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SYNOPSIS



On the basis of length-scale, the material world can be broadly classified as
macroscopic, mesoscopic, microscopic and finally a single atom or molecule. When a few
atoms or molecules agglomerate to form assemblies of less than 100 nanometer in size (at least
in one dimension), these new assemblies are categorized as nanomaterials. The main reason
for this separate classification is due to their unique physical and chemical properties, which
differ significantly from those of the atomic and the bulk materials. The surface induced
effects (large surface to volume ratio) and the quantum size effects are recognized as the
primary cause for these new properties. One of the simplest examples is the modification of
electronic levels which become discrete in case of nanomaterials as compared to the bands in
bulk.

The system under nanometer in size in a confined nanospace can also exhibit different
properties which can significantly differ from their bulk counterpart primarily due to the
quantum confinement effect. The significant effects on the chemical properties of these
confined systems associated with nanoscale confinement have potential importance in a wide
range of applications, e.g., catalysis, lubrication and separation science. However, our
understanding of chemistry of these nanoconfined systems is still considered to be an elusive
phenomenon and the corresponding mechanisms are also being uncovered. Such a molecular-
level understanding can only be illuminated with the application of both experimental and
theoretical studies. In order to theoretically investigate these exciting unravelled nanoconfined
systems, one can use quantum chemical methods based electronic structure calculations. With
the advancement of computing techniques, density functional theory (DFT) in particular has

been a very helpful technique to handle hundreds of atom in a very accurate manner.



In the present thesis, the chemical properties of the nanomaterials have been
investigated in isolated condition and under the confinement of various nanostructured media.
In addition, we have also investigated the catalytic properties of nanomaterials through a few
important reactions. The main objective is to investigate the modification in the chemical
properties of system by changing the surrounding medium. We have mainly studied the
change in structure, solvation, energetics, vibrational frequencies, chemical reactivity and
catalytic activity using density functional based methods. The present thesis is composed of

eight chapters and in what follows, we will briefly discuss the work presented in each chapter.

Chapter 1

This introductory chapter starts with a brief genesis of the nanomaterials, explaining
how the properties of nanomaterials can be distinctly different from that of the bulk. Then the
general aspect of confinement and its effect on the properties of the encapsulated system are
discussed. When the length scale of the confinement medium approaches the atomic size, the
properties of confined matter become distinctly different from the bulk and the gas phase
behaviour. The geometric constraints offered by the confinement medium along with the
diverse nature of interaction between the enclosed molecule and cavity lead to the change in
the structure, bonding, chemical reactivity of the host system. Further, different type
interactions and their importance in such nanoconfined environment are discussed. This
chapter also describes the challenges that can be encountered in the detailed exploration of
structure, property and reactivity of nanomaterials particularly in nanoconfinement by
experimental and theoretical techniques. The importance of computational methods have been

outlined which provides some of the most valuable information which experiments cannot



provide. Brief introduction of the computational methods and their importance have been
provided. At the end, the scope of the thesis has been discussed in brief.

The first part of the work is focused on the exploration of chemical properties of the
materials in a nanoconfined environment. In particular, the effect several confinement media
such as carbon nanotubes (CNT), boron-nitride nanotubes (BNNT) and fullerenes on the
molecular properties of water and acid-base complexes have been investigated. In addition, an
analytical expression for the solvation energy for a finite system has been derived using
microscopic theory-based bottom-up approach. This approach provides the information on
solvation energies of anionic solutes in finite-size clusters, including the bulk (N = o), from
the knowledge of the detachment energies for the system containing a few numbers of solvent
molecules. In the last part of the work, the effect of nanostructured materials on the catalytic
activity of different metal atoms especially, titanium, gold and vanadium on water splitting

process to generate hydrogen and for the CO oxidation process has been investigated.

Chapter 2

In this chapter, the effect of confinement on the structure and properties of water
clusters are presented. Water has been recognized as the matrix of life and plays a crucial role
in many biological and chemical systems. In many of these systems, water is found to be
confined in pores of diameter in the nanometer scale, for example, hydrophobic cavities of
proteins. In these nanoconfined regimes, water molecules portray entirely different behaviour
compared to the bulk water. In the present work, we have studied the structure, bonding and
vibrational spectra of water clusters in carbon nanotubes (CNT) of diameter in the range of

sub-nanometer. The effect of confinement has been systematically investigated by varying the



diameter of the CNT. One of the motivations of this study is the tremendous potential of CNT
for various technologically important applications such as filtration devices, fuel cells etc. In
addition, the hydrophobic similarity of CNT with biological channels can be exploited to get
the primary behaviour of water in the complex biological systems.

From the stabilization energy values calculated by the dispersion corrected DFT
method, it is confirmed that water can occupy the interior of a narrow nanotube such as
CNT(4,4). In CNT(4,4) and CNT(5,5), one-dimensional water chains parallel to the CNT axis
is formed whereas in CNT(6,6), zigzag structure is observed with radial O-O distance shorter
than that of parallel to the CNT axis. More symmetric structures similar to gas phase structures
are detected in larger diameter CNTs and the cluster gets stabilized close to the CNT wall. It
has been observed that in highly confined medium like CNT(4,4), there is a reduction in the O-
H bond length of water. An inverse relation between the electronic charge transfer (from CNT
to water) and the CNT diameter is also established. It is found that the intra-molecular charge
separation for each water molecule increases under confinement as compared to its gas phase
counterpart. The highest tube-water interaction is achieved for a confinement length ~ 7A.
Under highly confined system, blue shift in the stretching frequency of O-H (non-hydrogen
bonded) occurs due to the reduction in O-H bond length. In the case of CNT(6,6), a red
shifting in stretching frequency of the hydrogen bond assisted O-H bond is observed due to the
reduction in O-O separation distance and hence strengthening of the hydrogen bond. The
important findings from this study is the degree of confinement (diameter and curvature of
carbon nanotube) is extremely important in deciding the properties of confined water

molecules.



Chapter-3

In this chapter, the spherical confinement effect due to the fullerene cages on the nature
of acid-base complexes is presented. Owing to the unique cage structure and large
polarizability, fullerenes are considered as one of the ideal hosts to study the structure-property
relationship of the confined matter at nanoscale. Some recent studies show the modification in
hydrogen bonding and vibrational spectra of the confined molecules in the fullerene cage. In
addition, it has been observed that polar molecules are more stabilized over the nonpolar ones
in fullerenes. Fullerenes also induce the formation of chemical bond in noble gas atoms.
Inspired by these initial reports, we studied the chemical behaviour of both strong and weak
acid-base pairs in carbon fullerenes. This chapter is divided in to two parts. In the first part, we
have considered the NH3-HCI pair as a prototype system and studied the effect of confinement
and polarizability of fullerene cages on the behaviour of this acid-base pair by systematically
varying the fullerene diameter (Css to C1g0) Using density functional methods. In our important
findings, it has been demonstrated that the diameter of fullerene is one of the crucial factor in
deciding the chemical properties of the acid-base pair. In isolated case (gas phase) of the NHs-
HCI pair, the proton is associated with the acid and quite far away from the nitrogen of
ammonia. In larger diameter fullerene such as Cigo, only a slight increase (~ 5%) in chloride-
proton distance (Rci.n) is observed and the acid is still in an undissociated form. As the
diameter of fullerene decreases, the acid starts dissociating and a gradual reduction in the
nitrogen-proton distance is observed. In Cgo and other smaller diameter fullerenes, the proton
is completely transferred from the acid to ammonia, and a symmetrical ammonium ion is

formed.

Vi



In the second part, we have considered the Lewis acid-base complex (LABC) i.e., the
ammonia-borane and its fluorine derivatives and tried to elucidate the effect of spherical
confinement due to the fullerene bulky balls on the structure, bonding and energetics of LABC
in a systematic way. In particular, we have considered two fullerene rings Cgo and Cgp as the
nanoconfined medium and investigated their role on the charge transfer and binding energy of
the LABC complex by gradually substituting the hydrogen atoms with fluorine. We have
observed that the confinement effect along with the interaction of fullerene with the LABC,
significantly modify the structure, interaction energy, chemical reactivity and charge transfer
in LABC under the spherical cage of fullerene. The results obtained from our study can be
utilized to control the effective charge transfer in the acid-base complex and to finely tune the

interaction strength of the complex by using proper confinement medium.

Chapter-4

This chapter deals with the solvation of multiply charged anions in finite system. In
this particular case, the solvent molecules are confined due to the presence of multiply charged
anions. In a nanoconfined environment, the solvation of molecules and ions differ significantly
from the bulk solvation due to the presence of restricted number solvent molecules. Therefore,
the solvation energy values of an ion likely to differ in these two environments (N & ). In the
present study, a microscopic theory-based bottom-up approach has been implemented to
derive an analytical expression for the solvation energy for a finite (N) system, including the
bulk. This bottom-up approach provides the information on solvation energies of anionic
solutes in finite-size clusters, including the bulk (N = ), from the knowledge of the

detachment energies for the system containing a few numbers of solvent molecules. However,

Vi



in case of dielectric constant, a microscopic theory-based top-down approach has been
prescribed to derive an analytical expression for the static dielectric constant for the finite
system. In this approach, the knowledge of the dielectric constant for the bulk provides a
scheme to obtain the same quantity for a wide numbers of solvent molecules. As an illustrative
example, the hydrated doubly charged anions, SO4 2.NH,O and C,04 >.NH,O, have been
considered, and the calculated bulk solvation energy for the SO,—2.NH,O system is found to
be in very good agreement (within 5%) with the available experimental result. However, the
same quantity calculated based on the Born model is found to be largely deviating (32%) from
the experimental result. The possible break down of Born theory is due to the fact that it has
been derived based on the continuum theory wherein microscopic details are not included.
However, if solute—solvent and solvent—solvent motions are strongly correlated, the continuum
theory breaks down. The success of our theory is due to the inclusion of microscopic details
through the system-dependent parameters. The theory therefore can be useful in deriving the

solvation energy and dielectric constant of ions a precise and accurate manner.

Chapter-5

This chapter deals with the study of proton transfer energetics in water and ammonia
under confinement. In many important physical, chemical and biological processes, PT occurs
in a nanoconfined environment. Carbon and Boron-Nitride nanotubes have been used as model
nanoconfinement media to study the proton transfer reactions and get detailed insights into the
complex phenomena. In recent years, it has been shown that the proton mobility in the CNT
channel exceeds by a factor of 40 as compared to that of bulk water using the sophisticated

Molecular dynamics methods. Such fast proton hopping or diffusion process under

viii



confinement has been explained by the alignment of water molecules inside the confinement
media. Primarily, water molecules in the nanotube interior form a one-dimensional hydrogen
bond network which causes the proton transfer mechanism to differ significantly from the
bulk. To understand the molecular origin of the enhancement in proton transfer, we have
studied the proton transfer energetics in CNT and BNNT using the protonated water dimer
(Zundel cation) as a model system and employing dispersion corrected DFT method. The main
objective of the study is to elucidate the effect of water-nanotube interaction and the diameter
of nanotube (different degrees of confinement) on the structure and proton transfer energetics
of Zundel cation (ZC). Our results reveal that the interaction of ZC with the nanotube largely
depends on the diameter of the nanotube. The interaction energy of ZC with CNT is observed
to be significantly higher (~40%) than that of BNNT. In larger diameter nanotubes, ZC is
stabilized near the inner surface of the nanotube because of the formation of hydrogen bond
between the ZC and the nanotube. It has also been shown that the effect of marginal change in
degree of confinement on the energy barrier (12-45%) for the PT process is very remarkable.
The vibrational frequencies of the ZC including the proton oscillation frequency (POF) have
been calculated inside nanotubes. We have analyzed several important factors such as
interaction energy, charge transfer and POF as a function of the degree of confinement.
Among all the nanotubes considered in the present study, it has been concluded that the proton
transfer may be facilitated in nanotubes with diameter in the range of 7 to 9 A.

In the second part, proton transfer in the dissimilar system (ammonia and water) has
investigated in CNTs of varying diameter. It has observed that the barrier for proton transfer is

significantly high in highly confined situation and decreases sharply with the reduction in the



degree of confinement. It has also been observed that the PT towards water molecule can

become energetically more feasible under confinement.

Chapter-6

This chapter deals with the effect of hydrogen doping in gold clusters for CO oxidation
process. It is well known that CO can act like a poisoning agent specifically for the metal
catalysts such as Pt and Pd. Hence, removal of CO is an extremely important requisite
parameter for the effective function of these industrial catalysts. In normal practice, the
smallest amount of CO present in air is oxidized using metal catalysts which however can only
take place at very high temperature. In recent years, gold nanoclusters have been identified as
the suitable catalyst for room temperature CO oxidation reaction. It has also been shown that
the catalytic activity of gold cluster can be further improved by doping a hydrogen atom on the
gold cluster. In the present study, we have systematically doped hydrogen atoms on gold
clusters {(Au),, n=1 to 6} and studied the structure and stability of each hydrogen doped
clusters. For each gold cluster, we have considered various possible conformations and did the
sequential hydrogen doping to the maximum extent possible. The important properties such as
IP, EA and HOMO-LUMO gap have been thoroughly analysed for each of these clusters. In
case of hydrogen doped clusters, it is observed that hydrogen atom withdraws electrons from
the gold cluster and hence the gold atoms acquires high positive charge. Then the CO
interaction has been studied with the pristine and hydrogen doped gold clusters. Interestingly,
a substantial increase in the CO interaction energy (more than 20% in some cases) is observed
when hydrogen atoms are doped with the gold clusters. One of the reasons for this remarkable

enhancement in interaction energy is attributed to the charging of the gold cluster. Taking the



clue from this enhanced CO interaction, we have investigated the activation barrier for the CO
oxidation leading to CO, process using some of the selected gold clusters for which the
observed IE values are significantly higher than the pristine cluster. We also demonstrated that
the CO oxidation can occur with these hydrogen doped gold clusters with a significantly lower

barrier (100 %) in comparison to their pristine counterparts.

Chapter-7

Hydrogen is considered as the fuel of the next generation because of its ecofriendly
advantages over other fuels. Production of hydrogen from the abundant water in a simple and
economical way can certainly resolve the present energy crisis situation. Generation of
hydrogen from water by electro-catalytic process is highly energy intensive. Other processes
such thermal splitting is associated with large Kinetic barrier and temperature requirement.
Hence, the search for inexpensive and robust catalysts for water splitting is of considerable
interest to the scientific community. Accordingly, in this chapter, we have made an attempt to
investigate the effect of boron nitride nanotube on the catalytic activity of different metal
atoms especially, titanium and vanadium for water dissociation reaction leading to the
generation of hydrogen molecules.

Our results demonstrate that the adsorption of Ti or V atom on a BNNT surface
depends on the surface curvature of the latter and among all the BNNTs considered in the
study, highest adsorption energy (~ 1eV) is obtained in the case of BNNT(4,4). Then the
interaction of water with the adsorbed Ti and V atom has been studied and the binding is
found to be favourable in both cases with the corresponding binding energy value of -1.78 and

-1.11 eV for Ti and V. The large binding energy values can be attributed to the significant

Xi



partial positive charge acquired by these adatoms. Further, we have investigated the water
dissociation reaction with these BNNT decorated Ti and V atom. From our calculations, we
have demonstrated that the dissociation of water to H and OH fragments is extremely facile
with barrier height of 0.12 and 0.27 eV for Ti and V adsorbed structures respectively. We
further studied the adsorption and dissociation of another water molecule on the final state
(product) of the first water splitting reaction. It is observed that the second water molecule also
interact strongly (binding energy > 1eV) with the product and the water dissociation proceed
with very low energy barrier with the production of H, molecule. The barrier height for the
water dissociation reaction estimated in the present study is lower than that of pure metal
cluster and other supported nanostructured materials. Stabilization of the transition state
structure by hydrogen bond involving O-H---N is the possible reason for the low barrier of this
process. It is lucidly demonstrated through our study that the Ti-decorated BNNT system can

be a potentially promising nanostructure for dissociation of water and generation of hydrogen.

Chapter-8

In this chapter, the conclusion and future directions that can be charted out from the present
studies have been discussed. In particular, the outcomes of the present study and the possibility
of extending the studies to chemically modified hosts in order to develop materials for specific

application are briefly discussed.
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1.1 Introduction to nanomaterials

The field of materials engineering is currently focused on developing advanced
functional materials of tiny dimensions in the range of nanometer with enhanced performance for
potential applications. This has generated a worldwide interest in investigating the growth and
characterization of new nanomaterials for specific use [1-10]. In general, nanomaterials can be
defined as the particles of organic or inorganic materials having sizes (at least one dimension) in
the range of 1-100 nanometer [1-5]. A nanometer (nm) is one billionth of a meter, or 10°° m.
Nanomaterials are classified into nanostructured materials and nanophase/nanoparticle materials.
The former refer to condensed materials that are made of grains with grain sizes in the nanometer
range while the latter are usually the dispersive nanoparticles. Smaller nanoparticles containing
10* or less atoms are referred as nanoclusters.

The term nanomaterials may be a relatively new word, but these materials were in use
from the Roman period. The Lycurgus Cup produced by the Romans in fourth century AD is one
of the great work using colloidal nano gold and silver to achieve the color-shifting effect [11,12].
In the Middle Ages, colloidal gold was used for a diverse assortment of purposes including a s a
colorant in stained glass windows and as a purported curative for a wide variety of diseases
[13,14]. Probably the earliest scientific investigation into the synthesis of nanoparticle was by
Michael Faraday, who in 1857 reported a method for preparing colloidal gold by electrochemical
reduction of aqueous tetrachloroaurate ions, AuCl, [15]. This was followed by the great works
of many eminent people such as Ostwald and Zsigmondy in the development of nanoparticles
[16].

In addition, nature has many objects and processes that function on a micro to nanoscale.

To mention, the flagella, a type of bacteria, is an example of a biological molecular machine. The
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flagella motor is driven by the proton flow caused by the electrochemical potential differences
across the membrane. The diameter of the bearing is about 20-30 nm, with an estimated
clearance of about 1 nm [3,9,11,17-19].

The renewed interest in nanomaterials research started after the well-known lecture by
Nobel laureate Richard. P. Feynman in 1959 at the California Institute of Technology where he
stated, “There is a plenty of room at the bottom” and indicated the vast potential of materials
having small dimensions [20]. Extrapolating from known physical laws, Feynman envisioned a
technology using the ultimate toolbox of nature of building nanoobjects atom by atom or
molecule by molecule. In subsequent years, numbers of technological applications were
demonstrated for nanomaterials leading to development of an area referred as “nanoscience and
nanotechnology” [3,4,21].

Nanoscience is the scientific study of objects on the nanometer regime and primarily
focuses on finding governing laws of these tiny objects, deriving theoretical models to describe
the behavior of those nanoscale materials and analyzing the properties of the whereas,
nanotechnology uses the knowledge of nanoscience for practical applications starting from
nanoscale electronics to nanomedicine [11,17,18,21-23]. This involves the synthesis and
processing of nanomaterials, design and construction of novel tools for characterization of these
materials and finally makes it useful for the particular application.

This field has been a rapidly developing area of the physical sciences in the past 20 years
due to both the commercial potential and academic curiosity. The new aspects of nanoscience are
the combination of our ability to see and manipulate the matter on nanoscale and our
understanding of atomic scale interactions. Advances in the materials processing along with the

precipitous rise in the sophisticated tools capable of characterizing materials with force,
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displacement and spatial resolutions as small as picoNewtons (pN = 10™*? N), nanometer (nm =
10 m) and Angstrom (A = 10 m), respectively, have provided unprecedented opportunities to
probe the structure and mechanical response of materials on nanoscale [24]. Examples include
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) which use
electron beam instead of light as the probe. In addition, major improvements in computer support
have allowed the simulations of material structures and behavior with a degree of accuracy

unimaginable as recently as a decade ago [6,25].

1.2 The fundamental importance of size: The nanoworld

The atomic theory of matter, formulated in the beginning of 19" century by John Dalton
essentially tells that the smallest unit of matter which holds the physical significance of the
matter is the atom. Atoms recombine among themselves and with the atoms of other species to
create other molecules systems we come across in our everyday life. When a macroscopic object
is cut into two, each of these two pieces in to two, and so on, the dimension of the material
decreases from macroscopic to mesoscopic, mesoscopic to microscopic and then reaches to a few
atoms (nanoclusters) and finally ends with a single atom (or molecule). Although the physical
significance of the material does not alter throughout the above process, the fundamental
properties of the pieces start to change once the size goes below roughly 100 nm. Although this
observation was considered as strange behaviour of materials a few decades ago, it has now been
reasonably explained through two effects, the quantum size effect and the surface area effect.
[14,18-19, 26-30]. In a macroscopic metallic sphere of 2 cm diameter, less than 1 in 10 million
atoms are on the surface layer. However, in a 10 nm diameter particle, 10% of its constituent

atoms occupy the surface layer, and this proportion increases to 50% for a 2 nm particle. The



Chapter-1

increase in the fraction of the total number of atoms on the surface to bulk leads to an immense
surface area per unit volume of the material. Surface atoms are less coordinated as compared to
the core atoms. Therefore increase in fraction on surface atoms greatly increases the surface
energy. In addition, the finite size of the particle confines the spatial distribution of the electrons
leading to the quantized energy level and thus exhibit quantum effects due to size [6-9,26,31-33].

Because of the large increase in the number of surface atoms with a small reduction in the
material length, the fundamental properties become dependent on the size of the material. This
regime (from 100 nm to single atom) where the fundamental properties depend on the size of the
piece is known as “nanoworld” [1-5]. Several properties are modified with the reduction in size
of the material. These include enhancement in strength, decrease in phase transition temperature,
increase in diffusion coefficient, band gap, catalytic activity and magnetic permeability. As the
size reduces, the particle become single domain and can display supermagnetism properties. Let

us now discuss the band structure in material. In atoms or molecules, the electrons occupy

band " band gap

overlap

occupied T—
band o

metal nanocluster molecule

Figure 1.1: Variation in band structure of material with size [33].
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discrete energy levels, whereas in a bulk metal the outermost electrons occupy energy bands, in
which the energy, for all normal considerations, is a continuum. For nanoparticles smaller than
10 nm, the energy levels of the outermost electrons in the atoms start to display their discrete
energies. In other words, the quantum nature of the particles starts to become apparent.

The chemical properties (reactivity) of nanomaterials are significantly different from bulk
materials due to its high surface energy and surface area. The unique surface structure, electronic
states and largely exposed surface area stimulate and promote chemical reactions. Thus,
nanomaterials find great applications in the areas of catalysis and sensor devices [1,2,4,8-11].
This is demonstrated most dramatically by gold, which in the bulk is the archetypal inert
material. This is one of the reasons why it is so highly valued since it does not corrode or tarnish
and thus has a timeless quality. It would therefore seem that gold, would be useless as a catalyst
to speed up chemical reactions, but this is not so for gold nanoparticles. When gold is in the form
of nanoparticles with diameters less than about 5 nm, it becomes a powerful catalyst, especially
for the oxidation of carbon monoxide (CO) more importantly at lower temperature [36-42]. In
recent years, a number of research papers on the effectiveness of gold in catalyzing the above
reaction have concluded that the dominant effect is that of the gold nanoparticle size, with the
nature of the support playing a secondary role [43-57]. The impressive performance of gold
nanoparticles towards CO oxidation on various supports as a function of their size has been
shown in Figure 1.2. It is noteworthy that bulk gold is completely inert in macroscopic-sized
pieces. Since catalysis can only occur at the surface layer of atoms, the dominant size effect is
the proportion of gold atoms that are present at the surface. These low coordinated gold atoms

react with carbon monoxide molecules preferentially during the reaction. The fraction of this
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type of atom (highlighted in red in Fig. 1.2) is proportional to 1/d3, where d is the particle
diameter and the black line in the Figure is a fit to the data using this law, demonstrating that the

dominant size effect is indeed the corner atoms located at the surface.[21]
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Figure 1.2: Reactivity of gold nanoparticles on various supports for carbon monoxide
oxidation as a function of particle size. The black line is a fit using a 1/d3 law and is seen
to broadly represent the variation indicating that the dominant effect of size. The low
coordinated Au atoms are highlighted in red [21].

1.3 Classification of nanomaterials

Depending on the dimension in which the size effect on the resultant property becomes
apparent, the nanomaterials can be classified as zero-dimensional (quantum dots) in which the
movement of electrons is confined in all three dimensions, one-dimensional (quantum wires) in
which the electrons can only move freely in the X-direction, two-dimensional (thin films) in

which case the free electron can move in the X-Y plane, or three dimensional (nanostructured
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material built of nanoparticles as building blocks) in which the free electron can move in the X,

Y and Z directions.
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Figure 1.3: Variation of density of states with dimensionality of the nanomaterials.

Spherical nanoparticles, quantum dots, small gas phase clusters and fullerenes are the
examples of zero-dimensional (0D) nanomaterials, whereas, carbon nanotubes or nanowires
belong to the class of one-dimensional (1D) nanostructures. The nanofilms and graphene sheets

are the examples of two-dimensional (2D) nanostructures.
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There is wide variety of nanomaterials that has been identified till date and it is
impossible to note all of them. However, a broad classification can be made on the basis of the
structural configuration as metal based nanomaterials, carbon based nanomaterials, dendrimers
and the composite nanomaterials (comprising more than one phase in it). In the present thesis,
we have studied some of the basic chemical process such as proton and electron transfer under
the confinement of fullerenes and nanotubes. Hence we will now discuss these two

nanostructures in brief before going to the objective of the present work.

1.3.1 Fullerenes

Figure 1.4: The endohedral complex of Cg fullerene containing water molecule.

Fullerenes are the third allotropic form of carbon and were discovered in 1985 after
diamond and graphite [58,59]. Fullerenes comprises of hexagonal and pentagonal rings to get the
closed cage structure. Each carbon atom in fullerene is sp® hybridized and bonded to three other
carbon atoms of the ring. Among the several analogues of the fullerene family, Cg has been

most thoroughly studied because it is produced abundantly in the carbon soot by the arc
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discharge of graphite electrodes and has high symmetry (icosahedral (Ih) with all 60 carbons
chemically equivalent). In addition, it is less toxic in nature and relatively inert under mild
conditions (m.p. ~ 800K). The Cg fullerene has a closed shell electronic structure where 60 p-
electrons are filled in 30 bonding molecular orbitals. The HOMO-LUMO gap is in the range of
1.5-2.0 eV. The highest occupied molecular orbital (HOMO) is fivefold degenerate and is
completely filled. The lowest unoccupied molecular orbital (LUMO) is highly delocalized with
threefold degeneracy. The low lying LUMO makes Cg a fairly good electron acceptor. On the
other hand, the oxidation of Cg fullerene is difficult and only first three reversible oxidation
states have been observed [60,61]. These properties make it an ideal host to study the structure-
property relationship of the confined matter at nanoscale. In the endohedral complexes of
fullerene, the hydrogen bonding and the relative stability of the confined molecule is strongly
influenced by the fullerene cage. The fullerene cages also induce the formation of a genuine
chemical bond in noble gas atoms [62]. In the present thesis, we have studied the chemical

properties of acid-base complexes under the confinement of fullerene cages.

1.3.2 Nanotubes

Nanotubes constitute an exciting class of one-dimensional nanomaterials with remarkable
physical properties and serve as nanoscale media to deliver fluids and molecular species of
nanofluidic applications [1,5,8,18,27,62]. Carbon nanotubes (CNT) and several inorganic
nanotubes have been synthesized and characterized over the years [63]. These include metal
dichalcogenides (WS,, MoS,, MoSe,), oxides (TiO,, ZrO,), nitrides (BN, GaN) and metallic
nanotubes (Ni, Cu, Te), BN, SiO2, TiO2, BCN, SiC, such as MoS,, WS, and MoSe,. Several

possible applications for these nanotubes have been proposed but CNT has been recognized

10
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widely as materials of importance because of its use in technological and biological applications
[64-68].

