adjust to their bonding environment. It can be made possible by using some of the contraction coefficients
and this will increase the basis set size. In similar manner 3-21G (Three-Two-One G) [12] which denotes that core
basis functions are described by three Gaussian, while the basis functions are split into two basis functions,
described by two and one Gaussian each. Further such functions are called as polarization functions and denoted
like 6-31G(d) [13] denotes d polarization functions and can also be written as 6-31G*. Similarly 6-31G (d, p) is
basis set where p functions have been also added for polarization and can be written as 6-31G**. So there are many

other basis function but they have the same kind of attribute.

2.2.4 Self consistent field procedure

In very simple word the solution for the molecular orbital’s and the total energy has to be carried out
iteratively starting from the initial guess. Each MO (Molecular orbitals) depends on the repulsion of the electron in
the orbitals with all other electron in the system. We cannot optimize the molecular orbitals unless we already know

this field experienced by the electron. So we have to use an iterative method. This method is called the self
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consistent field method. This allows us to obtain the density functional energy. In the Hartree fock equation the Fock
operator depends on the HF potential on the spin orbital’s i.e. we needs to solve the eigen value problem and it can
be solved out iteratively and this technique known as self consistent field procedure since the orbitals are derived
from their own effective potential. This procedure starts with a guessed set of orbital’s, for which the HF equations
are solved. The resulting new set of orbitals is then used in the next iteration and so on until we did not get lowest

ground state energy.

2.2.5 Exchange- correlation Functional

Let us briefly review what we have seen, we would like to find the ground state energy of the Schrodinger
equation, but it is difficult because this is an N body problem. But by the beautiful results of Kohn, Hohenberg and
Sham found that the ground state energy can be obtained by minimizing the energy of energy functional, and that
this can be achieved by Self consistent solution as described above. There is one critical complication in this: to
solve the Kohn- Sham equation we must specify the exchange correlation function Ey.[¥;]. As we know defining
this term is very difficult. In face the true form of the exchange correlation functional whose existence is taken by H-
K theorem is not known. So there is one case where this functional can be derived exactly that is uniform electron
as. In this situation, the electron density is constant at all points in space that is n(r)= constant. This situation may
appear to be of limited bonds and generally make materials interesting. But the uniform electron gas provides a
practical way to actually use the Kohn-Sham equation. To do this we set the exchange correlation potential at each

position form the uniform electron gas at the electron density observed at that position.
Vee(r) = Vg M 9% ()] (2.43)

This approximation uses only the local density to define the approximate exchange-correlation functional, so it is
called the local density approximation. The LDA gives us a way to completely define the Kohn-Sham equations. As
mentioned, the Kohn-Sham Kinetic energy is not the true kinetic energy; we may use this to formally the exchange-
correlation energy

Exc[n(M)] = TIn(M)] = Ts[n(r)] + Eeeln(r)] — Eyn(r)] (2.44)
Where Ts[n(r)] and E,.[n(r)] are the exact kinetic and electron-electron interaction energies respectively.
Physically this term can be interpreted as containing the contributions of detailed correlation and exchange to the
system energy. This explanation ensures that the Kohn-Sham is exact. However the exact form of Ey. is not known;
thus we must introduce approximate functional based upon the electron density to describe this term. There are two
common approximations in use: the LDA (Local density approximation) and GGA (Generalized gradient
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approximation) [14-16]. The simplest is LDA: assumes that the exchange correlation energy at point r is simply
equal to the exchange-correlation energy of a uniform electron gas that has the same density at the point r, so we can

write
Exc[n(M] = [ €x (Mn(r)dr (2.45)

So that the exchange correlation potential may be written as

8 XC
B (r) = 222l (2.46)

Where in the last equation the assumption is that the exchange correlation part is purely local.

2.3 Methodology

In this thesis, we performed all calculation within the framework of linear combination of atomic orbital.
The exchange correlation potential contributions are incorporated into the calculation using the spin polarized
generalized gradient approximation (GGA), popularly known as B3LYP [17]. All geometry optimization are
performed with no symmetry constraints in the Gaussian’ 03 [18] program based on Gaussian basis sets which is
widely for isolated molecules. It is very flexible in the choice of basis sets, effective core potentials and density
functional. It has excellent geometry optimizers and initial guesses for the self consistent field iterations. We also
used VASP [19-20] program package to optimize the initial geometry and determine the density of states of
particular cluster. It is always possible during optimization that a cluster with particular guess geometry is trapped
in local minima of potential energy surface. To avoid this we used a global search method using USPEX [21] to get

al.l possible optimized geometric isomers for each size of clusters.
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CHAPTER 3
STUDY OF ELECTRONIC PROPERTIES, STABILITIES AND
MAGNETIC QUENCHING OF MoGe, (n = 1-20) CLUSTER: A DENSITY
FUNCTIONAL INVESTIFATION

3.1 Introduction

The number of electrons involved in the growth of the nanoclusters and cluster-assembled materials by
forming chemical bonds is the fundamental concept to explain and understand the electronic properties and
stabilities of the nanomaterials. In last few decades, searching of stable hybrid nanoclusters, specially, transition
metal-doped semiconductor nanoclusters are extremely active area of research for their potential applications in
nanoscience and nanotechnology. One of the challenges in the computational materials design or synthesis of such
materials is to search for the clusters that are likely to retain their properties and structural reliability during the
formation of cluster assembled materials [1]. Among these materials, in the transitional metal-doped semiconductor
clusters and cluster-assembled materials are interesting and also it is important to understand the physical and
chemical processes taking places at the metal-semiconductor interface for their application as nano-devises [2]. Pure
semiconductor nanoclusters are not really stable and it is a challenging job to make them stable. Among different
possibilities of stabilizing the semiconductor nanoclusters, encapsulation of a transition metal (TM) in pure
semiconductor cage is one of the most effective methods. Many insights of the transition metal doped Si and Ge
clusters were reported in literature and also explained their stabilities on the basis of electron counting rules [3-11].
The existence of several stable transition metal doped semiconductor nanoclusters have already experimentally
verified by Beck et al. [12, 13] using lasers vaporization techniques. Recently, Atobe et al. [14] investigated the
electronic properties of transition metal and lanthanide-metal doped MGe, (M = Sc, Ti, V, Y, Zr, Nb, Lu, Hf, and
Ta) and MSn, (M = Sc, Ti, Y. Zr, and Hf) by anion photoelectron spectroscopy and explained the stability of the
clusters using electron-counting rule. In a theoretical study Hiura et al. [15] argued that the magic nature of WSi,
cluster is because of the 18 electron shell fill structure assuming each silicon atom donates one valence electron to
the encapsulated transition metal which is donating six valance electrons in hybridization. Wang et al. [16] found
that the encapsulation of Zn atom in germanium cage starts from n=10 whereas, ZnGey;, is the most stable species
which is not an 18-electron cluster. In another study Guo et al. [17] explained the stability of MSi, (M=Sc, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn; n=8-16) nanoclusters using shell filling model where the d-shell of the transition metals

plays an important role in hybridization to make a closed shell structure. In this context, more corrected information
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was reported by Reveles and Khanna [18, 19]. They considered that the valence electrons in TM-Si clusters behave
like a nearly free-electron gas and one needs to invoke the Wigner-Witmer (WW) spin conservation rule [19] while
calculating the embedding energy of the clusters to explain its stability. It is worth mentioning here that the one-
electron levels in spherically confined free-electron gas follow the sequence 1S*1P°1D™2S2... Thus, 2, 8, 18, 20,
etc. are the shell filling numbers, and clusters having these numbers of valence electrons attain enhanced stability.
But in some cases this theory is not valid. As example, by applying Wigner-Witmer (WW) spin conservation rule
[19] and without applying that Revelese and Khanna [18, 19] found that CrSi;,; and FeCr;, in neutral state exhibit
highest binding energy, whereas, anionic MnSiy,, VSij;and CoSij, show maximum embedding energy which is one
of the most important parameter to understand the stability of the nanoclusters. Therefore, both 18- and 20-electron
counting rules are valid for different clusters and in different charged states to explain the stability. Experiments also
supported the validity of these electron-counting rules in some of the charged clusters. Koyasu et al. [20] studied the
electronic and geometric structures of transition metal (Ti, VV and Sc) doped silicon clusters in neutral and different
charged states by mass spectroscopy and anion photoelectron spectroscopy. They found that the neutral TiSig,
cationic VSiis and anionic ScSiyg clusters were produced in greater abundance, which follows the validity of 20-
electron counting rule. In summary, it was found that in most of the research transition metal-doped semiconductor
clusters show maximum stability in closed-shell electron configuration with 18 and 20 valence electrons in the
cluster by taking into account the fact that each germanium or silicon atoms contributes one electron to the bonding
with the transition metal atom. In the present study we make an effort to explain the enhanced stability of MoGej; in
MoGe, (n=1-20) by following the behavior of different physical and chemical parameters of the ground state
clusters in each size using density functional theory (DFT). Detailed studies on this system are important to
understand the science behind the cluster stability and its electronic properties. DOS plots of different clusters are
also discussed to explain the role of d-orbital’s of Mo atom in the hybridization and in the quenching of magnetic
moment of Mo atom in germanium cluster. In addition, to understand the enhance stability of MoGe;, isomer,
distance dependence nucleus independent chemical-shift (NICS), which is the measure of the aromaticity of the
cluster is calculated and discussed its role in stability. Finally, electron-counting rule is applied to understand the

stability of the MoGe;, cluster and the possibility of Mo-based cluster assembled materials.

3.2 Theoretical and Computational details

All calculations were performed within the framework of linear combination of atomic orbital’s density
functional theory (DFT). The exchange-correlation potential contributions are incorporated into the calculation using
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the spin-polarized generalized gradient approximation (GGA) proposed by Lee, Yang and Parr popularly known as
B3LYP [21]. Different basis sets were used for germanium and molybdenum with effective core potential using
Gaussian’ 03 [22] program package. The standard LanL2DZdp and LanL2DZ basis sets were used for germanium
and Molybdenum to express molecular-orbitals (MOs) of all atoms as linear combinations of atom-centered basis
functions. LanL2DZdp. This is a double-{, 18-valence electron basis set with a LANL effective core potential (ECP)
and with polarization function [23-24]. All geometry optimizations were performed with no symmetry constraints.
During optimization, it is always possible that a cluster with particular guess geometry can get trapped in a local
minimum of the potential energy surface. To avoid this, we used global search method by using USPEX [25] and
VASP [26, 27] to get all possible optimized geometric isomers in each size from n=5 to 20. The optimized
geometries were then again optimized in Gaussian 03 [22] program using different basis sets as mentioned above to
understand the electronic structures. In order to check the validity of the present methodology, a trial calculation is
carried out on Ge-Ge, Ge-Mo and Mo-Mo dimers using different methods and basis sets. Detailed result of the out
puts is presented in Table 3.1 The bond length of germanium dimer at triplet spin state (ground state) is found 2.44A
(with a lowest frequency of 250 cm™) in the present calculation, which is within the range of the values obtained
theoretically as well as experimentally reported by several groups (see Table 3.1). The bond length and the lowest
frequency of the Ge-Mo dimer in the quintet spin state (ground state) were obtained in the present calculation as
2.50 A and 207.82 cm™ respectively. The values reported by other groups are 2.50 A and 208 cm™ as shown in table
3.1. The optimized electronic structure is obtained by solving the Kohn-Sham equations self-consistently [33] using
the default optimization criteria of the Gaussian 03 program [22]. Geometry optimizations were carried out to a
convergence limit of 107 Hartree in the total optimized energy. The optimized geometries as well as the electronic

properties of the clusters in each size were obtained from the calculated program output.

Table 3.1 — Bond length and lowest frequencies of Ge-Ge, Ge-Mo and Mo-Mo dimer

Dimer Bond length (A) Lowest frequencies (cm™)
Ge-Ge  2.44% 2.44° 2.44° 2.39° 2.3° 2.36-2.42 [28,29], 250.63% 261°, 263°, 282° 317.12°, 258 [28]
2.46 [32]
Ge-Mo  2.5% 2.48° 2.51° 2.41° 2.43° 2.50 [29] 202.56% 218°, 198°, 251.78"% 252.53°, 287.82 [29]
Mo-Mo  1.97% 2.5°, 2.5% 1.88% 1.89° 1.98 [30] 561.79% 567.24°, 570.36° 582.1% 583.07°, 562 [30],
477 [31]

2 B3LYP/Lanl2dz-ECP, ° B3LYP/aug-cc-pvdz, ¢ B3LYP/aug-cc-pvtz-pp, ¢ M06/aug-cc-pviz-pp
¢ M06/Lanl2dz-ecp

3.3 Results and Discussions

Molybdenum atom, a typical 4d transition metal, has electronic configuration of [Kr] 4d°5s® where‘d’

and‘s’, both the shells are half filled. Optimized ground state clusters with the point group symmetry are shown in
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fig. 3.1a. Following the growth pattern of Ge,Mo clusters from n=1 to 10, the Mo is absorbed on the surface of the
Ge, cluster or replace a Ge atom from the surface of Ge,.; cluster to form Ge,Mo cluster where Mo atom in all
clusters are exposed outside. In the next stage of the growth pattern, Mo is absorbed partially by the Ge, clusters in
n=8 and n=9. Complete encapsulation starts from n=10. The low energy structures within the size range n = 10 to 16
are all very known in most of the transition metal doped silicon and germanium clusters and also reported by others
[34-38]. The first encapsulated ground state isomer MoGey, is icosahedral, where; the Mo atom makes hybridization
with all ten-germanium atoms in the cage. Addition of one germanium atom on the surface of ground state MoGe;o
isomers gives endohedral Mo doped MoGe;; cluster. Endohedrally absorbed Mo in hexagonal prism kind structure
MoGey; is the ground state isomer at n=12 size. Here Mo bonded with all twelve germanium atoms in the cage. In
this structure Mo atom is placed between two parallel benzene likes hexagonal Geg surfaces. The ground state

isomer of MoGe, 3 structure is a Mo encapsulated hexagonal capped bowl kind of structure.
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Fig.3.1a Optimized ground state structures of MoGe, (n=1-20) clusters with point group

Symmetry. Blue balls are Ge and yellow balls are Mo atoms.
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Fig.3.1b Different valence orbital’s of MoGe; in neutral and different charged state
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The structure can be understood by capping one germanium atom with the hexagonal plane of n=12 ground state
isomer. The ground state structure of MoGey, is a combination of three rhombus and six pentagons, where,
rhombuses are connected only with the pentagons. It is a threefold symmetric structure. The other bigger structures
can be understood by adding a single Ge or a Ge-Ge dimer with the lower sizes. In all ground state Ge,Mo clusters

from n=10 to 14, Mo atoms takes an interior site of the Ge, cage and make the cages more symmetric compare to the
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pure Ge, cages. This continued up to the end size rage in the present study. Among all these nanoclusters between

8< n <20, the ground state MoGe;; is the most symmetric.

3.3.1 Electronic structure and properties

We first studied the energetic of pure Ge, and MoGe, clusters. Then we explored the electronic properties
and stabilities of the MoGe, clusters, by studying the variation of different thermodynamic parameters of the
clusters, like, average binding energy (BE), embedding energy (EE), fragmentation stability (AE) and second order
change in energy (A;) with the increase of the cluster size following the reported work [7-11]. The average binding

energy per atom of MoGe, clusters here is defined as:
BE = (EMO + nEge — EMoGen)/(n + 1) (31)

and by definition it is always positive. The variation of the binding energy of the clusters with the cluster size is
presented in fig.3.2. For pure germanium clusters Ey, in the above equation is taken as zero and n+1 is replaced by
n. Following the graph, the binding energy of small sized clusters in the size ranges from 1 to 5 increases rapidly.

This is an indication of thermodynamic instability of these clusters (both pure and doped Ge,).