A carbon nanotube can be simply described as a sheet of graphene coaxially rolled to
create a cylindrical surface. Each CNT is characterized by a set of two integers (n, m) indicating
the components of the chiral vector C = na; + may in terms of the 2D hexagonal Bravais lattice
vectors of graphene, a; and ap, as illustrated in Figure 1.5. When C involves only a;
(corresponding to (n, 0)) the tube is called ‘zigzag’, and if C involves both a; and a; with n = m
(corresponding to (n, n)) the tube is called ‘armchair’. If (n — m) is divisible by 3, it may be
metallic or else it may behave like semiconductor. In carbon nanotubes (CNTS), carbon has sp?
hybridization as in graphite and the fourth electron is delocalized. But unlike the graphite
structure, which is made up of a flat planar honeycomb, the structures of CNTs involve a high

degree of curvature [69-72].

(n,0) zigzag

(n1,n) armchair armchair zigzag

Figure 1.5: Different types of carbon nanotubes (CNTSs) from the helicity vector C.
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The excellent mechanical and electronic properties of carbon nanotubes are valuable for
nanotechnology, electronics, optics and materials science [73]. In particular, owing to their
extraordinary thermal conductivity (~ 2,000 W/m/K) and mechanical and electrical properties,
carbon nanotubes find applications as additives to various structural materials. They are used
water purification [74] and biomedical applications [75].

BNNTSs are structural analogues of CNTs with alternative carbon atoms of CNT are
substituted by boron and nitrogen atom [76, 77]. They posses wider band gap, greater thermal
stability, more resistant to oxidation and enhanced hydrogen storage capability in comparison to
the carbon structure counterpart. There are also reports which show the selective ion transport
characteristics and superior water permeation properties of BNNTs as compared to the CNTs

[78].

1.4 Effect of confinement on material properties at nanoscale

The chemistry within small pores of diameter in the nanometer scale is generally called
‘Chemistry under Nanoconefinement” and can be significantly different from the bulk chemistry
[79-85]. In nanopores, the distance between atoms and molecules on the particles or in the holes
is within a few nanometres, which allow them to interact with each other and with ions and
molecules that approach the surface [79-80].

There are several processes in chemistry and biology which occurs in spatial
confinements of nanometer regime. In this nanoconfined environment, material behavior can be
severely affected primarily because of the geometric restrictions and the physical and chemical
interactions with the confining material [81] Confinement also affects the reaction mechanism

and change the rate of the reaction by several orders of magnitude and may lead to the

12
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preferential formation of a particular isomer over other isomers [82]. Carbon or boron-nitrogen
nanotubes, because of its unique morphology and thermal and mechanical stability, offer an
excellent nanoconfinement medium to study structure-property relation at nanoscale [83] These
studies have elucidated modification in structure, hydrogen bonding [84] and catalytic activity of
the confined molecules [85]. Within the nanocavities of CNTs, metal or metal oxide
nanoparticles exhibit different catalytic activities with respect to the same metals deposited on
the CNT exterior walls. For instance, the reduction of Fe,O3; nanoparticles supported on the
CNTs exteriors required a temperature higher than 1070 K, while those encapsulated in the CNT
channels with an inner diameter of ~8 nm could be reduced at a much lower temperature (~900
K). The reduction become more facile and the temperature lowers to ~860K when the inner
diameter of CNTs is reduced to ~2 nm [88]. In contrast, the oxidation of encapsulated metallic
Fe nanoparticles can be retarded in comparison to that of the outside particles. For e.g., the

Fischer—Tropsch reaction rate is found to be enhanced with such encapsulated Fe nanoparticles

with respect to the outside Fe particles [89]. Similarly, the confinement of Rh particles in CNT
leads to the increases in the catalytic activity of Rh for the conversion of CO and H; to ethanol
[90]. These effects have recently been explained by the concept of “confinement energy” [91]. It
is observed that the downshifting of d-band states of these metal particles happen inside CNT
channels and consequently the adsorption of molecules such as CO, N, and O, is weakened.
Thus, the confined space of CNTs provides essentially a unique microenvironment due to the
electronic effects, which shifts the volcano curve of the catalytic activities toward the metals
with higher binding energies. In another report, the enhanced visible-light activity of titania
confined inside carbon nanotubes has been presented [92]. The primary reason for this has been

attributed to the formation of Ti*" or oxygen vacancies generated from the modified electronic
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structure of TiO; via the confinement inside CNTs. In a very recent study, the encapsulated Pt
clusters in CNT has shown to deliver a remarkably higher activity and stability than the clusters
located on exterior wall of the CNT [93].

The primary effects which are responsible for the modification in the physical and
chemical properties of a material in a confined nanospace are the quantum confinement effect
and the diverse nature of interaction between the enclosed molecule and cavity [94]. However,
our understanding of chemistry of these nanoconfined systems is still an elusive phenomenon
and the corresponding mechanisms are still unexplored. Such a molecular-level understanding
can only be illuminated with the application of both experimental and theoretical studies. In
order to theoretically investigate these exciting nanoconfined systems, one can use quantum
chemical methods based electronic structure calculations. With the advancement of computing
techniques, density functional theory (DFT) in particular has been a very helpful technique to

handle hundreds of atom in a very accurate manner.

1.5 Molecular interactions

Nanostructured assemblies are often spontaneously formed from simple molecular
building blocks. Self-assembly is the process during which molecular fragments spontaneously
organize themselves into nanomaterials [11,28,29]. The organization of these molecular building
blocks is driven by a combination of thermodynamic factors, kinetic factors, and intermolecular
interactions. Among the three, the last one plays the key role in the initiation of the self-assembly
process. Therefore, we will discuss the intermolecular interactions in more details in this section.

Interactions between two or more molecules are called intermolecular interactions, while

the interactions between the atoms within a molecule are called intramolecular interactions [95-

14
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100]. The attractions between molecules are not nearly as strong as the intramolecular attractions
that hold compounds together. They are, however, strong enough to control physical properties
of the material such as boiling and melting points etc. Intermolecular interactions occur between
all types of molecules or ions in all states of matter [95,97,99]. In general, the intramolecular
interactions are of covalent origin whereas most of the forces which are involved in the
intermolecular interactions are electrostatic in nature. They range from the strong, long distance
electrical attractions and repulsions between ions to the relatively weak dispersion forces which
have not yet been completely explained. The van der Waals interaction is the collective term
used to describe attractive or repulsive forces, or non-covalent interactions, between molecules.
Primarily it can be divided to six types as

e lon-lon Interaction

e lon-Dipole Interaction

e Dipole-Dipole Interaction

e Dipole-Induced Dipole Interaction

e Dispersion Interaction

e Hydrogen Bonds

As these interactions are responsible for the formation of molecular aggregates at
nanoscale, they are discussed in the following sections.
1.5.1 lon-ion interactions
lon-lon Interactions are perhaps the most well-known intermolecular interactions and are

among the strongest intermolecular interactions. lon-ion interactions arise between two ionic
(charged) species and the easiest way to understand this interaction is: like charges repel each

other and opposite charges attract. These Coulombic forces operate over relatively long distances
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in the gas phase. The force depends on the product of the charges (Z1, Z,) divided by the square

of the distance of separation (d?)

AY4)
o 47'[80d2

(1.1)

where, & is the permittivity of free space (8.854 x10 > m= kg s* A?).
Due to this interaction, two oppositely charged particles come closer to each other and finally
form an ion-pair, a new particle which has a positively charged area and a negatively charged

area. There are fairly strong interactions between these ion pairs and free ions, so that these

clusters tend to grow bigger in size, and eventually fall out of the gas phase as a liquid or solid.

1.5.2 lon-dipole interactions

Polar molecules do not possess a permanent charge, but depending on the difference in
the electronegativities of atoms bound in the molecule, certain regions of the molecule may have
a partial positive or negative charge. In certain cases, this partial charge can lead to a permanent
dipole. For example, a water molecule has a permanent dipole due to its bent geometry. When an
ion comes closer to a molecule with a dipole, there is an electrostatic interaction between the
dipole and the ionic species. The strength of this interaction depends on the dipole moment of the
molecule, charge on the ion, distance between the ion and the center of the dipole moment and

the angle of approach of the ion with the dipole axis.

1.5.3 Dipole-dipole interactions
Molecules with permanent dipoles can interact with each other through electrostatic
means. The strength of this interaction is angle dependent similar to the lon-Dipole interaction.

The most attractive interaction may often be obtained when the two dipoles are anti-parallel to
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each other with the positive region of one dipole adjacent to the negative region of the other.
This anti-parallel orientation draws the molecules to come closer to each other and finally settle
at a distance where the maximum attractive interaction energy is achieved.

In general, the charges on ions and the charge separation in polar molecules decide the strength
of the interactions and therefore the order is; very strong in the case of ion-ion interactions,

weaker in the case of ion-dipole interactions, and considerably weaker dipole-dipole interactions.

1.5.4 Dipole-induced dipole interaction

When an ion come closer to a non-polar molecule, the symmetric electronic cloud of the
non-polar molecule feel the effect of the electric field produced by the ion. As a result, the
electron cloud surrounding the non-polar molecule may become distorted. For example, when a
cation approaches a non-polar molecule, the electron cloud of the non-polar molecule is pulled
slightly toward the cation. The result of this distortion of the electron cloud is an effective charge
separation in the non-polar molecule and is called an induced dipole. Polar molecules are also
capable of inducing dipoles in non-polar molecules. The extent to which the electron cloud of a
molecule becomes distorted in the presence of an ion or polar molecule is termed as
polarizability. The presence of an induced dipole moment in a non-polar molecule means that
there will be electrostatic interaction between the non-polar molecule and the ion or polar
molecule that is inducing the dipole.

It can be noted that the interaction between an ion or a polar molecule and an induced
dipole is always attractive. This is because the induced dipole created in a non-polar molecule by
an ion or a polar molecule is oriented such a way that it is attracted toward the species inducing

the dipole.
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1.5.5 Dispersion interactions

In addition to the electrostatic forces discussed in the previous sections, there also exists a
force between all molecules, regardless of charge or polarity. The origin of this force is the
quantum mechanical correlation between the electrons in neighboring molecules. This force is
called the dispersion or London force. Although a non-polar molecule has no permanent dipole
moment, at any given moment the distribution of its electrons may be asymmetrical, resulting in
an instantaneous or momentary dipole moment. This instantaneous dipole moment creates an
electric field that perturbs the electrons of a neighboring molecule, producing in it an induced
dipole moment and resulting in an attractive force between the two molecules. Electrical forces
operate when the molecules are several molecular diameters apart, and become stronger as the
molecules or ions approach each other. Dispersion forces are very weak until the molecules or
ions are almost touching each other. Dispersion interaction varies as 1/r® with distance and is
always attractive between any two molecules. This force is the main source of attraction between
two neutral, non-polar molecules and is inherently quantum mechanical in nature. Because of
this interaction, boiling point of large non-polar molecules is higher than small polar molecules.
Therefore, high level quantum mechanical calculation must be performed to calculate the
dispersion force between two molecules.

Finite size of atoms does not allow two atoms to occupy the same point in space.
According to the spherical model of atom, the repulsive force between two atoms starts rising as
the distance between them become closer to the atomic radius. Ultimately, the overall interaction
of two molecules is the sum of all the different types of interactions that we have discussed. The

potential energy decreases as the distance between the molecules grows smaller, until the energy
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reaches a minimum value. If the distance decreases beyond this, then the potential energy

quickly increases due to the overlap repulsion term.

1.5.6 Hydrogen bonds

The hydrogen bond is an attractive interaction between a hydrogen atom from a molecule
or a molecular fragment X—H in which X is more electronegative than H (such as N, O, or F) and
an atom or a group of atoms in the same or a different molecule, in which there is evidence of
bond formation [95,101,102]. The hydrogen bond is essentially electrostatic in origin and so is a
subset of the dipole interactions already discussed. However, it is of particular importance and
strength, and so has acquired a special classification. In such cases, the electron density
surrounding the hydrogen atom is mostly drawn toward the more electronegative atom, leaving
the hydrogen atom “exposed” with a strong partial positive charge through which it may form a
strong dipole-dipole interaction with the electronegative element on an adjacent molecule. The
reduced electron density around the hydrogen atom allows the neighboring molecule with which
it is hydrogen bonded to come closer as compared to the non-hydrogen bonded ones. The
magnitude of the attractive interaction energy is much greater in this case as the distance is
comparatively shorter than other cases.

In addition to the molecular interactions discussed above, another effect which becomes
significant in the case of large organic molecules in polar solvent such as water is hydrophobic
effect. The characteristics of a large organic molecule are determined by its non-polar
hydrocarbon portion in the molecule. When such molecules are placed in water, they
spontaneously self-organize themselves into larger aggregates. This arrangement minimizes

overall contact between the hydrocarbon part of the molecule and the water and also maximizes
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the water-water intermolecular interactions. This is because the dipole-dipole interactions in
water are stronger than the interactions between non-polar molecules. This leads to aggregation

and results to the formation of dispersed nanoparticles within the aqueous solution.

1.6 Overview of theoretical methods

All the works presented in this thesis have been carried out by employing different
quantum mechanical methods. Both wave function based methods and the density functional
theory (DFT) based methods have been used. Within the framework of DFT, we have used
several exchange-correlation energy functionals, such as the local density approximation (LDA),
generalized gradient approximation (GGA) and Becke’s three-parameter exchange functional
and Lee-Yang-Parr correlation functional (B3LYP). The individual computational methods used
will be discussed in respective chapters under the subsection computational details. The

theoretical basis for all the methods used throughout the thesis is outlined here.

1.6.1 The Schrodinger equation

One of the major scientific breakthroughs of the 20™ century is the development in the
field of quantum mechanics. The Schrodinger equation,[103] introduced by the Austrian
physicist Erwin Schrodinger can be considered as the heart of quantum mechanics [104-115].
Schrodinger equation is a partial differential equation, which describes the quantum state of a
system and predicts how the states change with time. The time-independent Schrddinger

equation for a system containing M nuclei with N electrons can be written as

Hy, (6, 0,0,y RU R, Ry Ry ) = Ed (6,1 Byl R R Rey Ry ) (12)
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where, H is the Hamiltonian operator and represents total energy of the system. v, is the wave

function which depends on both the electronic and nuclear coordinates and E; is the eigenvalue
of the i" state of the system. The Hamiltonian operator for this system can be written it atomic

units as

R 1 N 1 M 1 N M Z N N 1 M M Z Z
H=—2)Vi-o) S vi-) 31oasyy =0y >y 248 )

23 25M, i1 A fia o i AdesA Rue

Here, A and B run over the M nuclei whereas i and j run over the N electrons of the system. Za
and Ma represent the charge and mass of the A™ nuclei in atomic units. The first two terms of the
expression represent the kinetic energy of the electrons and nuclei respectively. The third term
represents the attractive interaction between the nuclei and the electrons, whereas the last two

terms represent the electron-electron and nucleus-nucleus repulsion energy respectively. Thus,

the last three terms represent the potential energy part of the Hamiltonian.

Laplacian operator Vg is defined as a sum of differential operators (in Cartesian coordinates)

97> 27 9>

-+ +
T 9x?2 ayfl azfl

(1.4)

Although the Schrddinger equation can be applied to any system, the solution becomes
extremely difficult for larger systems. Therefore, certain approximations are imposed when
solving the Schrddinger equation for a system containing large number of atoms and electrons.
Only after these approximations are made, one can computationally solve the Schrddinger

equation for many body systems. One such approximation is Born-Oppenheimer Approximation.
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1.6.2 Born-Oppenheimer approximation

This approximation is based on the fact that the nuclei are much heavier as compared to the
electrons. Because of the large difference in their mass, the nucleus can be considered as fixed
for all purposes of electron movement. Which means the electrons can be approximated as if
they are moving in the field of fixed nuclei. This approximation was proposed in 1927 by Max
Born and J. Robert Oppenheimer [116]. Due to this approximation, the wave function can be

spitted into the wave function of nuclear and electronic components.

lr//total (r’ R) = l//electronic (r; R) X l//nuclear (R) (15)

Now, the electronic Hamiltonian for fixed nuclear coordinates can be written as
n 1 N 5 N M Z N N 1 R R n
Helec = _Ezvi _ZZ_A +ZZ_ :Telec +VNe +Vee (16)

The three terms in the electronic Hamiltonian are kinetic energy of electron, potential energy due

to electron-nucleus interaction and potential energy due to electron-electron interaction.

The electronic Schrodinger equation then solved to get the electronic energy component (Eeye).

A

HelecWeIec = EelecWelec (17)
However, it should be noted that the simple electronic energy E.e represents only one component
of the total energy of the system which is given by sum of electronic energy, nuclear repulsion

energy and the nuclear kinetic energy, viz.

Etot = Eelec + Enucl ' (18)

Then the total energy can be obtained by adding electronic energy with nuclear repulsion energy

(a constant term) as
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Eo = Euee +E (1.9)

— elec nucl *

1.6.3 The Variational principle

In order to solve the Schrddinger equation for a molecule, first the Hamiltonian operator
of the target system has to be set. This requires the knowledge of the total number of electrons in
the system, and external potential V. In the second step, we have to find the eigenfunction v,

and corresponding eigenvalue E; of the Hamiltonian. Once the y;, is determined, all properties of

interest can be obtained by applying the appropriate operators to the wave function.
Unfortunately, no simple and straightforward method is available to solve the Schrodinger

equation exactly for atomic and molecular systems.

The method which allows systematically approach the wave function of the ground state

v, , l1.e., the state which has the lowest energy E, is known as the variational principle.
According to the variational principle, the expectation value <E> of the Hamiltonian operator
(H) using any trial wave function (v, ) 1S always greater than or equal to the true ground state

energy ( E,) [104-107].

E > E, where,

<E> o <‘//tria| | H |l//trial> (1.10)

<'//trial | l//trial >

The strategy for finding the ground state energy and wave function involves the minimization of

the functional E[¥] by searching through all acceptable N-electron wave functions.
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1.6.4 The Hartree-Fock method

As discussed in the previous section, it is practically impossible to solve the electronic
part of the Schrodinger equation of an N-electron system due electron-electron repulsion term.
We need to define a suitable subset, which offers a physically reasonable approximation to the
exact wave function and adopt some algebraic scheme to minimize and get the improved
wavefunction.

According to Hartree, the many electron wavefunction can be represented by the product

of one electron wavefunctions, known as the Hartree product.

w =y (DY, (N (0)..py (1) (1.11)
However, this product is not anti-symmetric and does not obey the Pauli Exclusion Principle.
This electron exchange is incorporated by Fock and Slater by approximating the N-electron
wavefunction as an anti-symmetrised product of N-one electron wave functions, the Slater

determinant, given by

¢(r) &) ... ()
V/HF(rl,rz,...l’N):ﬁ ¢l(zr2) ¢2(er) A (r2)
g (ry) &(ry) du(ry)

(1.12)

Here, ],/ W is the normalization factor and the one-electron wave functions are called spin-
orbitals which are composed of both spatial orbitals and the spin functions. As it can be seen
from the above equations, exchanging the coordinates of i"™ and j particles is equivalent to
interchanging i™ and j™ columns of the determinant. As the sign of the determinant changes on
exchange of any two rows or columns of the matrix, exchange of any two particle coordinates

changes the sign of the wavefunction making it antisymmetric.
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Hartree developed the so called self-consistent field (SCF) procedure [117,118] which

assumes that each electron moves in the field of the nuclei as well as the average (mean field)

potential due to the other electrons. The one-electron Schrédinger equation corresponding to this

average potential is then solved for each electrons of the system. Since the SCF potential

depends on the wavefunction, the same has to be evaluated using the set of improved wave

functions (orbitals) and the solution procedure is to be repeated using the new potential. This

procedure is iteratively carried out and each time the new set of orbitals is compared to the same

from the previous iteration till the values differ only insignificantly, leading to what is known as

self-consistency and the computation is complete and the wavefunctions and energy values are

said to be self-consistent [104, 107].

The energy evaluated by operating the Hamiltonian operator on the Slater determinant is called

the Hartree-Fock energy (Enr) and is given as

Eue = (v 1Flvie )= 3o H 5 2 (3 -K,) 113
where,

H = | ﬂ*(r){—%vz—é% (r)dr (114)

3,=]f ¢.(r1)¢.*(r1>?12¢;(r2)¢,-(r2>dr1dr2 (1.15)

Ky = [[ 4 (r)g, (n)éﬂ (r,)#; (r,)dr,dr, (1.16)

i

anti-symmetric nature of the wavefunction.

J;; is the coulomb integral and K; is the exchange integral. The later arises as a result of the
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Roothaan proposed a set of known basis functions to convert these differential equations to a set
of algebraic equations which can be easily solved using the matrix procedure [119].

The unknown orbitals can be expressed as a linear combination of the known basis functions

{2, 1=123,..K}as

4=2.Caix, (1.17)

The total energies calculated from the HF method are found to be associated with an error
of 0.5-1.0%. Though it is not very high in terms of total energy, it is in the range of the chemical
bond energies and hence it should be improved further. The improvement can be made by

considering the electron correlation effect which is not properly accounted for in the HF method.

1.6.5. Electron correlation

The HF energy (Enr) is always greater than the true ground state non-relativistic energy
and the difference between the two is the correlation energy [104-107].

E.or = E; —Eie (1.18)

The instantaneous repulsion of electrons which is not included properly in the HF scheme is the
main origin of this correlation energy. In order to take care of the electron correlation energy,
several wavefunction based methods have been developed, viz. the Mgller-Plesset perturbation,
Configuration interaction, Coupled Cluster, etc. However, all these post Hartree-Fock methods

are found to be highly expensive computationally and it may not be possible to deal with large

systems of practical importance.
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1.6.6. Density Functional Theory (DFT)
1.6.6.1 Electron density

Before we start the discussion about the density functional theory (DFT), let us introduce
the concept of electron density at this point. The wave function W introduced in the previous
section may itself does not have any physical significance, but the square of the wave function is

an observable quantity given as the probability function [120],

P=|w(Ry %y, Ry )| dRy dR, ...dRy 1 (1.19)

Which represents the probability that electrons 1, 2, ..., N are found simultaneously in volume
elements dx; dx, ...dXy.
The normalization condition for the system of N electrons leads to the equation
1.20
[ ] P& % R d%dR, L dRy =1 (1.20)

The single particle electron density p (¥) can be defined as

- - - o P e - 1.21
p(r) :N‘["'J-l\P(XI,XZ ..... XN) I dS]dXz...dXN ( )
p(T) defines the probability of finding any of the N electrons within the volume element dr, but
with arbitrary spin while the other N-1 electrons have arbitrary positions and spin. Strictly
speaking p(T) is a probability density, but it is called as the electron density is common practice.

We can easily write
Jp@®di=N (1.22)

Unlike the wave function, the electron density depend only on three coordinates and is an
observable which can be measured experimentally, e. g. by X-ray diffraction.
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1.6.6.2 The Thomas-Fermi model

The main idea of DFT is to use the simple electron density p(r) in place of the much

complicated N-electron wavefunction and to extract information about the atomic or molecular
systems. One of such earliest attempt was made by Thomas and Fermi in 1927 [121] The
Thomas-Fermi model is a statistical model which assumes that the electrons are uniformly
distributed over the six-dimensional phase space. The relation between the total kinetic energy

and the electron density in this model is given as (atomic units are used)

Telpl=Ce [ P (r)er, (1.23)
_3 3%
10 (37°) (1.24)

If this is combined with the classical expression for the nuclear-electron attractive potential and
the electron-electron repulsive potential we have the famous Thomas-Fermi expression for the

energy of an atom

ETF[p(r)]:CFjpsﬁ(r)dr—zj@dr j p|(rr )_p(|r PP e (1.25)

A large number of modifications have been proposed to improve the Thomas-Fermi
model [122-125]. However, none of them could predict the bonding in molecules and hence not
used for chemical applications. Thus we will not discuss these modifications here and
straightway move to The Hohenberg-Kohn Theorem which is considered as the pillars on which

all modern day density functional theories are established.
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1.6.6.3 The Hohenberg-Kohn theorem
The Hohenberg-Kohn Theorem formulated in 1964 gave an important breakthrough in
density functional theory [123]. The first theorem provides the proof that the electron density in

fact uniquely determines all the properties of the system. The external potential v(r)is a unique
functional of p(¥). Since v(r) fixes the Hamiltonian, the full many particle ground state is a

unique functional of p(%).
Thus, for an N-electron system, all the ground state properties can be determined from

the total number of electron (N) and the external potential v(r). For a non-degenerate ground

state of an N-electron system, po(r) determines the N as

_[p(r)dr =N (1.26)
and also determines the v(r)and hence it can determine all the properties.

The total energy can be written as

Elo]=Tlpl+V.[o]+Velr] (1.27)
= [ p(ryv(r)dr +Fy [o] (1.28)

The Hohenberg-Kohn functional, Fyk contains the system independent terms (independent of N,

Ra and ZA)

Frac [P =TLp]+ Ve [A] (1.29)

The second H-K theorem states that Fyx[p], the functional that delivers the ground state energy
of the system, delivers the lowest energy if and only if the input density is the true ground state

density, po. This theorem reestablishes the variational principle and states that for a positive trial
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density p(r) satisfying the conditionjp(r)dr = N , the energy functional E[ p] is an upper bound

to the true ground state energy.
Elp]=E,

1.6.6.4 The Kohn-Sham method

In 1965, Kohn and Sham invented an indirect way of calculating the kinetic energy
thereby making the DFT method as an efficient tool for carrying out rigorous calculations.[123]
The idea was “if we are not able to accurately determine the kinetic energy through an explicit
functional, we should be a bit less ambitious and concentrate on computing as much as we can of
the true Kinetic energy exactly. We then have to deal with the remainder in an approximate
manner”. Hence, they suggested to use the same expression and to obtain the kinetic energy of

the non-interacting reference system with the same density as the real, interacting one

T.[o]= <l//|<s i(_%vfj

Vs > - (1.30)

The exact ground state wavefunction for such a non-interacting system will be the Slater

determinant of the one electron wavefunctions

¢l(rl) ¢2(rl) ¢N (rl)
1 ¢l(r2) ¢2(r2) ¢N (rZ)

l//KS(rl’rZ!"'rN):W (1.31)

¢1(rN) ¢2(rN) ¢N (rN)

The non-interacting kinetic energy is not equal to the true Kinetic energy of the interacting

system, even if the systems share the same density. Kohn and Sham accounted for that by
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introducing the the unknown Exchange-Correlation functional E,.[p] . The overall energy

functional can be written as

ELp]= [ p(r)v(r)dr +T,[p]+ [ p]+ Exc[ ] (1.32)
where

Exclol=Tlol-T[p]+V.lpl-Ilp] (1.33)

The residual part of the true kinetic energy, Tc, which is not covered by Ts, is simply added to
the non-classical electrostatic contributions. In other words, the exchange-correlation energy Exc
is the functional which contains everything that is unknown, a kind of junkyard where everything
is stowed away which we do not know how to handle exactly. Let us also underline that in spite
of its name, Exc contains not only the non-classical effects of self-interaction correction,
exchange and correlation, which are contributions to the potential energy of the system, but also
a portion belonging to the kinetic energy. The exchange correlation energy does not have any
exact form and hence has to be approximated. In fact the main challenging aspect of DFT is to

find a good approximation to the exchange-correlation energy functional E,.[p]. There are
various approximations to calculate E,.[p], such as Local Density Approximation (LDA),

Local Spin density Approximation (LSDA), Generalised Gradient Approximation (GGA) and
many other hybrid functionals like B3LYP, HSE, M06 etc. We will discuss LDA and GGA

briefly here.
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1.6.6.5 Local density approximation (LDA)

Local Density Approximation is the simplest approximation to the E,.[p] using the
uniform electron gas formula, viz. [122]
E2[p]=[ p()a(p)dr (1.34)
where, ¢, (p) is the exchange-correlation energy per electron in a homogeneous electron gas
with density p . The functional & (p) can be separated into exchange and correlation
contributions as ¢,.(p) =&,(p) +&.(p), so that the exchange part can be obtained from the Dirac

exchange-energy functional as

v3
5,.(0) =—§(§p(r)j | (1.35)
T

The correlation part ¢_.(p)is unknown and for homogeneous electron gas it has been simulated

through the quantum Monte Carlo approach.
1.6.6.6 Generalized gradient approximation (GGA)

Though the LDA approximation is successful for many systems where the electron
density varies slowly, it fails for highly inhomogeneous systems.[120, 123-125] One way to
improve the LDA method is by considering that the exchange-correlation energy depends not

only on the density p(r)but also on its gradient Vp(r) and the typical GGA functional can be

written as
Eelpl=[ PN (o, V)dr (1.36)
A large number of GGA functionals have been developed to handle the E,.[p] more exactly

and some of the widely used GGA functionals are Perdew, Burke and Enzerhof (PBE), Perdew

and Wang (PW91), Becke (B88) etc. In addition to these pure DFT functionals, large numbers
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of hybrid DFT functionals are developed by incorporating the exact HF exchange into the

E,c[o] like B3LYP, PBEO, Heyd-Scuseria-Ernzerhof (HSE) etc. As a next step to the GGA

methods and hybrid methods, the meta-GGA functionals are developed in recent years where in
addition to density and gradient the Laplacian (second derivative of electron density) is also

incorporated, as is done in TPSS and the Minnesota Functionals.