Fig.3.2 Variation of average binding energy of the MoGe,, clusters with the cluster size (n)
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For the sizes n>5 the binding energy curve increase with relatively slower rate. Binding energy of the Mo doped
clusters is always higher than the same size pure germanium cluster for n>6 indicate that the doping of transition
metal atom helps to increase the stability of the clusters. It is to be noted that there are two local maxima in the
binding energy graph at n=12 and 14. According to the 18- or 20-electron counting rule, the binding energy and
other thermodynamic parameter should show a local maxima (or minima) at n=12 and 14 for neutral clusters
respectively. Other 18 and 20 electron clusters are at n=13 and 15 in cationic and n=11 and 13 in anionic states
assuming each germanium atom is contributing one valance electron in the hybridization with the Mo following our
previous work [10]. Following the fig.3.2, the behavior of the neutral and anionic clusters is same and both of them
show a peak at n=12 in the binding energy graph. However, the cationic cluster shows a peak at n=11 and it follows
the demand of the 18-electron counting rule. Because of the anomalous behavior of the anionic clusters, in the
present study we considered only neutral and cationic clusters. Another important parameter that explains
thermodynamic stability of the nanoclusters is embedding energy (EE). In the present study, the embedding energy

of a cluster after imposing Wigner-Witmer spin-conservation rule [19] is defined as:

ee™ — £ (Mce, ) E("Mo)- £ (MGe,Mo)
or (3.2)

ee™ = £ (ce, )+ E(* Mo )- £ (MGe,Mo)

where, M is the total spin of the cluster or the atom in units of h/2x. Following this definition EE is positive, which
means addition of transition metal atom to the cluster, is favorable. In the above embedding energy expressions, we
have chosen the higher of the resulting two EEs. In the present calculation, ground states for n=1 and 2 are quintet
and triplet respectively. For n>2, all ground states are in singlet state. Therefore, to calculate the EE according to the
WW spin-conversation rule, pure Ge clusters were taken to be in either the triplet or the singlet state. For cationic

MoGe, clusters the EE can be written as:

ee™ = £ (oe? - E("Mo)- £ (“Ge, Mo?)
or

, (3.3)

ee™ = £ (‘ee, )} (" Mo* ) E(Mae, Mo*)

Variation of EE and ionization potential with the size of cluster is shown in fig. 3.3a. Both neutral and cationic
clusters show maxima at n=12 and 13 respectively. Both the clusters are 18-electron clusters.
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To check whether the neutral and cationic clusters are following 20-electron counting rule, we studied the
BE and EE values at n=14 and 15. In the BE graph, at n=14, there is no relative maxima. At n=14, EE shows a local
minima. Hence it clearly shows that n=14 ground state clusters does not follow 20-electron counting rule. To further
check the stability of the clusters during the growth process by adding germanium atom one by one to Ge-Mo dimer,
fragmentation energy (FE), A(n,n-1) and 2" order difference in energy (A, or stability) are calculated following the

relations given below:
An,n—1) = _(EGen_lMo + Ege — EGenMo) (3.4)

A,(n) = _(EGenMo + EGen_lMo - 2EGenMo) (3.5)

means, higher positive values of these parameters indicate the higher stability of the clusters compare to its
surrounding clusters during growth process. Variations of fragmentation energy and stability with the size for
neutral and cationic clusters are shown in Figs. 3.3b and 3.3c respectively. The sharp rise in FE from n=11to 12 and
sharp drop in the next step from n=12 to 13 during growth process indicates that in neutral state MoGe;; size is
favorable compare to its neighboring sizes. The same is true for cationic clusters at n=13. This is an indication of
higher stability of neutral MoGe;, and cationic MoGey; clusters. There is a sharp rise in A, when ‘n’ changes from
11 to 12 and from 12 to 13 in neutral and cationic states respectively as shown in Fig. 3.3c. This is an indication of
higher stability of the clusters at n=12 and 13 in neutral and cationic states respectively. Drastic drop in A, from
n=12 to 13 in neutral and from n=13 to 14 in cationic clusters respectively are again indication of the enhanced
stability of these clusters. Both of these parameters are again supporting the enhanced stability of ground state
neutral n=12 and cationic n=13 clusters during the growth process and follow 18-electron counting rule. The binding
energy of the clusters, both in pure Ge, and Ge,Mo, first increases rapidly and then saturates with a small
fluctuation. However, the variation of A, and A, is oscillatory in nature. We also measured the gain in energy in pure
germanium clusters. The gain in energy (2.83 eV) in pure Ge;s cluster is higher than Gey, (2.68 eV) and Gey4 (2.80
eV). The gain in energy is even more in doped clusters. For MoGe;;, MoGe;, and MoGey; these values are 2.33 eV,
3.13 eV and 2.30 eV respectively. Though the FE and stability are oscillatory in nature, but from the systematic
behavior of these two parameters at n=12 (neutral) and 13 (cationic) sizes we can take these two 18-electron clusters

as the most stable clusters in the neutral and cationic MoGe, series. Therefore, it is clear that BE, EE, FE and A, (n)
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parameters support relatively higher thermodynamic stability of MoGe;, in neutral and MoGe,; in cationic states

where both the clusters have closed shell filled 18-electron structure.
Fig. 3.3 Variation of (a) embedding energy (EE) and ionization potential (IP), (b) stability,

and (c) fragmentation energy (FE) of neutral and cationic MoGe,, clusters with the
cluster size (n)
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To understand the stability of the MoGe;, cluster we further studied the charge exchange between the
germanium cage and the embedded Mo atom in hybridization during the growth process using Mulliken charge
population analysis and shown in fig.3SID (Appendix A). As like the other thermodynamic parameters, the charge
on the Mo and Ge atoms show a global maximum and minimum respectively at n = 12. The electronic charge
transfer is always from germanium cage to Mo atom in different MoGe, clusters. In the figure the charge on Mo is
plotted in units of ‘e’, the electronic charge. Since the average charge per germanium atom and the charge on
molybdenum atom in MoGe;, cluster are minimum and maximum respectively, therefore the electrostatic
interaction increases and hence improve the stability of MoGe,, cluster. The effect of ionization (neutral to cation or
anion of n=12 ground state) that gives redistribution of electronic charge density in the orbital’s can be seen from the
orbital plot in the Fig 3.1 (b), addition of one electron to Ge;;Mo neutral cluster, the higher order orbital’s just shifts
to one step down and holds the orbital’s similar to the neutral cluster. As example, the HOMO, LUMO and
LUMO+1 orbital’s of neutral MoGe;, shifts to anionic Ge;;Mo HOMO-1, HOMO and LUMO respectively.
However, the HOMO and LUMO orbital’s remains unchanged when neutral Ge;;Mo cluster ionized to cationic
cluster. Details of the natural electronic configuration (NEC) for Ge;,Mo ground state cluster is shown in Table 3.2.
Combining the fig. 3SID (Appendix A) and Table 3.2, it is seen that when the charge transfer takes place between
the germanium cage and the Mo atom, at the same time there is rearrangement of electronic charge in 5s, 4p and 4d
orbital’s in Mo; and 3d, 4s and 4p orbital’s of Ge to make the cluster stable. According to the Table 3.2, the main
change contribution in hybridization between Mo and Ge are from d-orbital’s of Mo and s, p orbitals of Ge atoms in
the ground state MoGe;, cluster. The average charge contribution from s, p and d orbitals of Ge are in the ratio of
1.22:1.04:0.05, whereas, in Mo the ratio is 0.37:0.48:4.28. In Ge;;,Mo cage Mo atom gain about 4.0 electronic
charges from the cage where average charge contribution from the Ge atoms is 0.34e, means the Mo atom behaves
as a bigger charge receiver or as superatom. It enhances the electrostatic interaction between the cage and the Mo

atom, which plays an important role in stabilizing MoGe;, cage.

Similar information we obtained from the total density of states plot with s-, p-, d- site projected density of
state contribution of Mo atom in different clusters in the size range n=10 to 14 and in different charged states shown
in fig. 3SIE (Appendix A). The PDOS is calculated using Mulliken population analysis. The DOS illustrates the
presence of an electronic shell structure in MoGe;, where the shapes of the single electron molecular orbitals (MOs)
can be compared with the wave functions of a free electron in a spherically symmetric potential. The broadening in

DOS occurs due to the high coordination of the central Mo atom. According to the phenomenological shell model in
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simple way assumes that the valence electrons in a cluster usually delocalized over the surface of the whole cluster
whereas the nuclei and core electrons can be replaced by their effective mean-field potential. Therefore, the

molecular orbitals (MOs) have the shape similar to those of the s, p, d, ...etc atomic orbitals which is labeled as S, P,

D, ... etc.
Table 3.2 Natural electronic configuration (NEC) in MoGe;; cluster
Atom Orbital charge contribution Total Charge NEC
S p d

Ge 1.220 1.052 10.002 12.2974 3512204p10524410.002
Ge 1.218 1.057 10.002 12.977 3121841057 4410.002
Ge 1.219 1.054 10.002 12.275 3121941 0544410.002
Ge 1.219 1.053 10.002 12.2974 3sh 219410584 410,002
Ge 1.221 1.049 10.002 12.971 3512241 049410.002
Ge 1.217 1.058 10.002 12.977 35121741058 410.002
Ge 1.219 1.051 10.002 12.972 35-2194p10514y10.002
Ge 1.221 1.046 10.001 12.268 3512241046 410.001
Ge 1.219 1.050 10.002 12.971 35-21941.0504410.002
Ge 1.219 1.053 10.002 12.273 381'2194p1'0534d10'002
Ge 1.217 1.054 10.002 12.273 381'2174p1'0544d10'002
Ge 1.221 1.045 10.001 12.268 381'2214p1'0454d10'001
Mo 0.375 0.484 4.273 5.1320 5503754048444 273

Enhanced stability of the clusters is expected if the number of delocalized electrons corresponds to a closed
electronic shell structure. The sequence of the electronic shells depends on the shape of the confining potential. For
a spherical cluster with a square well potential, the orbital sequence is 1S 1P% 1D'; 25% 1F*; 2P% 1G': 2D';
1H?%; ..., corresponding to shell closure at 2, 8, 18, 20, 34, 40, 58, 68, 90, ... roaming electrons. There are 54 valence
electrons in MoGej,. By comparison of the wave functions, the level sequence of the occupied electronic states in
Ge,Mo can be described as 1S 1P®%; 1D® (1D + 1D,%); 1F° (AF° + 1F2 + 1F,2 + 1F\?); 25% 1G? 2P° (2P +
2P,%); 3P° (3P + 3P,%); 2D?. Their positions in the DOS plot are shown in Fig. 3.4. Due to the crystal field splitting,
which is related to the non-spherical or distorted spherical symmetry of the cluster some of the orbitals with higher
angular momentum lifted up [39]. As example, 2P orbital of MoGe;, cluster spitted into two as mentioned above.
The most important difference with the energy level sequence of free electrons in a square well potential is the

lowering of the 2D level. Examination of the 2D molecular orbitals show that they are mainly composed of the Mo
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3d AOs, representing the strong hybridization between the central Mo with the Ge cage. The strong hybridization of
the Mo 4d electrons with the Ge valence electrons (evidenced by the PDOS shown in fig. 3SIE (Appendix A) has
implications for the quenching of magnetic moment of Mo. According to Hunds rule, the electronic configuration in
molybdenum is ([Kr] 5s* 4d°). As per this arrangement Mo should pose a very high value of magnetic moment equal
to 6 uB. The local magnetic moment of Mo in Gej;;Mo is zero as well as in the all the ground state isomers (except
ground states quintet Ge-Mo dimer and triplet Ge,Mo). The quenched magnetic moment can be attributed to the
charge transfer and the strong hybridization between the Mo 4d orbitals and Ge 4s, 4p orbitals. Mixing of d-orbital

of transition metal is the main cause of stability enhancement in the cluster here.

Fig. 3.4 Density of states of ground state MoGes, cluster and it’s orbital with their position in
DOS
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Though there is dominating contribution of Mo d-orbital in the Ge;;,Mo cluster, but close to the Fermi
energy level hardly there is any DOS or any contribution from Mo d-orbital. This explains the presence of HOMO-
LUMO gap in the cluster and less reactive nature of the cluster. This is also true for the ground state clusters for
n=10 and 11. From the DOS picture, it is clear that for n=10, 11, 12 and 13 ground state clusters the HOMO-LUMO
gap is comparable. The DOS of the anionic Ge;;Mo, which is an 18-electron cluster, show the presence of
considerable fraction of DOS on the Fermi level. Therefore, there is a possibility for anionic Gej;Mo cluster to form

a ligand and at the higher charged states by combining with other species it can make a more stabile species which is
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an indication of possibility of making cluster assembled materials. To get an idea how the magnetic moment of the
clusters are changing and reducing to zero from Ge-Mo dimer with the increase of the cluster size, we have studied
the site projected magnetic moment of the small sized neutral and cationic clusters (up to n=3) following the work
reported by Hou et al.[5]. The Ge-Ge dimer is in triplet state with ferromagnetic coupling between the germanium
atoms with total magnetic moment of 2ug. On the other hand, in Mo-Mo dimer, though the individual moment of the
Mo atoms are very high, but the interaction between them is antiferromagnetic and hence the magnetic moment of
Mo-dimer is reduces to zero. Detailed results of the variation of magnetic moments are given in fig. 3SIA. The
ground states of neutral and cationic Ge-Mo dimers in quintet and quartet spin states with the magnetic moment of
the clusters are 4 and 3 respectively. The interaction between the Ge-Mo in the ground state is antiferromagnetic
with a bond length of 2.50A°. In the cationic cluster the bond length reduces to 2.67 A° with the presence of
antiferromagnetic interactions between Ge and Mo. The same dimer, when it is in triplet and septet spin states, the
magnetic interactions changes from antiferromagnetic to ferromagnetic, and the bond length changes from 2.34 A°
to 2.73 AP respectively. Following the electronic configuration of 10 (4 from Ge and 6 from Mo) valance electrons
(Triplet: os? os? np® np? os™ mp*; Quintet: os? os” np? np' os* np* np'; Septet: os? os® np’ np' os® np 7p* np') and
corresponding orbitals ( fig. 3SID (Appendix A), it can be seen that while shifting from triplet to quintet state, a beta
electron from np? state shifted to o-np® state, which is at much dipper position compare to the a-HOMO orbital. In
the whole rearrangement of the orbitals due to this spin flip, the a-HOMO orbital of the triplet state move to a-
HOMO orbital of quintet spin state with a small difference in energy of 0.08eV with the same antiferromagnetic
interaction between the two atomic spins. It is also important to mention that in quintet state, the local spin of Mo
increases, whereas the same in Ge decreases compare to the spins in triplet state. Due to the transition from quintet
to septet, the np' (B-HOMO) shifted to a-HOMO of energy difference of 1.10eV compare to the f-HOMO in
quintet state. The magnetic interaction also changes from antiferromagnetic to ferromagnetic. In triplet and septet
states, the optimized energies of the clusters are 0.25eV and 0.57eV respectively more compare to the quintet
ground state. Hence the dimer Ge-Mo is found more stable in quintet spin state. Addition of one germanium atom to
the Ge-Mo dimer, the ground state found is in triplet spin state. In MoGe, ground state cluster in triplet spin state the
interactions between the Mo and the two-germanium atoms are antiferromagnetic with the spin magnetic moments
3.34up, -0.67ug and -0.67pg respectively and with different bond lengths fig.3SIA (Appendix A). Due to the
antiferromagnetic bonding between the Mo and two Ge atoms, the magnetic moment reduces to 2 pg in MoGe;

ground state cluster. The two-germanium atoms are connected by n-bonding as shown in the filled a-HOMO orbital
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(fig. 3SIB (Appendix A). The other two low energy clusters are in singlet spin states. From the electronic
configuration of 14 (4 from each Ge atoms and 6 from Mo) valance electrons (Triplet: (3a1) 2(b2)? 4(a;)? 2(by)?
5(a1)’ 1(a2)° 3(b,)" 6(ar)"; Quintet: (3a1)* 2(b2)* 4(a1)* 2(b1)” 5(a1)* 1(az)" 3(b,)" 6(as)* 3(b1)") and corresponding
orbitals shown in fig. 1SID (Appendix A) in Ge,Mo it can be seen that the p-HOMO electron from 1(a,) in triplet
state transferred to a-HOMO in quintet spin state of Ge,Mo cluster which is at +0.93eV higher compare to triplet o-
HOMO level. During this transition the overall ground state energy change is +0.56 eV. Therefore, addition of one
Ge atom with the Ge-Mo dimer in quintet state reduces the magnetic moment and as a result the MoGe; cluster in
triplet spin state is the ground state. It is also interesting to study the charge or the orbitals distributions in f-HOMO
triplet and a-HOMO quintet of MoGe, cluster. The orbital distributions indicating the presence of electron
distributions along the bond between the Ge-Mo dimers and hence the bonding nature is strong and therefore the
spin magnetic moment of Mo reduces to 3.34g. In the same state, the hardly there is any orbital distributions along
Ge-Ge bond. When it switches in the septet state, the bonding between Ge-Mo has increased and reduced in Ge-Ge.
Therefore the spin of Mo has increased. The magnetic moment vanishes in MoGe; ground state cluster completely
with no non-zero onsite spin values of the atoms. With reference to the work reported by Khanna et al. [40], when a
3d transition atom makes bond with Si cluster in a Si, TM, there always exists a strong hybridization between the 3d
of the TM with 3s3p of Si atoms. The present investigation as discussed above following the same as reported by
Khanna et. al [40] and is one of the strongest evidence of the quenching of spin magnetic moment of Mo atom. The
strong hybridization between 4d° of Mo with the 4s°4p? of Ge atom, the magnetic moment of Mo quenched with no
left over part to hold its spin moment in MoGes ground state cluster. In this contest it is also worth to mention the
work of Janssens et al. [41] on the quenching of magnetic moment of Mn in Agyo cage where they suggested that the
valance electrons of silver atoms in the cage can be considered as forming a spin-compensating electron cloud
surrounding the magnetic impurity which is conceptually very much similar to Kondo effect in larger system and
may be applied in our system also.

To get the idea about the kinetic stability of the clusters in chemical reactions the HOMO-LUMO gap (AE),
ionization potential (IP), electron affinity (EA), chemical potential (1), chemical hardness (n) are calculated. In
general with the increase of HOMO-LUMO gap the reactivity of the cluster decreases. Variation of HOMO-LUMO
gaps of neutral and cationic MoGe, clusters is plotted and is shown in the fig. 4Sl. The variation of HOMO-LUMO
gap is oscillatory. Overall there is a large variation in HOMO-LUMO gap in the whole size range between 1.5 to

3.30eV with a local maxima at n=12 and at n=13 in neutral and cationic clusters respectively. This is again an
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indication of enhance stability of 18-electron clusters. The large HOMO-LUMO gap (2.25eV) of MoGe,, could
make this cluster as a possible candidate as luminescent material in the blue region. In the neutral state the sizes n=8,
10, 12, 14, 18 are magic in nature, means a higher relative stability. Variation of HOMO-LUMO gap in different
clusters around the Fermi level can be useful as device applications. The variation of ionization energy shown in fig.
4a with a sharp peak at n=12 with a value of 7.16eV as like other parameters supports the higher stability of MoGe;,
cluster. According to the electron shell model, whenever a new shell starts filling for the first time, its IP drops
sharply. De Heer [42] has reported that in Li, series, Lo cluster is a shell field configuration and there is a sharp
drop in IP when the cluster grows from Ly, to Ly;. This is one of the most important evidence to support MoGe;, as
an 18-electron cluster. There is a local peak in the IP graph at n=12, followed by a sharp drop in IP at n=13. The
drop in IP could be the strongest indication of the assumption of nearly free-electron gas inside the MoGe;, cage
cluster. Following the other parameters, one may demand that the MoGe,, cluster is following the 20-electron
counting rule. But we did not accept it, because the IP at n=14 does not show local maxima. From the above
discussion, it is clear that the neutral hexagonal Dg, structure of MoGe;, with a large fragmentation energy, averaged
atomic binding energy and IP is suitable as the new building block of self assembled cluster materials. This is
reflecting that the stability of the pure germanium cluster is obviously strengthened when the Mo atom is enclosed in
its Ge, frames. Hence it can be expected that the enhanced stability of MoGe;, makes a contribution toward the
initial model to develop a new type of Mo doped germanium superatom as well as Mo-Ge based cluster assembled
materials. Further, to verify the chemical stability of Ge,Mo clusters, chemical potential (i) and chemical hardness
(n) of the ground state isomers are calculated. In practice chemical potential and chemical hardness can be
expressed in terms of electron affinity (EA) and ionization potential (IP). In terms of total energy consideration if E,,
is the energy of the n electron system, then energy of the system containing n+An electrons where An<<n can be
expressed as:
An + l 4E
2 dx’

X=n

dE
En+An = En +—
dx

(An)2 + Neglected higher order terms

Then, p and 1 can be defined as:

_dE
dx |,

y7; and 7=
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Since, [IP=FE, —FE and EA=E -E .
By setting An =1, pand n are related to IP and EA via the following relations:

IP+ EA IP— EA
R d =24 (3.5)

H= 2

Now for consider two interacting systems with s and 7, (i=1,2) where some amount of electronic charge (Aq)

transfers from one to other. The quantity Ag and the resultant energy change (AE) due to the charge transfer can be

determined in the following way:

If Ensaq is the energy of the system after charge transfer then it can be expressed for the two different systems 1 and

2 in the following way:

Elnl+Aq = E1n| + H (Aq)+ Th (Aq)z

and E,, , =E,, —i (AQ)+ ) (AQ)Z

Corresponding chemical potential becomes,

dE

dE
p=—"= = p+2npAqand gy =——*
dx dx

xX=n X=Hy

= 1, —21,Aq to first order in AM after the charge

transfer. In chemical equilibrium, 24 = 45 which gives the following expressions:

Ag = T L IAE = M (3.6)
2(771+772) 2(771+772)

In the expression, energy gains by the total system (1 and 2) due to exclusive alignment of chemical potential of the
two systems at the same value. From the above expressions that for easier charge transfer from one system to other it
is necessary to have a large difference in p together with low n; and n,. Therefore, Aq and AE can be taken as the
measuring factors to get the idea about the reaction affinity between two systems. Since they are function of the

chemical potential and chemical hardness related to the system,
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Fig.3.5 Variation of (a) chemical potential and chemical hardness and (b) polarizability and
electrostatic dipole moment of MoGe,, clusters with the cluster size
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so it is important to calculate these parameters of a system to know about its chemical stabilities in a particular
environment. Keeping these in mind, chemical potential (1) and chemical hardness (n) for Mo doped Ge, clusters is
calculated. Dip at n=12 in chemical potential plot (Fig. 3.6(a) is actually indicating stable chemical species, hence
low affinity of the system to take part in chemical reaction in a particular environment. Again at n=12, the presence
of a local peak in chemical hardness plot is also supporting the result of low chemical affection MoGe, cluster. The

ratio of these two parameters in positive sense shows a peak and hence indicating the low chemical affinity. Since
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n=12 is an 18-electron cluster, it is clear that this cluster also show low affinity in chemical reaction and is in

stability agreement with the other parameters.