In what follows, some of the common exchange energy, functional, and potential terms used in
DFT are described, [123d]. Herein, pa and pf are the a, B spin densities. The gradients of the
density enter through

A

oc=Vp.Vp &=Vp.Vp o:':V[S.V[S’ D=V2p’ V=V
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The Becke Exchange Energy Functional and the Potential

EZ™ =[ popy | = EX° [pa,pﬁ]—azcﬁlfdrpgaw

e ) s bX 2 .
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The Lee, Yang, and Parr Correlation Energy Functional and the Potential
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The Perdew 86 Correlation Energy Functional and the Potential
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1.7 Scope of the Thesis

The physical and chemical properties of the material in nanoscale length differ
significantly from those of the atomic and the bulk materials. The primary reasons for these
modifications are attributed to the surface induced effects (large surface to volume ratio) and the
quantum size effects. On the other hand, physical and chemical properties of a material can also
be significantly modified from the bulk primarily in a confined nanospace. In this particular case,
the diverse nature of interaction between the enclosed molecule and the confinement medium
also play a crucial role in addition to the quantum confinement effect. The significant effects on
the chemistry of these confined systems associated with nanoscale confinement have potential
importance in a wide range of applications, e.g., catalysis, lubrication and separation science.
However, our understanding of chemistry of these nanoconfined systems is still an elusive
phenomenon and the corresponding mechanisms are also being uncovered.

In the present thesis, the chemical properties of nanomaterials have been investigated in
isolated condition and under the confinement of various nanostructured media. In addition, we
have also investigated the catalytic properties of nanomaterials for a few important chemical
reactions. The main objective is to investigate the modification in the chemical properties of
system by changing the surrounding medium. We have primarily studied the change in structure,
solvation, energetics, vibrational frequencies, chemical reactivity and catalytic activity using
density functional based methods. All the works contributed towards the thesis are discussed
from chapter 2 to chapter 7. The last chapter (chapter 8) presents an overview of the possible
future directions contingent upon the results of the present thesis. In the following section, a

brief summary of different chapters is discussed.
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In chapter-2, the effect of confinement on the structure and properties of water clusters
are presented. Water has been recognized as the matrix of life and plays a crucial role in many
biological and chemical systems. In many of these systems, water is found to be confined in
pores of diameter in the nanometer scale, for example, hydrophobic cavities of proteins. We have
investigated the structure, bonding and vibrational spectra of water clusters in carbon nanotubes
(CNT) of diameter in the range of sub-nanometer. The effect of confinement has been
systematically investigated by varying the diameter of the nanotube. From the stabilization
energy values calculated by the dispersion corrected DFT method, it is confirmed that water can
occupy the interior of narrow nanotube such as CNT(4,4). In CNT(4,4) and CNT(5,5) 1-
dimensional water chains parallel to the CNT axis is formed whereas in CNT(6,6), zigzag
structure is observed with radial O-O distance shorter than that of parallel to the CNT axis. More
symmetric structures similar to gas phase structures are detected in larger diameter CNTs and the
cluster gets stabilized close to the CNT wall. It has been observed that in highly confined
medium like CNT(4,4), there is a reduction in the O-H bond length of water. An inverse relation
between the electronic charge transfer (from CNT to water) and the CNT diameter is also
established. It is found that the intra-molecular charge separation for each water molecule
increases under confinement as compared its gas phase counterpart. Under highly confined
system, blue shift in the stretching frequency of O-H (non-hydrogen bonded) occurs due to the
reduction in O-H bond length. In the case of CNT(6,6), a red shifting in stretching frequency of
the hydrogen bond assisted O-H is observed due to the reduction in O—O separation distance
and hence strengthening of the hydrogen bond. The important findings from this study is the
degree of confinement (diameter and curvature of carbon nanotube) is extremely important in

deciding the properties of confined water molecules.
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In chapter-3, the spherical confinement effect due to the fullerene cages on the nature of
acid-base complexes is presented. This chapter is divided in to two parts. In the first part, we
have considered the NH3-HCI pair as a prototype system and studied the effect of confinement
and polarizability of fullerene cages on the behaviour of this acid-base pair by systematically
varying the fullerene diameter (Css to Cig0) Using density functional methods. In our important
findings, it has been demonstrated that the diameter of fullerene is one of the crucial factor in
deciding the chemical properties of the acid-base pair. In isolated case (gas phase) of the NHs-
HCI pair, the proton is associated with the acid and quite far away from the nitrogen of ammonia.
In larger diameter fullerene such as Cigp, only a slight increase (~ 5%) in chloride-proton
distance (Rci.n) is observed and the acid is still in the undissociated form. As the diameter of
fullerene decreases, the acid starts dissociating and a gradual reduction in the nitrogen-proton
distance is observed. In Cgy and other smaller diameter fullerenes, the proton is completely
transferred from the acid to ammonia, and a symmetrical ammonium ion is formed.

In the second part, we have considered the Lewis acid-base complex (LABC) i.e., the
ammonia-borane as well as its fluorine derivatives and tried to elucidate the effect of spherical
confinement due to the fullerene buckyballs on the structure, bonding and energetics of LABC in
a systematic way. In particular, we have considered two fullerene rings Cgo and Cgp as the
nanoconfined medium and investigated their role on the charge transfer and binding energy of
the LABC complex by gradually substituting the hydrogen atoms with fluorine. We have
observed that the confinement effect along with the interaction of fullerene with the LABC,
significantly modify the structure, interaction energy, chemical reactivity and charge transfer in

LABC under the spherical cage of fullerene.
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Chapter-4 deals with the solvation of multiply charged anions in finite system under the
confined medium of bulk solvent system. In a nanoconfined environment, the solvation of
molecules and ions differ significantly from the bulk solvation due to the presence of restricted
number solvent molecules. Therefore, the solvation energy values of an ion likely to differ in
these two environments (N & o). In the present study, a microscopic theory-based bottom-up
approach has been implemented to derive an analytical expression for the solvation energy for a
finite (N) system, including the bulk. This bottom-up approach provides the information on
solvation energies of anionic solutes in finite-size clusters, including the bulk (N = o), from the
knowledge of the detachment energies for the system containing a few numbers of solvent
molecules. However, in case of dielectric constant, a microscopic theory-based top-down
approach has been prescribed to derive an analytical expression for the static dielectric constant
for the finite system. In this approach, the knowledge of the dielectric constant for the bulk
provides a scheme to obtain the same quantity for a wide numbers of solvent molecules. As an
illustrative example, the theory has tested for sulphate and oxalate ion and found to be in very

good agreement (within 5%) with the available experimental result.

Chapter-5 deals with the study of proton transfer (PT) energetics in water and ammonia
under confinement. In many important physical, chemical and biological processes, PT occurs in
a nanoconfined environment. Carbon and Boron nitride nanotubes have been used as model
nanoconfinement media to study the proton transfer reactions and get detailed insights into this
complex phenomenon. Experimentally it has been shown that the PT rate is enhanced in multiple
orders under nanoconfinement. In order to understand the molecular origin of the enhancement

in proton transfer, we have investigated the proton transfer energetics in CNT and BNNT using
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the protonated water dimer (Zundel cation) as a model system and employing dispersion
corrected DFT method. The main objective of the study is to elucidate the effect of water-
nanotube interaction and the diameter of nanotube (different degrees of confinement) on the
structure and proton transfer energetics of Zundel cation (ZC). Our results reveal that the
interaction of ZC with the nanotube is observed to be largely depends on the diameter of the
nanotube. The interaction energy of ZC with CNT is observed to be significantly higher (~40%)
than that of BNNT. In larger diameter nanotubes, ZC is stabilized near the inner surface of the
nanotube because of the formation of hydrogen bond between the ZC and the nanotube. It has
also been shown that the effect of marginal change in degree of confinement on the energy
barrier (12-45%) for the PT process is very remarkable. We have analyzed several important
factors such as interaction energy, charge transfer and POF as a function of the degree of
confinement. Among all the nanotubes considered in the present study, it has been concluded
that the proton transfer may be facilitated in nanotubes with diameter in the range of 7 to 9 A.
Chapter-6 deals with the effect of hydrogen doping in gold clusters for CO oxidation
process. It is well known that CO can act like a poisoning agent specifically for the metal
catalysts such as Pt and Pd. In the present study, we have systematically doped hydrogen atoms
on gold clusters (Aup, n=1 to 6) and investigated the structure and stability of each hydrogen
doped clusters towards CO oxidation process. For each gold cluster, we have considered various
possible conformations and did the sequential hydrogen doping to the maximum extent possible.
The important properties such as IP, EA and HOMO-LUMO gap have been thoroughly analysed
for each of these clusters. In case of hydrogen doped clusters, it is observed that hydrogen atom
withdraws electrons from the gold cluster and hence the gold atoms acquire high positive charge.

Then the CO interaction has been studied with the pristine and hydrogen doped gold clusters.
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Interestingly, a substantial increase in the CO interaction energy (more than 20% in some cases)
is observed when many hydrogen atoms are doped with the gold clusters. One of the reasons for
this remarkable enhancement in interaction energy is attributed to the charging of the gold
cluster. We have also investigated the activation barrier for the CO oxidation leading to CO;
process using some of the selected gold clusters for which the observed IE values are
significantly higher than the pristine cluster. We also demonstrated that the CO oxidation can
occur with these hydrogen doped gold clusters with a significantly lower barrier (100 %) in
comparison to their pristine counterparts.

Chapter-7 deals with the generation of hydrogen from water through a catalytic process. In
particular we have made an attempt to investigate the effect of boron nitride nanotube on the
catalytic activity of different metal atoms especially, titanium and vanadium for water
dissociation reaction leading to the generation of hydrogen molecules. From our calculations, we
have demonstrated that the dissociation of water to H and OH fragments is extremely facile with
barrier height of 0.12 and 0.27 eV for Ti and V adsorbed structure respectively. We further
studied the adsorption and dissociation of another water molecule on the final state (product) of
the first water splitting reaction. It is observed that the second water molecule also interact
strongly (binding energy > 1eV) with the product and the water dissociation proceed with very
low energy barrier with the production of H, molecule. The barrier height for the water
dissociation reaction estimated in the present study is lower than that of pure metal cluster and
other supported nanostructured materials. Stabilization of the transition state structure by
hydrogen bond involving O-H---N is the possible reason for the low barrier of this process. It is
lucidly demonstrated through our study that the Ti-decorated BNNT system can be a potentially

promising nanostructure for dissociation of water and generation of hydrogen.
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Chapter 2

Effect of nanoconfinement on the
structure and properties of water clusters
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2.1 Water in nanoconfinement

Water has been recognized as the matrix of life. It plays an invaluable role in governing
the structure, stability, and function of biomolecules such as proteins and enzymes [126-130]. It
has been established that the long-range transfer of ions and metabolites along the biosurfaces is
possible only because of the presence of the spanning network of water. Water molecules are
also found in rocks, zeolites and many other inorganic materials. In many of these systems,
water molecules are present in the small pores of dimension in nanoscale. The influence of these
confined water molecules on the thermodynamics of the equilibrium process occurring in these
systems is very significant.

Water molecules in the bulk phase are bonded to each other through hydrogen bonds.
Each water molecule accepts two hydrogen bonds and donates two hydrogen bonds to other
water molecules. Thus, each molecule is tetrahedrally coordinated to four other water molecules
and water is considered as a highly structured liquid. The hydrogen bond network of water is
extended in space in three dimensions. Therefore, the properties of water confined in nanometer-
scale pores are expected to differ significantly from the bulk as the hydrogen-bond network is
truncated in these confining geometries. The loss of hydrogen-bond energy should render the
transfer of a single water molecule into a nonpolar environment energetically unfavorable [131].
However, experimental evidence for water penetrating into weakly polar cavities in the protein
interior has been obtained in recent years [127-131].

The exact behavior of water in these confined nanocavities remain as a challenge to
scientific community because of the difficulties in performing experiment in nanoscale and the
limitation of computational facility to treat such large systems accurately. Thus, in the last

decade, large numbers of studies have been performed on water in various kinds of model
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nanopores to develop the understanding of water behavior in the real systems. Among these
model studies, water in carbon nanotubes (CNTs) [132] has been thoroughly investigated
primarily because of two reasons. The hydrophobic interior of CNT resembles with the
biomolecules [133] and the tremendous potential of CNT for technological applications. The
applications involving CNT-water system include hydroelectric power converters [134, 135],
desalination of seawater [136] and drug delivery [137]. The excellent thermal stability (stable up
to 700° C in air), mechanical robustness (with tensile strength higher than that of steel) and
unique electronic properties of CNT make it an excellent model system to study the structure
property relationship of molecules under nanoconfinement, the water molecules in particular.
Nevertheless many groups also investigated the behavior of water inside parallel graphene sheets
[138-141], in boron nitride nanotubes [142, 143], zeolites [144], and many other porous
structures.

The initial molecular dynamics (MD) report of Hummer and co-workers [145] indicated
that water molecules can occupy the hydrophobic interior of CNT(6,6) which opened the door
for the upsurge research in this particular topic. Their prediction of water occupying CNT has
been confirmed through neutron diffraction [146], NMR [147], X-ray diffraction [148, 149] and
IR spectroscopic [150] studies.

A large number of experimental and theoretical studies have been performed on water in
CNTs. The important findings from these studies have been discussed in a recent review article
[151]. Water molecules undergo molecular ordering to form stacked-ring structure with a linear
chain at the center of the nanotube [150].There is a reduction in the number of hydrogen bonds
for each water molecule inside the nanotube [152]. But the weak interaction between water and

CNT, and the tight hydrogen-bonding network leads to a pulse-like transport of water molecules
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in these CNTs [145, 153-158] which exceeds expectations from macroscopic hydrodynamics by
several orders of magnitude. This high fluid velocity results from an almost frictionless interface
at the carbon-nanotube wall [159]. In addition, phase transition [160, 161] viscosity modification
[162] and wetting-drying transition [145] have also been observed in these studies.

In spite of such large number of studies on water under carbon nanotubes, the molecular
level understanding is still lacking. Since most of studies performed earlier are based on
molecular dynamic simulation, ab initio study of water in CNT can bring more details of this
particular system. A recent DFT based study of water clusters in CNT(6,6) by Wang et al. [163]
predicted weak coupling between the molecular orbitals of the encapsulated water molecules and
the delocalized = electrons of carbon nanotube. Therefore, water in CNT cannot be considered as
a case of simple geometrical confinement. In another very recent study, it has been shown that
water-nanotube interaction influence water flow through CNT [164]. Although a recent study by
Rojas and co-workers [165] has shed some light in this direction, there is no first principle study
dealing with water molecules in various nanotubes. As ab initio investigations can bring out
molecular details of the system, an organized first principle study in this regard can give more
insight to this particular problem. In this chapter, we have presented the results obtained from the
systematic study performed on water in CNT by DFT method. The main objective of the present
study is to find out how the properties of water molecules vary as the degree of confinement
changes. In particular, we have studied the structure, bonding and vibrational spectra of water
clusters in carbon nanotubes (CNT) of diameter in the range of sub-nanometer. The effect of
confinement on the properties of water cluster has been systematically investigated by varying

the diameter of the CNT.
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2.2 Computational details

The equilibrium structure of the water clusters {(H20),, n=1 to 4} are initially obtained
in gas phase. Then these optimized water clusters are placed inside the CNTs and the complexes
comprising of water clusters and CNTs have been optimized to get the minimum energy
structure of the CNT-Water complexes. The structure of the CNT framework is in general
observed to be least affected during the course of optimization. The terminal atoms of the CNTs
are saturated with dangling hydrogen atoms to minimize the end effects. At the same time, the
electronegativity of hydrogen atom is comparable with that of carbon and it does not affect the
electron delocalization inside the carbon ring. To investigate the effect of confinement on the
properties of water molecules, several CNTs have been considered and the degree of
confinement has been systematically varied. It can be mentioned that the smaller is the nanotube
diameter, the higher is the degree of confinement and vice versa. We have considered the

armchair CNTs from CNT(4,4) to CNT(8,8) with the corresponding diameter of 5.7 to 11.2 A.

All the calculations have been performed by employing density functional theory with
B3LYP exchange-correlation hybrid functional as implemented in TURBOMOLE program
[166]. The reliability of DFT calculations in describing the water clusters and other hydrogen-
bonded systems has been already tested with respect to other schemes such as MP2 and CCSD,
in earlier studies [167]. The correlation-consistent triple-zeta basis set augmented with diffuse
basis functions (augCC-pvTZ) is used for water molecules, whereas for the nanotube framework,
simple contracted Gaussian basis sets (SVP or split valence with polarization) are used. Since in
these types of systems, dispersion interaction plays an important role, dispersion correction has
been incorporated in all the calculations [168]. The infra-red vibrational modes of the confined

water molecules have been calculated by freezing the coordinates of the CNT framework and
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following the NumForce module of the TURBOMOLE program. A scaling factor of 0.97 has
been used for the vibrational frequencies as recommended by Merrick and co-workers [169]. To
get the electronic population on individual atoms, natural bond orbital (NBO) population

analysis procedure has been adopted here.
2.3 Structure and properties of gas phase water clusters

Before going to the effect of confinement, let us have a small discussion on the structure
and properties of water cluster in gas phase. As a representative case, herein we have considered
water clusters consisting one to four water molecules {(H20),, n=1 to 4}. The optimized
structures of these water clusters are presented in Figure 2.1. It can be seen from this figure that
water molecules (n < 5) form 2-dimensional cluster. The geometrical parameters of these
optimized water clusters are presented in Table 2.1. The geometrical parameters and the
interaction energy (IE) of the water cluster obtained in the present study using B3LYP/augCC-
pvTZ method are quite close to the results available from experiment and other theoretical
methods such as MP2 and CCSD [170]. For example, the interaction energy value in the case of
water trimer in the present study is (-16.56 kcal/mol) in good agreement with MP2/ aug-cc-pVTZ
value of -16.29 kcal/mol. Similarly, the O-H bond length of water monomer obtained in the
present study is 0.962 A and the available results from MP2 method [171] is 0.959 A. Thus the
B3LYP functional in combination with a good basis set can describe the water cluster with
reasonable accuracy and validates the choice of our method for the current study. As the number
of water molecules increases in a cluster, the number if hydrogen bond increases and therefore
the increase in interaction energy value is quite sharp with the increase in water molecules in the

cluster.
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Figure 2.1: Structure of water clusters {(H20),, n=1 to 4}predicted from DFT/B3LYP method

Table 2.1: Geometrical parameters and interaction energy of water clusters {(H20),, n=1 to 4}in

gas phase.
System R+ (A) O-0-H) Hydrogen Bond IE
Parameters
®(O-H-O) 6(0..0) 6(H--O) kcal/mol

1w 0.962 0.962 105.09 -- -- -- --
0.961 0.961 105.38

2W 171.42 2.912 | 1.949 -5.26
0.963 0.963 105.50
0.961 0.976 106.13 151.60 2.795 | 1.897

3W 0.961 0.976 106.43 149.18 2.802 | 1.920 -16.56
0.961 0.976 106.30 151.54 2.796 | 1.899
0.961 0.984 106.16 167.62 2.735 | 1.766
0.961 0.984 106.24 167.69 2.735 | 1.766

4W -29.45
0.961 0.984 106.17 167.64 2.735 | 1.766
0.961 0.984 106.18 167.66 2.736 | 1.766

49



Chapter-2

Let us discuss the vibrational frequency of the water clusters in the present case. It is
important to mention here that in bulk water each water molecule is tetrahedrally coordinated,
simultaneously donating and accepting two hydrogen atoms. The hydrogen bonded network is
extended throughout the bulk water. However, the arrangement of water clusters of finite size is
disrupted and different types of OH groups are observed (bulk-like, free OH groups etc.).
Whether a particular OH group is involved in the hydrogen bonding or not, can be easily
identified by means of vibrational spectroscopy. In general, there are four major types of OH
stretching modes present in water cluster. These modes originate from the OH groups that belong
to the following water species: free OH groups dangling from the surface (3690-3720 cm™),
double H-atom donor-single O-atom acceptor (3450-3550 cm™), water molecules in a distorted
tetragonal coordination (3400-3450 cm™), and single donor-double acceptor (3050-3200 cm™)
[172-175]. The values given parentheses correspond to the spectral region in which these modes
are observed. Thus, the position of the OH stretching mode highly depends on the involvement
of the OH group in the hydrogen-bond network. As mentioned earlier, the calculated vibrational
frequencies are scaled by a factor of 0.97 according to the report of Merrick and co-workers
[169] and the scaled frequency values are presented in Table 2.2. It can be seen from this table
that as the number of water molecules in the cluster increases the stretching frequency of water
molecule decreases. This is because of the strong hydrogen bonds in the larger clusters. This is
also supported by the reduction in H—O distance from 1.95 A to 1.77 A on going from (H,0); to
(H20)4. The vibrational frequencies obtained in the present study are reasonably close to the
results from other high level correlated calculations [176]. In these water clusters, one OH is

involved in the hydrogen bond formation whereas the other just dangles away from the cluster.
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Accordingly, the stretching mode which is dominated by the dangling OH bond appears at a

higher frequency as compared to the other stretching modes.

Table 2.2: Vibrational modes of water clusters {(H20),, n=1 to 4} in gas phase.

Vibrational Erequency 1W oW 3W 4W
(cm™)
1591
1586
i 1576 1602
Bending 1587 1587
1595 1611 1ggg
2606 3560 3415 S
Symmetric Stretching 3675 3478 3322
3492 3358
3728
3737
Asymmetric Stretching 3756 g;% 3746 g;ig
3755 3749

2.4 Structure and properties of water molecules under the confinement of CNTs

In this section, the interaction of water molecule with single walled carbon nanotubes, the
modification in structure of water molecules due to confinement and the charge transfer from
CNT to water molecule are discussed. The optimized structures of water molecules in CNTs
(CNT-Water complex) are presented in Figure 2.2.

It can be seen from Figure 2.2 that the water molecules form a linear chain parallel to the
nanotube axis in CNT(4,4) and CNT(5,5) irrespective of the number of water molecules present
in the cluster. This is obviously due to the steric hindrance offered by these two CNTSs because of

their small diameter. On the contrary, in CNT(7,7) and CNT(8,8), cyclic water clusters are
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formed in the case of three and four water molecules. The geometrical parameters of water

clusters in these two wider nanotubes are very much similar to that of gas phase clusters.

CNT(6,6)-W CNT(6,6)-2W CNT(6,6)-3W CNT(6,6)-4W

CNT(8,8)-W CNT(8,8)-2W

Figure 2.2: Optimized structures of CNT-Water complex.
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However, in case of CNT(6,6), zigzag type of arrangement is observed. That means, the
structures formed in this particular nanotube is neither perfectly linear nor perfectly circular in
nature. For example, in CNT(6,6)-4W, the oxygen atom of one water molecule is not exactly on
the top of the other water molecule, but shifts slightly away in the axial direction. This introduces
asymmetry in the structure of water cluster and two different O-O distances are observed. The
radial O-O distance is slightly shorter in comparison to the axial O-O distance. The exact values
of axial and radial O-O distance in the case of three water molecules in CNT(6,6) are 2.87 and
2.68 A respectively. From the preceding discussion it can be said that the structure of water
cluster in CNT largely depends on the diameter of the CNT.

We have also analyzed the distance of nearest neighbor carbon atom from each atom of
the water cluster. Interestingly, we observed that the hydrogen atoms are relatively closer to the
carbon atom of CNT in comparison to the oxygen atom. This can be attributed to the hydrogen
bonding between the H atom of water cluster and the n-cloud of CNT [163, 177, 178]. Due to
this particular mode of interaction, water clusters get optimized close to the CNT surface and not
at the centre of the nanotube. To get a clear picture of it the radial view of the optimized

geometries of CNT(8,8)-4W is presented in Figure 2.3.
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Table 2.3: Geometrical parameters of water clusters under the confinement of CNTSs.

System R+ () OnH-0-H) O 0.H.0) 8(0..0) O(H..0)

CNT(@.4)-1W 0956 | 0957 105.39 = = =
0951 | 0.969 106.03

CNT(4,4)-2W Soes | ee oS 171.03 2795 | 1.834
0.951 | 0.965 105.99

CNT(4,4)-3W 0952 | 0968 | 103.44 TS o e
0957 | 0.957 104.95 : : :
0.954 | 0.962 106.58

149.35 2.853

0953 | 0.966 103.69 1.983

CNT(4,4)-4W 0.954 | 0.969 103.71 igggg g;gg 1.834
0957 | 0.957 105.23 : :

CNT(5.5)-1W 0962 | 0.962 104.65 = = =
0961 | 0972 104.84

CNT(5,5)-2W oo | Sz . 176.39 2869 | 1.898
0961 | 0970 104.79

CNT(5,5)-3W 0962 | 0973 103.80 igg'gg ggig 122
0.963 | 0.964 105.51 : : :
882; 8323 }82;1 158.48 2807 | 1.883

CNT(5,5)-4W : : : 146.97 2766 | 1.902
0962 | 0974 104.77 i SO s
0.964 | 0.964 105.33 : : :

CNT(6.6)-1W 0.963 | 0.963 104,44 = = =
0961 | 0971 105.13

CNT(6,6)-2W oSl el oot 175.96 2884 | 1.914
0.961 | 0978 105.74 153.25 2679 | 1.769

CNT(6,6)-3W 0.961 | 0.974 106.00 148.38 2868 | 1.999
0961 | 0.979 106.48 152.30 2679 | 1.773
0.961 | 0.987 104.76 167.52 2586 | 1613
0961 | 0.987 106.59 166.17 2699 | 1.731

CNT(6.6)-4W 0.960 | 0.986 104.67 167.34 2587 | 1615
0961 | 0.987 106.41 166.40 2701 | 1732

CNT(7.7)-IW 0963 | 0.963 104.24 - - -
0961 | 0971 105.35

CNT(7,7)-2W Rpsoll el T 172.06 2886 | 1.922
0961 | 0976 106.41 149.77 2786 | 1.899

CNT(7,7)-3W 0961 | 0976 106.39 150.64 2793 | 1.901
0961 | 0976 106.10 151,55 2787 | 1.890
0961 | 0984 106.97 166.67 2742 | 1775
0962 | 0.983 105.86 168.00 2749 | 1.780

CNT(7.7)-4W 0961 | 0.984 106.80 166.80 2738 | 1771
0.962 | 0.983 105.98 167.72 2746 | 1778

CNT(8.8)-1W 0.963 | 0.963 104.20 - - -
0961 | 0972 105.49

CNT(8.8)-2W PSRl el Lo 174.18 2869 | 1.900
0.961 | 0976 106.59 151.79 2796 | 1.900

CNT(8.8)-3W 0962 | 0975 106.33 149,59 2803 | 1918
0962 | 0.974 106.66 147.94 2823 | 1.950
0.961 | 0.985 106.39 168.66 2730 | 1.757
0962 | 0.982 106.10 165.73 2741 | 1779

CNT(8.8)-4W 0961 | 0985 106.42 168.28 2727 | 1755
0961 | 0.982 106.26 165.70 2743 | 1.780
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o -
Figure 2.3: Radial view of the optimized geometry of CNT(8,8)-4W complex.

Let us now discuss the interaction of the water molecules with CNT. The interaction

energy of water and CNT has been calculated using relation 2.1.
IE = Ecnr-w)— [Eenn + Ew)] (2.1)

where, Eccnt-w), Ecnt), @and Eqw, are the energy values of CNT-water complex, bare CNT and the
water cluster respectively.

We observed negative interaction energy for single and double water clusters for all the
CNTs. For 3W and 4W, negative interaction energy values are obtained in case of all the CNTs,
except CNT(4,4). This indicates CNT(4,4) cannot accommodate more than two water molecules.
The plot of interaction energy as a function of confinement length (diameter of CNT) is given in
figure 2.4. It is interesting note from this figure that the interaction energy does not

monotonically increase with CNT diameter but for an intermediate diameter CNT. This clearly
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indicates that in addition to the CNT diameter, the effective interaction of the water cluster with

CNT also plays an important role in the stabilization of water clusters inside CNT.
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Figure 2.4: Interaction energy of water molecules and CNT as function of CNT diameter.

Let us now discuss the electronic properties of the water clusters under the confinement
of CNTs. The population analysis has been done following the NBO method. In general, it is
observed that the intra-molecular charge separation for each water molecule increases under the
confinement of CNT as compared to the water molecule in gas phase. For example, the charge
on oxygen and hydrogen atom of a water molecule increases from its gas value of -0.93, 0.46 to
-1.55 and 0.67 a.u. inside CNT(4,4). This indicates there is a substantial amount of charge
transfer occurs between CNT and the water cluster. When the charge on oxygen and hydrogen
atom of water molecule is added, it is observed that electrons are transferred from CNT to the
water cluster. A plot of the electronic charge transfer as a function of confinement length

(diameter of CNT) is presented in Figure 2.5.
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Figure 2.5: Electronic charge transfer as a function of confinement length (diameter of CNT)

It can be seen from the above figure that the charge transfer in the case of CNT(4,4) is
substantially higher compared to all other CNTs. As the diameter of CNT increases, the amount
of charge transfer from CNT to the water cluster gradually decreases. This electronic exchange is
also expected to contribute significantly to the net interaction energy.

Let us now discuss the vibrational frequency of the water molecules under the
confinement of CNTs. As mentioned earlier, vibrational spectroscopy is a great tool to identify
the water structures in in a confined environment [179]. For example, Byl et al. [150] observed
two different stretching modes corresponding to inter and intra ring water molecules in
CNT(10,10). In the present study, the system is quite large and comprises of more than 200
atoms in some cases. Therefore, the vibrational frequencies of the water clusters have been
calculated by following the NumForce module of the Turbomole program. After the geometry
optimization is done, the CNT coordinates are fixed while computing the vibrational modes in

the NumForce module. These results are presented in Table 2.4. In highly confined situation like
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CNT(4,4), a significant blue shifting in the stretching frequency mode is observed. For instance,
the two stretching frequency values for a single water molecule in CNT(4,4) are 3734 and 3823
cm™ which is significantly higher in comparison to their corresponding gas phase value of 3696
and 3756 cm™. The primary reason for this blue shifting is the reduction on the O-H bond length
in CNT(4,4). As the diameter of the CNT increases the amount of blue shifting sharply reduces
and in CNT(5,5) and other higher CNTSs, the stretching frequency values are quite close to the
gas phase values. Since there is a transition from linear to cyclic cluster with the increase in tube
diameter, the hydrogen bonded stretching modes are drastically affected due to confinement.
Therefore, the stretching frequency values corresponding to these hydrogen bonded modes are
significantly blue shifted in CNT(4,4) and CNT(5,5) where linear chain of water is formed
(irrespective of the number of water molecules in the cluster).

Table 2.4: Vibrational modes of water molecules under the confinement of CNTs. The first row
inside each column represents the bending modes whereas the second row corresponds to the

stretching modes. All the frequency values are in cm™.

Conf.
1w 2W 3w AW
Medium
1576 1542, 1592 1572, 1588, 1645 1563, 1572, 1614, 1640
CNT(4,4)
3734, 3823 | 3546, 3734, 3780, 3833 | 3552, 3611, 3711, 3770, 3811, 3848 | 3525, 3594, 3649, 3713, 3767, 3770, 3789, 3817
1574 1573, 1623 1568, 1600, 1620 1569, 1595, 1605, 1633
CNT(5,5)
3676, 3760 | 3520, 3655, 3735, 3743 | 3496, 3556, 3657, 3710, 3737, 3744 | 3475, 3551, 3582, 3652, 3717, 3728, 3729, 3748
1574 1577, 1601 1582, 1599, 1612 1590, 1595, 1623, 1645
CNT(6,6)
3666, 3750 | 3536, 3657, 3733, 3748 | 3348, 3419, 3495, 3716, 3728, 3737 | 3116, 3222, 3261, 3310, 3723, 3726, 3728, 3732
1578 1577, 1602 1582, 1586, 1605 1584, 1595, 1602, 1626
CNT(7,7)
3667, 3752 | 3548, 3665, 3743, 3745 | 3414, 3477, 3477, 3725, 3729, 3734 | 3241, 3317, 3338, 3371, 3724, 3725, 3732, 3734
1582 1586, 1607 1576, 1583, 1605 1583, 1597, 1605, 1632
CNT(8,8)
3669, 3753 | 3517, 3668, 3745, 3751 | 3435, 3490, 3510, 3732, 3735, 3749 | 3231, 3296, 3352, 3374, 3723, 3727, 3743, 3743
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More importantly, H---O and O---O distances increase from their original gas phase
value due to the linear chain formation (see Table 2.2 and 2.3). This causes the reduction in
hydrogen bond strength between water molecules and blue shifting in hydrogen bonded
stretching modes. In wider nanotubes, CNT(7,7) and CNT(8,8) no significant change in the
stretching modes of water molecule is observed. But we observed very interesting results for the
case of CNT(6,6). The stretching modes in this particular case are significantly red shifted in
comparison to the gas phase cluster. A thorough analysis of the modes reveals that the red shifted
modes are associated with those hydrogen bonds where the oxygen atom of the donor is
relatively closer to the oxygen atom of the acceptor water molecule. While discussing the
structural parameters of water clusters in nanotube, we have highlighted that the oxygen atoms
which are not present in the axial direction come closer to each other in CNT(6,6). As a result,
the H---O and O---O distance become shorter in comparison to the axial O--O distance.
Therefore, it can be concluded from these results that the hydrogen bond strength between water
molecules is strongest in CNT(6,6). Our result also indirectly support the burst transmission of
water molecules in CNT(6,6) reported in the earlier studies [145]. Strong hydrogen bonding

between water molecules is recognized as the main reason for this particular phenomenon.
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2.5 Summary of the work

From the stabilization energy values calculated by the dispersion corrected DFT method,
it is confirmed that water can occupy the interior of narrow nanotube such as CNT(4,4). As the
number water molecule increases, the interaction energy attains a positive value for CNT(4,4). In
CNT(4,4) and CNT(5,5), 1-dimensional water chains parallel to the CNT axis is formed whereas
in CNT(6,6), zigzag structure is observed with radial O-O distance shorter than that of axial O-O
distance parallel to the CNT axis. Relatively more symmetric structures similar to the gas phase
structures are predicted in larger diameter CNTSs. It is also observed that the water cluster gets
stabilized close to the CNT wall due to H-x interaction between the water molecule and the pi-
cloud of CNT. In a highly confined medium like CNT(4,4), a significant reduction in the O-H
bond length of water molecule compared to the gas phase geometry is observed. An inverse
relation between the electronic charge transfer (from CNT to water) and the CNT diameter is
also established. It is found that the intra-molecular charge separation for each water molecule
increases under confinement as compared its gas phase counterpart. Irrespective of the number of
water molecules, the highest tube-water interaction energy is achieved for CNT(5,5) with the
diameter value of ~ 7A. Under highly confined system, blue shift in the stretching modes of
water molecule occurs due to the reduction in O-H bond length. In the case of CNT(6,6), a red
shifting in stretching frequency of the hydrogen bond assisted O-H is observed due to the
reduction in O-O separation distance and hence strengthening of the hydrogen bond. Our results
also supports some of the earlier findings such as burst transmission in CNT(6,6). The important
findings from this study can be summarized as the degree of confinement (diameter and

curvature of CNT) is the key in deciding the properties of confined water molecules.
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Chapter 3

Effect of nanoconfinement
on acid-base complexes
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3.1 Introduction

The chemical properties of an acid or base can be significantly modified by the
surrounding medium in a confined nanospace due to the geometric constraints and the interaction
of the enclosed molecule with the cavity [180-187]. For example, the hardness of the system
increases and the system get less polarizable in a spherical cavity with the decrease in
confinement volume[185]. Energy spectra [181] and electronic shells in atoms [188, 189] are
also modified in a spatially confined environment. Owing to the unique cage structure and large
polarizability, fullerenes are considered as one of the ideal hosts to study the structure-property
relationship of the confined matter at nanoscale [190-193]. Recent studies on the endohedral
complexes of fullerene show the modification in hydrogen bonding [194,195] and enhanced
stability [196,197] of the confined molecule in the fullerene cage. Theoretical studies have also
predicted NMR chemical shift [198], and more pronounced stability for the polar molecules over
nonpolar ones in fullerenes [180, 199]. More interestingly, the fullerene cage also induces the
formation of a genuine chemical bond in noble gas atoms [182, 200, 201]. There is another
report which describes the catalytic role of Cgo cage in facilitating the proton transfer in the

complex HsN---HCI to form the ion pair NH4"CI" [202].

From the above discussion, one would expect the chemical behaviour of acid-base
complexes in nanoconfined environment to be different from its gas phase. However, to the best
of our knowledge, a systematic report on this topic is not available in the literature. Therefore, in
the present study, the main objective is to investigate the chemical behavior of acid-base
complexes under the nanoconfinement of fullerene cage to rationalize the role played by the
fullerene cage in a more generalized way. In particular, we have considered the “ammonia-

hydrochloric acid” and “ammonia-borane” pairs as two representative cases and tried to elucidate
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the effect of fullerene bucky ball on the structure and energetics of these complexes in a
systematic way. We have considered several fullerene rings as the nanoconfinement medium. In
our important findings, it has been demonstrated that the diameter of fullerene is one of the

crucial factor in deciding the chemical properties of the acid-base pair.

This chapter is divided in to two parts. In the first part, we have considered the NH3-HCI
pair as a prototype system and studied the effect of confinement and polarizability of fullerene
cages on the behaviour of this acid-base pair by systematically varying the fullerene diameter
(Cs6 to Cigo) using density functional methods. In the second part, we have considered the Lewis
acid-base complex (LABC) i.e., the ammonia-borane as well as its fluorine derivatives and tried
to elucidate the effect of spherical confinement due to the fullerene bucky balls on the structure,

bonding and energetics of LABC in a systematic way.

3.2 Computational details

Initially, fully optimized geometries of acid-base (AB) complexes are obtained in gas
phase (isolated case). Thereafter, the complexes comprising of AB and fullerene have been
optimized to get the minimum energy structure of the endohedral complexes (AB@C,). All the
calculations have been performed by employing density functional theory methods as
implemented in the TURBOMOLE program [166]. We have used two types of exchange-
correlation functional namely, TPSSH (meta-GGA) and B3LYP (hybrid) in our calculations. The
triple-zeta basis set (def2-TZVP) is used for acid-base complexes, whereas for the fullerene
framework, simple contracted basis sets (SVP or split valence with polarization) are used to
reduce the computational time. Dispersion correction has been incorporated in all the

calculations [168]. The reliability of TPSSH method in describing the acid-base system has
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already been tested in earlier studies [203]. The amount of charge transfer take place from the

base to the acid in the complex has been estimated through natural bond orbital (NBO) analysis.

3.3 Results and discussion

3.3.1 Structure and energetics of NH3-HCI in fullerenes

The optimized structure of NH3-HCI complex in gas phase is presented in Figure 3.1(a).
The H-CI bond distance is 1.36 A and the hydrogen atom is at 1.65 A from the nitrogen atom of
ammonia. Thus it can be inferred that NHz and HCI do not react to form the ion pair NH4*ClI" in

gas phase.

1.652 . 1.361 )
4‘ 7‘ 1

()

Figure 3.1: Structure of NH3-HCI complex (a) in gas phase and (b) under the confinement of

Ciso.

In Figure 3.1 (b), the geometry of the NH3-HCI complex in fullerene Cigp is shown. It is
observed that in Cig0, the CI-H distance is 1.42 A and hence, the acid can be considered as

undissociated. All the structural parameters of the complex are presented in Table 3.1.
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Table 3.1: Geometrical parameters of NH3-HCI complex in gas phase (isolated case) and in
fullerenens. Bond distance values are in Angstrom and bond angles are in degree.

MC(;C(;?L]:m Rty | Rernz) | Rerns) | Rerng | Reny | Rneny | Rvhz) | Rvengy) | Rivehgy | Oclnny

Isolated | 1.361 | 3484 | 3.485 | 3.485 | 3.013 | 1.652 | 1.013 | 1.013 | 1.013 | 1799
Cuso 1422 | 3410 | 3.423 | 3455 | 2.944 | 1523 | 1.012 | 1.012 | 1014 | 1772
Co 1737 | 3231 | 3.434 | 3.440 | 2.882 | 1.153 | 1.019 | 1.020 | 1.020 | 1712
Cao 1575 | 3.155 | 3.162 | 3.157 | 2.692 | 1.117 | 1.012 | 1.012 | 1011 | 1796
Cro 1672 | 2761 | 2768 | 3.436 | 2584 | 1.088 | 1.011 | 1.011 | 1.002 | 1380
Cso 2075 | 2.083 | 2.072 | 3.239 | 2.260 | 1.009 | 1.009 | 1.010 | 0.979 | 872
Cso 2071 | 2071 | 2.020 | 3128 | 2.124 | 1.008 | 1.008 | 1.007 | 1.004 | 817
Cae 2157 | 2157 | 2.159 | 3213 | 2223 | 0.988 | 0.988 | 0.988 | 0.989 | 807

Let us now discuss the effect of smaller diameter fullerenes on the nature of bonding in
NH3-HCI complex. From Table 3.1, it can be observed that there is a drastic change in the
structural parameters of NH3;-HCI complex as the diameter of the fullerene is reduced. For
instance, the distance between the proton and nitrogen atom of ammonia is observed to be
decreasing as the diameter of fullerene decreases. More importantly, it is interesting to note that
the proton-nitrogen distance in Cg and other smaller fullerenes, become equal to the other three
N-H distance of ammonia. This indicates that the HCI molecule becomes fully dissociated in
these smaller fullerenes and a symmetrical ammonium ion is formed. The optimized structures
of all the “NH3-HCl—fullerene” complexes are presented in Figure 3.2. We however, did not
observe a linear decrease in the CI-H distance with the diameter of fullerenes. This may be due
to the non-spherical structure of these fullerenes which enforces the structure to deviate from

linearity, particularly in the case of Cgg and Cyo (Figure 3.2).
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Figure 3.2: Optimized structures of all (NH3;-HCIl)—fullerene complexes.

To get a clear picture on the effect of confinement, we have plotted the CI-H-N angle as
function of fullerene diameter. This is presented in Figure 3.3. Since the structure is changing
from linear to nonlinear (in terms of CI—H—N angle), a nonlinear decrease in the CI-H

distance.

From the above results it can be mentioned that the diameter of fullerene is one of the
crucial parameters for the proton transfer in the NH3-HCI complex. In order to understand the
role of fullerenes and their diameter for the above complex, we have done the charge analysis
based on the NBO scheme. The natural charge on each atom of the NH3-HCI complex is listed
in Table 3.2. In general, it is observed that the charge on CI atom gradually increases with

decrease in diameter up to Cg. This indicates that the Cl atom exists as an anion in these
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confined situations. However, further reduction in diameter has reverse effect on the charge state

of Cl atom. This is due to the transfer of electrons to fullerene ring as the whole NH4-Cl complex

acquires high positive charge (See last two rows of the last column). Thus, the fullerene cage acts

as an electron rich centre to tune the charge state of the NH3;-HCI complex and promote the

proton transfer process.
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Figure 3.3: Variation in CI-H-N angle as function of fullerene diameter.

Table 3.2: Natural charge on each atom of the NH3;-HCI complex by NBO analysis.

CO&ZQ?J?,? n R 1) Y1) 4 4n2) 4p3) 44y Unngy | Dvms-on
Isolated -0.41 0.29 -1.02 0.38 0.38 0.38 0.41 0.0
C180 -0.49 0.31 -0.99 0.38 0.39 0.39 0.48 -0.01
C96 -0.76 0.42 -0.91 0.42 0.42 0.42 0.77 0.01
C80 -0.74 0.37 -0.92 0.42 0.42 0.42 0.71 -0.03
C70 -0.80 0.41 -1.00 0.46 0.44 0.44 0.75 -0.05
C60 -0.89 0.50 -1.17 0.50 0.52 0.50 0.83 -0.06
C50 -0.10 0.62 -1.63 0.61 0.62 0.64 0.87 0.77
C36 1.24 0.72 -2.18 0.72 0.74 0.72 0.71 1.95
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3.3.2 Lewis acid-base complexes under the confinement of fullerenes

Lewis acid-base complexes (LABCs) are the group of electron donor-acceptor
compounds in which the electron pair of the connecting dative bond is provided by one of the
bonding species [204]. The simplest example is the amine-borane system (NH3-BHj3; and its
derivatives), in which the electron transfer takes place from the lone pair on nitrogen (Lewis
base) to the vacant orbital of boron (Lewis acid). In terms of resonance theory, NH3;-BH3 can be
described by two diabatic states; one neutral state and one ionic charge-transferred state [205,
206]. The bond strength of LABC lies between the strong covalent bond and weak van der Waal
bond, and it is related to the magnitude of charge transfer from the donor to the acceptor [207,
208]. Due to its high gravimetric hydrogen density, there is a lot of interest in the NH3-BHj3
system in exploring the feasibility of using it as a hydrogen storage system for mobile
applications [209-212]. Moreover, this simplest Lewis acid-base complex has been used as a
model system in several studies to understand the nature of bonding and other chemical
properties in this group of compounds [205, 213-215]. Similarly to the NH3-HCI case, fully
optimized geometries of Lewis acid (BHxFs.x), Lewis base (NHyF3.y) and the Lewis acid-base
complexes [BH3F3-x)—NH3Fs-v)] are obtained in gas phase (isolated case). Then, the complexes
comprising of LABC and fullerene (Cgy and Cgo) have been optimized to get the minimum

energy structure of the endohedral complexes (LABC@C,).

3.3.2.1 Structure and energetics of isolated LABC

As mentioned previously, we have considered a series of LABC in the present study.
Therefore let us discuss the isolated geometries first. The geometrical parameters and interaction

energy values of isolated LABC are summarized in Table 3.3 and 3.4. The agreement between
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our results and the results available from the earlier experiments and theoretical studies

(employing other methods like MP2) is quite satisfactory [216-218].

Table 3.3: Optimized bond lengths (in A) and net charge transfer in Lewis acid base complexes
in gas phase. The first line in each column corresponds to the results from TPSSH/TZVP method
and the second line represents results from B3LYP/TZVP method. In the third line, results from
experiments and other theoretical studies (wherever available) are presented.

LABC R+ Re-r) Rn-H) R-p) Ren) q
1.19
BH, 1.20
1.19°
1.19 133
BH,F | 1.19 1.34
1.19° 1.33°
1.19 1.32
BHF, | 1.19 1.33
1.19° 1.33°
1.32
BF; 1.32
1.32°
1.02
NH; 1.02
1.02°
1.02 143
NH,F 1.03 1.44
1.02° 1.43°
1.03 141
NHF, 1.03 1.42
1.03° 1.41%
1.38
NFs 1.39
1.38%
121 1.02 1.66 0.38
BH3-NHs | 1 25 1.02 1.66 0.38
(1) 1.21% 1.02° 1.66° 0.32° 0.31°
1.21 1.02 1.43 1.59 0.32
BHz-NHoF 1 59 1.02 1.45 1.60 0.32
(2) 1.21% 1.02° 1.42° 1.61% 0.31°0.27°
1.21 1.03 141 1.59 0.28
BHa-NHF2 19 5 1.02 1.41 1.59 0.29
(3) 1.20° 1.03* 1.39° 1.60° 0.28" 0.23"
1.20 1.37 1.63 0.26
BH3-NFs 1159 1.38 1.63 0.26
(4) 1.20° 1.37% 1.63% 0.24° 0.18"
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1.21 1.40 1.02 1.68 0.36
BHoF-NH3 | 4 59 1.42 1.02 1.68 0.35
(5) 1.21° 1.02° 1.68° 0.29% 0.28"
1.22 1.39 1.02 1.42 1.63 0.30
BHoP-NHzF | o9 1.40 1.03 1.44 1.63 0.30
6) 1.21° 1.42° 1.03? 1.42° 1.68° 0.27%0.25°
121 1.37 1.03 1.39 167 0.27
BH,F-NHF
2 2 121 1.38 1.03 1.40 1.67 0.27
(7) 0.20°
1.20 1.34 137 2.28 0.11
BH,F-NF
21119 1.34 1.38 2.39 0.04
(8) 0.02°
1.21 1.39 1.02 1.69 0.34
BHF-NH3 | 459 1.40 1.02 1.69 0.34
©) 1.21° 1.39° 1.02° 1.69° 0.27°.0.27"
1.22 137 1.02 141 1.70 0.30
BHF,-NH,F
210 2 11.22 1.38 1.02 1.42 1.70 0.30
(10) 0.23"
1.20 1.35 1.03 1.38 1.92 0.22
BHF,-NHF
2 21120 1.36 1.03 1.39 1.88 0.06
(11) 0.16"
1.19 1.32 1.38 291 0.02
BHF,-NF
208 1119 1.33 1.39 2.79 0.01
(12) 0.01°
1.37 1.02 1.69 0.33
BFs-NHs 1.38 1.02 1.68 0.33
(13) 1.38° 1.02° 1.68° 0.26" 0.26"
1.37 1.02 1.40 172 0.30
BF4-NH,F
N 1.38 1.02 1.41 1.72 0.30
(14) 0.22°
1.35 1.03 1.38 1.90 0.22
BFs-NHF
3 2 1.36 1.03 1.39 1.87 0.09
(15) 0.14°
1.32 1.38 271 0.02
BFs-NFs 1.33 1.39 2.60 0.02
(16) 1.33° 1.38° 2.58° 0.01% 0.01"

2 ref [208], Pref [217]

For example, in the present study, the N-B bond length (Rn-g)) for the complex BH3z-NH3

has been estimated as 1.660 A and 1.656 A respectively by TPSSH and B3LYP method. These

values are quite close to the MP2 result [217] of 1.664 A and the experimentally determined

value of 1.6576 A [218]. Similarly, the estimated interaction energy values of the complex BHs-
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NH; by these two methods are -34.5 and -30.9 kcal/mol whereas, the experimental [204] and
MP2 results [217] are -31.1 and -34.4 kcal/mol respectively. From these results, it can be
inferred that the both TPSSH and B3LYP functional with dispersion correction are able to

describe the parameters of LABC in a fairly accurate manner.

Table 3.4: Interaction energy (IE) of Lewis acid-base complex in gas phase. The numbers
corresponding to the LABC are indicated in 3.3.

IE (kcal.mol™)

LABC No. TPSSH/TZVP B3LYP/TZVP
1 -34.5 -30.9
2 -33.2 -29.8
3 -25.9 -22.9
4 -14.2 -11.6
5 -24.6 -21.5
6 -21.1 -18.1
7 -11.2 -8.6
8 -1.8 -1.5
9 -20.3 -17.4
10 -13.1 -10.3
11 -4.3 -3.6
12 -1.3 -1.3
13 -24.0 -21.4
14 -16.0 -13.5
15 -6.2 -4.8
16 -1.7 -1.9

The other important aspect of LABC is the electron transfer from the Lewis base to acid
as it has a direct correlation with the interaction energy of the LABC [197, 219]. The charge
transfer values obtained through natural bond orbital (NBO) analysis are presented in the last
column of Table 3.3. There is a gradual decrease in the amount of charge transfer as the
hydrogen atoms in the LABC are substituted by the fluorine atom.  Substitution of
electronegative fluorine atom to nitrogen diminishes the ability of nitrogen to donate electrons to

boron. On the other hand, fluorine atom substitution in place of boron increases the back
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donation from the former to the empty p orbital of boron and hence reduces the ability of boron
to accept the electron from nitrogen. Therefore, the maximum charge transfer (0.38 a.u.) occurs
in the case of BH3;-NH;3; and nearly zero charge transfer in the case of BF3-NFs. The charge
transfer values obtained in the present study is slightly higher compared to the MP2 result [217,
219]. Nevertheless, the trend remains unaltered and the highest and lowest interaction energy
values are observed for BH3-NH; and BF3-NF3 respectively in agreement with the net charge

transfer.

3.3.2.2 LABC under the confinement of fullerene cages

The optimized geometry of the isolated LABC is placed inside the fullerene cages (Ceo
and Cgp) and the endohedral complex of LABC and fullerene is fully optimized without any
symmetry constraint to get the equilibrium structure. The stabilization energy value of all the
LABC in Cg is positive. Therefore, we will mainly focus our discussion on the Cg fullerene. In
addition, both Lewis acid and base are separately optimized inside Cgy cage to get the minimum
energy structures. The optimized geometries of all the fullerene-LABC complexes are presented
in Figure 3.4. In general, the structure of Cg is least affected during the course of optimization.
For Lewis bases (NHsFs.y), both the Rn-Hy and Ryn-rp remain unchanged under the confinement
of Cgo. Similarly, there is not an appreciable change in Rg.+y and Rg.r) of Lewis acids (BHsF3.x)
in Cgo. From these results, it can be inferred that the Lewis acid and bases are structurally least
affected inside the Cgo cage. Hence, the effect imposed by Cgy on Lewis acid (or base) is

primarily arises from the electronic interaction between the confined species and the Cgg cage.
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Figure 3.4: Optimized geometries of Fullerene-LABC complexes.
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The stabilization (SE) energy of Lewis acid (or base) in Cgo has been calculated using

relation (3.1).

SE = [Eqa@cso)- ELa- Ecso] (3.1)

Where, Eia, Ecso and EqLa@cso) denotes the energy of Lewis acid (or base), Cg cage and

the endohedral complex of acid (or base) in Cg respectively.

The SE values presented in Table 3.5 indicate that all the Lewis acid and bases
considered in the present study can be encapsulated in Cgy in an energetically favorable manner.
The SE for NH3@Cg is -16.4 kcal/mol, which is slightly higher than the earlier reported value of
NH; in Cgg (i.e. -14.6 kcal/mol) [220]. This may be due to the large size and high polarizability
of the Cgp cage which can accommodate NH3; more efficiently than the Cgo cage. A recent study
has shown that the encapsulated molecule gets stabilized inside Cgy due to the transfer of large
number of electrons from the guest molecule to the Cgo [221]. It is worth noting that the Cgo cage
can encapsulate only a single molecule of NH3 [220, 222] or a dimer of HF [194]. The
stabilization energy initially increases with fluorine substitution and then falls sharply in the case
of NFs. Similarly, the SE value for the complex BH3@Cg is -18.04 kcal/mol which increases to
-18.8 kcal/mol upon the substitution of one hydrogen atom by a fluorine atom. However, further
fluorine substitution has negative effect on the stabilization energy. This can be related to ability
of boron to accept electron, which decreases as the back donation from fluorine to boron

becomes significant.