3.3.2 Polarizability

It is known that the static polarizability is a measure of the distortion of the electronic density and sensitive
to the delocalization of valance electrons [43]. Hence it is the measure of asymmetry in three-dimensional structures
and orbital distributions. It gives the information about the response of the system under the effect of an external

electrostatic electric field. The average static polarizability is defined as:

1
<a> = §(“xx Ty 0y (3.7)

in terms of principle axis, which is a function of basis set, used in the optimization of the clusters [44, 45]. In the
current work, the variation of polarizability and the electrostatic dipole moment of the clusters are shown in fig.
3.6(b). Variation of the exact polarizability with the size of the cluster is shown in fig. 3SIG. As is exhibited in fig.
3.6(b), one can find that the polarizability of the cluster increase as a function of the cluster size ‘n’ which is nearly
linear with local dip at n=12. At this size the electrostatic dipole moment is also minimum. This trend of variation of
polarizability with the cluster size for MoGe, clusters is similar to the water clusters reported by Ghanty and Ghosh

[45].

3.3.3 Nucleus Independent Chemical Shift (NICS)

The most widely employed method to analyze the aromaticity of different species is the NICS index
descriptor proposed by Schleyer et al. [46]. NICS index is defined as the negative value of the absolute shielding
computed at a ring center or at some other point of the system which can describe the system nicely, as example, the
symmetry point like the center of a hexagon. The rings with more negative NICS values are considered as more
aromatic species. On the other hand, zero (or close to zero) and positive NICS values are indicative of non-aromatic
and anti-aromatic species. NICS is usually computed at ring centers or at a distance on both side of the ring center.
NICS obtained at 1A above the molecular plane [47] is usually considered to better reflect the p-electron effects than

NICS (0).
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Fig. 3.6 — NICS plot of MoGe;; cluster
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Since we are interested to study the aromaticity of the overall ground state isomer MoGe;,, which is hexagonal
prism like structure with Mo, doped at the center, we have measured NICS values at the position of Mo and then
along the symmetry axis perpendicular to the hexagonal plane surface. The NICS calculations have been performed
based on the magnetic shielding using GIAO-B3LYP level of theory by placing a ghost atom at certain points along
the symmetry axis. Variation of NICS value with the distance from the center of the system is shown in fig.3.7.
Nature of the variation of NICS indicates the aromatic behavior of the cluster with a maximum negative value of -
96.033 ppm at the center of the hexagonal surface and with a distance 1.5A from the center of the cluster.
Aromaticity of hexagonal structures (like benzene) is an important conformation of its stability. Therefore, in the

present calculations the NICS behavior of MoGe;, also supports the stability of the cluste

3.4 Conclusions

In summary, a report on the study of geometry and electronic properties of neutral and cationic Mo-doped
Gen (n =1-20) clusters within the framework of density functional theory is presented. Identification of the stable
species, and variation of chemical properties with the size MoGe, clusters will help to understand the science of Ge-
Mo based clusters and superatoms that can be future building blocks for cluster-assembled designer materials and

could open up a new field in electronic industry. The present work is the preliminary step in this direction and will
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be followed by more detailed studies on these systems in near future. On the basis of the results, the following

conclusions have been drawn.

1. The growth pattern of Ge,Mo clusters can be grouped mainly into two categories. In the smaller size range i.e.
before encapsulation of Mo atom, Mo or Ge atoms are directly added to the Ge, or Ge,.;Mo respectively to form
Ge,Mo clusters. At the early part in this region the binding energy of the clusters increase in a much faster rate than
the bigger clusters. After encapsulation of Mo atom by the Ge, cluster for n>9, the size of the Ge,Mo clusters tend to

increase by absorbing Ge atoms one by one on its surface keeping Mo atom inside the cage.

2. It is favorable to attach a Mo-atom to germanium clusters at all sizes, as the EE turns out to be positive in every
case. Clusters containing more than nine germanium atoms are able to absorb Mo atom endohedrally in a
germanium cage both in pure and cationic states. In all Mo-doped clusters beyond n > 2, the spin magnetic moment
on the Mo atom is quenched in expenses of stability. As measured by the BE, EE, HOMO-LUMO gap, FE, stability
and other parameters both for neutral and cationic clusters, it is found that those are having 18 valence electrons
show enhanced stability which is in agreement with shell model predictions. This also shows up in the IP values of
the Ge,Mo clusters, as there is a sharp drop in IP when cluster size changes from n=12 to 13. Validity of nearly free-
electron shell model is similar to that of transition metal doped silicon clusters. Although the signature of stability is
not so sharp in the HOMO-LUMO gaps of these clusters, there is still a local maximum at n=12 for the neutral
clusters, indicating enhanced stability of an 18-electron cluster, whereas, and this signature is very much clear in
cationic MoGey; cluster. Variation in HOMO-LUMO gap in different sized clusters could be useful for devise
applications. The large HOMO-LUMO gap (2.25 eV) of MoGe;, could make this cluster as a possible candidate as

luminescent material in the blue region.

3. Major contribution of the charge from the d-orbital of Mo in hybridization and its dominating contribution in
DOS indicate that the d-orbitals of Mo atoms are mainly responsible in the hybridization and stability of the cluster.
Presence of the dominating contribution of Mo d-orbital close to the Fermi level in DOS is also significant for ligand

formation and a strong indication of possibility to make stable cluster assembled materials.

4. Computations and detailed orbital analysis of the clusters confirmed the rapid quenching of the magnetic moment
of Mo in Ge, host cluster while increasing the size from n=1 to 3. Beyond n=2, all hybrid clusters are in singlet state
with zero magnetic moment. Following the overall shape of the delocalized molecular orbitals of MoGe;, (fig.3.5)

cage like clusters, the valance electrons of Ge;, cage can be considered as forming a spin compensating electron
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cloud surrounding the magnetic element Mo as like a screening electron cloud surrounding Mo which is similar to
the magnetic element doped bulk materials. Therefore, the system may be interpreted as very similar to that of a

finite-size Kondo system.

5. Variation of calculated NICS values with the distance from the center of the cluster clearly indicates that the

cluster is aromatic in nature and the aromaticity of the cluster is one of the main reasons for its stability.
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CHAPTER 4

ROLE OF NICS AND SHELL CLOSING MODEL IN THE STABILITY OF
NEUTRAL AND CATIONIC NbGe, (n=7-16) CLUSTERS: ADENSITY
FUNCTIONAL STUDY

4.1 Introduction

Modeling of computational materials based on non-metals are very rapidly growing field in nanoscience
and nanotechnology. Among these, the field dealing with the clusters containing either with 1V (Si, Ge) [1-6] or II-
VI (ZnS, CdSe) [7-9] groups are important for their potential applications in semiconductor industries. Clusters are
the ensembles of bound atoms intermediate in the size ranging between a molecule and the bulk contains few to few
hundreds of atoms. Depending upon the composition and sizes, some clusters show enhanced stability compare to
their immediate neighbors and are known as magic clusters. Several reasons are responsible for the enhanced
stability of the neutral and charged clusters. Among different possibilities of stabilizing hybrid semiconductor
nanoclusters, encapsulation of a transition metal (TM) in a pure semiconductor cage is one of the most effective
methods. The transition metal atoms absorb the unsaturated bonds present in the semiconductor clusters and make it
stable. It is worth mentioning here that the one-electron levels in spherically confined free electron gas distributed
according to Hund’s rule, and forming a sequence of electronic shell 1S2, 1P, ID'Y°, 252, IF* 2P®, 1G™, 2D to give
a closed shell electronic shell structure. This kind of clusters with shell closing number of electrons attains enhanced
stability. Following this, many insights of the stability of the transition metal-doped Si and Ge clusters were reported
on the basis of closed shell 18- or 20-electron counting rules [3-11]. In addition to the closed shell model, the
aromatic behavior of the clusters is also one of the most important parameter t enhance in the stability of the clusters
1 When the nuclear independent chemical shift (NICS), measured by magnetic shielding current, is negative, the
cluster shows enhanced stability. Also the higher stability of the clusters could be due to the high point group
structural symmetry, chemical inertness and comparatively higher HOMO-LUMO gap. Depending on the doped
transition metal atom, even a single doped atom may significantly affect the stability of a semiconductor clusters and
show magic behavior which is found by the anion photoelectron spectroscopy [12]. Recently, Kumar et al.l.[13]
studied the divalent-metal (M) atom doped X,M (X = Si, Ge, and Sn, n = 8-12, 14) clusters and showed that the nine
and ten atom capped prism structures as well as 12 and 14 atom clusters can transform into magic clusters with
higher symmetry and large HOMO-LUMO gap. One of the most interesting study on 4d transition metal doped Mg,

clusters (TcMg,) were reported by Xian et al. [14] where they found that TcMgs cluster has enhanced stability and
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high magnetic moment. Here the valence electronic configuration follows a sequence 1S? 2P° 1D which is
according to a closed shell model. Chouhan et al. [15] reported a stable magnetic FeCag cluster where 24 valance
electrons are distributed following a closed shell sequence where last four electrons occupy the majority 2Dy, 2D,
yz, and 2Dy, and 2D, levels while the unfilled 2D level is separated by a large energy due to atomic deformation
and exchange splitting. In the present work we report a density functional investigation to explain the enhanced
stability of neutral NbGe;, and cationic NbGeys clusters. One of our main goals is to seek stable individual units that

can serve as the elementary building blocks for electronic and optical devices.

4.2 Computational Method

In the present work all calculations are performed within the framework of linear combination of atomic orbital's
density functional theory (DFT). The exchange—correlation potential contributions were incorporated into the
calculation using the spin-polarized generalized gradient approximation (GGA) proposed by Lee, Yang and Parr,
popularly known as B3LYP [16]. The standard LanL2DZdp and LanL2DZ basis sets associated with effective core
potential (ECP) are used for germanium and molybdenum to express molecular-orbitals (MOs) of all atoms as linear
combinations of atom-centered basis functions. LanL2DZdp is a double-g, 18-valence electron basis set with a
LANL effective core potential (ECP) and with polarization function [17-18]. All geometries are optimized under no
external symmetry constrictions. Here we used some selective size as (n = 7-18) for optimization. Initially we took
several guess geometries configuration at different spin states in a particular size. In order to check the reliability of
the applied methodologies, we done calculation on Ge-Ge dimer having bond length 2.44A having triplet ground
state, which is within the range of the values reported theoretically as well as experimentally studied by Nagendran
et al.[19]. The optimized electronic structure was obtained by solving the Kohn-Sham equation self-consistently [20]
following the optimization criteria of Gaussian’ 03 [21]. All the geometries are constructed on the basis of previous
reported work [1-5, 11, 22-25] and from intuitions. For each stationary point of clusters, we have calculated the
frequency of harmonic vibration. If any imaginary frequency is found, a relaxation along that vibrational mode is
carried out until the true local minimum is obtained.

4.3 Results and discussions

As pointed out earlier, that the electronic shell model can be used efficiently to understand the stability and to
predict the electronic properties of the clusters [26-29]. To identify a stable cluster in a particular composition, it is
necessary to study the variations of different thermodynamic and chemical parameters, such as, binding energy

(BE), fragmentation energy (FE) stability, HOMO-LUMO gap, ionization potential, and electron affinity etc. with
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the variation of cluster size during the growth process. In the present investigation, we have studied NbGe,, (n=7-18)
clusters both in cationic and neutral states. A number of isomers have been calculated in each size. The most stable
ground state isomer along with few lowest energy isomers in each size are shown in fig.4.1. The ground state
structure of NbGe; is a distorted cube with C; symmetry, where Nb atom locates at the vertex site. The six Ge atoms
out of eight in NbGeg ground state structure, forms two rectangles with a common arm where the rectangular
surfaces are capped by the rest of the two Ge atoms. The Nb atom caps the open surface forms by the two
rectangles. So Nb atom is completely exposed. Starting from n=9, the Nb atom absorbs endohedrally in Ge, cages.
The ground state of NbGey is a simple modification of ground state NbGeg. The additional Ge atom is now replaced
the capped Nb and the Nb atom is completely endohedrally doped by the Geg cage. This is the 1st structure where
Nb atom is doped endohedrally. Adding of a Ge atom with the capped rectangular Ge surface now make it
pentagonal capped surface and gives the ground state NbGey,. After addition of one more Ge atom, NbGe;, ground
state cluster converted to a structure where Nb atom sandwiched between two pentagonal surfaces where one of the
surfaces is capped by a Ge atom with C; symmetry. The immediate higher NbGe;, ground state is a hexagonal prism
structure where the endohedrally doped Nb atom makes bonds with all Ge atoms in the cage. The other low energy
isomers are distorted icosahedral and fullerene kinds. The geometry of ground state isomer NbGejs can be
understood after capping three germanium atoms at different surfaces of NbGe;, ground state isomer. Ground state
NbGe,4 is well known structure and is a combination of six pentagons and three rhombuses. The geometry of
NbGe;s is a modification of the ground state NbGe,, structure where five additional germanium atoms are added in
the form of two Ge-Ge dimers and one germanium atom at different places. NbGes ground state is again fullerene
kind of structure and is a combination of ten pentagons and two rhombi. The structure can be understood by adding
a Ge-Ge dimer at the top of NbGey4 ground state. By adding one Ge atom with the one of the rhombus in NbGes
and then after optimization one can get NbGe,; ground state structure. NbGes is a flying disk like structure where
The central part is pentagonal prism kind. Most of these geometries we have reported in our earlier works obtained
by global optimization methods in different systems [11]

4.3.1 Electronic structures and stabilities

To check the validity of the methodology used in the present study, first we apply our calculations on Ge-Ge, Ge-Nb
and Nb-Nb dimers. The summery of the calculated bond length and harmonic vibration frequencies together with
experimental data are summarized in table 4.1. The Ge-Ge dimer has a ground state with bond length of 2.43 A,

which is in excellent agreement with reported theoretical and experimental calculation [30-32]
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Fig.4.1 Optimized ground state structures of NbGe,, (n=7-18) clusters with point group

symmetry. Blue balls are Ge and pink balls are Nb atoms.
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Fig.4.1 continue
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For Nb, dimer the theoretical and experimental bond length and vibrational frequencies are 2.08A, 472 cm™ [33] and
2.08A, 424.9 cm™ [34] respectively and are in good agreement with our theoretical observation. Therefore, the
method B3LYP and basis set scheme, which we used in our calculation, is reliable and accurate enough to describe

the stability and electronic structures of the present system.

Table 4.1 Bond length and lowest frequencies of Ge-Ge and Nb-Nb dimmers

Dimer Bond length (A) Lowest frequency (cm™)
Ge-Ge 2.44%2.44° 2 36-2.42 [30,31], 2.46 [32] 250.63%, 261°, 258 [30]
Nb-Nb 2.13% 2.08 [33], 2.08'[34] 472.17% 424.9%[34], 472 [33]

*B3LYP/LANL2DZdp ECP, "B3LYP/aug-cc-pvdz, 'Experimental

It is important to obtain the relative stability of different clusters in a particular composition to identify the most
stable size in the series so that it can be used as the building block in cluster assembled materials to design electronic
devises for particular purpose. To explore the relative stability of the clusters with the increase of the cluster size
during the growth process, we have calculated different thermodynamic and chemical parameters, such as, average
binding energy per atom (BE), embedding energy (EE), fragmentation energy and the 2™ order change in energy, as

mentioned in our previous report [1-5, 11]. These parameters are defined as:

BE = —(Enpge, — Enp —NEge ) /n+1 (4.1)
FE = Ege, np + Ege — Enpge, (4.2)
Ay(M) = Enpge, ., T EnvGe,_; — 2Enbce, (4.3)
VIP = Eppge;r — Enbge, (4.4)
VEA = Enpge- — Enpge, (4.5)

where, Enp, Ece, Enncen represent the total energies of Nb, Ge and NbGe, respectively. Again for pure Ge, cluster
Enp in the above-mentioned equation is taken, as zero and n+1 will be replaced by n. To check the addition of Nb to
Ge, cage is favorable or not, we have calculated EE of each cluster during the growth. By the above definition of
EE, if it is positive, then the addition of Nb to Ge, cluster is favorable. To understand the relative stability of the

clusters, we have studied the 2™ order change in energy using the above expression. By definition, [11] VIP is the
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energy difference between the cationic and neutral clusters and both are at the same equilibrium geometry of the
neutral cluster. Whereas, VEA is defining the energy difference between the neutral and its anionic clusters and both
are at the same equilibrium geometry of the anionic cluster. With reference to the variation of binding energy (Fig.
4.2a) one can see that the binding energy increases with the size of clusters. The increase rate of BE for n=7-12 is
relatively higher both in neutral and cationic NbGe, clusters compare to the pure Ge, clusters. This indicates that the
doping of Nb atom increases the BE and helps to improve the stability of the clusters. Visible local peaks at n=12 for
neutral and n=16 in cationic clusters indicate the enhanced stability of these clusters. With reference to the Fig.4.2b,
a number of ups and downs are there in the variation of the 2™ order change in energy or stability parameter. The
nature supports the magic nature of the neutral NbGe;, and cationic NbGes¢ clusters. The stability variations show
that the magic clusters NbGe;, and NbGe;s* gain energy during their formation from its immediate lower sizes and
loose energy while growing to its next immediate bigger sizes. To further check the relative stability we calculate
the fragmentation energy of different sized clusters. The variation of fragmentation energies with the size of clusters
has shown in fig.4. 2c. the larger the fragmentation energies are, the more difficult the dissociation of clusters and
thus the more stable. The sharp rise in FE from n = 11 to 12 and sharp drop in the next step from n = 12 to 13 during
the growth process indicate that NbGe;, cluster is stable compared to its neighboring sizes. The same is true for
cationic cluster at n = 16. This is again indication of higher stability of neutral and cationic clusters respectively.