To quantify the contribution of structural deformation to stabilization energy, the
structural deformation energy (SDE) has been calculated as the difference in energy of the

isolated optimized structure of Lewis acid (or base) and the energy of the optimized geometry
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inside the Cg cage. The later has been estimated by performing a single point energy calculation
on the confined optimized structure of acid/base after taking it out of the Cgy cage. The SDE
values presented in the last column of Table 3.5 indicate that its contribution is insignificant and

the main contribution to SE is from the electronic interaction.

Table 3.5: Stabilization energy (SE) and Structural Deformation Energy (SDE) values of Lewis

acid/base in Cgg.

SE Structural
Molecule | (kcal.mol™) | Deformation Energy

(kcal.mol ™)
BH: | 73 000
SHF | oo 001
BHF: | 3000 005
3| Jans 008
NHs | o 000
NHE | oas 001
NHF: | o 001
NF | Do 003

Let us now discuss the geometrical parameters of optimized Lewis acid-base complexes
under the confinement of Cgo. To get a clear picture, the variation in bond length of LABC in
isolated case and in Cgqis presented in Figure 3.5. It is observed that the Rg-y of LABC in Cg i
shorter than its original value in the isolated geometry. Within a series (say from 1 to 4 or 5 to 8),
we did not find any specific trend in Rg-w) of the isolated LABC with the increase in number of

fluorine atoms on nitrogen whereas, in Cgo, a continuous decrease in Rg-w) is observed. On the
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other hand, both in isolated state and in Cgo, Rg-r) decreases with the increase in number of
fluorine atoms on nitrogen. It is interesting to note that, there is a significant elongation in R.r
in Cgo from the unconfined value (particularly in the first two series of LABC). On the contrary,
Rn-ny of LABC increases with the increase in number of fluorine atoms on nitrogen in both
cases. Moreover, the Rn.wy value in Cg is either equal to or greater than that of the isolated
geometry. In both cases, Ri.r) decreases with increase in fluorine atoms on nitrogen but the
decrease is quite sharp in the 3" and 4™ series of LABC in Cg. In addition, Rin.r in Cg is always

shorter than its corresponding value in the isolated geometry.
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Figure 3.5: Variation in bond length of LABC in isolated case and in Cgy.
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It is difficult to obtain the exact value of interaction energy of Lewis acid and base in Cg
(i.e. IEcso) in a direct way. Therefore, it has been estimated using the approximate relation (3.2)

and the same has presented in Table 3.6.

IEcso = E(Lascacso) - Eqa@cso)— Eqs) (3.2)

where, Eqascacso) and Eqaacso) are the energy of Lewis acid-base complex and Lewis acid in

Cago respectively, and E, g is the energy of Lewis base.

A significant increase (~50%) has been observed in the interaction energy of BH3-NHs in
Cgo as compared to its isolated value. The difference between the two energy values decreases as
the number of fluorine atoms on nitrogen increases. For the LABC comprising of NHF;, and NF3,
the IE in Cg is less than that of the isolated case. One of the reasons for the gradual reduction in
IE in Cgo is the insertion of bulky fluorine atom. As the number of fluorine atom increases in a
Lewis acid-base complex, the acid and base in Cgy are pushed closer to each other due to the
effect of confinement imposed by the fullerene cage. This results a decrease in the R(g.ny distance

and increase in the electrostatic repulsion energy.

For the LABC confined in Cgo, it is observed that the electronic population of NHj
remains the same (equal to the isolated complex) whereas electronic population on BHj
substantially increases as compared to the gas phase value. This indicates that there is significant

amount of electron charge transfer from Cgo to LABC.
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Table 3.6: Interaction energy of LABC inside the Cgy cage (Ecso)

£ IE (kcal.mol™)

ceo TPSSH/TZVP | B3LYP/TZVP

1 -52.5 -47.4
2 -43.3 -38.3
3 -27.7 225
4 -6.3 1.2
5 -40.2 -35.6
6 -27.9 -23.4
7 -8.2 -3.6
8 21.8 26.6
9 -33.2 -29.0
10 -17.0 -12.8
11 10.5 14.8
12 42.7 47.3
13 -34.4 -30.5
14 95 5.5
15 20.7 24.6
16 54.6 58.6

3.3.2.3 Important observations

In the present chapter, we have made an attempt to rationalize the role of fullerene cage
towards the stability of ammonia-borane complex and its fluorine derivatives. We have
considered two fullerene rings, C60 and C80. It may be inferred from our study that the
confinement effect and the interaction of fullerene with the LABC can drastically modify the
structure, chemical behavior and charge transfer in the spherical fullerene cage. This also allows
to control the effective charge transfer in a precise manner and therefore to finely tune the

interaction strength of the complex.
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3.4 Summary of the work

In this chapter, the spherical confinement effect due to the fullerene cages on the nature
of acid-base complexes has been investigated. In the first part, we have considered the NH3-HCI
pair as a prototype system and studied the effect of confinement and polarizability of fullerene
cages on the behaviour of this acid-base pair by systematically varying the fullerene diameter
(Cs6 to Cygp) using density functional methods. In the second part, we have investigated the
Lewis acid-base complex (LABC) i.e., the ammonia-borane and its fluorine derivatives in
fullerene bulky balls.

In our important findings, it has been demonstrated that the diameter of fullerene is one
of the crucial factors in deciding the chemical properties of the acid-base pair. In isolated case
(gas phase) of the NH3-HCI pair, the proton is associated with the acid and quite far away from
the nitrogen of ammonia. In larger diameter fullerene such as Cigo, Only a slight increase (~ 5%)
in chloride-proton distance (Rc).1) is observed and the acid is still in the undissociated form. As
the diameter of fullerene decreases, the acid starts dissociating and a gradual reduction in the
nitrogen-proton distance is observed. In Cgo and other smaller diameter fullerenes, the proton is
completely transferred from the acid to ammonia, and a symmetrical ammonium ion is formed.
We have observed that the confinement effect along with the interaction of fullerene with the
LABC, significantly modify the structure, interaction energy, chemical reactivity and charge
transfer in LABC under the spherical cage of fullerene. The results obtained from our study can
be utilized to control the effective charge transfer in the acid-base complex and to finely tune the

interaction strength of the complex by using proper confinement medium.
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Chapter 4

Solvation of multiply
charged anions In finite system
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4.1 Introduction

Solvation is the interaction of a solute with the solvent and leads to the stabilization of
solute species in a solution. The solvation process is a complex phenomenon as it involves
different intermolecular interactions depending on the nature of solute and solvent molecule. Of
all properties of ion in condensed phase the most fundamental are the solvation properties.
Solvation energy plays a major role in connection with the solubility of salts in solvent, stability
of transition states of chemical reactions, ion hydration, transport of ions and drugs across
biological membranes. It has been the subject of numerous experimental and theoretical studies
[223-236]. However, a precise estimation of the solvation energy not only for systems containing
finite number (N) of solvent molecules but also for bulk systems (N=c0) with unknown
interaction potential still remains intangible. Despite the apparent simplicity, it has not yet been
fully understood. In finite system, the solvation process is modified due to the presence of
limited number of solvent molecules. As discussed earlier, these kinds of situations are often
encountered in biological and chemical systems where the ions are surrounded by a few solvent
molecules due to geometrical constraints. Therefore, the ion solvation process in finite system is
of greater scientific interest both from academic curiosity and practical implications. In this
chapter, we have studied the solvation of ions in a finite system and extended the results through
suitable expressions to the bulk. In particular, a microscopic theory-based bottom-up approach
has been implemented to derive an analytical expression for the solvation energy for a finite (N)
system, including the bulk. This bottom-up approach provides the information on solvation
energies of anionic solutes in finite-size clusters, including the bulk (N = ), from the knowledge
of the detachment energies for the system containing a few numbers of solvent molecules.

However, in case of dielectric constant, a microscopic theory-based top-down approach has been
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prescribed to derive an analytical expression for the static dielectric constant for the finite

system.
4.2 Expression for solvation energy of an ion

Max Born was the first campaigner for theoretical investigation of ionic solvation energy
for bulk systems [224]. Solvation energy was calculated based on the model, where a charge (-q)

is transferred from a conducting sphere of radius R in vacuum with permittivity, €, to the same

sphere in a bulk medium of dielectric constant, &,(). The solvation energy for the bulk,

F5°(q, 00) was derived by Max Born based on continuum theory and the simple formula for the

quantity can be written as,

FSOL(q, oo) - — (l — ;) ﬂ (4.1)

& &s(o0) R

The main limitation of Born theory of solvation is that it was derived based on continuum
theory where the microscopic details were not considered. However, if solute-solvent and
solvent-solvent motions are strongly correlated, the continuum theory breaks down, and one
needs to have a microscopic theory based approach to derive an expression for the solvation
energy for finite system as well as the same for the bulk. Another disadvantage of Eq.(4.1) is that
the solvation energy cannot be calculated from it for finite system. Although ab initio quantum
mechanics based theoretical methods can bypass this problem, investigations based on this
approach are limited only to the small size solvated clusters due to enormous computational cost.
Recently, with the advent of sophisticated molecular beam techniques, the solvation process in
finite size solvated anionic clusters has been open to the experimental observations [236-242],

and a renewed interest has grown in connecting finite size cluster properties to those of the
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macroscopic system (bulk) in the theoretical arena also [232]. Much of today's nanoscale
research has been designed to reach a better understanding of how matter behaves and chemical
reactions such as electron transfer reactions do take place on this scale. Therefore deriving an
analytical expression for solvation energy and dielectric constant for finite system including the
bulk will be of immense useful to understand the solvation and diffusion dynamics and chemical

reactions at nanoscale. To the best of our knowledge no attempt has been made in this direction.

4.3 The microscopic theory based approach

The expression for bulk solvation energy (Eq. 4.1) derived by Max Born was based on
continuum theory wherein detailed correlated molecular motions are not considered. However, it
is known that the continuum theory breaks down for strongly correlated systems, so a
microscopic theory based approach is essential in order to understand the solvation energy not
only for the system containing finite number of solvent molecules but also for the bulk. In order
to include the molecules effect on solvation energy (SE) into the expression for the SE proposed

by Born (Eqg. 4.1), we first write the generalized expression for SE as

F(qN) = —C (- —=) 9 4.2)

£ &(N) R

where &,(N) corresponds to dielectric constant for finite system and the constant C is an
unknown parameter. The molecular effect on SE will be included through & (N) and C. One can
get back the expression of SE defined in Eq. 4.1 from Eq. 4.2 by substituting € =1 and & (N) =
& (o) in the same. We now consider the formation of the daughter anionic hydrated cluster, A"
U NS (S=solvent) from its parent form, A®.NS. It may be described in three steps as shown in

Fig. 4.1. The first step is the desolvation of the parent anionic species having charge -g, the next
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step is the electron detachment of A anion in gas phase and the final step is the solvation of the
daughter anion AV, The sum of the energies involved in each step of the process viz.
desolvation energy corresponding to the anionic cluster, A9.NS, gas phase electron detachment

energy of A%anion, and solvation energy of the A% anion is equal to the detachment energy.

Desolvati - Electron Detachment —(a-
A-9. NS I esolvation I A-d I ectron Detachmen I A-(a-1)
I I (Bare) I I I (Bare)
Solvation
i=ADE or VDE
S=Solvent
Electron Detachment IA_(q'l) NS
AE;(N) I

Figure 4.1: Schematic representation of various steps involved in electron detachment process of
ANS cluster.

Now, the detachment energy, AE;(q,N) can be written in terms of these energy

components as
AE{(q,N) = I; + F*°'(q —1,N) — F*°'(q,N) (4.3)
where, i = ADE or VDE

ADE and VDE respectively represent the adiabatic and vertical detachment energies of the anion
A% in solvent environment containing finite number of solvent molecules. Here Iy and Iypg
denote respectively the vertical (VDE) and adiabatic (ADE) ionization of the isolated anion A™

in vacuum. Now substituting the Eq. 4.2 into Eq. 4.3 we obtain
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1 1 2q—1)e?
AE;(q,N) = (; (—— )( qR)e

o +I; (4.4)

Here the radius of the A and A" anions are assumed to be same. Here, both C; and & (N) are
unknown. In order to obtain an analytical expression for C; and & (N), what is needed an explicit
expression for detachment energy derived based on microscopic theory. Before, deriving an
expression for detachment energy, we first write the solvent number dependent ion-solvent

interaction energy for the ground state of the anion in solvent medium is written as
E° (g, N) = [ UL (XN, q) exp[—BV XN+, )] dXV*1 (4.5)

where, g represents the ground state of the single anion in solvent medium. Here
Ul.g_ J(XN*1,q) represents the anion-solvent interaction energy for the ground state corresponding
to the system containing single anion A in the ground state and finite number (N) of solvent
molecules. Here the configuration of a rigid non spherical system is specified by a 6(N+1)
dimensional vector X [21] corresponding to the location R and orientation Q of the system and
is 1/kT, where k is Boltzmann constant and T is absolute temperature and V(XV*1, q) is the total
interaction potential including all solvent molecules and solute. Eqg. 4.5 can also be written in

terms of two particle distribution function, p?(Xs, X, q, N ) as
F°(q,N) = [[ dXsdX U! (X5, X, @)p” X (X5, X,q,N ) (4.6)

The quantity p?(Xg, X, q, N ) here represents the static equilibrium two particle distribution
function for the system contains the single anion with charge —q and finite number (N) of solvent
molecules. Here Xg and X represent, respectively, the configurations of a single anion and
solvent molecule in a six dimensional space. We now define two types (1 & 2) of solvation
energies for the excited states (ex ) viz.
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F31(q—1,N) = [[ dXsdXs0 U X (X5, X,q — 1)p* (X5, X, q,N) 4.7)
Fesa(c)Zl(q - 1! N) = ff dXSdXsol Uie—xs(XS' X'q - 1)P2 X (XSrqu - 1'N) (48)

The quantity p?(Xs,X,q —1,N ) represents the static equilibrium two particle distribution
function for the system containing the single anion with charge —(g—-1) in the excited state and
finite number of solvent molecules. The vertical (VDE) and adiabatic detachment energies

(ADE) can now be written, respectively, in terms of F;°!(g, N), F$ol(q —1,N) and F5%(q —

1,N) as
AEype(q,N) = Iypg+ F;)?Z{(q - LN)_F;;SOZ(CI'N) (4.9)
AE pp(q,N) = Iypp+ Fg,‘c’é(q -1, N)_P;;wl(‘b N) (4.10)

For both the processes, VDE and ADE, one of the electrons of the solvated anion is removed
instantaneously by photo-absorption. However, in the case of VDE, the detachment energy
corresponds to the energy difference between the final non-equilibrium configuration (after
ejection of one electron) and initial equilibrium configuration and having the same solvent
configuration for both the states; whereas ADE refers to the energy difference between the final
(after ejection of one electron) and initial equilibrium configuration and having different solvent

configuration for both the states.

In order to have an explicit expression for the solvation energy of the system containing
finite number of solvent particles, what is needed is a relation between the two particle
distribution function p?(Xg, X, q, ) (u is chemical potential of the solvent molecules) of the
thermodynamic system and its finite system counterpart viz. p?(Xs, X, q, N ). A relation can be

derived through a Taylor-series expansion in powers of inverse of solvent numbers (1/N) by
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following the theoretical method developed by Salacuse et al. [244] for a simple non polar, one
component and homogeneous system. The methodology can be extended to the case of polar
inhomogeneous system containing one solute anion and a finite number of solvent molecules
with arbitrary interaction potential. Here, we consider a semi-grand canonical ensemble (in
contrast to the grand canonical ensemble considered by Salacuse), where only the number (N) of
solvent molecules is allowed to fluctuate but the single negatively charged ion is kept fixed in
each member of the ensemble [245]. The two particle distribution function, p?(Xg, X, g, u) for
the thermodynamic system for a given volume V and temperature T may be expressed in terms

of its finite system counterpart, p?(Xs, X, q, N) as

pZ(XSJXJ qu ):Z?\?=OP(N) pZ(XS'X' q, N) (411)

Here, P(N) represents the probability of finding the member containing N particles. We first

define the average value (N) of the number of solvent particles,
N = SR ,P(NN, (4.12)
and then expanding p?(Xs, X, g, N) around the average value (N) of the number of solvent

particles, one can write

PP (X5, X,q,N) = Y P(N) [p*(Xs, X, q, W)

N=0
1, _
— 93 —
+=(N = N)* = p?(Xs, X, q, N) + -] (4.13)

88



Chapter-4

where the identity (N — N)=0 has been used. Using the relation between the average density p
of the solvent molecules and average number of solvent particles N viz. N/V = p, total
probability condition, }:y-, P(N) = 1 and after some algebra we obtain the simple expressions

for detachment energy

M{ M7
(N+o)  (N+0)?’

AE;(q,N) = AE?°'(q,00) + I; + (4.14)

where, i = ADE,VDE and o is defined as the product of the solute to solvent size ratio and
numerical value of the charge of the solute anion. The coefficients M;' and M? are appeared in

terms of gradient of density and are expressed as,

2 32
ME=—[fi X2 xZ50E g, )| (4.15)
and
2 2 2 2 3 3
p d p d p> 0
M?Z = |fy x7x7{ i X7xa_p2AEi(Q;°°)}_fN2 Xga—pgAEi(q, ) (4.16)

The quantity AES°'(q,o0) can be expressed in terms of the difference of two energy components

as.
AEZR(q,00) = F5g3(q — 1,00)—F;°(q, ) (4.17)
and
AERE(q, ) = Fipi(q — 1,90)—F!(q, ). (4.18)
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The fluctuating quantities (fy & f) appearing in the above equations can be expressed in terms

of the two particle distribution function p?(X4, X5, 1) for the solvent molecules (1 & 2) of a

thermodynamic system containing single anion and very large number of solvent molecules as

W-m_
&
=1+ [ dXy dX; [p? (X1, Xz, 1) = p(X1)p(X2)] (4.19)
(N-N)3 2 Ofy
— =fi - |fa] + S (4.20)

where V, X; and X, represent the volume of the system, and position vectors of any two solvent
molecules. Here, p(X1) and p(X,) correspond to the solvent density at the position vector X4
and X, respectively. Now equating the Eq. 4.4 and Eq. 4.14 and then taking the thermodynamic

limit, we obtain

C=(x-= )_1( ) AES! (g, ). (4.21)

g &s() (2q-1)e?

Again substituting the Eq. 4.21 into Eq. 4.2 and Eq. 4.4 and after simplification we obtain

sol _ _(r_ 1 -1 1 1 q° sol
F (q’ N) = (go gs(oo)) (so gs(zv)) X (2q-1) AE; (q’ ) (4'22)
and
1 1 \ 171 1
ME(qN) = (Z——=) (= —5p) X AEF' (g, o) ;. (4.23)

Solubility of drug in water and organic solvent plays an important role and affects many

pharmaceutical processes including absorption and distribution of the same in body fluids. One
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of the important properties of solvent that decides the extent of solubility is the dielectric
constant. The magnitude of dielectric constant of the medium have a dominant effect on the
solubility of the ionizable solute in which higher dielectric constant can cause more ionization of
the solute and results in more solubilization. Again magnitude of dielectric constant for a given
solvent depends the number of solvent molecules present in the medium. Therefore, it will be
useful to have an analytical equation wherefrom the dielectric constant can be calculated for the
system containing finite number (N) of solvent molecules. In order to have an analytical
expression for dielectric constant for finite system, we equate the Eq. 4.23 and Eq. 4.14 and

obtain the result

(é N ss(lN)) - (é N gs(loo)) Il + AEfOll(q,oo) X [NN-II-ilcr + (Nl‘fi)z]l ’ (4'24)

This is a new relation where dielectric constant for finite system, g (N) is related to bulk
property, & (o). Now substituting the Eq. 4.24 into the Eq. 4.22, we obtain solvation energy for

finite system defined as

sol ___a sol 1 M M7
Fool(q,N) = = 5 AB:° (g, 0) [1+ AEisol(q,m)x[NMﬂNM)z]] (4.25)

This is another new analytical expression (Eg. 4.25) for solvation energy for finite system. Now

taking the thermodynamic limit (N — oo0) in Eq. 4.25, we obtain bulk solvation energy as

2
F0l(g, 0) = — == AE}(q, ) (4.26)

This is to the best of our knowledge, a new relation where the bulk solvation energy (Eg. 4.26) is

related to the difference of solvation energy components to the bulk detachment energy (Eq.
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4.14, 417 & 4.18). In the following section, we discuss the evaluation of dielectric constant (Eqg.
4.24) for finite system and solvation energy (Eq. 4.25) for the same as well for the bulk (Eqg.

4.26).

4.4 Results and Discussion

4.4.1 Solvation Energy

We will now present the results of numerical calculations carried out using the present
formalism. The bulk detachment energy AE;(q,o) is to be evaluated by extrapolation,
appearing in the two coefficients, namely, M} (Eq. 4.15) and M? (Eq. 4.16) in terms of the
gradient of density. In many cases, the exact form of the interaction potential is not known for
the complex hetero clusters. Therefore, the calculation of M: and M? as a function of density
becomes challenging, which forces us to treat the coefficients, namely, M; and M? as unknown
parameters.’® The procedure adopted here is to find out the optimum values of M{ and M? using
experimental values of AE;(q, N) and the Eq. 4.14, so that the calculated results are very close to
the experimental one. Using these values of M{ and MZ, the AE;(q, N) values are calculated for a
wide ranges of N. Upon extrapolation of AE;(gq, N) to infinite size clusters (N = o), the bulk
detachment energy, namely, AE;(q, ), is obtained. As illustrative examples, we consider doubly
negatively charged ionic hydrated clusters, namely, SO;2.NH,O and C,0;2.NH,0. The size of
the hydrated clusters for these systems for which experimental values of AE,pr(q,N) are
available cover the range from N = 4 to 40 [24]. The variation of AE,pz (g, N) with (N+ o)™ is
shown in Fig. 4.2 for SO;2.NH,0 and C,0;2.NH,0 systems. The best fitted expressions here for

the SO;2.NH,0 and C,0;2.NH,O systems are obtained, respectively, as
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108.4 295.2
AEspp(q,N) = 8.07 — (N+8) + (N+8)?

(4.27)

and

102.0 316.4
(N+8)  (N+8)2

AE,pg(q,N) = 6.83 —

(4.28)

The calculated values of AE,p(q, N) obtained here based on Eq. 4.27 and Eq. 4.28 for the
system SO;2.NH,0 and C,0;%.NH,O are shown along with the available experimental results in
Fig. 4.2. The correlation coefficient (R) for all of the plots (S0;2.NH,0 and C,0;2.NH,0) is
greater than 0.99, which indicates the power of predictability of the analytical expressions

defined in Eq. 4.27 and Eq. 4.28.

R=0.99

AE, _(g;N)ineV

g.oo " 0.02 0.04 0.06 008 0.0
(N+8)”

Figure 4.2: Plot of AEape(q, N) vs. (N+o)? (c=8) for (a) SO4*.NH,0 and (b) C,04*.NH,0

systems (N=4-40). The results based on new relation (Eq. (4.14)) are shown by solid lines in both

cases, and the open circle (o) and solid squares (m) represent the experimental values,

respectively for sulfate and oxalate systems and are taken from ref. [24].
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The values of AE,pg(g, ) are also calculated for the SO;2.NH,0O and C,0;%.NH,0
systems based on Eq. 4.27 and Eq. 4.28 by taking the limit (N — o) in the same and the results
of the same quantities are shown in Table 4.1 along with the coefficients M3pg and M4pg. The
experimental bulk values AEspg(q, o) are also reported in Table 4.1. It is interesting to note that
there is an very good agreement (within 7%) for the AE,pg(q, o) between experiment [247] and
theory. I, for sulfate SO;2and oxalate C,0;2 anions are also calculated by taking the limit
N — 0in Egs. (4.27) and (4.28). In this limit, AE,pz (g, 0) = I4pg. The calculated values of Iape
are found to be -0.87 eV and -0.98 eV, respectively, for sulfate and oxalate anions and these
values are also provided in Table 4.1. The negative values of Iape for isolated SO;2and C,052
indicate that these anions are unstable against spontaneous electron loss in absence of water
molecules. This instability arises due to coulomb repulsion. Now substituting the extrapolated
results for AES3E(q,0) ( AEapg(q, ) — Lipg), Mapg and M2y in Eq. 4.25, the expression for

the solvation energy are obtained for the systems SO;2.NH,O and C,0;2%.NH,O, respectively,

as
12.12 33.02
F(q,N) = =11.92[1 - o (N+8)2] (4.29)
and
sol _ _ 13.06 | 40.51
F*ol(q,N) = =11.411 — (N+8)2]. (4.30)

The calculated values of FS°!(q, N) obtained here based on Eq. 4.29 and Eq. 4.30 for the systems
S0;2.NH,0 and C,0;2.NH,0 are plotted against (N+ o)™ and is shown in Fig.4.3. Now the bulk
solvation energies, F5°!(q,o0) are obtained by taking the thermodynamic limit (N— o0) in Eq.
4.29 & Eq. 4.30 for SO;2.NH,0 and C,0;2.NH,0 systems, respectively. The Fs°!(q,o) values

are also provided in Table 4.1 along with the experimental results.
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M?,¢ , ionization

potential 1ape and bulk solvation energy, F*°!(g, ) in eV for A% NH,0 systems (A= SO,

and C,0,%).
Systems Calculated | Exptl. Mape® | Mape® | laoe | Calculated | Calculated | Experimental
AEape(q,%) | AEape(q,0) | ineV | ineV | of AT
ineVv? in eV’ ion in | F*'(q,0) | F(q») | F*(q,)
eV
in eV based | ineV based | ineV*®
on on Born
microscopic | model?
theory?
S0, .NH,0 8.07 (7) 8.65 -108.4 | 295.2 -0.87 | -11.92 (5) -14.95 (32) | -11.27 (260)
C,0,2.NH,O | 6.83(7) 7.32 -102.0 | 316.4 -0.98 | -1041 -14.95

*Bold values in the parentheses refer to % of error with respect to the experimental values.

*Taken from ref. [257], Taken from refs. [225, 248].

The calculated F5°!(qg,00) values for SO;2.NH,O system is found to be -11.92 eV and is

very close (within 5%) to the experimental result -11.27 eV [225, 248]. Again a very good

agreement between theory and experiment is observed. On the other hand the calculated

F3°Y(q,00) values (-11.41 eV) for the C,0;2.NH,0 system cannot be validated due the lack of

experimental data. The solvation energy is also calculated based on the Born model (Eqg. 4.1) for

sulfate and oxalate systems. The hydrated radius for the sulfate is taken as 3.8 A [249]. Due to

unavailability of experimental data for the oxalate system forces us to take the radius as 3.8 A.

The dielectric constant for water is taken as 78. Based on these values, the bulk solvation energy

is calculated and is found to be -14.95 eV for both the systems. It is interesting to mention that

the present calculated value based on the Born model overestimates the experimental one by 32

% for the sulfate system (see Table 4.1).
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- F*°(q,N) in eV

104] — b
10.2 A 1 A 1 A 1 A 1 A 1
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

(N+8)”
Figure 4.3: Plot of solvation energy, —F°! (g, N) in eV vs. (N + o) (o = 8) for (a) SO,*.NH,0
and (b) C,0,>.NH.0 systems. The results based on new relation (Eq. 4.25) are represented by
the open circle (0) and solid squares (m), respectively, for sulfate and oxalate systems.