From the behavior of the thermodynamic parameters one can conclude that NbGeny, and NbGes* clusters have
enhanced stability. To further check the chemical stability of the clusters, we have studied HOMO-LUMO gap, AlIP,
VIP, AEA, VEA with the variation of the cluster size during growth process. Variations of HOMO-LUMO gap in
neutral and cationic clusters are shown in fig. 4.2d. Relative maxima at n=12 (2.17 eV) in neutral and n=16 (2.18
eV) in cationic clusters supports the enhanced stability of these clusters as like thermodynamic parameters. The
HOMO-LUMO gap is responsible for the chemical inertness of these clusters. In summary, from the variation of the
thermodynamic parameters and HOMO-LUMO gap, it is found that NbGeny, and NbGeys™ clusters have enhanced

stability.
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Fig. 4.2 Variation of (a)Binding energy, (b) stability, (c) fragmentation energy and (d)
HOMO-LUMO gap and of NbGe,," and NbGe, with the number of germanium atom.
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Variation of chemical parameters with the cluster size is shown in fig. 4.3. lonization of a molecule or a cluster often
changes its geometry on ionization. Therefore, we have calculated both AIP and VIP values in the present study.
Calculated results are shown in Fig. 4.3. Both IPs are almost same at all sizes (with a sharp peak at n=12) indicating
that the cluster geometries are remains same after ionization. The analysis indicates that both VIP and AIP increase
sharply for n=11 to 12, however, there is a decreasing trend in VEA. The variation of VEA does not show any clear
indication of stability in the range of n=11 to 13. Both IPs and AEA the trends support the enhanced stability of
neutral NbGe;, cluster in the series. Further, to understand the cause of the stability of NbGey, and NbGeys*, we have

calculated NICS and electronic distributions in the orbitals for all clusters as discussed in the following section.
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Fig. 4.3 Variation of Vertical ionization potential (VIP), Adiabatic ionization potential (AIP)
and Vertical electron affinity (VEA), Adiabatic electron affinity (AEA) with number of

germanium atom.
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4.3.2 NICS and Orbitals of neutral NbGe;, and cationic NbGess

In chemistry and in cluster science, the aromaticity is a key concept [35] to understand the stability. The aromatic
behavior of a cluster is the measure nuclus independent chemical shift (NICS) index and is defined as the negative
value of the magnetic shielding, computed at the ring center (as like benzene ring) or at some other selected point.
Chen and Coworkers [36] reported the NICS approach as aromaticity crieteria based on magnetic properties, which

have been applied to characterize the metallic clusters with aromatic and antiaromatic nature. The rings with more
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negative values are considered as more aromatic species and hence with enhanced stability nature. However,
positive and zero NICS values indicate anti-aromatic and non-aromatic species. Using the GIAO-B3LYP/Lanl2dz
method with effective core potential, we have calculated NICS values. The variation of NICS values of NbGe;,

cluster is shown in fig. 4.4.

Fig.4.4 NICS plot of NbGe;, cluster
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Calculated NICS values close to the outer surface are relatively smaller than the NICS values inside the cage.
Calculated NICS variation with the distance from the central Nb atom shows a maximum value of -44.89 ppm at a
distance 1.20A above from the center of the cluster. Aromaticity in hexagonal structure like benzene is an important
conformation of stability of NbGe;, cluster. With reference to our previous work [11] on MoGe;,, the n variation of
NICS supports the aromatic nature and hence enhanced stability of neutral NbGe;, cluster. However, in the cationic
series, there is no such evidence that could explain the stability of the cationic clusters.

A number reports are there to explain the enhanced stability of the clusters using the closed shell model. It has
already been reported that in FeMgg cluster, partially filled sub-shells can enhance chemical stability [37] with a
closed core of 157, 1P®, 1D, 2S? superatomic shells followed by a crystal field split 2D* valence state resulting a
magnetic moment of 4.0 uB. Similarly Xinxing Zhang et al.[38] reported that VVNag, a magnetic superatom, with a
filled d sub-shell and a magnetic moment of 5pg with 1S? 1P® 1D° electronic distributions. Vijay et al.[13] studied
doping of different divalent M atoms and report the finding of Mn doped Ge and Sn clusters with 5 ub magnetic

moment in accordance with the Hund’s rule in clusters. Khanna and Jena [39] proposed that the stable clusters could
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be treated as superatoms that form a 3" dimension to the periodic table. Further we have calculate the density of
states (DOS) and projected density of states (PDOS) of the stable n=12 and 16 clusters in neutral and cationic states
in fig. 4.5. From the PDQOS, it is clearly seen that most of the contribution in DOS is from Nb d- orbital and from p-
orbitals of all Ge atoms. Therefore, Nb d-orbital is mainly taking part in hybridization to make the cluster stable.
Again, the HOMO-LUMO gap is more in the cationic states compare to the neutral clusters. We have assigned few
single electron orbitals of cationic NbGey in DOS and the complete sequence of the orbitals is written in the fig.
4.5. It is important to mention that calculated HOMO-LUMO gap from DOS using VASP and the same using
Gaussian may not be same. In the present case also we found that the HOMO-LUMO calculated is also not same.
But comparing the gap between the neutral and the same sized cationic clusters, the later one always found stable.
Due to finite broadening during the calculation of DOS, closely spaced orbitals are taken as one in DOS and on the
basis of it we have assign the orbitals as shown. We found that cationic NbGe; cluster follow the orbital sequence
1S*1P°1D"1F°1G*2D?25%2P*1F*1G*2D® (fig. 4.5) and adjust total 68 electrons as like closed shell model. Due to

crystal field splitting, some of the lower orbitals appear at the higher energy levels as shown in the sequence. With

Fig. 4.5 Density of states of cationic NbGes¢ cluster and its orbital with their position in PDOS
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references to the reported work as discussed, this is the strongest evidence of the stability of cationic NbGe¢ cluster
and at the same time it can be taken as a superatom with very high embedding energy 10.58 eV, IP (10.25 eV) and

HOMO-LUMO gap of 1.85eV.
4.3.3 IR and Raman spectrum

To understand the dynamical stability of the ground state clusters and their vibrational properties IR and Raman
spectra of the optimized geometries are calculated. Absence of any imaginary frequency in the spectrum represents
the real nature of the clusters. The dominant peaks shown in the IR and Raman spectra are due to the vibration of the
atoms in the cage. There is nearly no movement of the doped atom in this region. The vibration of the doped atom
contributes very low intensity in the relatively low frequency regions. Careful observation shows the presence of
mainly three to four dominating modes in IR and Raman spectra for all clusters. A lower number of vibrational
modes in IR are basically the indication of the vibration of the bonds (stretching) present in the structure nearly at
the same frequency or within a very narrow frequency range. This is because of the strong structural symmetry of
these clusters. Raman frequency in general indicates the bending mode in the clusters. The dominating higher mode
frequency with very high intensity is the breathing mode [40] of the cage cluster atoms, while the IR intensities have
three or four peaks in neutral and cationic cluster corresponding to the motion of Nb atom in different direction. In
the breathing mode all Ge atoms vibrate in the same phase whereas the doped atom remains static. The frequency
region, which is less than 200 cm™ is mainly due to the vibration of the germanium atoms and the doped atom as
well. This frequency shifted towards the low frequency region except for n=12 structure. The infrared spectrum and
Raman activity of NbGe, (n = 10, 14 and 15) has several peaks (fig. 4SIC Appendix B) due to its low symmetry.
Also for n = 14 and 15 the dominant peaks in the infrared spectrum shifting towards lower frequencies suggesting
that the Ge-Nb bonds become relatively weak as the size of the cluster grows. The low frequency region is mainly
due to the vibration of the caged atom. Closer observation of the dominating mode frequencies both in IR and
Raman spectrum, it is found that the infrared spectrum of NbGe;, has dominant peak at around 251 cm™ due to
additional strength in bonding because of NICS behavior.. The high frequency region indicates the higher bond
energy between the elements. Comparing this with the binding energy graph, it can be said that the increase in bond
energies helps to increase the binding energy per atom in the clusters. So IR and Raman activities show distinct
spectra for these clusters and it reflects the effect of structural change and bonding nature. Detailed frequency
analysis is shown in table 4.2. This also helpful to identify the ground state isomers in experiments as reported by

Atobe et al. [12
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Table 4.2 Dominant Raman and Infrared (IR) frequencies, IR intensity and Raman activity
for NbGe,, (n = 10-15) Clusters, where dominant peak shown in bold.

NbGe;q NbGe;; NbGe;,
o (cm™) Raman IR o(cm?)  Raman IR o(cm?)  Raman IR
95.22 0.91 0.00 113.51 1.18 0.02 127.36 0.02 3.03
107.67 3.34 0.09 114.43 4,95 0.24 133.03 0.00 5.91
107.83 2.68 0.10 119.62 3.35 0.81 146.31 10.45 0.00
108.19 452 0.09 125.94 2.1 1.90 160.65 17.75 0.00
132.50 2.77 0.00 128.87 3.38 1029 161.36 0.04 0.11
132.89 1.96 0.00 138.88 3.77 0.01 162.83 12.65 0.00
133.11 4.58 0.00 145.45 1.86 0.05 167.33 0.00 0.35
136.66 0.10 0.00 145.80 2.45 0.19 172.02 13.49 0.00
140.49 6.31 0.10 156.45 7.09 0.61 174.15 0.03 0.45
140.64 6.25 0.10 161.38 3.02 0.50 190.05 59.44 0
156.21 6.16 0.16 167.07 8.72 0.37 190.94 0.00 0.53
175.95 5.42 0.12 173.10 15.12 0.63 200.54 4.77 0
176.21 5.47 0.13 181.00 56.02 0.61 206.61 3.70 0.00
183.56 94.47 0.24 188.12 6.63 0.49 209.07 0.00 1.35
188.14 17.51 2.98 192.10 0.96 0.14 218.69 0.04 0.00
268.52 2.70 22.12 252.96 0.23 21.30 246.17 0.00 22.52
268.93 2.77 22.21 262.76 1.45 20.85 251.83 0.00 17.41
322.72 7.71 17.76 280.70 1.84 14.23 253.54 0.00 13.88

NbGel3 NbGel4 NbGels
o (cm™) Raman IR o(cm’)  Raman IR o(ecm?)  Raman IR
136.06 3.77 0.27 166.12 33.48 0.66 141.03 2.59 0.70
139.98 4.8 0.37 175.67 1.37 0.10 148.34 0.22 0.89
153.02 1.05 0.64 179.23 0.64 4.54 159.95 66.32 1.69
160.08 5.79 0.16 180.68 4.13 3.30 166.27 1.43 0.24
163.18 4.39 0.13 183.81 2.41 0.43 16856 5.44 6.83
168.16 17.76 0.93 187.97 3.25 0.16 175.86 2.09 2.42
169.50 9.88 0.36 190.27 0.63 0.04 185.62 4.40 0.01
177.05 18.03 0.82 191.65 1.98 1.30 188.97 4.67 1.97
178.86 6.49 0.97 198.80 0.03 0.70 190.5 0.31 0.09
182.14 4.85 0.33 200.96 1.07 0.00 196.13 3.02 4.73
186.13 6.95 1.33 210.76 1.11 0.44 201.53 2.56 0.26
196.86 1.19 0.94 224.33 2.60 0.01 202.41 5.96 0.70
203.44 13.06 0.78 225.25 0.36 9.45 207.21 0.24 0.88
205.94 8.53 0.07 226.48 23.26 0.06 208.16 2.77 5.61
228.51 0.42 9.65 233.72 2.25 0.42 217.15 1.36 9.63
230.60 1.58 7.09 236.62 0.91 8.57 221.86 1.26 8.67
24457 0.55 12.21 236.70 2.06 0.97 224.13 0.57 2.17
253.03 0.79 15.50 244.76 0.77 11.96 228.72 2.50 3.13
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4.4 Conclusions

In summary we have done theoretically study of the electronic properties, vibrational properties and superatomic
behavior of Nb doped germanium clusters at different sizes in neutral and cationic states. Different physical and
chemical parameters of the clusters show that neutral NbGe;, and cationic NbGe;¢ are the most stable species in the
whole range of study. In addition, neutral NbGe;o and NbGeyq; and cationic NbGe;; also show enhanced stability.
Therefore, to identify the most stable behavior, we have further studied NICS and closed shell model in both neutral
and cationic state of these clusters. We found that the NICS behavior of the ground state NbGe;, cluster supports the
aromatic nature of this cluster, whereas, cationic NbGes follow the closed shell superatomic model. The large
HOMO-LUMO gap of 1.85eV makes this cluster suitable for optoelectronic devices and chemical stable. Further,
the absence of any imaginary frequencies in these clusters shows that there is no presence of imaginary bonds in the

clusters and clusters can be physically acce
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CHAPTER 5
HYDROGEN STORAGE IN SMALL SIZE Mg,Co (n =1-10) CLUSERS: A DENSITY

FUNCTIONAL INVESTIGATION

5.1 Introduction

In last few decades, study of the interaction between hydrogen with the materials has evolved immense
interest in the research field of hydrogen storage. To solve the future energy problems, it is important to understand
the science behind this interaction from theory and experimental knowledge. Theory and computation can be used
not only to understand experimental results, but also to design low cost materials with improved hydrogen storage
efficiency. It is well known that magnesium and magnesium alloys have potential as high hydrogen storage elements
[1]. Moreover, these alloys are lightweights, cost effective and hence the most promising candidates for hydrogen
storage. However, due to the physical nature of hydrogen, it is difficult to store it in a large quantity in small a
volume. Therefore, modeling and experimental verification for the safe, reliable and cost effective hydrogen storage
elements is one of the main challenges in this field. Along with Mg based alloys, many more metals and their alloys
are capable of absorbing large amounts of hydrogen to form metal hydrides. So it is important to understand the
interaction of hydrogen with the storage material matrix in the nano as well as bulk form. In general, at the initial
stage, metal hydride formation is initiated by the chemisorption of H, on the metal surface. In the later stage, the
adsorbed H atoms diffuse into the crystal lattice in case of bulk systems. Usually, small sized transition metal
clusters improves the absorption process because of their higher surface to volume ratio. This makes more surfaces
available for chemisorption of hydrogen compared to the bulk materials. The present study mainly focuses on
understanding how the hydrogen molecule or atom adsorbs and dissociates with the nano Mg,Co clusters within the
size range of n=1 to 10. A number of experimental and theoretical research have been reported on hydrogen
adsorption and dissociation processes. Experimental and theoretical investigation of chemisorptions of H, on small
unsupported Pd, clusters (n<25) were reported by Fayet [2]. In a stable rutile structure of Mg,H, they minimized the
total energy by optimizing the lattice parameters. Electronic simulation using first principle can offer great insight
into the understanding of the influence of alloying elements on the hydride properties. An accurate model has been
developed by Giusepponi and Celino [3] which studied the mechanism of action of the catalyst and how it interacts
with the interface MgH,—Mg, through which H atoms diffuse, followed by molecular dynamics simulations at
several temperature that provided a clear description of the desorption mechanism and an estimate of the desorption
temperature. Song et al. [4] has investigated the influence of Al, Ti, Fe, Ni, Cu on stability of MgH, by means of
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electronic structure and total energy calculations. Stier et al. [5] carried out various theoretical calculation based on
density functional theory to study how binding energy and diffusivity of hydrogen change in magnesium hydride
when other elements are added with it. Zaluski et al. [6] studied the effect of Pd addition to nanocrystaline hydrogen
absorbing Mg,Ni and LaNis alloys. Substantial improvement have been found in the hydriding-dehydrating kinetics
by adding small amount of catalyzing elements constituted either by (i) Metals (Ce, Ti, Nb, Fe, Co, and Ni) (ii) non
metals (C and Si) (iii) transition metal oxide (iv) intermetallic compounds (LaNis, Mg,Ni and FeTi) to Mg based
hydrogen storage materials [7-11]. In the study of Zhang and Wu [12] different amount of LiNH, in the LisN-
MgH, (1:1) system was added the hydrogen storage capacity was improved from 3.2 wt% to approximately 5.1 wt%
at 250 °C by the addition of LiNH, from 0 to 2 mol. The microstructural evolution and hydrogen storage
mechanisms during the hydrogenation/dehydrogenation process for the LisN-MgH,—2LiNH, sample were also
discussed.