4.4.2 Dielectric Constant

Again by substituting the extrapolated results for AES%:(g,) , M! and M?
corresponding to the hydrated di-anion viz. SO;2.NH,O and C,0;% NH,O in Eq. 4.24 we

(%_55(1N))l

(%_55(100))

obtain the ratio of dielectric constant for the finite size cluster to that of the bulk, l

respectively, as

(i_es(lN))

12.12 33.02
e e (431
and
G =m) 5
g _&asWN)/) 13.06 40.51
(io——) B [1 ©(N+8) (N+8)2] (4.32)
g es(c0)

According to linear theory, dielectric constant is independent of external electric field. In
present case, the dielectric constant should be independent of the nature of anions in the hydrated
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cluster. So if the linear response theory is valid for these two systems (SO;2.NH,O and
C,052.NH,0) then the dielectric constant calculated based on Eq. 4.31 and Eq. 4.32 should be

nearly same. To test the validity of the linear theory of dielectric constant, we have plotted in

Fig. 4.4 the results of the ratio, Ig’;ﬂ’v)gl calculated here based on Egs. 4.31 and Eq. 4.32

g0 es(o0)

against (N+o)™. It is clear from the Fig. 4.4 that the dielectric constant calculated for water is
found to be very close over a wide number of solvent molecules indicating the validity of linear
theory. It is also interesting to mention that the ratio is approaching to unity in large N limit. This
clearly suggests that the dielectric constant for the finite size cluster, &(N), can be easily

obtained from the knowledge of the same for the bulk solvent, & (o).

1.000

0.996 |-

0.992

Ratio

0.988 |

0.0000 0.0002 0.0004 0.0006 0.0008 0.0010
-1
(N+8)

1 1

Fig. 4.4: Plot of lMl ratio vs. (N + o) (o = 8) for (a) for SO4°~.NH,0 and (b) for
g0 es(o0)

C,0,%".NH,0 systems. The results based on new relation (Eq. 4.24) are represented by the open

circle (o) and solid squares (m), respectively, for sulfate and oxalate systems.
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4.5 Summary of the work

The new and important findings of the present study may be highlighted as follows. At
present, a microscopic theory based bottom-up approach has been prescribed for the first time to
derive an analytical expression for the solvation energy for finite system including the bulk. The
newly derived bottom-up approach which is distinct from the earlier theory, provides the
information of solvation energies for anionic solutes in finite size clusters including the bulk
from the knowledge of the detachment energies for the finite system containing few numbers of
solvent molecules. In the case of dielectric constant, we however, propose a microscopic theory
based top-down approach to derive an analytical expression for static dielectric constant for
finite system. In this approach, the knowledge of dielectric constant for the bulk provides a route
to obtain the same quantity for wide number of solvent molecules. The microscopic details are
included in the expressions of solvation energy (Eq. 4.25) and dielectric constant (Eq. 4.24)
through the system dependent parameters, M! and MZ. The present expressions (Eq. 4.14, Eq.
4.24 & Eq. 4.25) bridge the microscopic (finite size) and macroscopic regions (bulk) and are
valid for any inhomogeneous systems and non spherical molecules. In the present study we have
considered hydrated doubly charged anions viz. SO;2.NH,0O and C,0;2.NH,O for thorough
investigations. The calculated adiabatic detachment energies for SO;2.NH,O and C,0;%.NH,0
systems are found to be very in good agreement with experimental results not only for finite
systems (Fig.4.2) but also for the bulk (Table 4.1). The very good agreement between theory and
experiment indicates the usefulness of the Eq. 4.14. The calculated bulk solvation energy
(—11.92 eV) using the Eq. 4.29 for SO;2.NH,0O is found to be very close (within 5%) to the

experimental result (-11.27 eV). Again an very good agreement between theory and experiment
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indicating the efficacy of the Eq. 4.25. The bulk solvation energy is also calculated ( -14.95 eV)
for sulphate anion based on the Born model (Eqg.4.1), and is found to be largely overestimated
(32%) the experimental one. The possible break down of born theory is due to the fact that it has
been derived based on continuum theory wherein microscopic details are not included. However,
if solute-solvent and solvent-solvent motions are strongly correlated, the continuum theory
breaks down. Whereas the success of our theory is due to the fact that the microscopic details are
included through the system dependent parameters, M{ and MZ?. Near identical results of
dielectric constant for water calculated based on analytical expressions (Eq. 4.31 and Eq. 4.32)

also support (Fig. 4.4) the linear theory of dielectric constant.
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Chapter 5

Proton transfer energetics
In nanoconfinement

101



Chapter-5
5.1 Introduction

Water molecules confined within the pores of nanoscale dimension facilitate mass and
ion transport in biological and geological processes [250]. This type of water framework,
commonly known as nanoconfined water plays a vital role in many technologically important
applications such as nano-fluidic devices, fuel cells etc [251-253]. Water molecules in these
confined nanopores portray entirely different behavior compared to the bulk water [253]. The
geometric constraint offered by the confinement medium along with the diverse nature of water-
medium interaction can have significant effect on various physical and chemical phenomena
such as phase transition, diffusion properties and proton transfer (PT) [254-256]. Accordingly,
there have been several studies on water confined in various types of nanopores to understand
the effect of the confinement medium on the static and dynamical properties water. Among the
various nanoporous materials structures [254], primarily the carbon nanotubes (CNTs) have been
investigated [145, 162, 252, 257-265] because CNTs are one of the most promising candidates
for technologically important applications in different areas [266], such as desalination [267],
isotope separation [258], energy storage devices and flow sensors [268]. The hydrophobic
interior of a sub-nanometer diameter CNTs provides an ideal nano-channel that allows the water
to attain structures those are similar to water present in biological systems [133, 260, 269].
Investigation on water in CNTSs indicate that the water molecules undergo molecular ordering to
form 1D linear chain configuration or 2D ladder like structures in narrow nanotube (diameter
less than ~10 A) depending on the diameter of the nanotube [145, 165], In wider nanotubes,
stacked-ring structures are formed with a linear chain of water molecule present at the center of

the nanotube [146, 150, 165].
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In general, a reduction in the number of hydrogen bonds of confined water molecule is
observed [145, 146, 152] and the restricted coordination of water molecule inhibits the solvation
of proton and cause the proton transfer (PT) mechanism inside CNTSs to be different from bulk
water. In case of such narrow nanotubes, PT is in general, facilitated by a favorable pre-
alignment of water molecules whereas in bulk liquid, water solvent reorganization is required
prior to PT [265]. It has been reported that the proton mobility can be remarkably enhanced by a
factor 40 in CNT as compared to the bulk water [270, 271]. Cao and co-workers have shown that
the PT in water confined CNTs takes place through Zundel-Zundel mechanism [272] instead of
Eigen-Zundel-Eigen mechanism that is being followed in a normal Grotthus mechanism in bulk
water [273, 274]. The Eigen cation (O4Hy") is a hydronium ion (H3O") symmetrically being co-
ordinated by three water molecules whereas, the Zundel cation (O;Hs") is the symmetric
protonated water dimer. In addition, the study of PT in smooth hydrophobic cylindrical channels
indicate that the dimension of the nanochannel also play a crucial role in the PT process and

other static and dynamic properties of the confined water molecules [275, 276].

Although there have been a few studies on the proton transfer dynamics in water, a clear
understanding on the role of CNT-water interaction and the diameter of CNT is lacking. In
addition, the PT process has not been thoroughly explored for other nanotubes. Further, first
principle based report dealing with the effect of different degrees of confinement on the structure
of protonated water in a generalized way is also very scarce in the literature. It is worthwhile to
mention that boron nitride nanotubes (BNNTSs), which are structural analogues of CNTs
(alternative carbon atoms of CNT are substituted by boron and nitrogen atom), possess wider
band gap, greater thermal stability, more resistant to oxidation and enhanced hydrogen storage

capability in comparison to the carbon structure counterpart [277-279]. There are also reports
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which show the selective ion transport characteristics of BNNTs [280-282]. These exciting
properties and their unique morphology have motivated researchers to explore the possibility of
using BNNTs in nano medicine [283, 284], water purification [280, 285] and as gas sensors
[286]. Studies on water confined in BNNT [143, 287, 288] also show superior water permeation
properties of BNNTs as compared to CNTs [143, 287]. More interestingly, it has been observed
that the inclusion of partial charges (obtained through a DFT calculation) in the molecular
dynamics (MD) simulations can significantly enhance the wetting behavior and reduce the
diffusion coefficient of confined water molecules in BNNT(5,5) [143]. It has also been reported
that the surface polarity of the nano-channel modulates the water-channel interaction and plays a
key role in altering the properties of the confined water molecules [289]. Therefore, further study
at ab initio level on the nature of structure and energetics of protonated water systems is required
for the molecular level understanding of nanotube based nanofluidic systems. Accordingly, in the
present work, we have performed DFT based calculations to investigate the structure, vibrational
spectra and proton transfer energetics (energy barrier) in Zundel cation (ZC), i.e. protonated
water-dimer, under the confinement of single walled CNTs and BNNTSs by varying the degree of
confinement in a systematic manner. We have also considered a dissimilar system (ammonia and
water) and investigated proton transfer energetics of this system under confinement. In what
follows, we will systematically elucidate the confinement induced change in structure and proton

transfer energetics in these prototypical systems.

5.2 Model and method

It is already discussed in the previous section that the PT process in many important
physical, chemical and biological processes occurs in a nanoconfined environment. In the present

work, carbon and boron nitride nanotubes have been used as model nanoconfinement media to
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develop molecular understanding of this complex phenomenon. ZC is the most prevalent ion in
the linear chain of protonated water cluster [290] and also observed in the structure of large
protonated water clusters (H*(H20),) [290, 291]. This ion has been extensively used as a model
system to study the proton transfer process in water in several theoretical studies [292-294].
Based on these studies, we have selected this prototypical ion to investigate the structure and the
energetics of PT process under the confinement of nanotubes. The equilibrium structure for the
ZC is initially obtained in gas phase. Then the complexes comprising of ZC and nanotubes have
been optimized to get the minimum energy structure of the Nanotube-ZC complexes. The
structure of the nanotube framework is in general observed to be least affected during the course
of optimization. The potential energy surface (PES) for the PT processes in ZC, both in the case
of gas phase and under the confinement of nanotubes is constructed by scanning the proton at the
center of the O-O axis of the two water molecules. The terminal atoms of the nanotubes are
saturated with dangling hydrogen atoms to minimize the end effects. The variation in
confinement length (or the degree of confinement) has been achieved by selecting nanotubes of
different diameters and herein, we have considered the armchair CNTs and BNNTSs ranging from

the chirality (4,4) to (8,8) with the corresponding diameter of 5.7 to 11.2 A.

All the calculations have been performed by employing density functional theory with
B3LYP exchange-correlation hybrid functional as implemented in TURBOMOLE program
[166]. The reliability of DFT calculations in describing the ZC and other hydrogen-bonded
systems has been already tested with respect to other schemes such as MP2 and CCSD, through
several studies [167, 295]. The correlation-consistent triple-zeta basis set augmented with diffuse
basis functions (augCC-pvTZ) is used for ZC, whereas for the nanotube framework, simple

contracted Gaussian basis sets (SVP or split valence with polarization) are used. Since in these
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types of systems, dispersion interaction plays an important role, dispersion correction has been
incorporated in all the calculations [168]. Since the size of the systems is considerably larger
(with more than 200 atoms in some cases), the infra-red vibrational modes of the confined ZC
have been calculated by freezing the coordinates of the nanotube framework (after geometry

optimization) and following the NumForce module of the TURBOMOLE program.
5.3 Results & discussion

This chapter is organised in four sections. In the first section, we have discussed the
structure and energetics of Zundel cation in gas phase. Then in the second and third section, the
effect of CNT and BNNT on the PT process is discussed. In the last section, the PT energetics of
ammonia-water system in CNT is discussed. In the end, the outcome of these studies has been

summarized in a generalized way.
5.3.1 Structure and energetics of Zundel cation in gas phase

Before we discuss the effect of confinement due to nanotube on ZC, we first discuss the
structure and energetics of proton transfer in isolated ZC. The optimization of the ZC in the gas
phase leads to a centro-symmetric structure as shown in Figure 5.1(a), and it can be seen that the
shared proton is located exactly at the center of the oxygen atoms of both water molecules at a
distance of 1.2 A from each oxygen atom. The O;-H,-O, angle is observed to be 174.4 degree,
where O; and O; are the two oxygen atoms and H, denotes the hydrogen atom at the center of
the ZC. This nonlinear configuration reduces the overall symmetry of the cluster to C, point
group. The important geometrical parameters of the optimized structure (Figure 5.1(a)) obtained
in the present study along with other theoretical results are summarized in Table 5.1. It can be

inferred from Table 5.1 that the results obtained with hybrid density functional, B3LYP with
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dispersion correction in combination with a good basis set are in excellent agreement with high
level methods like MP2 or CCSD [167, 295, 296]. The computed interaction energy of HzO"
with H,0 is -36.3 kcal/mol is close to the reported MP2 result of -34.2 kcal/mol [167] and
indicates the presence of a strong hydrogen bonding between the proton with two water
molecules in ZC.

The potential energy surface (PES) for the isolated ZC has been generated by calculating
the energy of various structures obtained by displacing the proton in ZC from the center of the
equilibrium geometry with an increment of 0.1A along the O-O axis (as shown in Figure 5.1(a)).
Herein, we define the barrier of PT process as the energy difference between the minimum and
maximum point in the PES plot. The PES for the equilibrium O---O distance, 2.41A is found to
have a single minimum which indicates a barrier-free proton translocation at the equilibrium O-
O distance [292]. However, this observation is only an idealized static picture and for the case of
protonated water confined in nanotube, the O---O separation distance varies in the range of 2.52
-2.72 A [297]. Thus, we have altered the O---O separation distance (Ro.o) to 2.7A from its
equilibrium distance of 2.41A without changing any other parameters and generated the PES for
the O---O separation distance of 2.7A in an analogous manner to the equilibrium geometry case.
The PES generated by varying the inter-oxygen distance is represented in Figure 5.1(b), and
from this figure it is evident that the PES is strongly dependent on the inter-oxygen distance. For
Ro.o = 2.7A, the PES resembles a symmetrical double well with a calculated barrier height of
2.61 kcal/mol. It is quite evident that the PES is strongly dependent on the inter-oxygen distance
and herein, we have mainly focused to illuminate the PT process occurring at an O-O distance of
2.7A under confinement. It is worthwhile to mention that the PT process occurring at these non-

equilibrium O-O distances is having great significance in biology as it is believed that the
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enzyme controls the PT between two residues at a particular stage of its catalytic mechanism via

small conformational changes leading to the change in inter-residue hetero-atomic distances

containing oxygen/nitrogen along with proton [298].

Energy (kcal.mol™)

0.8 1;2 1:6 2;0
0-H-Dist (A)

Figure 5.1: (a) The optimized structure of the isolated ZC and (b) PES of ZC at different inter-
oxygen distance of ZC. The atoms shown in red colour are the oxygen atoms. The remaining
atoms are the hydrogen atoms.

Table 5.1: Important structural parameters of the Zundel cation in gas phase. The numbers in the
first row corresponds to the atoms as shown in Figure 5.1(a). Bond distances (R) are in Angstrom

and bond angles (0) are in degree.

AE

Source 023 | Ra2 | 0eas R(-2) R(-6)
(kcal/mol)

Present study 109.96 | 0970 |174.41 |1.204 2.406 -36.3

CCSD/DzP* 108.90 |0.973 |174.10 -36.3

MP2(FC)/QTZ" |109.06 |0.968 |173.70 |1.197

*Ref.[295] ; "Ref. [296]

108



Chapter-5

5.3.2 Zundel cation in CNT

In the following sections, the effect of CNT on the structure and properties of ZC are
separately discussed.
5.3.2.1 Structure and electronic properties of Zundel cation in CNT

The gas phase optimized structure of ZC has been kept inside CNT and the geometry of
the entire CNT-ZC complex has been optimized by using DFT/B3LYP level of theory with
dispersion correction. The degree of confinement is varied systematically by considering CNTs
with diameter from 5.7A to 11.2A. The structures of the optimized CNT-ZC complexes are
presented in Figure 5.2. The optimization of the geometry of ZC inside the narrow carbon
nanotube, CNT(4,4) (diameter = 5.7A) leads to an asymmetric structure with the central H*
preferentially bonded to one of the water molecules. The O1-Hp-O angle is strikingly observed to
be 178.04° with a minor increase in O-O distance as compared to the corresponding to the
isolated ZC structure. The important structural and electronic properties such as O;-H,-O, angle,
O-H bond distance and natural atomic charges on oxygen and hydrogen atoms of the optimized
ZC under the confinement of CNTSs are presented in Table 5.2 and 5.3. A very close look at the
structural parameters of the individual water molecules confined under CNT(4,4), it can be
observed that the O-H bond length of one water molecule is slightly elongated as compared to
the other water molecule. This can be ascribed to the intermolecular hydrogen bonding
interaction with the n-cloud of CNT [163, 177, 178]. In order to get more insights, we have also
analyzed the radial distance distribution profile of individual atoms of ZC from the inner surface
of carbon nanotube and the closest distance values are presented in Table 5.4. As expected, the
hydrogen atoms of the elongated O-H bonds are relatively closer to the wall of the CNT.

Interestingly, the water molecule involved in pronounced H-r interaction has greater affinity for
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the central proton in comparison to the other. It is worthwhile to mention that such type of H-n
interaction between water and aromatic hydrocarbons exists even at high temperatures and

pressure [299].

CNT(6.6)-ZC

(@)

CNT(7,7)-ZC

Figure 5.2: (a) The radial view and (b) the axial view of the optimized structures of CNT(X,X)-
Zundel cation complex, where X varies from 4 to 8.
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Table 5.2: Important geometrical parameters of the optimized Zundel cation in CNT. Bond
distances (R) are in Angstrom and bond angles (0) are in degree. Refer Figure 5.1(a) for the
numbers used in the specification of the parameters.

Conf. 0@1-2-3) Ra2 | Res) | O@as R4 R-6) Re-6) 0-6-7) Re6) | Re
medium
(0-H,0) | (O-H,) | (HyO) | (0-0)

CNT(4,4) | 105.79 | 0.981 | 0.983 | 178.04 1.082 1.346 2.428 | 110.56 | 0.963 | 0.963
CNT(5,5) | 106.56 | 0.983 | 0.984 | 179.93 1.122 1.308 2.430 | 107.08 | 0.972 | 0.974
CNT(6,6) | 106.49 | 0.977 | 0.987 | 179.47 1.132 1.300 2.432 | 105.73 | 0.973 | 0.977
CNT(7,7) | 105.51 | 0.975 | 0.985 | 179.07 1.146 1.290 2.435 | 105.39 | 0.972 | 0.976
CNT(8,8) | 105.03 | 0.974 | 0.987 | 178.97 1.152 1.271 2.423 | 106.16 | 0.968 | 0.983

Table 5.3: Natural atomic charges on oxygen and hydrogen atoms of the Zundel cation in gas
phase and under confinement of CNT. In the last column, the net charge transfer from CNT
surface to Zundel cation is listed.

Natural Atomic Charge (a.u)
System H; 0, Hs Hy Hs O¢ H, Net Charge
Transfer

Isolated ZC 0.54 -085 | 054 | 052 (054 |-0.85|054 |--

ZC@CNT(4,4) |0.56 -1.09 [ 0.56 [0.65 [ 058 |-1.23|0.59 |0.40
ZC@CNT(5,5) |0.54 -0.87 | 054 | 050 (052 |-091|0.52 |0.15
ZC@CNT(6,6) | 0.54 -083 | 054 | 051 (052 |-0.87|0.52 |0.07
ZC@CNT(7,7) |0.54 -0.82 | 0.54 [0.51 [0.52 |-0.86|0.52 |0.05
ZC@CNT(8,8) | 0.53 -0.82 | 0.54 [0.51 [0.52 |-0.87 |0.53 |0.06

The preferential attachment of the central proton to one of the water molecules introduces

asymmetry in its structure. As expected, the hydrogen atoms of the elongated O-H bonds are

relatively closer to the wall of the CNT. Interestingly, the water molecule involved in

pronounced H-r interaction has greater affinity for the central proton in comparison to the other.
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The preferential attachment of the central proton to one of the water molecules introduces
asymmetry in its structure. It is important to note that the simultaneous formation of H-x bonds
with both the water molecules is energetically less feasible in such cases. This will become

clearer while discussing the interaction energy in the next section.

Table 5.4: Closest distance between the individual atoms of ZC and carbon atom of CNT.

Minimum distance from the nearest carbon atom of CNT (A)
System

Hi O, Hs Hy Hs Os H7

ZC@CNT(4,4) |1.85 281 |1.85 2.76 1.99 2.80 2.00

ZC@CNT(5,5) |2.24 3.06 |219 3.27 2.53 3.18 2.33

ZC@CNT(6,6) |2.45 3.01 |208 3.49 2.58 3.13 2.24

ZC@CNT(7,7) | 2.54 3.03 |212 3.24 2.67 3.12 2.31

ZC@CNT(8,8) |2.59 3.02 |213 3.18 2.96 3.06 2.14

Let us now move to the case of CNT(5,5) and other larger diameter nanotubes up to
CNT(8,8). The optimization of the ZC inside the CNT(5,5) nanotube led to an asymmetric
structure similar to that of CNT(4,4) but the O;-H,-O; angle in this case is increased further to
179.6° and the geometry becomes almost linear. This increase in O;-Hp-O; angle has been
observed for ZC inside all other larger diameter CNTs. However, beyond CNT(5,5), the O1-H,-
O, angle starts decreasing marginally and the variation of this angle as a function of the
confinement length is represented in Figure 5.3. The horizontal line in Figure 5.3 indicates the
O1-H,-O; angle of the isolated ZC and it is evident that as the degree of confinement is relaxed
(i.e. the diameter of the tube is increased), the O;-Hy-O; angle gets saturated with the value of

178.97 for CNT(8,8). It may be noted that although the CNT(8,8) diameter (11.2 2\) is
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sufficiently larger than the ZC, the O1-Hp-O, angle is substantially different from the original
gas phase structure. As it can be seen from Table 5.2, the structural parameters of the optimized
ZC confined under larger diameter tubes, from CNT(6,6) to CNT(8,8) are very much similar to
that of CNT(5,5). It may also be noted that the inter-oxygen distance of the ZC under the
confinement is always observed to be larger (Table 5.2) than its gas phase value. This indicates
a reduction in hydrogen bond strength between hydronium ion and neutral water molecule which

is due to the result of the interaction of CNT with the ZC.

Another important observation is the stabilization of the ZC near the wall of nanotube
irrespective of the diameter of the CNT. As illustrated in Figure 5.2(a), this effect is clearly
noticeable for larger diameter CNTs. This can be considered as the consequence of enhanced H-
7 interaction as discussed earlier. As a result, the hydrogen atoms of the ZC preferentially orient
towards the m-cloud of the CNT wall, and a suitable rearrangement of the rest of the cluster
occurs to minimize the total energy of the system. In a very narrow CNT, the ZC feels the effect
of the CNT surface relatively to a similar extent in all directions. On the other hand, in a larger
diameter nanotube, the H-m interaction drives the whole ZC from the center of the CNT towards
the inner surface of the CNT and hence the ZC is located close to the inner surface of CNT and

not at the center of the nanotube.

These findings evidently agree with the first principles based molecular dynamics study
of Cicero et al. performed on water confined in the CNT and graphene sheets [138]. According
to their study, the microscopic structure and thickness of the thin layer of water formed at the
interface are independent of the diameter of the nanotubes as the perturbation induced by the
confining media is extremely localized at the interface. These observations, namely the ZC being

stabilized near the wall and a significant modification in the structure of the ZC can have a great
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impact in devising structures related to nano-fluidic applications using CNT as the transport

medium.
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Confinement Length(A)
Figure 5.3: The variation of O;-Hp-O; angle in Zundel cation as a function of confinement
length (or the diameter of CNT).

5.3.2.2 Infra-red vibrational frequency spectrum of Zundel cation in CNTs

The infrared absorption spectral signatures of hydrated protons in water clusters of size
ranging from 2 to 11, have recently been studied by experimental [291, 300-306] and theoretical
groups [256, 303, 307-312]. These studies have primarily shown that four fundamental
frequencies are important, viz., O-H symmetric and asymmetric stretching, bending as well as the
central proton oscillation frequencies (POF). The frequency corresponds to POF in the range of
1000 cm™ and the O-H stretching frequencies are observed to be near 3700 cm™. Regarding the
applicability of B3LYP level of theory in obtaining the infra-red spectrum of protonated water
dimer in the gas phase, Fridgen et. al. [303] have shown that the DFT results are found to have a
fairly good agreement with the experimental results. For the case of free ZC, the POF occurs at
two well defined absorption regions i.e. near 900 and 1400 cm™ which have been shown to arise
from the coupling of low frequency motions of the two water molecules to the central proton

motion along (in-plane) and out-of-plane or perpendicular to the O-O axis respectively [311].

114



Chapter-5

Our frequency analysis reveals that the POF in-plane frequencies are observed to be
increased under confinement, particularly for the case of CNT(4,4) which is significantly blue
shifted to 1990 cm™ from the vacuum value which is close to 900 cm™. On the other hand, the
POF out-of-plane frequency values are found to initially decrease from 1390 to 1310 cm™ with
confinement length and thereafter it saturates at 1460 cm™. Since the decrease in POF is not
very obvious with the degree of confinement, we have analyzed the first order gradient of POF
with respect to confinement length (R) to find out which of the nanotubes is having least effect
on the vibrational properties or the force constants of ZC. The corresponding plot is presented in
Figure 5.4. As shown in the Figure 5.4, the minimum value of the gradient of POF is observed
for CNT(6,6) and the variation is shown to be strongly linear in nature. It may also be noted that
there are two regimes of POF with respect to the degree of confinement. Accordingly, we have

proposed the confinement length dependence frequency relations for these regimes as given in

equation 5.1 and 5.2.
dy/dR = Ci+ki * (Ro - R) (51)
dy/dR=Cy +ky * (R - Rp) (5.2)

Where, v and R are the POF and confinement length, respectively.

At R = Ry, from Figure 5.4, the value of C; and C; is found to be -58.7.

The values for k; and k, can be obtained by following the best fitting method. The
calculated values of k1 and k2 are -15.0 and 11.8, respectively and hence, the above two
equations can be generalized to evaluate the POF for any values of confinement by integrating

the corresponding expression.
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Figure 5.4: Gradient of proton oscillation frequency (POF) of Zundel cation under the

confinement of CNT.

5.3.2.3 CNT-ZC interaction & stability of Zundel cation in CNT

Let us now discuss about the interaction energy and stability of the ZC under
confinement. The interaction energy (AE) of the ZC has been calculated by subtracting the

energies of individual entities from the CNT- ZC complex as shown in Equation 5.3.

AE(zc) = E(ent-zo)— [Eceny + Ezo)] (5.3)

where Ecnt-zc), Ecny and Ezc) represent the energies of CNT(X,X)-ZC complexes,
CNT(X,X) and ZC respectively, with X,X denoting the chiral vector (n,m) of CNT which varies
here from 4,4 to 8,8. In addition to this, the interaction energy values for HsO" and H,O are also
calculated independently by optimizing these two entities inside CNTs by following a relation
similar to Equation 5.3. These interaction energy values are presented in Table 5.5. The negative

value of the interaction energy in all the cases clearly indicates that all the systems including the
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ZC can be encapsulated inside these CNTs in a favorable manner. It is imperative to note from
Table 5.5 that stabilization of the hydronium ion appears to be the strongest as compared to the
two other complexes (water and ZC). The interaction energy of hydronium ion sharply
decreases (by 10%) as the diameter of CNT increases from 7 A to 8.5 A and thereafter, as the
diameter of CNT is increased from 8.5 A to 11.2 A, the change is observed to be marginal.
Similarly, in the case of neutral water molecule, the interaction energy is observed to be
strikingly more pronounced for CNT(5,5) by 50% as compared to CNT(8,8). The overall
interaction energy of the hydronium ion and the ZC is higher than that of the water molecule,
indicating higher affinity towards filling the CNT than neutral water, which is obviously due to

the enhanced charge induced interaction with the CNT wall.

In general, the lowest value of interaction energy for CNT(4,4) suggests that the
complexes are least stabilized inside CNTs whose diameter is < 5.7 A irrespective of the charged
or neutral nature of the species due to the strong geometrical constraints by the nanotube inner
walls. It has also been observed earlier [313] that if the water molecule is confined in between
two hydrophobic model systems separated by a very small distance ~4 A, the water molecule
undergoes severe geometrical distortion and is eventually dissociated into proton and hydroxyl
ions. Our results also reveal a wide variation in the interaction energy values for the CNT-ZC
complex which is in the range of -39.64 to -65.45 kcal/mol for different nanotubes. For the case
of CNT(5,5), the AE value increases significantly and it is found to be the strongest interacting
system. The AE value is found to decrease in a systematic manner as we decrease the degree of
confinement beyond CNT(5,5). From the interaction energy trend, it can be concluded that there
is an optimum confinement length for which the stabilization of ZC is maximum, and as the

degree of confinement is further decreased, the interaction is reduced quite significantly which
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finally saturates at a value close to -51.0 kcal/mol. The maximum interaction observed in the
case of CNT(5,5) (diameter = 7.0 A) can be rationalized in terms of the inherent nanoscale
curvature in the individual six membered ring. This is well supported by the earlier studies
performed on model systems which demonstrated that the interaction energy increases
quadratically as a function of curvature of the system [314-316]. It has also been observed that
the curvature and confinement effects play an important role and decide the nature of the
structure as well as stability of the species confined within it.

Table 5.5: Interaction energy of hydronium ion (PW), water molecule (W), Zundel cation(ZC)

with CNT and hydrogen bond energy of Zundel cation (HBconr)) under the confinement of
CNTs. All the values are in kcal/mol.

Confining AE(pW) AE(W) AE(ZC) HB(Conf)
medium

None - - - -36.3

CNT(4,4) |-59.98 |-3.31 -39.64 -12.67

CNT(5,5) |-62.21 |-16.60 |-65.45 -22.96

CNT(6,6) |-57.10 |-11.06 |-57.80 -25.96

CNT(7,7) |-55.08 | -9.00 |-52.88 |-25.12

CNT(8,8) |-54.43 |-8.02 -50.91 -24.78

It may be noted that the value of curvature increases as we increase the degree of
confinement of the nanotube and hence, the optimum confinement length and curvature are
crucial in attaining the maximum stability of the system. A similar trend in interaction energy
values has been observed in an analogous study by Hirunsit and Balbuena [317] who considered
the confinement effect by modeling two parallel naphthalene rings. It may be noted these results

completely neglect the effect of curvature of the nanotubes which however has recently been
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established to be a crucial factor in determining the interaction energies [313, 314, 318, 319]. It
may be noted that the value of curvature increases as we increase the degree of confinement of
the nanotube and hence, the optimum confinement length and curvature are crucial in attaining

the maximum stability of the system.

5.3.2.4 Hydrogen bond energy of Zundel cation in CNT

It is known that there is a strong hydrogen bonding between hydronium ion and water
molecule and the value of this hydrogen bond energy is -36.3 kcal/mol in gas phase. As we
discussed in the earlier section, the interaction energy of ZC under confinement varies between —
39.6 to -65.5 kcal/mol. Thus, the modification in hydrogen bonding between the hydronium ion
and the water molecule due to the confinement of CNTs will significantly affect the overall
interaction energy of CNT(X,X)- ZC complex. We have used an approximate relation as given in
Equation 5.4 to define the extent of hydrogen bonding under the confinement of CNTs (HBcon)

and the corresponding values are presented in Table 5.5.

HBconfy = E(cnT-z0) - E(enT-PW) - E(cnT-wy + EonT (5.4)

As shown in Table 5.5, the hydrogen bond energy for the ZC decreases from -36.3 to
-12.7 kcal/mol, corresponding to isolated ZC and under confinement in CNT(4,4), respectively.
As the degree of confinement decreases, the hydrogen bonding energy is found to increase
sharply by ~30%. The decrease in the energy is mainly due to the enhanced stabilization of
individual components, hydronium ion in particular, inside the CNT, thereby affecting the
effective interaction between the individual ions. However, for the case of CNT(6,6), hydrogen
bond stabilization energy is significantly higher than that of the narrowest tube, CNT(4,4) mainly

because of the effective interaction of ZC with two opposite surfaces of CNT(6,6). This also
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means that the individual components are not severely modified or affected inside CNT(6,6),
leading to the formation of a more symmetric ZC in comparison to other CNTs. For other larger
nanotubes, the ZC is observed to interact with only one surface, and the HBnr €nergy difference
between CNT(66) and other larger diameter CNTs is found to be of the order of ~1kcal/mol.

Hence, it can be inferred that CNT(6,6) may be the suitable stabilizing nanotube for the ZC.

The trend in the hydrogen bond energy primarily indicates that the role played by the
local environment of the ZC is very remarkable. In principle, the nanotube being an electron rich
center can effectively interact with the ZC through charge transfer and hence, the net charge
transfer can describe the effect of the confinement due to nanotubes on the stability of ZC as well
as its HB strength. Accordingly, we have rationalized the HB strength through two parameters,
viz., (i) the radial distance between the proton or hydronium ion and inner surface of the

nanotube wall and (ii) net charge transfer from the nanotube to ZC.

Let us first discuss the radial distance profile for the center proton with respect to the
carbon atom of the nanotubes. It may be noted that the shorter distance between any two atoms
can directly be correlated with stronger interaction while the weaker interaction can be related
with longer distances. The shortest distances between the carbon atom of CNT and center proton
are reported in Table 5.4 and these results reveal that the center proton is found to be very close
to the carbon atom of CNT(4,4) which may effectively destabilize the ZC by reducing the
hydrogen bond strength. However, for the case of CNT(6,6), the distance is found to be the
highest among the nanotubes studied here. This radial distance profile correlates very well with
the calculated hydrogen bond energies, -12.68 and -25.96 kcal/mol respectively, for the

CNT(4,4) and CNT(6,6) cases.
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The shortest distance between carbon of CNT and center proton of ZC can also lead to an
effective charge transfer from CNT to proton and hence, the effective charge of the ZC complex
can significantly be modified. In view of this, we analyzed the net charge transfer from CNT to
ZC through the natural population analysis method. As shown in Table 5.3, the charge transfer
IS observed to be maximum for CNT(4,4) and saturate at CNT(6,6). More interestingly, it can be
seen from Figure 5.5, that there is an inverse correlation between the charge transfer and the
hydrogen bond energy. Hence, it can be mentioned that any surface modifications by electron
donors or acceptor groups can effectively tune the stability of the ZC which can have significant
impact on the proton transfer rates. In parallel to our observations, Mann and Halls have
reported that the stability of the protonated water clusters confined inside CNT relative to the gas
phase is enhanced which was ascribed due to the high polarizability of the carbon nanotube. In
addition to the net charge transfer, the change in the structure of the ZC due to the confinement
can also compete in modifying the hydrogen bond strength, which can be referred to as structural
deformation energy. In order to quantify the deformation energy, the optimized ZC obtained
inside CNTSs are taken out of the nanotubes and the single point energy calculation is carried out
on these clusters. The difference between the energy of the isolated and confined geometries has
been considered as the structural deformation energy. It can be noted that the maximum
deformation energy is observed to be 2.08 kcal/mol for CNT(4,4) and interestingly, the minimum

deformation energy with 40% lesser than CNT(4,4) is observed for the case of CNT(6,6).
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Figure 5.5: Hydrogen bond strength (HBconf)) in Zundel cation under the confinement of CNTs
as a function of net charge transfer from CNT surface.

As we have already discussed, the ZC is in general, stabilized closer to the inner surface
of the nanotube than at the center of the nanotube. Hence, even if the nanotube is widened
further, there will be certain deformation in the structure of the complex. The minimum
deformation energy implies the stronger hydrogen bonding within the ZC under confinement.
The present analysis lucidly suggests that the hydrogen bond strength or the interaction between
water and hydronium ion is significantly reduced in a very highly confined environment as
exhibited by CNT(4,4) or CNT(5,5). In addition, these results also demonstrate that the hydrogen
bond energy is maximum for the case of CNT(6,6) which is attributed to the minimum

deformation and less charge transfer between the nanotube and ZC.
5.3.2.5 Energy barrier for proton transfer in Zundel cation in CNT

Let us now move to the energetics or energy barriers for the PT process under
confinement. The PES for the PT in the ZC under the confinement of CNTSs is constructed in a
way similar to the case of isolated/gas phase by scanning the central proton along the O-O axis

and it is represented in Figure 5.6 as a function of the degree of confinement. As it can be seen
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from Figure 5.6, the barrier for PT from H30" to the other water molecule under highly confined
space of CNT(4,4) is quite large (7.71 kcal/mol) and as we move to a next higher diameter
nanotube CNT(5,5), the barrier is sharply reduced to 4.79 kcal/mol. It is evident that as the
degree of confinement is decreased, the barrier height is reduced and the reduction in the barrier
height is found to be very marginal among the higher nanotubes. For instance, the barrier height
difference between CNT(7,7) and CNT(8,8) is only 0.15 kcal/mol, which is far less than the
thermal energy, and further increase in the diameter appears to have insignificant effect on the
energy barrier. It is interesting to note that the barrier height, although reduced upon decreasing
the degree of confinement, is always higher than that of gas-phase ZC. This is arising due to the
fact that the hydronium ion is attracted to the nanotube walls in a preferential manner at the CNT
interface. This scenario is different from the isolated ZC and the difference in energy barrier
between the widest nanotube and the isolated case is ~1 kcal/mol, which can primarily be
attributed to the interaction between the nanotube wall and the ZC. In one of the recent studies
by Hirunsit and Balbuena, the calculated barrier heights for the model systems reveal that the
barrier height is reduced upon increase in confinement length up to 14.5 A, beyond which, the
barrier height is increased very marginally. In their study, CNT has been modeled by the
aromatic planar molecules, viz., two benzene or naphthalene molecules arranged in a parallel
manner and the structure of the ZC is placed at the center of these aromatic molecules. It is also
noted that the barrier height obtained from these model systems is little overestimated as
compared to the present results. Nevertheless, the trend remains unaltered and our results
quantify the important role played by the channel wall in determining the structure of the ZC and

hence, the proton transfer.
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Figure 5.6: PES for PT process in Zundel cation as a function of O-H distance for free and
confined cases.

5.3.3 Zundel cation under the confinement of BNNT

Let us now move to BNNT and find out the effect of this highly polarizable confinement

medium on the structure and proton transfer energetics of Zundel cation.
5.3.3.1 Structure and stability of ZC under the confinement of BNNTs

The optimized structures of the BNNT-ZC complex by employing DFT/B3LYP method
are presented in Figure 5.7. The important structural parameters and charges on oxygen and
hydrogen atoms of the optimized ZC under the confinement of BNNTS are presented in Table 5.6
and 5.7. The optimization of the geometry of ZC in BNNT(4,4) leads to a distorted asymmetric
ZC similar to CNT(4,4). However, a more symmetric structure of ZC is formed in BNNT(5,5)
with values of O;-Hp, Hp-O2 and O;---O, distance close to the corresponding values of the
isolated ZC. Strikingly, the O1-Hp-O; angle increases to 179.7° and the geometry of the ZC
becomes almost linear. As shown in Figure 5.7, the spatial confinement provided by this
nanotube favors such a configuration for the BNNT-ZC complex that allows the two water
molecules of ZC to effectively interact with exactly opposite surfaces of BNNT through

Huwater-*NennT hydrogen bonding.
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BNNT(8,8)-ZC

Figure 5.7: Radial view of the optimized structures of BNNT- ZC complexes.
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Table 5.6: Important geometrical parameters of the optimized ZC under the confinement of
BNNTSs. Bond distances (R) are in angstrom and bond angles (0) are in degree. Refer Figure

5.1(a) for the numbers used in the specification of the parameters.

Confining | Ru2) | 6-23) | Re-3) | Re-a) | B-4-6) Ras) | Rees) |Ree) | 0667 | R
medium (O-Hp) | (O-Hp-0) | (Hy-O) | (O-0)

BNNT(4,4) 0.97 |109.7 | 0.98 |1.12 173.3 1.29 240 1097 |1120 |0.97
BNNT(5,5) 0.98 |106.4 | 098 |1.20 179.7 121 241 1098 |106.5 |0.98
BNNT(6,6) 0.98 |106.4 | 098 |1.18 178.7 1.24 242 1097 |106.4 |0.98
BNNT(77) | 097 1051 (099 [115 1794  |128 |243 [097 |1041 |098
BNNT(@g) | 097 |1065 (100 |114 1774 129 |243 (097 |1089 |0.98
Isolated zC | 0-97 | 1099 [0.97 [120 |1743  |120 |240 |0.97 |109.9 |097

As we move to wider nanotubes i.e., from BNNT(6,6) to BNNT(8,8), the diameter of the

nanotube becomes substantially larger than the length of ZC and hence, the simultaneous

interaction of ZC with exactly opposite surfaces of BNNT is less feasible. It may be noted that

both the water molecules in ZC reorients themselves such a way that they form hydrogen bond

via Hyater*NennT t0 the same side of the BNNT surface. As a result, the ZC gets stabilized near

the surface of BNNT rather than at the center of the BNNT (Figure 5.7). In these wider BNNTS,

the O-H bond length of one water molecule is elongated from its original value of 0.97 A (e.g.,

1.0 A 'in BNNT(8,8)) leading to the formation of a distorted ZC.
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Table 5.7: Natural charges (in a.u.) on oxygen and hydrogen atoms of isolated ZC and under the
confinement of BNNTS. In the last column, net electronic charge transfer from BNNT surface to
ZC is listed.

Confining | H; 0, Hs Hp Hs Os H- Total charge | Net electronic
Medium on ZC charge transfer
from BNNT
Free 054 |-085|054 052 |[054 [-0.85|0.54 | +1.0 0.00
BNNT(4,4) | 0.55 |-0.89 | 055 |0.52 | 0.54 |-0.92|0.54 |+0.89 0.11
BNNT(5,5) | 0.53 |-0.84 | 053 |0.50 | 0.53 |-0.84|0.53 | +0.95 0.05
BNNT(6,6) | 0.54 |-0.83 054 |0.51 |0.53 [-0.85|0.53 | +0.96 0.04
BNNT(7,7) | 0.54 |-0.82 054 |0.51 |0.53 |-0.86|0.53 | +0.96 0.04
BNNT(8,8) | 0.53 |-0.83 054 |0.51 |0.53 |-0.86|0.53 | +0.96 0.04

From the radial distance distribution profile presented in Table 5.8, it has been observed
that the terminal hydrogen atoms of ZC are relatively closer to the nitrogen atom of BNNT as
compared to the boron atom due to the formation of Hyater-*Ngnnt hydrogen bond. Moreover,
the distance between the hydrogen of elongated O-H bonds and the nitrogen atoms of BNNT are
relatively smaller to the non-elongated ones. It is interesting to note that the water molecule,
which is involved in strong hydrogen bonding interaction has greater affinity for the central
proton as compared to the other water molecule. The radial distance distribution profile in case
of BNNT(5,5) indicates that the hydrogen atoms of both the water molecules maintain nearly
same distance (2.31, 2.36 & 2.21, 2.29 A) from the BNNT surface compared to other BNNTS.

Let us now discuss about the interaction energy (IE) and stability of the ZC under the
confinement of BNNTs. The IE of the ZC has been calculated by subtracting the energies of

BNNT and ZC from BNNT- ZC complex similar to the CNT case. In addition to this, the IE
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values for hydronium ion (H3O") and water are also calculated independently by optimizing

these two entities inside BNNTSs in a similar way.

Table 5.8: Distance of hydrogen and oxygen atom of ZC from the closest nitrogen and boron

atom on BNNT.

Confining | Distance from the nearest nitrogen atom of BNNT (A) | Distance from the nearest boron atom of BNNT (A)
Medium H; 0, Hs H,y Hs Os H; H; 0, Hs H, Hs Os H;
BNNT(4,4) | 207 | 281 | 2.02 | 2.83 | 2.08 | 284 | 201 | 201 | 271 | 2.06 | 2.78 | 201 | 277 | 2.10
BNNT(5,5) | 230 | 318 | 2.28 | 342 | 235 | 3.18 | 222 | 250 | 3.05 | 243 | 3.37 | 252 | 3.06 | 2.34
BNNT(6,6) | 261 | 310 | 215 | 344 | 261 | 317 | 221 | 252 | 3.00 | 229 | 3.43 | 259 | 3.12 | 240
BNNT(7,7) | 255 | 299 | 2.02 | 323 | 251 | 3.04 | 219 | 274 | 2.92 | 225 | 335 | 271 | 3.05 | 245
BNNT(8,8) | 282 | 291 | 1.92 | 3.09 | 254 | 303 | 223 | 288 | 2.95 | 2.22 | 3.24 | 266 | 295 | 246

The calculated IE values are presented in Table 5.9. The negative value of interaction

energy for all the complexes suggests that water, hydronium ion and ZC can be encapsulated

inside these BNNTS in an energetically favorable manner. It can be observed that the interaction

energy of hydronium ion as well as ZC is more that than of neutral water molecule due to the

enhanced dipole-charge induced interaction with the polar BNNT surface [278].

Table 5.9: Interaction energy ( in kcal/mol) of Zundel cation (ZC), hydronium ion (PW) and
water molecule (W) with BNNT.

Confining |E(zc) IE(pw) |E(W)
medium

BNNT(4,4) | -21.1| -374| -4.8
BNNT(5,5) -47.9 -42.6 | -16.0
BNNT(6,6) -42.4 -39.1 | -12.0
BNNT(7,7) | -39.3| -38.7| -10.2
BNNT(88) | -380| -385| -9.1
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It is worth noting that the polar character of BNNT decreases with the increase in the
BNNT diameter [320] and the maximum value of IE is expected for narrowest BNNT-ZC
complex, i.e. in the present case BNNT(4,4). However, the highest value of IE is achieved with
BNNT(5,5) irrespective of the charged or neutral nature of species. The variation of IE as a
function of the degree of confinement (or the diameter of BNNT) is presented in Figure 5.8 and
it is evident from this figure that regardless of the nature of the species, if the degree of
confinement is very high as in the case of BNNT(4,4), the strong geometrical constraints offered
by the nanotube inner walls is becoming the dominant factor in determining the structure and

energetics of the confined species.

29 BNNT(4,4)
BNNT(7,7
12 BNNT(8,8)
BNNT(6,6)
- BNNT(5,5)
TED 224 — W
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=
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Confinement Length(A)
Figure 5.8: The variation of interaction energy of the confined species as a function of
confinement length. (or the diameter of BNNT).

For the case of confined ZC, a pronounced increase (~130%) in the value of interaction
energy is observed with increase in nanotube diameter from 5.7 to 7.0 A. Thereafter, the
interaction energy value starts decreasing with the increase in the diameter of BNNT. A sharp
decrease (~12%) is observed for an increase in the diameter of BNNT from 7.0 to 8.5 A

Thereafter, only a marginal decrease in interaction energy is observed with further increase in
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diameter of BNNT, and it nearly saturates at BNNT(8,8). The highest value of interaction energy
observed for BNNT(5,5) indicates that it is the most favorable interacting medium for the ZC.

On analyzing the net charge transfer from BNNT surface to ZC, as shown in Table 5.7, it
is found that the charge transfer is substantially higher in case of BNNT(4,4) and as the tube
diameter increases, it sharply decreases and saturates at BNNT(6,6). Based on the above
discussions, it can be mentioned that the structural modification in ZC is small and the major
contributors for the stabilization of ZC in BNNT are due to the effective interaction of ZC with
the polarized BNNT through the formation of hydrogen bond and charge transfer. In a very
recent theoretical study, Rimola and Sodupe have also observed that adsorption of polar

molecule is favored over nonpolar molecules in smaller diameter BNNTSs [320].
5.3.3.2 Effect of BNNT on the vibrational modes of ZC

The calculated vibrational absorption spectra for ZC confined in BNNTSs and the isolated

ZC case are presented in Figure 5.9.
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Figure 5.9: Infra-red vibrational absorption spectrum of ZC confined in BNNTSs along with the
isolated ZC.
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The frequency analysis reveals that the in-plane POF depends heavily on the degree of
confinement of BNNT and for the case of highly confined system i.e. BNNT(4,4), the in-plane
POF is significantly blue shifted to 1300 cm™ from its isolated value of 916 cm™. It can be
mentioned that the blue shifting in BNNT(4,4) is less as compared to the CNT(4,4) case. As the
degree of confinement is reduced, the in-plane POF decreases dramatically and attains the value
of 803 cm™ for the case of BNNT(5,5) and thereafter, the in-plane POF continuously increases
up to BNNT(8,8). Since the in-plane POF is having a minimum for BNNT(5,5) (See Figure
5.10), the central proton connected to water can be mentioned to be more flexible in BNNT(5,5)
than that of other nanotubes confined structures due to other BNNTS. In other words, it also
means that the BNNT(5,5) provides the spatial confinement on ZC which requires lesser energy
to break or form a bond between the central proton and water molecules than that of other

confined structures due to other BNNTS.

The calculated symmetric and asymmetric stretching frequencies of water molecules in
ZC are presented in Table 5.10. For the isolated ZC, the symmetric and asymmetric frequencies
are observed close to 3600 and 3670 cm™ respectively. Under the confinement of BNNT, in
general, it is observed that the O-H stretching frequency of water molecule is red shifted due to
its interaction with BNNT. In particular, the stretching frequency of one of the O-H bond of one
water molecule in ZC is substantially reduced as compared to the other (except BNNT(5,5)). For
example, in BNNT(4,4), the symmetric and asymmetric frequencies of one water molecule are
3354 and 3483 cm™ whereas for the other, the values are 3540 and 3602 cm™. This can be
attributed to the Hyawer-*Ngnnt hydrogen bond formation with the magnitude of red shift in
frequency proportional to the hydrogen bond strength. For example in BNNT(8,8), the stretching

frequency corresponding to the elongated O-H bond (bond length ~ 1.0 A) is strikingly observed
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to be 3070 cm™. However in BNNT(5,5), the degree of red shifting in the O-H stretching

frequency is similar in magnitude for both the water molecules and the observed frequency

values are 3447, 3488, 3402 and 3519 cm™. Therefore it can be mentioned that both the water

molecules form Hyaer*Nennt hydrogen bond to a similar extent in this nanotube. This correlates

very well with the observed O-H bond elongation and the symmetric ZC structure in this

nanotube.

Table 5.10: Symmetric and asymmetric stretching vibrational frequencies of ZC confined in

BNNT.
Stretching Frequency of ZC (cm™)
System i i
Symmetric Asymmetric
Isolated ZC 3596, 3604 3680, 3670
ZC@BNNT(4,4) | 3354, 3540 3483, 3602
ZC@BNNT(5,5) | 3447, 3402 3488, 3519
ZC@BNNT(6,6) | 3321, 3452 3498, 3580
ZC@BNNT(7,7) | 3209, 3468 3553, 3564
ZC@BNNT(8,8) | 3070, 3505 3607, 3570
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Figure 5.10: Variation of In-plane Proton Oscillation Frequency of ZC under the confinement of
BNNTSs as a function of confinement length.
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5.3.3.3 Energy barrier for proton transfer in ZC in BNNT

The PES for the PT in the ZC under the confinement of BNNTSs represented as a function
of O-H distance in Figure 5.11(a). The barrier for PT from H3O" to the other water molecule
under highly confined cavity of BNNT(4,4) is quite large (5.96 kcal/mol). However for the next
wider diameter nanotube i.e. BNNT(5,5), a sharp reduction in the barrier occurs with a lowest
barrier height of 3.14 kcal/mol. The barrier for the case of BNNT(6,6) is found to be 3.51
kcal/mol which is ~12% higher than the value of BNNT(5,5). A pronounced increase in the
barrier is observed for further increase in diameter of the nanotube beyond BNNT(6,6). To get a
clear picture, the barrier height of the PT process as a function of the confinement length is
pictorially represented in Figure 5.10(b) and it is evident that BNNT(5,5) provides an optimum

confined medium for easier transport of proton.
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Figure 5.11: (a) PES of isolated and confined ZC at a O---O separation distance of 2.7 A
(b) Barrier height of PT process under the confinement of BNNTSs as function of
confinement length (Radius of BNNT).
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5.3.4 Comparison and summary

In the present work, we have performed DFT based quantum chemical calculations with
dispersion correction to investigate the effect of nanoconfinement on the structure, vibrational
spectra and proton transfer energetics (energy barrier) in Zundel cation (ZC), i.e. protonated
water-dimer. The effect of the confinement medium has been systematically illustrated by
employing a series of carbon nanotubes (CNTSs) and boron nitride nanotubes (BNNTSs) of
varying diameter. We have demonstrated that the structure of ZC is significantly modified under
the confinement of nanotube and resulting to the formation of a distorted ZC structure where the
central proton of the ZC is preferentially attracted to one of the water molecules. The interaction
of ZC with the nanotube largely depends on the diameter of the nanotube and the interaction
energy of ZC with CNT is observed to be significantly higher (~40%) than that of BNNT. In
larger diameter nanotubes, ZC is stabilized near the inner surface of the nanotube because of the
formation of hydrogen bond between the ZC and the nanotube. It has also been shown that the
effect of marginal change in degree of confinement on the energy barrier for the PT process is
very remarkable and we have explained why the proton transfer may be facilitated in nanotubes

with diameter in the range of 7 to 9 A.
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5.3.5 Proton transfer energetics in NH3-H,O system

In this part of the work, we have considered a dissimilar system and studied the effect of

confinement by CNT on the proton transfer energetics in this system.

5.3.5.1 Structure and energetics

The optimizations of the isolated ammonia-proton-water (APW) and CNT-APW
complexes are carried out following similar procedure discussed in the model and method

section (Section 5.2). The optimized structures are presented in Figure 5.12.

Figure 5.12: Optimized structures of the CNT-APW complexes.
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The important structural parameters and energy values of the APW system are presented

in Table 5.11. The interaction energies (IE) are calculated by using the following relations

SEapw = Ecnt-apw) — Ecen) — E(arw) (5.5)
IE(1) = Ecnt-arw) — [Een-aP) + E(w)] (5.6)
IE(2) = Eccnr-apw) — [Eent-pw) + E) (5.7)
HBconf = EccnT-APw) — E(enT-AP) — EcnT-w) + E(eN) (5.8)

Table 5.11: Important parameters of the optimized NHz-H*-H,O system in the gas phase (Free-
APW) and under the confinement of CNTSs.

Confi_ning 0 n SEapw IE(1) 1E(2) HBcont
medium (N-H-0) (kcal/mol) | (kcal/mol) | (kcal/mol) | (kcal/mol)
Free-APW 179.9 - 0.0 0.0 40.34
CNT(4,4) 1615 -25.3 17.0 34.7 -1.32
CNT(5,5) 1785 -68.0 -85 -5.8 -13.48
CNT(6,6) 1771 -55.3 -5.5 1.8 -16.04
CNT(7,7) 178.1 -49.5 -3.0 5.6 -15.62
CNT(8,8) 178.0 -47.6 -2.4 6.8 -15.98

It can be seen from Table 5.11 that the interaction of water towards the proton connected
to ammonia molecule is significantly enhanced (as much as ~40%) in the confining media,
especially for CNT(5,5) case. For other confining media larger than CNT(5,5), the
corresponding interaction energy is also observed to stabilize the protonated water molecule.
However, for the case of NH3, the protonated complex is found to be destabilized in all confining

media by ~11 % except for the case of CNT(5,5) for which the calculated interaction energy is -
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5.8 kcal/mol as compared to the free (unconfined) case. Thus, our results lucidly demonstrate
that the proton affinity of water is certainly more enhanced under hydrophobic nanoconfinement
than that of ammonia. It is also interesting to note that the APW complex initially kept at the
center of the tube, tends to stabilize near the nanotube wall which can be one of the reasons why

there is an enhanced stability of the protonated water in the confined case.