Among additives to improve hydrogen storage capacities metal can act through two different mechanism:
(a) metals like Ni, Pd or Ti form hydrides, which can behave as "Hydrogen pumps"; (b) transition metal such as Fe,
Co, and Cr, which favor the hydrogen molecule dissociation and phase transformation of Mg matrix to MgH, [13].
Recently, it is found that high-energy ball milling of magnesium hydride decreases the particle size and induces
stresses and defects in the structures [14-15]. Mananghaya [16] reported the implementation and effectiveness of the
ability of Nitrogen doped Carbon Nanotube (4ND-CN,NT) decorated with Sc for Hydrogen storage under the spin-
unrestricted Density Functional Theory. Detailed structural and electronic properties were reported starting from one
up to five hydrogen molecules absorbed by the system. Bobet et al. [17] reported that the addition of Co or Fe during
reactive ball milling of Mg significantly increases the quantity of formed MgH,, since the processing was able to
induce reduction of Mg particle size and easy formation of hydride phase. Amica et al. [18] reported the hydrogen
storage properties of LiNH,—LiH system with MH, added (M = Mg, Ca, Ti) and clarifies the chemical interactions
occurring during hydrogen cycling. Detailed structural investigations reveal that during heating under hydrogen,
MH,(M = Mg, Ca) reacts with LiNH, to form Li,Mg(NH), and 2CaNH-Ca(NH,), solid solution and at the same
time release of hydrogen. They found a new reversible pathway for hydrogen storage in the Li—-Ca—N-H system
after dehydrogenation of the LiNH,—LiH when added with CaH, by XRPD and FTIR with notable improvement in
the dehydrogenation temperature. To understand the storage mechanism and to model hydrogen storage elements, a
number of theoretical studies based on density functional studies have been reported [19-22]. Henry and Yarovsky
[23] have studied the dissociative chemisorptions of molecular hydrogen on charged and neutral aluminum clusters

Al X (X= Mg, Al, Si) using DFT. Retuerto et al. [24] studied the ternary metal hydride Mg,FeHs prepared by high-



pressure and high-temperature reaction from the simple hydrides and then characterized by neutron powder
diffraction to understand the crystallographic details and hydrogen occupancy. Wang et al. [25] investigated the H,
molecule dissociation on the doped icosahedral Al;,X (X = B, Al, C, Si, P, Mg, Ca) clusters by means of DFT.
Varano and Henery [26] investigated the hydrogen adsorption on magnesium doped aluminum clusters using DFT
method. Ren et al. [27] studied thermally stable Zr-MOF and Cr-MOF nanofiber composites as hydrogen storage
media. They found that with the 20 wt.% loading of MOF nanocrystals, the composites were able to achieve over
50% of the H, uptake capacity of individual MOF nanocrystals. Lu and Wan [28] studied hydrogen molecules
adsorption and storage in Sc coated Si@Aly, cluster using DFT. Kumar and Tarakeshwar [29] have studied the
geometric and electronic structures of capable transition metal (Sc, Ti, Zr) clusters useful for hydrogen storage.
Biliskov et al. [30] reported the study of SmNis_xAlx (x=0.25,0.5,0.75,1,1.5,2,2.5) alloys prepared by arc melting
and then characterized by X-ray powder diffraction to understand the crystal structures followed by pressure-
composition desorption isotherms to understand the hydrogen absorption ability and thermodynamic quantities of
the systems which has been checked by their DFT based. Their combined experimental and computational approach
provided a detailed insight into the mechanistic details of hydrogen storage in the systems. Sheng [31] investigated
the adsorption and dissociation of H, on Zr clusters using density functional theory (DFT). Yu and Lam [32] have
studied the electronic and structural properties of Mg,H, clusters using DFT. Recently, Hasan et al. [33] presented
the results of our DFT-based investigations on the effects of the substitution of magnesium with cobalt and nickel in
the bulk magnesium hydride; and the hydrogen adsorption and desorption on the MgH, (001) surface by studying
the energetic aspects of these interactions. The results also showed the merit of the cobalt and nickel dopants in the
magnesium hydride destabilization, which facilitates the hydrogen release. Huaiyu et al. [34] synthesized the
nanostructure Mg,CoHs and Mg,Co from Mg and Co nanoparticles by hydrogen plasma-metal reaction method, and
they found that the nanometer scale effect plays an important role in synthesis. Recently, Fanjie and Yanfei [35]
reported the electronic, structural and magnetic properties of Mg,X cluster (X= Fe, Co, Ni ) and found X atom is
endohedrally localized in Mg,X clusters and Mg,X cluster is stable in whole series. Keeping the development in the
theoretical studies of hydrogen storage elements, in the present report we proposed a simple model to find out how
transition metal Co plays an important role in the hydrogen dissociation process on Mg clusters and the reaction
with H, using density functional theory based calculations. The present theoretical study gives a number of useful

understandings of hydrogen storage in Mg,Co nanoclusters.
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5.2 Computational Methodology

In the present work, the geometry optimizations of all the structures and the corresponding hydrogen
reaction have been studied at the B3LYP [36] level with Gaussian’ 03 [37] program package using density
functional theory. To find the lowest energy structure of Mg,Co clusters, we designed as many initial configurations
as possible based on our previous reports [38, 39]. To avoid trapping in the local minima of the potential energy
surface, all the geometries with unconstraint symmetry and various possible spin multiplicity were considered. The
position of all atoms in the structure are relaxed to get the final structure with the minimum total energy with no
imaginary frequency values and hence conforming their existence at the minima on the potential energy surface. An
all electron basis set 6-311G** is used for H atom and LANL2DZ with effective core potential (ECP) is used for
both Mg and Co atom. This scheme is good compromise between accuracy and computational effort. The quadratic
synchronous transit (QST) method [40] is used in determining the transition state geometries. For reaction pathways,
minima are connected to each transition state by tracing the intrinsic reaction coordinate. To confirm the validity of
the present methodology, first we applied it to the Mg-Mg, Co-Co and H-H dimers and the calculated results are
presented in table 5.1. Comparing these results with the experimentally and theoretically reported values, we
confirm that our computational methods are in good agreement with the reported values. The structure of the

hydride Mg,CoH, and H,Mg,Co clusters were also optimized to study the favorability of hydride formation at the

Co site or Mg site.

5.3 Results and Discussion

An important parameter of hydrogen storage system is the surface adsorption and dissociation of hydrogen
with the storage matrix. The transition metal element Co in the present study works in three ways. At the beginning
it favors the hydrogen molecule absorption in Mg matrix to make a low valance complex Mg,H2. At the end the Co
helps to remove these hydrogen atoms from the metal complex by starting up an exothermic hydrogen reaction

known as hydrogen dissociation.

Table 5.1 Bond length and Lowest frequency of different dimers

Dimer Bond length (A) Lowest frequency (cm™)
Mg; 3.96,3.89 [41] 43.28,51.12 [44]
Co, 2.32, 231 [42] 245.21, 297 [45]
H, 0.743, 0.741[43] 5112.4, 4401 [46]

TExperimental
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Following the growth pattern of the Mg,Co clusters within the size range n=1 to 10, it can be found that the
Co atom always adsorbs on the surface of magnesium cluster. There is always a chance of absorbing the Co atom
endohedrally for n=10 magnesium cluster, but it has no use at present, because in that case the Co atom would not
be available for hydrogen absorption. The ground state clusters in each size with the addition of hydrogen and with
different parameters are shown in the fig. 5.1. To check the thermodynamic and to study the electronic properties of
different clusters we have studied the variation of average binding energies (BE) and 2" order change in energy (A»)
with the cluster size and discussed in the following section.
The ground state spin multiplicity of Mg,Co isomers is either in doublet or in quartet spins state. The Mg-Co dimer
is in quartet ground state with the bond length of 2.52 A and having C, point group symmetry. The ground state
structure of Mg,Co is a triangle with quartet state C; point group symmetry. Ground state of Mgs;Co is a rhombus
with doublet electronic state and C, point group symmetry. The Co caped bent rhombus in the ?A, electronic state
with C,, point group symmetry is found as the ground state in n=4 size. The other three optimized low energy
isomers are in the form of rhombus with a tail, which are not presented here. Three low energy optimized isomers
are found in the MgeCo series. These structures can be obtained by adding a Co atom to Mgg or by replacing a Co
atom from Mg; structure. The Co caped pentagonal bi-pyramidal in the *A; electronic state with C, point group
symmetry is found as the ground state structure. The minimum energy structure within the size range n=4, 6 and 9
are all much known structure in most of the transition Metal doped clusters. The predicted ground state spin
multiplicity for Mg,Co is found to be a doublet and quartet for n= 4 and 6 respectively. Four low energy isomers are
found in Mg,Co. Out of these, the ground state structure is Co caped bent rhombus in the 2A,; electronic state with
C,y point group symmetry. The other three are planar rhombus with a tail are not presented here. Three low energy
optimized isomers found in the MgeCo series. These structures can be obtained by adding a Co atom to Mgs or by
replacing a Co atom from Mg; structure. The Co caped pentagonal bi-pyramidal in the *A; electronic state with C,
point group symmetry is found as the ground state structure. A number of isomers are obtained in the sizes with n>6.
The ground state isomers are shown in fig. 5.1. To get the idea of the stability of the pure Mg,, Mg,Co and
H,Mg,Co clusters, we define average binding energy per atom and second order energy difference in the present

study following our previous reports [38, 39] for neutral clusters as follows:
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Fig.5.1 Optimized ground state isomers of Mg,Co, Mg,Co-H, and H2-Mg,Co clusters (n=1-
10). Dark purple balls are Mg atom, green balls are Co atom and small red balls are

H atoms. Superscript indicates the multiplicity of the clusters.
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BE(Mg,Co) = [nE (Mg) + E (Co) — E(Mg,Co)]n+ 1 (5.1)

BE(H, — Mg,Co) = [nE (Mg) + E (Co) + 2E(H,) — E(H, — Mg,,Co)]n + 3 (5.2)
A;(Mg,Co) = E(Mgp,1C0) + E(Mg,_,Co) — 2E(Mg,Co) (5.3)

A,(Hy — Mg,Co) = E(H, — Mg,,,Co) + E(H,—Mg,,_,Co) — 2E(H, — Mg,Co) (5.4)
Where, ‘E’ represents the optimized energies of the clusters or the energy of a single atom in a particular system. All
calculated parameters of the clusters are tabulated in table 5.2. Following the above definitions of binding energy, it
means the average gain in energy per atom during the formation of cluster from individual atoms. Whereas, the 2™
order change in energy means the difference of the energy of a cluster surrounding to its neighbor. The fig. 5.2
represents the variation of binding energy and second order change in energy of both the clusters with the number of
Mg atoms. Following the binding energy graph, there is a local maxima at n=4, 6 and 9 in Mg,Co. The behavior of
BE in Mg,Co is in agreement with the recent report [35]. Variation of binding energy after addition of hydrogen
with Co in Mg,Co decays exponentially. This means that the hydrogen atoms attached with the cluster loosely. The
average binding energy of Mg,Co changes from 0.35eV to 0.4eV within the range of the present study. This is in
other words the binding energy of these clusters are almost stable and this is an indication of thermodynamic
stability. The same clusters when absorbs hydrogen, the binding energy sharply drops from 4.78 eV to 1.02 eV when
the size varies from n =1 t010. Combining the two variations it can be found that in relatively stable Mg,Co clusters
(n=4 to 10) the average binding energy per atom varies between 2 to 1eV (fig.5.2) after joining hydrogen with Co
atom, which is lesser compare to the Mg,Co. This means after releasing hydrogen the cluster will regain their
stability, which is an indication to use it as a suitable candidate for hydrogen storage. Comparing the bond lengths of
Mg-Mg in Mg, clusters shown in table 5.2 (a) with the same in Mg,Co clusters, one can see that the Mg-Mg bond
length of Mg,Co is always higher than that in Mg, for the same value of n. This is due to the fact that the
electronegativity of a Co atom is higher than that of Mg and hence the interactions of Mg-Co bonds are stronger

than that of Mg-Mg bonds.
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Table 5.2 (a) Bond length (A) of Mg,, MgnCo, MgnCo-H, and H2-Mg,Co cluster

n Mg, Mg,Co Mg,Co-H, H2-Mg,Co
Mg-Mg Mg-Mg Mg-Co Co-H Mg-Co Mg-H Mg-Co

1 2.58 5.62 2.52 1.72 3.02
2 3.96 3.09 2.75 1.50 2.54 1.92 2.69
3 3.45 3.25 2.65 2.16 2.64 1.72 2.53
4 3.13 3.11 2.70 3.41 2.63 1.80 2.70
5 3.24 3.26 2.53 1.66 2.65 1.73 2.44
6 3.16 311 2.68 4.69 2.68 1.73 2.38
7 3.82 3.13 2.70 1.96 2.76 1.72 2.52
8 3.91 3.15 2.70 191 2.64 1.73 2.48
9 3.19 3.01 2.70 2.02 2.70 1.73 2.66
10 3.89 2.57 2.60 181 2.57 1.72 2.80

Table 5.2(b) Binding energy (BE), Fragmentation energy (FE) and HOMO-LUMO (eV)
gap in Mg,Co, MgnCo-H2 and H2-Mg,Co cluster

n Mg,Co Mg,Co-H, H2-Mg,Co
BE(eV) FE(V) Gap(eV) BE(V) FE(V) Gap(eV) BE(eV) FE(eV) Gap(eV)

1 0.35 0 2.80 5.50 0 4.54 4.75 0 2.85
2 0.35 0.35 291 2.98 0.46 2.17 2.99 1.20 2.25
3 0.35 0.35 2.06 2.10 0.35 2.77 2.16 0.50 2.25
4 0.43 0.76 2.23 1.74 0.64 2.12 1.80 0.73 2.23
5 0.42 0.34 2.09 1.45 0.31 2.14 1.60 0.80 1.95
6 0.43 0.50 2.14 1.30 0.54 1.65 141 0.47 2.17
7 0.42 0.36 1.87 1.15 0.27 1.60 1.25 0.26 1.57
8 0.39 0.14 1.00 1.06 0.44 1.82 1.12 0.20 1.49
9 0.49 1.41 1.63 1.08 1.24 1.65 1.09 0.90 1.63
10 0.48 0.40 2.09 0.90 -0.77 1.46 1.02 0.30 1.93
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Fig. 5.2 Variation of Binding energy (a) and stability (b) of CoMg, and H2-Mg,Co clusters
with thenumber of magnesium atom
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To explore the relative stability of Mg,Co clusters with the increase of the cluster size within the range of n =1 to
10, we have studied the stability or the second order difference energy (A;). Following the definition of stability as
mentioned, large positive value of A, is the indication of enhanced stability as they correspond to a gain in energy
during growth process from the immediate lower size and lower gain in energy to the next bigger size. Variation of
stabilities of Mg,Co and H2-Mg,Co clusters with the variation of ‘n’ is shown in fig. 5.2. There are a number of

maxima in the stability variation of Mg,Co. The picture is different in H2-Mg,Co. Here in the middle region this
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variation is comparatively less with a local maxima at n=5 in the hydrogenated Mg,Co. Following the variation of
stability parameter, we found that the clusters at n=4 and 6 are behaving in the same manner as binding energy
parameter. Though there is no sharp peak in stability parameter of Mg,Co, but there is an increasing trend. Since our
size limit is n=10, therefore, we cannot make any comment for the cluster at n=9 on its stability. Therefore, we will
focus our study on the clusters with n=4 and 6 in Mg,Co clusters and n=5 for hydrogenated Mg,Co clusters.

To study the chemical stability of the clusters, the vertical ionization potential (VIP), vertical electron
affinity (VEA), chemical potential (L), chemical hardness (n) of each cluster. We have calculated above parameters
following our previous reports [47-51]. Variation of VIP is basically defining the energy difference between the
cationic and neutral clusters both are at the same equilibrium geometry of the neutral cluster. Whereas, VEA is
defining the energy difference between the neutral and its anionic clusters both at the equilibrium geometry of the

anionic cluster. By the definition

VEA(Mg_Co) = E(Mg,Co) — E(Mg,Co™) (5.5)

VIP(H, — Mg, Co) = E(H,—Mg,Co*) — E(H,—Mg,,Co) (5.6)
In the above expressions, when hydrogen attached with Mg as atomic form, we have used the formula of the cluster
as H2Mg,Co, whereas, when it has been attached with the Co, we have used Mg,CoH,. We have used this
convention throughout presentation. Variation of VIP and VEA with the cluster size for different clusters is shown
in table 5.3. This can be seen clearly from the VIP variation that there is a rise of VIP at n = 4 and 6 for Mg,Co
clusters and drop at the same sizes for H2-Mg,Co clusters. The values of VEA also support the variation of VIP.
Following these results and the data for H2-Mg,Co presented in table 5.3, it is a clear indication of easy release of
hydrogen from stable H2-MgsCo clusters. The variation of chemical potential and chemical hardness; VIP and VEA
are shown in Fig. 5.3. For Mg,Co cluster there are local peaks at n = 4 and 6 for chemical hardness and minima for
chemical potential. Again for H2-Mg,Co series there are local peaks at n = 5 and 7 for chemical hardness and
minima for chemical potential. As mentioned above the values of VIP indicating local peak at n = 4 and 6 for
Mg,Co cluster and at n = 5 and 7 for H2-Mg,Co clusters. Following the stability nature of H2-Mg,Co, n=5 is more

stable than n=7.

77



Table 5.3 VIP and VEA values of CoMg, and H2-Mgnco cluster

n VIP VEA
Mg,Co (eV) H2-Mg,Co (eV) Mg,Co (eV) H2-Mg,Co (eV)

1 6.07 7.22 3.17 1.63
2 4.08 6.34 1.56 2.76
3 5.41 6.04 1.94 2.83
4 6.26 5.36 1.66 1.48
5 5.13 5.77 2.43 1.90
6 5.91 5.45 1.90 1.16
7 5.03 5.34 1.69 1.8
8 4.86 4.79 1.97 1.89
9 4.61 5.7 1.75 2.36
10 4.24 5.16 131 2.32

Therefore, it is logical to consider H2-MgsCo as only suitable candidate in hydrogen adsorption and dissociation
process. The values of VEA showing local minima at n = 4 and 6 for Mg,Co cluster is indication of higher stability.
These behaviors again support our results and also support that H2-MgsCo cluster is the best candidate for hydrogen

dissociation.
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Fig. 5.3 Variation of chemical potential and chemical hardness (a), vertical ionization
potential (VIP) and vertical electron affinity (VEA)(b) of different
clusters with number of magnesium atom
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5.3.2 Physisorption and Chemisorptions energy

Accumulation of atoms or molecules from their vapor phase over a solid surface, commonly known as
adsorption, occurs due to attractive force acting between the atoms (or molecules) and the solid surfaces. Due to
van-der Waals forces acting between the solid surfaces and the nearby atoms or molecules, when the atoms or
molecules adsorbs on the solid surface is known as physisorption. On the other hand, when this adsorption occurs
due to the formations of bonds between the atoms or molecules with the solid surfaces, is known as chemisorption.

The chemisorption may affect the electronic structure of the solid surfaces as due to the perturbation effect. The

79



most stable adsorption modes obtained in the present study is shown in fig.5.1. Adsorption energy, the H-H bond

length, the Co-H bond length and the HOMO-LUMO gap are summarized in table 5.4.

Table 5.4 Adsorption energy, the H-H bond length, the Co-H bond length and the HOMO-
LUMO gap

Cluster AEqy (eV) Dun (eV) D co-n (eV) Gap (eV)
MgCoH, 0.56 0.74 5.62 2.85
Mg,CoH, 0.67 0.74 4.38 2.25
Mg;CoH, 0.68 0.74 5.49 2.25
Mg,CoH, 0.56 0.74 3.41 2.23
MgsCoH, 0.52 0.87 1.66 1.95
MgsCoH, 0.63 0.74 4.69 2.17
Mg, CoH, 0.46 0.77 1.96 1.57
MgsCoH, 0.6 0.77 191 1.49
MgyCoH, 0.59 0.76 2.02 1.63
Mg;0CoH, 0.55 0.78 1.81 1.93

The adsorption energy [52] is evaluated using the following equation

AEqq = E(Mg,Co) + E(Hy) — E(Mg,Co — Hy) (5.7)
where, E (Mg,Co), E (H,) and E (Mg,Co-H,) are the optimized energies of Mg,Co, H, molecule and Mg,CoH,
clusters.

Table 5.5 Location of H, Multiplicity, H-H Bond length (A), HOMO-LUMO gap and
Chemisorption energy

Cluster location M (UB) DhH Gap (eV) AEce (eV)
H2-MgCo t (Mg), t (Mg) 4 3.42 454 0.154
H2-Mg,Co n, b (Mg, Mg) 2 251 2.17 0.694
H2-Mgs;Co n, t (Mg, Mg) 2 8.64 2.77 0.847
H2-Mg,Co o, t (Mg, Mg) 2 3.53 212 0.819
H2-MgsCo n, t (Mg, Mg) 2 5.98 2.14 1.273
H2-MgsCo o, t (Mg, Mg) 2 5.18 1.65 1.325
H2-Mg-Co o, t (Mg, Mg) 2 5.99 1.6 1.145
H2-MgsCo o, t (Mg, Mg) 2 8.04 1.82 1.053
H2-MgyCo t, n (Mg, Mg) 2 8.13 1.65 0.699
H2-Mg;,Co 0, t (Mg, Mg) 2 7.98 1.46 1.743
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We found that the most favored adsorption site for most clusters is on the Co top site (fig.5.1) as reported by other
groups on transition metal doped Mg, systems [7,8,11]. With reference to the fig. 5.1, hydrogen atoms absorbed with
Mg atoms in Mg,Co cluster via chemisorption process. In general chemisorptions energies [52] is used to describe

the reactivity of H, on the Mg,Co clusters. It can be defined as:
Where Emgnco, Erz and Ene-mgnco @re the calculated optimized energies of the Mg,Co, H, molecule and H2-Mg,Co

clusters respectively. As per the thermodynamic data, VIP, VEA, and the data presented in table 5.4, we can choose

H2-MgsCo cluster as the most stable as well as most reactive for hydrogen dissociation.
5.3.3 H; Dissociation mechanisms

Again to examine the H, dissociative process; we define the physisorption and chemisorptions with the H,
molecule as the reactant and product. In physical adsorption, the forces of attraction between the molecule of the
adsorbate and the adsorbent are of the weak Van der Waals type. Since the forces of attraction are weak, the process
of physiorption can be easily reversed. In chemical adsorption, the forces of attraction between the adsorbate and the
adsorbent are very strong. The molecules of adsorbate form chemical bonds with the molecule of the adsorbent
present in the surface. The computed reaction energy is directly calculated by the total energy difference between
the reactant and product. This is the minimum amount of energy needed before a reaction can start. Negative
reactant energy means the process is exothermic otherwise it is endothermic. The activation barrier (kcal/mol) is
calculated by the total energy difference between the reactant and the transition state.

H, dissociation on all Mg,Co clusters is exothermic (-3.7 to -27.19 Kcal/mol) showing in table 5.6. The computed
reaction energy (AE,), activation barrier (eV) for the transition from the physisorbed Mg,Co-H, cluster to the related
chemisorbed form is shown in table 5.6. Among the Mg,Co clusters the MgsCo cluster shows lower activation
barrier and the largest reaction energy and largest chemisorption energy. So it is showing significant chemical
reactivity and can break the H-H bond endothermically when interacting with a H, molecule. Again this supports the
results obtained from the calculated optimized potential energy (kcal/mol) surfaces for MgsCo-H, for the

dissociative chemisorptions reactions shown in fig.5.6.
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Table 5.6 Reaction energy (AE,) including zero point energy, Activation barrier, and

Frequency (cm™)

Cluster Reaction Energy(kcal/mol) Activation Barrier o (cm™)
(kcal/mol)
MgCo -16.49 27.82 -743.65
Mg,Co -0.42 7.55 -466.04
Mgs;Co -3.70 17.17 -39.55
Mg,Co -5.92 13.93 -329.69
MgsCo -17.26 20.63 -180.49
MgsCo -15.85 23.80 -21.97
Mg-Co -15.62 11.00 -36.35
MgsCo -10.22 12.38 -153.54
MgeCo -22.46 15.57 -252.46
Mg10Co -27.19 14.48 -38.60

Fig. 5.4 Potential energy surface of H2-MgsCo clusters.

25
20
15 r

Relative energy (Kcal/Mol)
=)
L

MgSCo+H2

22.63
~8—IRC path

0.52R

-13.21 -17.30P

Reaction Cordinates

After optimization, the H-H bond lengths are 2.53 A, which is 1.79 A more than the H-H bond length of the isolated

H, molecule (0.743A). This is a clear indication of relaxation of hydrogen on the cluster surface where it can be

easily removable. The calculation of reaction path is important to verify the transition state as calculated before. If

we know the transition state, we can calculate IRC path starts from TS and give the information about the potential
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energy surface. It steps toward reactant and then towards products. These results illustrate the chemical behavior of
molecular hydrogen dissociation into hydrogen atoms on clusters. The calculated difference between energy of
product of reaction path and reactant (MgsCo + H,) energy is 22.63 Kcal/mol, which is nearly equal to our
calculated value from the IRC path (20.63 Kcal/mol). These results exhibit the dissociation process of hydrogen

atom on Mg,Co clusters.
5.4 Conclusions

Present study reports the use of Mg,Co as an effective hydrogen storage element in the form of
nanoclusters. From the growth pattern of Mg,Co (n=1-10) clusters it is found that Mg,Co and MgsCo both are stable
in the series where Co prefers to take peripheral position. From the chemisorptions and physisorptions energies and
VIP and VEA parameters, we found MgsCo only can be used as effective hydrogen storage and dissociate element.
After addition of H,, H2-MgsCo is appears as efficient hydrogen catalyst. Together with these two, H2-MgsCo
shows highest reaction energy in IRC path and we found the same activation barrier during the chemical process as
we calculated in our simulation. The complete study shows that in the Mg,Co (n=1-10) series, MgsCo can be

selected as an efficient hydrogen storage element.
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CHAPTER 6

STUDY OF ADSORPTION AND DISSOCIATION PATH WAY OF H;
MOLECULE ON MgnRh (n = 1-10) CLUSTERS: A FIRST PRINCIPLE
INVESTIGATION

6.1 Introduction

At present huge consumption of fossil fuels are causing serious air pollution and is the source of greenhouse gases.
Moreover, the stored renewable fossil fuels are limited in the Earth. Therefore, searching for a plentiful, renewable
and particularly clean, alternative energy resource is vital for the mankind. Hydrogen is being considered as a gifted
alternative fuel source because of its efficiency, abundance and environmental friendliness [1-2]. Hydrogen is a
promising clean energy carrier and has been attracting much interest to the scientific communities, governments and
industries [3]. One of the primary technical challenges is to search for the economic, effective and safe hydrogen
storage medium. The storage of hydrogen in solid-state materials offers an alternative way in this direction. The use
of magnesium based systems is considered as one of the promising hydrogen storage material due to its lightweight,
low cost and having high hydrogen storage capacity [4]. But the challenging problem in using magnesium as
hydrogen storage materials is due its high thermal stability and slow kinetics of hydrogen adsorption and
dissociation reaction processes [5-6]. A number of theoretical and experimental works have been done to improve
the efficiency of Mg metal to meet the stringent criteria for hydrogen storage [7-12]. One of these attempts is to drop
transition metal atom into magnesium clusters, which can greatly reduce the activation barrier for dissociation
process of hydrogen [13-15]. Metal hydrides are natural hydrogen storage materials and are make relatively strong
bonds between hydrogen and the host. So hydrogen adsorption on hydride metal surface and nanoclusters is a
widely studied subject that gives us an opportunity to gain a basic knowledge in the hydrogen storage science.
Experimentally, the chemisorptions process on H, on Pd, clusters and Pd clusters deposited on a thin film of
alumina [16-17] have been investigated in order to understand the reaction mechanism of Pd, with hydrogen during
addition and dissociation reaction processes. Later, Amica et al. [18] reported the hydrogen storage mechanism of
LiNH,—LiH system with MH, added (M = Mg, Ca, Ti) and clarifies the chemical interactions occurring during
hydrogen cycling. Detailed structural investigations reveal that due to heating, MH, (M = Mg, Ca) metal hydrides
reacts with LiNH, to form Li,Mg-(NH), and 2CaNH-Ca-(NH,), solid solution and at the same time release of
hydrogen. They found a new reversible pathway for hydrogen storage in the Li—-Ca—N-H system after

dehydrogenation of the LiNH,—LiH when added with CaH, by XRPD and FTIR with distinguished development in
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the dehydrogenation temperature. Retuerto et al. [19] studied the tri-atomic metal hydride clusters,
Mg,FeHs, prepared by high-pressure and high-temperature reaction from the hydrides and then characterized by
neutron powder diffraction to understand the crystallographic details and hydrogen occupancy. Gutfleish et al. [20]
have recently studied Mg alloyed with Ni and Pd. They found that the product of ternary alloy can be used as an
excellent hydrogen adsorption and dissociation element with high kinetic and cyclic stability. In addition, many
researchers [21-24] experimentally investigated the catalytic effects of transition metals elements, Co, Cu, Mn, Y,
Ti, and Cr on the hydrogen storage properties of Mg based metal hydrides. They found again that adding a small
amount of transition metal could improves the hydrogen storage properties. At the same time, many theoretical
investigations related to hydrogen storage, many groups have been studied hydrogen adsorption and dissociation
processes. Varano and Henry [25] used density functional theory (DFT) method to investigate the hydrogen
adsorption on magnesium-doped aluminum clusters. Liu et al. [26] studied the hydrogen molecules adsorption and
storage in Sc coated SiAly, cluster using DFT. It has been found that by doping the transition metal atom can grow
weaker the Mg-H bond and reduce the stability of the hydride. Liang et al. [27] and Schulz et al. [28] found that V
and Ti are better catalysts than Ni for hydrogen adsorption and desorption when they from Mg-H, metal composites.
In this direction Song et al. [29] and Shang et al. [30] found that the stability of MgH,-Ti is higher than MgH,-Ti.
Recently, Esteania et al. [31] used DFT to study hydrogen desorption energy in pure Nb or Zr doped system
containing vacancy like defects and an MgH, defect free surface. Nb and Zr modify the surface geometry and make
weaker the Mg-H bonds, hence, easing the H desorption process. First principle calculation based on DFT carried
out by Larsson et al. [32] to show that Ti, V, Fe and Ni significantly lowered the hydrogen desorption energies in
Mg-H2 nanoclusters. A computational study carried out by Liang [33] using DFT showed that substitution of two
Mg atoms in Mg-H2 by a Li or Al may improve its hydrogen storage capability by lowering the reaction energies as
well as activation barrier. It is well known that Pd, Rh and Ni have very high affinity towards hydrogen absorption
and form metal hydrides. These elements are very useful in hydrogen storage technology as catalysts due to their
high hydrogen solubility, diffusivity and corrosion resistance [34-38]. Therefore, overall view is that due to doping
of transition metal elements improves the hydrogen storage and dissociation properties of materials. It is still very
interesting to know about the transition metal atoms that could be efficient for hydrogen storage. Our previous
theoretical work [39] on small sized Mg,Co clusters found that Co plays an important role in the hydrogen
dissociation process on magnesium clusters. Research on Mg is aiming to reduce the high temperature required for

the dissociation of its hydride phase and to accelerate the H2 adsorption Kinetics. In the present work we have
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studied the hydrogen adsorption and dissociation process of Mg,Rh nanoclusters within the size range n=1-10. Our
results show the effectiveness of Rh transition metal to improve the hydrogen adsorption energy and the hydrogen

storage capacity. It is also qualify as good catalysts for accelerating the kinetics of hydrogen adsorption.
6.2 Computational methodology

We perform first principle density functional theory calculation using Becke, three-parameter, Lee- Yang-
Parr (B3LYP) functional [40]. The exchange correlation contribution is included in the calculation by using the
generalized gradient approximation proposed by Perdew-Burke-Ernzerhof [41]. The geometry optimizations are
carried out starting from several initial geometries reported in our previous work [39, 42-44] without imposing any
symmetry constraints. With increasing size of cluster, the number of isomers in a particular size increases. So it is ca
challenging job to find out ground state geometry in a particular size. Tai and Nguyen [45] adopted a stochastic
method that covers a good number of isomeric structures and enhance the chance of searching the ground
state geometry. The standard Lanl2dz [46, 47] basis set with effective core potentials are used for Mg and
Rh atoms, while, 6-311G (d) [48] basis set is used for hydrogen molecule. After establishing the ground
state geometries of pure Mg,Rh clusters, we find out the most preferred sites for hydrogen substitution.
The QST [49] method has been employed to find out the transition state and intrinsic reaction coordinate
(IRC) path to relate the activation energy barrier and then compared with calculated results for the
dissociation of hydrogen molecules attached with the Mg,Rh clusters. For reaction pathways, minima are
connected to each transition state by tracing the IRC path. All computations are performed using
Gaussian’ 03 program package [50]. The number of imaginary frequency of all the optimized geometry of
Mg.Rh clusters are zero, thereby conforming stable ground state structures. In order to establish the
accuracy of the present method we have performed few test calculation on Mg-Mg, Mg-Rh, Rh-Rh and
H-H dimers, and is summarized in table 6.1. The results show an excellent agreement between the present
calculations with the experimental and theoretical studies.
6.3 Results and discussions

As discussed in the last section, a number of starting geometries for Mg,Rh clusters are considered in the
optimization process. The lowest energy isomers of Mg,Rh, Mg,Rh-H, and H2-Mg,Rh clusters are shown in fig.
6.1. It shows a clear growth pattern of Mg,Rh clusters from Mg-Rh dimer within the range of n=1-10. We found that

the theoretical ground state of Mg-Rh dimer with C.,, point group symmetry hold a doublet state. The next higher
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sized isomer is also a doublet. Three optimized isomers are found at Mg,Rh composition. The triangular isomer in
C,y point group symmetry is the ground state. The structure of others two are linear as shown in fig. 6.1. With the
increasing size of clusters, out of three isomers in MgsRh clusters the isomer with triplet bend rhombus with C,,
point group symmetry is the lowest energy structure, which is similar to the previous theoretical report [51, 52].
Similarly, three isomers are optimized with composition MgsRh, where, the isomer with the Cs point group
symmetry and distorted pyramidal structure is the theoretically ground state. The edge caped trigonal bi-pyramidal
isomer found as ground state geometry with C,, point group symmetry among the isomers with MgsRh composition.
Pentagonal structure with Cg point group symmetry is the lowest energy structure in MggRh cluster. Similarly bi-
capped pentagonal structure with Ds, symmetry group is the ground state structure at the Mg;Rh clusters. For
MggRh, the most stable structure is a capped square prism with Cs point group symmetry in doublet state. The
lowest energy isomers MggRh and MgoRh are in doublet spin state with C; point group symmetry. Following our
previous report [39] we did not take the endohedrally position of the Rh atom, because, in that case it will be not
available for reaction with hydrogen. By the adsorption and dissociate capabilities of magnesium transition metal
alloy clusters, we explore the possibility of hydrogen adsorption and dissociation process on Mg,Rh clusters via

examining the reaction energy, activation barrier and chemisorptions energy.

Table 6.1 Bond lengths (A) and frequencies (cm™) of different dimer

Dimer Bond length (A) Lowest frequency (cm™)
Mg, 3.96", 3.89,3.88%[46,47] 43.28%, 51.12%[51]
Rh, 2.32%, 2.31% 2.28%[48,49] 245.217, 2974[48]

H, 0.743, 0.741%, 0.743%[50,57] 5112.4%, 4401%[50]

+ Present I Reported

6.3.1 Energetic and Stability

It is important to understand the relative stability of different sized Mg,Rh and H2-Mg,Rh (n = 1-10)
clusters in the series during growth process. To get this idea we have studied the variation of different
thermodynamic and chemical parameters of the clusters, such as, average binding energy (BE), 2™ order change in

energy (A\,), adiabatic chemical affinity (ADE) etc. with the cluster size.
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Fig. 6.1 Optimized ground state isomers of RhMg,,, Mg,Rh-H, and H2-Mg,Rh clusters (n=1-
10). Dark purple balls are Mg atom, green balls are Rh atom and small red balls are H atoms.
Superscript indicates the multiplicity of the clusters.

*MgRh ’Mg,Rh ’Mg;Rh ’Mg,sRh
MggRh ’Mg;Rh ’MggRh ’MgsRh
MgRh-H, Mg,Rh-H, Mg;Rh-H, Mg,Rh-H, MgsRh-H,
H2-MgRh H2-Mg,Rh H2-Mg;Rh H2-Mg,Rh H2-MgsRh
MgeRh'Hz Mg7Rh'H2 Mgth-Hz Mgth-Hz MgloRh-Hz
H2-MgsRh H2-Mg;Rh H2-MggRh H2-MgsRh H2-MgyRh
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The relative stability of the clusters can be represented with the calculation of average binding energy and
second order difference of the total energy of the clusters in the present study following our previous reports [39] for

neutral clusters as follows:

BE(Mg,Rh) = [nE (Mg) + E (Rh) — E(Mg,Rh)In+ 1 (6.1)
BE(H, — Mg,Rh) = [nE (Mg) + E (Rh) + 2E(H,) — E(H, — Mg,Rh)In+3 (6.2)
Az(MgnRh) = E(Mgn+1Rh) + E(Mgn—th) - ZE(MgnRh) (6.3)

Ay(Hy — MgynRh) = E(Hy — Mgpny1Rh) + E(H;—Mg,_1Rh) — 2E(H, — Mg,Rh) (6.4)

where, E represent the optimized energy of the clusters or the energy of a single atom in a particular system. We
tabulated all the parameters in Table 6.2. In the above expression, when hydrogen attached with Mg in atomic form
we used the formula of the cluster as H2-Mg,Rh, whereas, if hydrogen attached with the Rh as molecule, we used
Mg,RhH, throughout this report. The above definition of binding energy (BE) means the average gain in energy per
atom during the formation of cluster from individual atom, while, the second order change in energy (A;) indicates
the difference of the energy of a cluster surrounding to its neighbor. fig. 6.2 (a) show the variation of the average
atomic binding energy of the Mg,Rh or H2-Mg,Rh clusters with the increasing clusters size. It is clear that during
the growth process of Mg,Rh, the BE increases with a maximum value of 0.95 eV and then decrease. The initial
increase in the average binding energy is an indication of thermodynamic instability of the clusters. Furthermore,
with the increasing the cluster size, the binding energy of H2-Mg,Rh clusters displays an asymptotic decrease,
indicate these clusters attain stability more quickly at n = 6, which is similar to the trend obtained by Ling Guo [51].
fig. 6.2 (b) shows the variation of 2" order change in energy of Mg,Rh and H2-Mg,Rh clusters. It is a sensitive
quantity that reflects the stability of the clusters and also known as stability parameter. As shown in fig. 6.2, the
local maxima of the AE of the Mg,Rh clusters appear at the n=6, which is in good agreement with the binding
energy curve. The relatively higher stability is mainly associated with the geometry of the cluster. There is no clear
local maxima of H2-Mg,Rh BE variation at n=9. However, the local maxima at n=9 in the stability parameter of H2-

MgeRh show additional stability at n=9.
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Fig.6.2 Variation of Binding energy (a) and stability (b) of RhMg, and H2-MgnRh clusters

with the number of magnesium atom.
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To get more insight into the stability of the cluster we calculated the vertical ionization potential (VIP) and vertical
electron affinity (VEA). Vertical ionization potential is often used to investigate the chemical stability of small
clusters. Larger value of VIP leads to less reactivity and higher stability. Vertical electron affinity is also means the
evaluation of the relative stability of the cluster. It explains the amount of energy needed to add an electron to a
neutral molecule. So to understand their behavior with the cluster size the vertical ionization potential is obtained as
the energy difference between the cluster and its positive ion in the same neutral geometry. Similarly we have
calculated the vertical electron affinity, which is the energy difference between the neutral and anionic cluster both

at the equilibrium of the anionic cluster.
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Table 6.2 (a) Bond lengths (A) of Mg,,, RhMgn, Mgn,Rh-H; and H2-Mg,Rh clusters

n Mgn MgnRh MgnRh-H, H2-Mg,Rh
Mg-Mg Mg-Mg Mg-Rh Rh-H Mg-Rh Mg-H Mg-Rh
1 2.58 5.62 2.52 1.72 3.02
2 3.96 3.09 2.75 1.50 2.54 1.92 2.69
3 3.45 3.25 2.65 2.16 2.64 1.72 2.53
4 3.13 3.11 2.70 3.41 2.63 1.80 2.70
5 3.24 3.26 2.53 1.66 2.65 1.73 2.44
6 3.16 311 2.68 4.69 2.68 1.73 2.38
7 3.82 3.13 2.70 1.96 2.76 1.72 2.52
8 391 3.15 2.70 1.91 2.64 1.73 2.48
9 3.19 3.01 2.70 2.02 2.70 1.73 2.66
10 3.89 2.57 2.60 1.81 2.57 1.72 2.80

Table 6.2 (b) Binding energy (BE), Fragmentation energy (FE) and HOMO-LUMO gap (eV)
Mgn, RhMg,, Mg,Rh-H; and H2-Mg,Rh clusters

n Mg,Rh Mg,Rh-H, H2-Mg,Rh
BE (eV) FE (eV) Gap(eV) BE (eV) FE (eV) Gap(eV) BE(eV) FE (eV) Gap (eV)

1 0.54 0 2.72 6.26 0 2.96 1.63 0 2.47
2 0.59 0.71 2.04 3.64 1.01 2.47 1.33 2.67 2.13
3 0.75 1.22 1.95 2.78 1.06 1.98 1.68 0.88 2.39
4 0.85 1.23 1.98 2.36 112 1.38 1.56 0.96 231
5 0.93 1.38 1.27 2.06 0.86 2.12 1.53 1.30 2.53
6 0.95 1.03 1.57 1.73 0.04 1.87 154 1.62 1.76
7 0.87 0.30 144 1.59 0.77 1.27 1.40 0.34 1.74
8 0.81 0.36 1.30 1.06 0.73 1.44 1.27 0.07 1.30
9 0.78 0.52 1.22 1.36 0.39 1.30 121 0.55 1.44
10 0.77 0.66 1.25 1.25 0.29 1.46 1.02 0.29 1.93
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Fig.6.3 Variation of chemical potential, chemical hardness (a) vertical ionization potential

(VIP), vertcal electron affinity (VEA) (b) of different clusters with number of magnesium
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fig. 6.3 indicates the variation of VIP and VEA with the cluster size. It can be seen clearly from the VIP variation
(fig. 6.3a) that there is a sharp rise of VIP at n = 6 for Mg,Rh clusters and it drops at the same size for H2-Mg,Rh.
Larger the value of VIP indicates higher stability of the clusters. In H2-Mg,Rh cluster series it can be seen that there
is a peak at n=9, which exhibits the stability of the H2-MggRh cluster. Further, it is interesting to note that the VEA
shows drop at the n =6 for Mg,Rh cluster that supports the VIP results which is not recommended for hydrogen
storage. For H2-Mg,Rh cluster, the variation of VEA with the cluster size again shows a drop at the n = 9.
Following these results and the data in the table 6.3, it is easy to predict that hydrogen adsorption and dissociation

process will take place efficiently at the H2-MggRh cluster.

Table 6.3 Vertical ionization potential (VIP) and Vertical electron affinity (VEA) of
clusters

n VIP (eV) VEA (eV)
Mg,Rh H2-Mg,Rh Mg,Rh H2-Mg,Rh

1 6.28 6.56 3.17 3.17
2 5.40 6.51 1.56 1.56
3 5.36 6.49 1.02 1.02
4 5.23 6.20 0.94 0.94
5 5.29 6.15 1.04 1.04
6 5.39 6.27 0.89 0.89
7 450 4.89 0.95 0.95
8 4.66 3.96 1.24 1.24
9 4.69 4.95 1.75 1.75
10 4.82 4.25 1.37 1.37

6.3.2 Physisorption and Chemisorptions

The transition metal, specially, Mg, have been used as a catalysts in hydrogen adsorption and dissociation reaction
[53-56]. In fact, most of the metals in the periodic table, and their alloys or inter-metallic compound react with
hydrogen to form metal hydrides. The bonding between hydrogen and the metal can be ranging from covalent to
ionic, as well as multi centered bonds and metallic bonding. In fact some metal hydride can store hydrogen with a
higher density than that of liquid hydrogen [58]. As we know that molecules interact with the surface with a force
originating either from the physical Van der Waals interaction or form the chemical hybridization of their orbitals
with those of the surface atoms of the substrate. Depending on the dominating contribution, we call the absorption as

physisorption or chemisorptions. In physisorption gas molecule or atom can be adsorbed by the transition metals
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retaining its gas phase electronic structure without forming any chemical bonds with the transition metals. In
chemisorptions, there is strong perturbation of the gas molecular electronic structure due to the formation of
chemical bond with the substrate element. Due to specificity, the nature of chemisorptions can greatly differ,
depending on the chemical identity and the surface structure of the substrate element. Therefore, it is necessary to
understand the behavior of hydrogenation in Mg,RhH, and H2-Mg,Rh clusters. The most effective adsorption sites
of the cluster in the present study are shown in fig.6.1. Adsorption energy, the H-H bond length, the Rh-H bond

length (Dgy.n) and the HOMO-LUMO gap (A) are summarized in table 6.4.

Table 6.4 Adsorption energy, H-H bond length (A), Rh-H bond length (&) and HOMO-
LUMO gap (eV) of physisorption system

Cluster AE (eV) Din (A) D rhr (A) A (eV)
MgRhH, 0.42 0.82 1.80 2.96
Mg,RhH, 0.44 0.94 1.68 2.47
Mg;RhH, 0.57 0.85 1.76 1.98
Mg,RhH, 0.46 0.86 1.75 1.38
MgsRhH, -0.05 0.86 1.78 2.12
MgsRhH, -1.04 0.86 1.78 1.87
Mg;RhH, -0.57 0.85 1.78 1.27
MggRhH, -0.20 0.85 1.78 1.44
MggRhH, -0.33 0.88 1.73 1.30
Mg;0RhH; 0.55 0.85 1.77 1.93

It is found for all clusters that hydrogen molecule interacts with the clusters via dissociative chemisorptions. The

adsorption energy of hydrogen was calculated by the following equation:

AE,; = E(Mg,Rh) + E(H,) — E(Mg,Rh — H,) (6.9)
where, AE, is the adsorption energy, E(Mg,Rh-H,) is the total energy of the system after interacting with
hydrogen. For Rh doped Mg cluster, the binding energy of hydrogen energy is found higher when Rh remains at the
surface of the cluster. This is because of direct Rh-H bond formation which is similar to Ti substituted Mg cluster
[32]. It is also explained by the Rui Jin et al. [57] in his report that the adsorption tendency of H, molecule are of
two types: (a) H, molecule prefers the low coordinative sites, because of low coordinative sites has unsaturated
orbits which can receive electron easily and (b) the adsorption sites are always keep symmetry to minimize the

system energy, which means, the adsorbed structure prefer to occupy the symmetrical sites to keep the structural
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stability. In our previous report [39] we found that when H, molecules interact with Mg,Co clusters, the H-H bond
length increase slightly. In our present work we found it as 2.71A, which is 1.97A more than H-H bond length
which indicates the H-H bond length has relaxation after adsorption by Mg,Rh cluster as reported earlier [59]. The
Rh-H bonds in the Mg,Rh-H, cluster ranges from 2.35 to 3.63A, which is an important characteristic physical
parameter in physical adsorption of hydrogen by Mg,Rh cluster. The vibrational frequency of H, on Mg,Rh clusters
also obtained. The H-H symmetric stretching vibrational frequency in Mg,Rh-H, clusters is in the range from1000-
1554 cm™, while in the gaseous phase it is 4650 cm™. So the H-H vibrational frequency shifted towards low wave
number after adsorption. The shift of vibrational frequency in adsorbed clusters is recognized to the increase of H-H
bond length (D).

To understand the hydrogen chemisorptions mechanism on the small Mg,Rh clusters, we have carried out an
extensive minimum energy structural search and the optimum energy structures are shown in fig. 6.1. The position

of hydrogen chemisorptions absorption sites are defined as top (t), neighbor (n), opposite (o) and bridge (b).

Table 6.5 Location of H, Multiplicity, H-H bond length, HOMO-LUMO gap (eV) and
Chemisorption energy (eV)

Cluster Location M (us) Din (A) A (eV) AEce (eV)
H2-MgRh t (Mg), t (Mg) 2 2.87 2.47 0.95
H2-Mg,Rh n, b (Mg, Mg) 2 5.63 2.13 0.72
H2-Mgs;Rh n, t (Mg, Mg) 2 5.86 2.39 0.66
H2-Mg,Rh o, t (Mg, Mg) 2 5.82 231 0.40
H2-MgsRh n, t (Mg, Mg) 2 6.03 2.53 0.31
H2-MgsRh o, t (Mg, Mg) 2 5.93 1.76 0.90
H2-Mg,Rh o, t (Mg, Mg) 2 8.25 1.74 0.95
H2-MggRh o, t (Mg, Mg) 2 8.33 1.30 0.67
H2-MggRh t, n (Mg, Mg) 2 5.53 1.44 0.69
H2-Mg;oRh o, t (Mg, Mg) 2 8.67 1.14 0.32

We have carried out an extensive minimum energy structural search and the optimum energy structures are shown in
fig.6.1. The position of hydrogen chemisorptions absorption sites are defined as top (t), neighbor (n), opposite (0)

and bridge (b).We have defined the chemisorptions energy following the equation:
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AEc; = E(Mg,Rh) + E(H,) — E(H, — Mg,Rh) (6.10)
Where, E(Mg,Rh), E(H;) and E(H2-Mg,Rh) are the calculated optimized energies of the Mg,Rh, H; molecule and
H2-MgnRh clusters respectively. Ground state search shows that the most stable H2-Mg,Rh clusters always come
from the lowest energy Mg,Rh clusters plus attached 2H atoms. So, when two individual hydrogen atoms are
chemisorbed on Mg,Rh clusters, the equilibrium structure is found. In table 6.5, location of H atoms, spin
multiplicity, H-H bond energy, HOMO-LUMO gap and chemisorptions energy of the clusters are shown. Present
study show that the chemisorptions energy is maximum for the H2-MggeRh cluster, which indicates this cluster, has

high activity as similar to Al;Cr cluster reported earlier [51].

Table 6.6 Reaction energy AE, including zero point energy (kcal/mol), Activation barrier
(kcal/mol) and frequency (cm™)

Cluster Reaction energy (kcal/mol) Activation barrier (kcal/mol) o (cm™)
MgRh -38.66 6.76 -1411
Mg,Rh -9.86 7.55 -1476
MgzRh -4.62 7.47 -1554
Mg4Rh -11.24 7.28 -1547
MgsRh -13.63 13.95 -1516
MgsRh -60.26 20.71 -1533
Mg-;Rh -47.90 35.96 -1524
MggRh -27.20 20.08 -1504
MgeRh -33.19 14.44 -1523
MgioRh -32.60 16.51 -1008

6.3.3 Activation pathway for hydrogen dissociation

To find out the dissociation mechanism of hydrogen on Mg,Rh clusters, we explore the minimum energy pathway
as shown in fig. 6.4. This pathway over the potential energy surface is obtained through the intrinsic reaction
coordinates analysis from forward and reverse direction of their transition state following our reported work [39]. To
get actual pathway, we define the physisorbed and chemisorbed with the hydrogen molecule as the reactant and

product respectively. Important parameter for dissociation of hydrogen on clusters, like, reaction energy (kcal/mol),
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activation barrier (kcal/mol) and imaginary frequency of transition state of the transition state are summarized in
table 6.6. Here the reaction energy (AEy) calculated by the total energy difference between the reactant and product

(exothermic means negative reaction energy whereas positive reaction energy indicate endothermic process).

Similarly, activation barrier is calculated by the total energy difference between the reactant and the TS.

Fig. 6.4 Potential energy surface of H2-MggyRh clusters.

18

— IRC path — 15.73 TS

j—
]
1

A
\
\

1

\

- 1
g \

,—"
-
-
- \
P \
-7 \
e \
-
- \
-
L f’ \
e — 1
7.46

\

L

Mg,Rh+H:  -0.36 R

|
=)
1

Relative energy (kcal/mol)
—

—
[\
1

1
—
= -]
1
i
h
b
)
=
=~

Reaction Coordinates

Dissociation of H, on Mg,Rh clusters is exothermic as defined in the table 6.6. In the dissociation process, the H,
molecule initially placed on the top site of Rh atom moves to the adjacent site of Mg, clusters as shown in fig.6.1.
The increasing bond length of H-H in transition state (TS) also indicate that it has been elongated like H, on (ZrO,),
[57] clusters. Among the Mg,Rh cluster, the MggRh cluster exhibits the lower activation barrier (14.44 kcal/mol)
and the maximum value of reaction energy (33.19 kcal/mol), which are important criteria to demand a compound as
effective hydrogen storage element. Chemisorptions energy of MggRh cluster is also shows large value. It is
observed in the path way that hydrogen molecule breaks and combines with the Mg atom. The hydrogen
dissociation path of MggRh cluster from reactant to product undergoes a transition state overcoming the energy
barrier 0f15.73 kcal/mol, which is the nearly equal to the calculated theoretical value. Hence, the IRC path
connecting the reactant to product with right transition state. It shows significant results that MggRh cluster can be

taken as a good candidate for hydrogen adsorption and dissociation process and a good catalysis.
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Conclusions

To sum up, we have studied the adsorption and dissociation behavior of hydrogen molecule on Mg,Rh (n=1-10)
clusters by DFT calculation. MgeRh cluster is found as physically as well as chemically most stable species in the
whole series. In the different optimized adsorption modes, H, molecule can be easily adsorbed on the top of the Rh
atom. Due to this the increasing H-H bond length exhibit relaxation of hydrogen bonds when adsorbed on the
cluster. The vibrational frequency of hydrogen in Mg,Rh-H, cluster also varies. In Mg,Rh-H,, H-H bond frequency
is in the range from1000-1554 cm™, while in the gaseous phase it is 4650 cm™. So the H-H vibrational frequency
shifted towards low wave number after adsorption. The shift towards low vibrational frequency in adsorbed clusters
is recognized to the increase of H-H bond length. Following the calculated IRC path of H2-MgoRh cluster, it is
found that H, molecule adsorbs at the Rh atom site in MggRh with low coordinate number and then moves to the Mg
atom to form Mg-H bonds by overcoming the energy barrier of 15.73 kcal/mol. The maximum chemisorptions
energy, low activation barrier and large value of reaction energy indicate that though MgsRh is more stable compare
to MggRh cluster, but, MggRh is the most qualified candidate for adsorption and dissociation of hydrogen; and hence

can be used as an effective hydrogen storage element.
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CHAPTER 7
SUMMARY AND FUTURE SCOPE

7.1 Summary

Germanium and silicon both are the most important elements in the semiconductor industries due to their
scientific and technological applications. With the development of theoretical and experimental work, results
suggest that structure of small clusters is quite different form bulk materials due to the surface effect (atoms at
surfaces have fewer neighbuors than atoms in the bulk) and quantum size effects. However, pure germanium and
silicon cluster cannot be directly used for application since they are chemically reactive due to the presence of
dangling bonds on the surface. Properly doping with metal atoms overcomes this deficiency. Metal doped cage like
nanoclusters are evolves a lot of interest in potential applications in many fields. The system chosen in this present
work is transition metal doped germanium nanoclusters because in the field of semiconductor materials, germanium
is one of the most important alternatives to silicon due to its superior electron and hole mobilities. Therefore, metal
doped cage like clusters are expected to become important materials for a new generation of electronic devices and
optoelectronic applications.

As a preliminary step towards developing and understanding, the geometrical, electronic and magnetic
properties, and related aromaticity of Mo doped germanium cluster using density functional theory. Identification of
the stable species, and variation of physical and chemical properties with the size MoGe, (h=1-20) clusters will help
to understand the science of Ge-Mo based clusters and superatoms that can be used as future building blocks for
cluster-assembled designer materials and this could open up a new field in electronic industry. The output can be

summarized as follows:

[1] The growth pattern of Ge,Mo clusters can be grouped mainly into two categories. In the smaller size range i.e.
before encapsulation of Mo atom, Mo and Ge atoms are directly added to the Ge, and Ge,.;Mo respectively to form
Ge,Mo clusters. In the growth process, the binding energy of the clusters increases for small sized clusters with in
the renge n <5 with a faster rate than the bigger clusters. After encapsulation of Mo atom by the Ge, cluster OF n>9,
the size of the Ge,Mo clusters tend to increase by absorbing Ge atoms one by one on its surface keeping Mo atom

inside the cage.

[2] We have also found that it is favorable to attach a Mo-atom to Ge clusters of all sizes, as the EE turns out to be

positive in every case. Clusters containing more than nine Ge atoms are able to absorb Mo atom endohedrally in a
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Ge cage, both in pure and cationic states. In all Mo-doped clusters beyond n > 2, the spin magnetic moment on the
Mo atom is quenched of the expense of stability of the cluster. As measured by the BE, EE, HOMO-LUMO gap, FE,
stability and other parameters both for neutral and cationic clusters, it is found that those having 18 valence electrons
show enhanced stability which is in agreement with shell model predictions. This also shows up in the IP values of
the Ge,Mo clusters, as there is a sharp drop in IP when cluster size changes from n=12 to 13. Validity of nearly free-
electron shell model is similar to that of transition metal doped silicon clusters. Although the signature of stability is
not so sharp in the HOMO-LUMO gaps of these cluster. There is still a local maximum at n=12 for the neutral
clusters, indicating enhanced stability of an 18-electron cluster, whereas, and this signature is very much clear in
cationic Gey;zsMo cluster. Variation in HOMO-LUMO gap in different sized clusters could be useful for devise
applications. The large HOMO-LUMO gap (2.25 eV) of MoGe;, could make this cluster as a possible candidate as

luminescent material in the blue region.

[3] Major contribution of the charge from the d-orbital of Mo in hybridization and its dominating contribution in
DOS indicate that the d-orbitals of Mo atoms are mainly responsible for the hybridization and stability of the cluster.
Presence of the dominating contribution of Mo d-orbital close to the Fermi level in DOS is also significant for ligand

formation and a strong indication of possibility to make stable cluster assembled materials.

[4] Variation of calculated NICS values with the distance from the center of the cluster clearly indicates that the

cluster is aromatic in nature and the aromaticity of the cluster is one of the main reasons for its stability.

Towards the understanding of the growth behavior and superatomic properties of Nb doped Ge nanocluster,

we have performed a systematic analysis and results are as follow:

[1] Theoretically study of the electronic properties, vibrational properties and superatomic behavior of Nb doped Ge
clusters at different sizes in neutral and cationic states. Different physical and chemical parameters like biniding
energy (BE), stability, dissociation energy (DE) and HOMO-LUMO gap of the clusters show that neutral NbGe;,
and cationic NbGeys are the most stable species in the whole range of study. In addition, neutral NbGe;, and
NbGe;¢; and cationic NbGe;; also show enhanced stability. Therefore, to identify the most stable behavior, we have
further studied NICS and closed shell model in both neutral and cationic state of these clusters. We have found that
the NICS behavior of the ground state NbGe;, cluster supports the aromatic behavior, whereas, cationic NbGeyq

follow the closed shell superatomic model.
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[2] The large HOMO-LUMO gap of 1.85eV makes this cluster suitable for optoelectronic devices. Further, the
absence of any imaginary frequencies in these clusters shows that there is no presence of imaginary bonds in the
clusters and clusters can be physically acceptable. The electronic and structural properties of transition metal
encapsulated Ge clusters have been studied becaue these systems have potential application in photonic devices or in
optoelectronics application.

Further, it is worth to notice that the ab initio (First principles) electronic simulation can offer great insight
into the understanding of the storage of the hydrogen as metal hydrides. In particular, Mg hydride is one of the most
prominent materials. For the adsorption and dissociation of hydrogen, metal doped magnesium hydride takes much
attention due to their higher diffusivity and high surface to volume ratio. In the last two chapters, a number of useful
understandings of hydrogen storage in TM (Co and Rh) doped magnesium nanoclusters are presented. Results of
this part of the work can be summarized as follows:

[1] The report presents the use of Mg,Co as an effective hydrogen storage element in the form of nanoclusters.
From the growth pattern of Mg,Co (n=1-10) clusters it is found that Mg,Co and MgsCo both are stable in the series
where Co prefers to take peripheral position. From the chemisorptions and physisorptions energies and VIP and
VEA parameters, we have found MgsCo can only be used as effective hydrogen storage and dissociate element.
After the addition of H,, H2-MgsCo is appears as an efficient hydrogen catalyst. Together with these two, H2-
MgsCo shows highest reaction energy in IRC path and we have found the same activation barrier during the
chemical process as we studied in our simulation. The complete study shows that in the Mg,Co (n=1-10) series,
MgsCo can be selected as an efficient hydrogen storage element.

[2] In the last chapter of the thesis, studies on the adsorption and dissociation behavior of H, molecule on Mg,Rh
(n=1-10) clusters using DFT calculation have been discussed. It is reveles that MgeRh cluster is observed as the
most stable apecies physically as well as chemically in the whole series. In the different optimized adsorption
modes, H, molecule can be easily adsorbed on the top of the Rh atom. Due to this the H-H bond length increases
which is the signature of relaxation of hydrogen bond on the cluster. This is also verified by the study of vibrational
frequencies of Mg,Rh-H, cluster. Following the calculated IRC path of H2-MgsRh cluster, it is found that H,
molecule adsorbs at the Rh atom site in MggRh with low coordinate number and then it moves to the Mg atom and
form Mg-H bonds by overcoming the energy barrier of 15.73 kcal/mol. The maximum chemisorptions energy, low
activation barrier and large value of reaction energy indicate that MgeRh cluster is the suitable candidate for

adsorption and dissociation of hydrogen; and therefore can be used as an effective hydrogen storage element.
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7.2 Future scope

The work done in this thesis will lead to the DFT investigation of other transition metal doped germanium
and silicon semiconductor nanocluster. There are many scopes of transition metal doped cluster studies, which are
still needed to be understood like magnetic superatom, cluster assemblies and hydrogen storage materials. Materials
are now being considered as the building blocks of future modern technologies due to their size dependent electronic
properties which can be tuned easily. There are numerous and important applications in the field of electronics,
chemistry and biology, which become possible considereing these facts. This thesis gives an additional chance to
prepare and to apply semiconducting nanocluster in the fields of electronic devices in the near future.

In near future, enormous numbers of hybrid nanoclusters are possible, so it is a research problem to model
these types nanoclusters and to understand their physical and chemical properties. On the other side doping of TM in
metal clusters like magnesium can be used as an effective hydrogen storage medium for future fule problem. So the
present thesis makes an effort towards an interesting field of research in the cluster science. The future scope of the
present research can be summarized as follows:

[1] Investigation of more hybrid TM metal doped Ge, Si, and Sn semiconductor cage cluster. Transition metal doped
semiconductor nanoparticles have attracted scientific attention due to their prospective applications in optoelectronic
devices or electronic devices. Many other compositions can also form hybrid semiconductor clusters with
characterstics physical and chemical properties that will be haelpful to understand the superatom building blocks.

[2] Investigation of metal clusters as catalysis and hydrogen storage materials. The interaction of hydrogen with
metal clusters and their cations in the gas phase is also enabling the design and synthesis of a new class of hydrogen
storage materials.

[3] It is quite important to study of the clusters assembled materials to make nanodevices and quantum dots. Cluster
assembled materials are of interest because of their ability to tune component properties. It is one path way towards
nanomaterials with controllable band gaps and hence cluster assembled materials. By controlling the cluster
assembled building blocks into quantum dots and bulk is the next step towards achieving superatom materials with
tunable physical properties. Clusters assembled materials can also be used to make nanotubes and 2D graphene
nanosheet having different physical and chemical properties that can be useful for device applications and future
building blocks.

[4] Supported clusters these are more nearer to practical application but they need huge computational facilities.

Numerous attemps have been made to prepare supported metal clusters with nearly uniform structures. It is a new
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class of catalyst made possible by synthesis involving organometallic chemistry in surfaces, gas phase cluster
chemistry. The relevance of ligand stabilized metal clusters on support to the supported metal clusters on interest for
their role as precursors.

So the studies of clusters have been useful to gain a fundamental understanding of catalysis, magnetism,
superatomic and hydrogen storage. It is possible to create a magnetic cluster from nonmagnetic materials by

controlling its size and composition. The challenges still remain..................
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APPENDIX A

Fig. 3SIA Onsite magnetic moment of low energy neutral and cationic isomers with the bond length and
relative energies with respect to the ground state neutral clusters. Dip blue balls are Mo and pink balls are
Ge. Onsite magnetic moment is written in green in terms of uB
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Fig. 3SIB Electronic configuration and different valance electron orbitals of small sized Ge-Mo clusters
in different spin states. The blue arrows represent the change of electronic state when the cluster shifted
from lower level to higher spin state.
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Fig. 3SIC continue
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Fig. 3SID Variation of Mullikan charge on Mo atom with the cluster size (n)
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Fig. 3SIE Site projected density of states plot of different MoGe, clusters with the contribution of Mo d
orbital (in red line)
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Fig.3IF Variation of HOMO-LUMO gap of neutral and cationic of MoGe, clusters with the cluster size
(n)
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Fig.3SIG Variation of exact polaizibility and dipole moment of MoGe, clusters with cluster size (n)
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APPENDIX B

Fig. 4SIA Variation of charge on Nb atom and Dipole moment with the number of germanium atom
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Fig. 4SIB Variation of Bond length with the number of germanium atom showing strong cage structure at n =12
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Fig. 4SIC IR and Raman spectra for NbGe, (n = 10-15) ground states clusters.
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Fig. 4SIC Continue
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APPENDIX C

LANL2DZdp ECP basis set for Germanium LANL2DZ ECP basis set for Molybdenum
(Ge) (Mo)
Ge 0 Mo 0
S 2 1.00 S 3 1.00
0.8935000 -2.1756591 2.3610000 -0.9121760
0.4424000 2.4493467 1.3090000 1.1477453
S 1 1.00 0.4500000 0.6097109
0.1162000 1.0000000 S 4 1.00
P 2 1.00 2.3610000 0.8139259
1.8770000 -0.1006779 1.3090000 -1.1360084
0.2623000 1.0306256 0.4500000 -1.1611592
P 1 1.00 0.1681000 1.0064786
0.0798000 1.0000000 S 1 1.00
P 1 1.00 0.0423000 1.0000000
0.0209000 1.0000000 P 3 1.00
D 1 1.00 4.8950000 -0.0908258
0.2460000 1.0000000 1.0440000 0.7042899
0.3877000 0.3973179
GE 0 P 2 1.00
GE-ECP 3 28 0.4995000 -0.1081945
f-ul potential 0.0780000 1.0368093
5 P 1 1.00
1 318.2167583 -28.0000000 0.0247000 1.0000000
2 61.5370967 -180.9891676 D 3 1.00
2 13.2986899 -55.0043909 2.9930000 0.0527063
2 3.8985215 -19.7906526 1.0630000 0.5003907
2 1.2137666 -1.8533572 0.3721000 0.5794024
s-ul potential D 1 1.00
5 0.1178000 1.0000000
0 205.1886932 3.0000000
1 68.9790278 65.2262558 MO 0
2 27.9194879 225.2354522
2 8.5481650 94.0125472 MO-ECP 3 28
2 2.3173734 29.9415005 f-ul potential
p-ul potential 5
5 0 537.9667807 -0.0469492
0 33.2488002 5.0000000 1 147.8982938 -20.2080084
1 15.7777247 23.4778157 2 45.7358898 -106.2116302
2 14.9260722 45.0980414 2 13.2911467 -41.8107368
2 5.8416394 56.3326957 2 4.7059961 -4.2054103
2 1.8349575 16.6058640 s-ul potential
d-ul potential 3
5 0 110.2991760 2.8063717
0 42.0206343 3.0000000 1 23.2014645 44.5162012
1 19.2096363 23.7371518 2 5.3530131 82.7785227
2 9.4133917 56.4792249 p-ul potential
2 3.3282907 25.8901835 4
2 0.8522331 3.0229836 0 63.2901397 4.9420876
1 23.3315302 25.8604976
2 24.6759423 132.4708742
2 4.6493040 57.3149794
d-ul potential
5
0 104.4839977 3.0054591
1 66.2307245 26.3637851
2 39.1283176 183.3849199
2 13.1164437 98.4453068
2 3.6280263 22.4901377
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LANL2DZ ECP basis set for Niobium (Nb)

LANL2DZ ECP basis set for Magnesium (Mg)

4.

Nb 0
S 3
2
1
0
S 4
2
1
0
0
S 1
0
P 3
4
0
0
P 2
0
0
P 1
0
D 3
3
0
0
D 1
0
NB 0
NB-ECP
f-ul pot
5
0 342.
1 139.
2 43.
2 12.
2
s-ul pot
3
0 112
1 22
2 4
p-ul pot
4
0 63
1 23
2 24
2 4
d-ul pot
5
0 99.
1 64.
2 37.
2 12.
2

3.

1.00

.1820000
.2090000
.4165000

1.00

.1820000
.2090000
.4165000
.1454000

1.00

.0392000

1.00

.5190000
.9406000
.3492000

1.00

.4106000
.0752000

1.00

.0247000

1.00

.4660000
.9938000
.3350000

1.00

.1024000

3
ential

9638405
9308014
3523405
4448533
3204837
ential

.8630617
.9678676
.9340673
ential

.6801963
.0912429
.4283647
.2310090
ential

3359636
0586472
0891011
0708574
1575323

28

-0.
-20.
-103.
-41.

42.
75.

24.
137.
50.

25.
178.
92.
18.

.8846144
.1033775
.6298776

.7790287
.0752788
.1506014
.9969155

.0000000
.0817303
.6995115
.3980996

.1212176
.0480477

.0000000
.0315983
.4834306
.6164893

.0000000

0447401
0535100
7244021
0459165
.2046219

.7964669
8845786
1876966

.9461846
8316376
9183292
9778471

.0064059
5347458
9597452
9577490
4744256

Mg 0
S 2 1.00
0.7250000 -0.4058454
0.1112000 1.1688704
S 1 1.00
0.0404000 1.0000000
P 2 1.00
1.2400000 -0.0749753
0.1346000 1.0178183
P 1 1.00
0.0422000 1.0000000
MG 0
MG-ECP 2 10
d-ul potential
5
1 237.5484804 -10.0000000
2 47.7520367 -55.8993968
2 10.7837852 -20.1391957
2 3.1992124 -7.0679107
2 1.0636953 -0.8133109
s-ul potential
5
0 348.3008631 3.0000000
1 59.4680133 44.0075660
2 19.0767582 107.3861344
2 5.2965613 35.8289088
2 1.3867373 10.1143435
p-ul potential
6
0 1256.8739085 5.0000000
1 189.8608839 117.1053672
2 54.6949631 420.5972073
2 13.8990137 107.6122959
2 3.9597181 29.1002576
2 1.2552787 7.0875570
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LANL2DZ ECP basis set for Cobalt (Co) LANL2DZECP basis set for Rhodium (Rh)
Co 0 Rh 0
S 3 1.00 S 3 1.00
7.1760000 -0.3856734 2.6460000 -1.3554084
2.0090000 0.7453116 1.7510000 1.6112233
0.8055000 0.5091819 0.5713000 0.5893814
S 4 1.00 S 4 1.00
7.1760000 0.1736161 2.6460000 1.1472137
2.0090000 -0.3970442 1.7510000 -1.4943525
0.8055000 -0.4630622 0.5713000 -0.8589704
0.1070000 1.0899654 0.1438000 1.0297241
S 1 1.00 S 1 1.00
0.0375000 1.0000000 0.0428000 1.0000000
P 3 1.00 P 3 1.00
21.3900000 -0.0480413 5.4400000 -0.0987699
2.6500000 0.6222337 1.3290000 0.7433595
0.8619000 0.4758042 0.4845000 0.3668462
P 1 1.00 P 2 1.00
0.0800000 1.0000000 0.6595000 -0.0838056
P 1 1.00 0.0869000 1.0244841
0.0230000 1.0000000 P 1 1.00
D 4 1.00 0.0257000 1.0000000
39.2500000 0.0361541 D 3 1.00
10.7800000 0.1896744 3.6690000 0.0760059
3.4960000 0.4524981 1.4230000 0.5158852
1.0660000 0.5710427 0.5091000 0.5436585
D 1 1.00 D 1 1.00
0.2606000 1.0000000 0.1610000 1.0000000
RH 0
RH-ECP 3 28
CO 0 f-ul potential
CO-ECP 2 10 5
d-ul potential 0 600.3243032 -0.0538958
3 1 157.6910176 -20.1316282
1 434.1076104 -10.0000000 2 49.8841995 -105.3654121
2 78.8402758 -66.7240276 2 15.5966895 -42.3274370
2 19.6037749 -11.7192243 2 5.5099296 -3.6654043
s-ul potential s-ul potential
4 5
0 151.2307582 3.0000000 0 59.3442526 2.9753728
1 169.6790026 20.1553110 1 83.7426061 25.1230306
2 64.9909423 413.3762244 2 18.4530248 626.0926145
2 12.5076287 133.8727705 2 12.4194606 -812.2549385
p-ul potential 2 8.8172913 467.3729340
4 p-ul potential
0 92.7319924 5.0000000 5
1 121.1910183 6.1892353 0 53.4309068 4.9537213
2 48.6265909 326.3215919 1 65.6671843 20.4871116
2 11.9966971 73.8788970 2 16.8369862 598.0120139
2 11.3042136 -718.4059028
2 8.0312444 382.8173151
d-ul potential
4
0 64.3993653 3.0279532
1 43.4625053 24.7526516
2 19.4020301 142.6844289
2 4.6879328 32.1406857
Reference

EMSL basis set exchange: https://bse.pnl.gov/bse/portal
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