Let us now turn our discussion on the effect of confinement on the energy barrier for the
proton transfer from ammonia to water inside CNT. The PES for the translocation of proton
under the confinement of CNTs generated in a similar way to the gas phase for N-O distance of
3A is presented in Figure 5.13. Under highly confined scenario like CNT(4,4), the geometry is
observed to be highly distorted (Na-Hp-Ow angle for free APW and CNT(4,4) are ~180° and
162°, respectively) and there is also a reduction in the N-Hp distance. Hence, there is a
significant increase in the barrier for the case of CNT(4,4) primarily due to the geometrical

confinement.
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Figure 5.13: Variation of PES as a function of Na-H distance at different confinement lengths.
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On the other hand, for larger diameter tubes, the energy barrier for the proton transfer
towards the water molecule is significantly reduced in comparison to the one obtained in gas
phase. In addition, we also observe that there is only a marginal reduction in the energy barrier
for the case beyond CNT(6,6) and this may be due to the limitation in the interaction of the
protonated water in APW complex with CNT, as discussed earlier. These results unambiguously
explain that the proton transfer towards the water molecule can become energetically feasible

under the confinement.
5.4 Summary of the work

We have investigated the effect of confinement on the structure and proton transfer energetics in
small model systems using several nanoconfinement media. Our results reveal that the
interaction of confined species with the nanotube leads to the drastic modification in structure
and energetics of the confined species. It has been demonstrated through this study that the
nanotube diameter plays a crucial role in modifying the proton transfer energetics in the confined
system. It has also been shown that the effect of marginal change in diameter of the confinement
medium (degree of confinement) on the energy barrier (12-45%) for the PT process is very
remarkable. After analysing several factors, it has been concluded that among all the nanotubes
considered in the present study, the proton transfer may be facilitated in nanotubes with diameter
in the range of 7 to 9 A. The conclusions drawn from our results can have important implications
and motivate further investigation on the systems to understand the fluidics under different

confined nanomaterials.
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Chapter 6

Catalytic properties of
hydrogen doped gold nanoclusters:
The hydrogen island effect

139



Chapter-6

6.1 Introduction

In this chapter, we have investigated the catalytic properties of small pristine gold
clusters and hydrogen doped gold clusters. To assess their catalytic properties we have
considered the CO oxidation process which is considered as a favorite prototypical reaction to
test the performance of heterogeneous catalysts [321]. The other aspect of CO oxidation process
is associated with the health hazard of CO. Due to its high affinity with hemoglobin, carbon
monoxide is a very toxic gas for human. Long term exposure to higher concentration of CO can
cause detrimental effects. Therefore, CO cannot be released from any industry as a byproduct.
This has prompted immense research interest to devise suitable methods to convert the CO to
CO; efficiently and economically. In addition, it is well known that CO can act like a poisoning
agent specifically for the metal catalysts such as Pt and Pd [322] in fuel cells. Hence, removal of
CO is an extremely important requisite parameter for the effective function of these industrial

catalysts [323].

6.2 Gold nanoclusters for CO oxidation

Gold in its bulk form is well known for its noble character and has been regarded as a
poor catalyst [324]. However, this is not the case for gold nanoclusters and it has been shown
that gold clusters catalyze several chemical reactions such as carbon monoxide oxidation,
selective oxidation of hydrocarbons and alkene epoxidation [325-330]. The extraordinary
catalytic activity has prompted many researchers to investigate the structure and reactivity of the
gold clusters. These studies have established that the reactivity of gold clusters is influenced by
quantum size effect and relativistic effect [327]. Among the above-mentioned reactions, the

CO-oxidation reaction has been studied extensively because of its importance as mentioned
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above [321, 328, 331, 332]. The initial studies by Masatake Haruta and his co-workers [325]
reported that very small (< 5nm) gold particles supported on suitable oxides are active towards
carbon monoxide oxidation reaction even below room temperature which triggered the interest in
gold in nano regime as a catalyst. Since then, a number of experimental and theoretical studies
have focused their attention on the catalytic activity of gold clusters. In general, gold is more
catalytically active than the noble metals of Groups 8-10. The latter easily dissociate the oxygen
molecule and chemisorb oxygen atoms, and bind carbon monoxide very strongly leading to low
catalytic activity while gold does not adsorb them very strongly and it is therefore nearer the top
of the volcano curve for this reaction, where it exhibits much greater activity. Subsequent studies
have shown the unusual size dependence of the low-temperature catalytic oxidation of carbon
monoxide using gold clusters [329]. The size dependence catalytic activity of gold clusters has
been studied by many groups and it has been shown that the structure and reactivity of gold
nanoclusters are highly influenced by the strong relativistic and quantum mechanical effects

[333].

6.3 Effect of support material in CO oxidation by gold cluster

Regarding the CO oxidation reaction, it is now known that the reactivity of gold clusters
depends on factors such as size and shape of the cluster [334], charge state of the cluster
[335,336], ligand adsorption[337], and nature of the supporting material [338, 339]. In relation,
the role of various metal oxide supports such as MgO, TiO,, Al,O3, Fe,03, Co30, , and NiO have
been tested for CO oxidation reaction on gold clusters. Some of the support materials have
shown to promote very high catalytic activity in gold clusters [340]. The basis of the difference
in the catalytic activity of these supported gold clusters can be attributed to the dispersed nature

and charge state of gold clusters that is regulated by the support material [341]. In one of the
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most recent studies, the high catalytic activity for CO oxidation is correlated with the presence of
bilayer clusters which contain nearly ten gold atoms [342]. The size and structure sensitivity of
this reaction is related to the quantum size effect with respect to the thickness of the gold islands

with two layers of gold which are effective for catalyzing the oxidation of carbon monoxide.

6.4 Effect of dopant in CO oxidation by gold cluster

Apart from the support material, another important aspect of tuning the structural and
electronic properties of gold clusters is the use of dopant. In the initial years, gold clusters were
doped with transition metal atoms and the chemical properties were studied by theoretical and
experimental methods. For example, the W@Au;, structure, investigated by density functional
theory [343] and photoelectron spectroscopy [344] indicated a closed-shell icosahedral structure
(In ) with HOMO-LUMO gap close to 3 eV. Similarly, photoelectron spectroscopy studies
carried out for V, Nb and Ta doped in Auj, also revealed I, symmetry [345]. There are also
studies comprising other transition metals such as Cu, Si, Ge, Ti and Sn in the gold clusters [346-
348]. In these studies, the main focus was to elucidate the effect of dopant atom on the structure,
physical and chemical properties of gold clusters [343-345, 349].

However, in recent years, there is growing interest in studying the effect of light atom on
the properties of gold cluster [350]. Alkali metal, hydrogen atom and gold have similarity in
electronic configuration by having one electron in the valence shell, S-orbital. In addition, the
electronegativity of hydrogen and gold is very close to each other. Kiran et al. [351] have
demonstrated the resemblances of gold with hydrogen in a specifically chosen system. In the
similar line, several recent theoretical studies have also explored this in different Au-alloy
clusters and observed similar analogy in these systems [352]. It has also been demonstrated that

doping gold clusters with alkali metal and hydrogen atoms can drastically modify the electronic
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structure and properties of pristine gold clusters [350]. More importanntly, some recent
theoretical studies have shown that the catalytic activity of the gold cluster towards CO oxidation
can be significanntly improved by doping it with hydrogen or Si atom [353-355]. These studies
indicate that not only does hydrogen doping result in preferential activation of an oxygen
molecule but also leads to reduction in the activation barrier for the CO oxidation reaction.
However, a systematic study of the effect of hydrogen doping on the gold nanoclusters is scarce
in the literature. Therefore, in the present study, we have systematically doped hydrogen atoms
in gold clusters (Au,, n=1 to 6 and studied the structure and stability of each hydrogen doped
clusters. For each gold cluster, we have considered various possible conformations and did the
sequential hydrogen doping to the maximum extent possible. The important properties such as
IP, EA and HOMO-LUMO gap have been thoroughly analysed for each of these clusters. The
objective for the present work is to investigate the change in structure, electronic properties and
the energetics of CO interaction due to hydrogen doping. Taking the clue from this enhanced CO
interaction, we have investigated the activation barrier for the CO oxidation leading to CO,

process using some of the selected hydrogen doped gold clusters.

6.5 Computational details

All the calculations in the present work have been performed using density functional
theory as implemented in the Turbomole program. The geometry optimization has been done
without any symmetry constraint at the DFT/TPSSH level of theory. The triple-zeta basis set
(def2-TZVP) has been used for all the atoms. For sixty inner electrons of Au, ecp-60-mwb has

been used.
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Figure 6.1: Optimized geometries of pristine and hydrogen doped gold clusters for Au; to Aug

obtained by TPSSH based DFT method. The atom in yellow color is gold and rest are hydrogen.
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Figure 6.2: Optimized geometries of pristine and hydrogen doped gold clusters for Au,, Ausand
Aug obtained by TPSSH based DFT method.
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6.6 Structure, electronic properties and the nature of CO interaction of hydrogen doped
gold clusters

Earlier theoretical studies have established that small neutral gold clusters tend to
favour planar geometry up to the cluster size of Aug and a thereafter a crossover from planarity
to nonplanarity occurs (2-to-3 dimensions) [356]. The tendency to form planar structures for
gold clusters is much more prevalent than copper and silver, which is strongly favored by
relativistic effects [357]. The geometries obtained in the present work by employing the TPSSH
Exchange Correlation functional for pristine gold clusters for sizes n=2-6 are given in Figure 6.1

and 6.2.

We have considered several possible configurations for both pristine and hydrogen doped
clusters and the hydrogen doping has been done for the lowest energy structures of the pristine
gold clusters. We have compared the lowest energy structures of the pristine and single hydrogen
doped gold clusters with the already existing reports and it is found that the structures are similar
to those already predicted earlier [350, 357]. Thus, we continued the doping of hydrogen and
optimized the possible structures using the same method. For example, in the case of Au,, the
Au-Au distance obtained in the present study is 2.56 A which is quite close to the value of 2.57
A obtained in the earlier study. For Aus, we observed a triangular geometry which has been
reported to be the lowest energy structure in comparison to the bent (\V-shaped) structure [358,
359]. The Au-Au bond lengths calculated in this case are 2.73 A and 2.57 A, and closely agree
with the earlier reported values 2.78 A and 2.57 A [350]. Similarly, in the case of Aus and Aus,
we observed good agreement in the strucural parameters obtained in the present study with the

earlier repoted results.
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Let us now discuss the effect of hydrogen doping on the structure of these gold clusters.
It should be mentioned that we have considered several possible positions for hydrogen doping
and the energetically lowest isomer obtained after the geometry optimization has been reported
here. In many cases, for a particular cluster, optimization of hydrogen doped structures at
different sites lead to same optimized geometry. Initially the pristine clusters were doped with a
single hydrogen atom and optimized. The second hydrogen was doped with the optimized
structure obtained in the first step. The doping process was continued until we get favourable
interaction of hydrogen with the cluster. The geometries of hydrogen doped clusters are

presented in Figure 6.1 and 6.2.

The Au-H bond length in Au;H, is 1.54 A which is significantly shorter than the Au-Au
bond length of 2.52 A. The Au-H bond length slowly increases with the increase in number of
doped hydrogen atom. In case of Au;Hs, two hydrogen atoms converged very close to molecular
hydrogen with one short Au-H distance and two long Au-H distance. Beyond three hydrogen
atoms, we did not observe any interaction between the hydrogen atom and the cluster. Moreover,
a hydrogen molecule is formed which goes far away from the cluster and does not interact with
the cluster. The distance between the hydrogen molecule and the cluster is significantly high. In
case of Au,, the first doped hydrogen atom prefers to occupy the bridge bonding position
between two Au atoms. This observation is consistent with the earlier reported structure by
several groups [355, 360, 361]. When second hydrogen atom is doped in to Au; cluster, it is
observed that one hydrogen atom remains at the bridging mode whereas, the other prefers the
normal bonding mode with one of the Au atom. This leads to slightly different Au-H bond
lengths for the bridged hydrogen atom. For the hydrogen doped clusters of Aup, it is always

observed that there is at least one bridging hydrogen is present in the structure. Following the
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sequential hydrogen doping procedure, we observed that maxium six number of hydrogen atoms
can be doped to the Au; cluster. Similarly, for all other larger clusters (Aus to Aug) we predicted
maximum number of hydrogen atoms that can be doped in these clusters following the same
sequential hydrogen doping procedure. From the interaction energy and the structure of the

cluster, it is established that maximum eight hydrogen atoms can be doped with Au, clusters.

Let us now discuss the electronic properties of the pristine and hydrogen doped gold
clusters. We have perfomed the charge analysis on the clusters by natural bond orbital (NBO)
method. The charge on the Au atoms of the cluster are presented in Table 6.1. In general, it is
observed that hydrogen atom withdraw electrons and makes the Au atom as positive centers.

Similar qualitative results has been obtained by Jena et al. recently [353].

Table 6.1: Charge on Au atoms of hydrogen doped gold clusters.

Charge on Au atoms (a.u.)
No. of | Au, Au, Aus Auy Aus Aug
“H”
atom
doped
0 0.0 | 0.0,0.0 0.11,-0.21,0.11 | -0.27,0.27,-0.27,0.27 | 0.02,-0.08, 0.11, -0.08, 0.02 | -0.08, 0.08, 0.08
-0.08, -0.08, 0.08
1 0.05 | 0.07,0.07 | 0.11,-0.01,0.11 | 0.14,0.23,0.02,-0.12 | -0.12,0.24,0.24,-0.12,0.09 | -0.06, 0.09, 0.20
-0.09, 0.16, -0.01
2 0.26 | 0.17,0.15 | 0.31,-0.28,0.31 | 0.23,0.17,0.22,-0.13 | -0.13,0.26, 0.27,0.06, -0.02 | -0.02, 0.22, 0.22
0.32,0.32,-0.40
3 0.11 | 0.39,0.09 | 0.10,0.41,-0.25 | 0.11,0.15,0.31,-0.06 | 0.29,-0.13,0.46,0.24,0.19 -0.10, 0.18, 0.17
0.12,0.29,0.14
4 0.30,0.08 | 0.22,0.04,0.03 | 0.34,0.34,0.34,0.34 -0.15, 0.23, 0.29, 0.08, -0.04
5 0.49, 0.48 0.35, 0.26, 0.26, 0.45 0.30, 0.30, 0.30, 0.30, 0.30
6 0.51,0.51 0.46, 0.15, 0.15, 0.46 0.21,0.25,0.25
0.21,0.21,0.25
7 0.40, 0.24,0.21, 0.40
8 0.33,0.32,0.32,0.33
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We have further analyzed the ionization potential (IP) and the HOMO-LUMO gap of
these hydrogen doped clusters. These results are presented in Table 6.2. In general, It can be seen
from this table that the IP of the pristine gold cluster shows an odd-even oscillatory behavior
with the number of Au atom in the cluster. Similar trend has has been reported earlier in a
theoretical study [350]. But the variation in IP with number of doped hydrogen atom has not
reported previously. It is interesting to note that for a particular hydrogen doped gold cluster, the
IP value depends on the number of gold and hydrogen atoms present in the cluster. In geneal, it
is observed the IP value of a cluster is high if the total number of gold and hydrogen atom adds
up to an even number.

Table 6.2: The ionization potential (IP) and HOMO-LUMO gap of pristine and hydrogen doped

gold clusters. The first row in each column indicate the IP value and the second row represent the
HOMO-LUMO gap of the cluster.

IP & HOMO-LUMO gap (eV)
No. of Au, Au, Aus Auy Aus Aug
hydrogen
atoms doped
0 6.22 6.66 4,78 5.72 5.47 6.25
1.63 2.94 0.63 1.59 0.93 2.93
1 6.81 5.23 6.14 5.46 6.19 521
4.09 1.26 1.86 1.07 2.85 1.02
2 6.54 6.58 6.72 6.48 5.83 5.49
2.13 2.96 1.28 2.53 1.02 1.58
3 6.86 6.91 6.75 6.30 6.36 5.54
5.74 161 3.46 1.13 2.76 1.14
4 6.18 5.79 6.97 5.76
4.13 1.15 3.59 1.82
5 6.54 5.95 7.29
1.60 1.19 4.98
6 8.02 6.55 6.67
4.92 2.99 2.57
7 5.98
1.26
8 6.63
2.62
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Let us consider the Au, case. It contains even number of gold atom and doping it with
one hydrogen make it a odd system. The corresoponding IP value chages from 5.72 eV to 5.46
eV. As the number of dopant hydrogen increases to two, the system becomes even and the IP
value increases to 6.48 eV. It is clear from the IP trend that the even-numbered and closed shell
clusters have higher IP values than their neighboring clusters. The observed trend for higher
stability of these clusters can be attributed to the presence of even number of delocalized

electrons.

Another parameter which describes the relative stability of these clusters is the HOMO-
LUMO gap. It can be mentioned that higher the value of HL gap, more stable is the cluster than
the neighboring clusters and vice-versa. From Table 6.2, the odd-even behaviour of HOMO-
LUMO gap is clearly seen. More importantly, a large difference in the value of HOMO-LUMO
gap (> 1eV) between the odd and the even cluster is observed. This clearly indicates that the
hydrogen doped cluster is relatively more stable if the total number of atom in the cluster is an
even number. For instance, the even numbered clusters, Au,, Au,H,, AusHs and Au,Hs, the

calculated HOMO-LUMO gap is found to be in the increasing order (See Table 6.2).

6.7 CO adsorption on the pristine and hydrogen doped gold clusters

The CO adsorption process with pristine gold cluster has been investigated by a number
of workers [362]. It has been reported that CO can interact with transition metals through
electron donation as well as acceptance (back donation). Among various possible CO adsorption
sites, the on-top (one-fold coordinated) is found to be the most favorable one, irrespective of the
charge state of the cluster. It has also been reported that the adsorption energies of CO on the

cationic clusters are generally greater than those on the neutral and anionic complexes [362].

150



Chapter-6

In the present study, we have considered CO interaction at various possible sites of the
pristine and hydrogen doped gold cluster and the energy values corresponding to the most
suitable configurations are presented in Table 6.3. The optimized geometries comprising the

cluster and the CO molecule are presented in Figure 6.3 and 6.4.

Table 6.3: CO interaction energy values for pristine and hydrogen doped gold clusters.

CO Interaction Energy (kcal/mol)
No. of H Au Au, Aus Auy Aus Aug
atoms

0 -30.1 -34.4 -39.4 -36.5 -24.6 -20.0
1 -32.6 -28.0 -38.1 -43.5 -17.2 -20.2
2 -19.5 -36.8 -14.3 -29.7 -24.8 --
3 -2.4 -25.8 -33.4 -30.0 -29.3 -5.8
4 -- -15.8 -- -13.1 -22.3 --
5 -- -13.5 -- -12.1 -8.1 --

From the results presented in Table 6.3, it is clear that CO can bind to the pristine as well
as hydrogen doped clusters in an energetically favourable manner. It is observed that the
preferred mode of interaction for all the pristine and hydrogen doped gold clusters is through the

carbon atom of CO.
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AuH;-CO
Au-CO

Au,-CO

AU2H5-CO .

Figure 6.3: Optimized geometries of pristine and hydrogen doped gold clusters (Au; to Aus)

interacting with CO molecule.
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AUGH-CO y AUeHg-CO

Figure 6.4: Optimized geometries of pristine and hydrogen doped gold clusters (Aus to Aus)

interacting with CO molecule.
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In general, it has been observed that for hydrogen doped gold clusters, CO binds strongly
to the gold atom adjacent to H atom. This can be attributed to the positively charged gold center
created by the doped hydrogen atom as discussed in the previous section. It is noteworthy that
the positive gold atom can strongly interact with CO in comparison to the neutral counterpart
[362]. The CO interaction values are presented in Table 6.3. From the trend in the CO interaction
energy, it can be presumed that the interaction energy depend on the structure of the cluster and
the number of hydrogen atoms doped in the cluster. In general, the highest CO interaction energy
is observed for a optimum number of hydrogen atoms doped in the cluster. More interestingly,
this value in some caes is more than 20% in comparision to the pristine cluster. At the same time,
it has also been observed that the hydrogen doping need not necessarily always enhance the
binding energy of CO and for different Au-H ratios, the BE of CO is decresed. In general, when
the number of H-atoms is equal to more than the number of gold atoms (AunH,, n > m), the BE
is observed to be much lesser than the pristine cluster. These results unambiguishly suggests the

optimal dopants concentration is the key to achieve best CO interaction.

6.8 Oxidation of CO to CO, with hydrogen doped gold clusters

In general, the CO oxidation reaction on nanocatalysis proceeds through two mechanisms
[363, 364], Langmuir-Hinshelwood (L-H) and Eley-Rideal (E-R). In the L-H mechanism, both
the reactants (CO and O,) are pre-adsorbed on the gold cluster in the IS. On the contrary, the E-
R mechanism proceeds with the adsorption of only one of the reactant species in the 1S. These
two schemes are pictorially represented in Figure 6.5. In the present study, we have selected Aus
and AusHs clusters and investigated the CO oxidation process. The scientific basis for selecting
this particular pair of cluster lies with the large difference in their CO interaction energy as

discussed in the previous section.
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Figure 6.5: Schematic representation of the Langmuir-Hinshelwood (L-H) and Eley-Rideal (E-

R) mechanism. (Ref: [364])

In our study, we have considered the L-H mechanism and in the starting point (IS) of the
reaction, both O, and CO molecules are simultaneously adsorbed on the cluster. The complete
reaction profile for the CO oxidation process is presented in Figure 6.6 (a) and (b). From this
figure, it can be easily noted that the geometry of the pristine cluster does not change appreciably
in IS, TS or the final state of the reaction. In contrast, for the doped cluster case, the geometry of
the TS differs significantly from that of the IS. This fluxionality in the structure of the doped
cluster can be attributed to the effect of hydrogen doping which has been reported in an earlier
study [350]. The adsortion of CO and O, molecules on both pristine and hydrogen doped gold
cluster are favourable with a net interaction energy value of ~ 65 kcal/mol. But in the case of
AusHs, the O, molecule preferred a bridging mode of bonding. The CO oxidation reaction is

observed to be exothermic in both the cases.
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IS (0.0)

FS (-33.6)

/ TS (+10.3) f
IS (0.0)

FS (-67.6)

Figure 6.6: Reaction profile for CO oxidation process on (a) pristine gold cluster (Aus) and on

(b) hydrogen doped cluster (AusHs). All the values are in kcal/mol.
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The barrier height for the CO oxidation reaction, estimated in the present work for Aus
and AusHs is 21.4 and 10.3 kcal/mol respectively. In an earlier study comprising Aug cluster, the
estimated barrier height for the CO oxidaton reaction was 30 kcal/mol [353]. The difference in
barrier height for Aug and Aus can be attibuted to the cluster size effect. This is also reflected in
the CO binding energy which sharply increses with reduction in cluster size. Further reduction in
barrier height in the case of AusH3 can be attibuted to the bridging mode of O, bonding which
activate the O, molecule significantly (Elongation in O—O bond lengthh after bonding).
Therefore, the hydrogen doped gold clusters (AusHs in particular) can be very efficient catalyst

for CO oxidation.

6.9 Summary of the Work

Doping with hydrogen atom can play a pivotal role in modifying the electronic properties
gold clusters and enhance their catalytic activity. Irrespective of the number of dopant atoms or
the cluster size, for all the hydrogen doped clusters, it is observed that hydrogen atom withdraws
electrons from the gold cluster and hence the gold atoms acquire high positive charge. A
substantial increase in the CO interaction energy (more than 20% in some cases) is observed
when the numbers of hydrogen atom reach to an optimum value in the gold clusters. One of the
reasons for this remarkable enhancement in interaction energy is attributed to the charging of the
gold cluster. We also demonstrated that the CO oxidation can occur with these hydrogen doped
gold clusters with a significantly lower barrier (100 %) in comparison to their pristine
counterparts. Thus hydrogen doped gold clusters can be considered as a potential catalyst for CO

oxidation from economic point of view.
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We hope that the outcome of this particular work would stimulate further research in this
area, particularly in designing materials involving the doped gold clusters by exploiting the
nature of similarity in their electronic structure, as investigated here. Thus, a molecular-level
understanding of the present study is expected to provide a better understanding of the structure-

reactivity relations in the nanosurface-catalyzed reactions.
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Chapter 7

Water dissociation on metal atom
decorated boron nitride nanotube
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4.6 Introduction

Research on nonpolluting and green energy has gathered momentum in recent years due
to the higher energy demands of burgeoning world population, depletion of fossil fuel sources
and CO; induced climate change. In such scenario, much attention is centered for a search of a
suitable alternative fuel. In recent years, hydrogen has emerged as a potential energy carrier due
to its fuel value and clean burning process. Hence, the generation and storage of hydrogen has
become important areas of research. Although direct thermal splitting of water to generate
hydrogen and oxygen seems as a clean route for hydrogen production as it is not associated with
the release of CO,, the higher kinetic barrier and temperature requirements are inherent
drawbacks of this process [365, 366]. Furthermore, generation of hydrogen by electro-catalysis
of water is highly energy intensive associated with very low yield and requiring expensive
catalysts [366]. Hence, the search for inexpensive and robust catalysts for water splitting is of

considerable interest to the scientific community.

Interaction of water with metals plays an important role in several processes involving
catalysis, corrosion, electrochemistry etc. In many catalytic processes with industrial importance
such as steam reforming or water gas shift reaction, formation and dissociation of water holds a
central position. In view of this, it is of larger fundamental importance to investigate the
interaction of water at the interface of metals. Specifically, such knowledge will provide us
improved understanding of the catalytic phenomena as well as help to improve their catalytic

performances.

Nanostructures based on transition metals have been thoroughly explored, both

theoretically and experimentally in recent times for water dissociation catalysts and media for
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high-capacity hydrogen storage [366-371]. Adsorption and dissociation of a water monomer on
(111) surfaces of a series of transition metal atoms viz., Cu, Au, Pt, Pd, and Ni have been
investigated by Pathak et al. [368]. In another related first principle calculations by Pozzo et al.
[370], they have discussed the dissociation of water on (111) surfaces of Rh and Ni. In their
study, the calculated barrier heights for water dissociation on Rh(111) and Ni(111) surfaces are

found to be 0.92 and 0.89 eV respectively.

The hydrogen storage capacity of carbon based nanostructures has generated immense
interest in recent years and a flurry of related literature is available [372-377]. Lei et al. [369]
have discussed the initial stages of interaction of water molecules on Ti-doped CNTs. They have
calculated the barrier for dissociation of a single water molecule which is ~ 0.4 eV and the
subsequent barrier for splitting of the second water molecule which in turn releases H; is as low
as 0.1 eV [369]. Similarly, Liu et al. [371] have proposed Ti-decorated Cgy as a prototypical
nanostructure for water dissociation. Hence, it follows from our preceding discussions that
metal-based catalysts along with carbon based nanostructures (CNTs, Cgo fullerenes etc.) are
ideal nano-systems to investigate two important aspects associated with hydrogen energy; (1)
splitting of water to generate hydrogen and (2) storage of molecular hydrogen for portable

application.

In analogy to the CNTSs, boron nitride nanotubes (BNNT) can be considered as the
cylindrical structures resulted from wrapping a single honeycomb hexagonal sheet of BN (h-BN)
which has already discussed in the introduction chapter [378]. BNNTs are emerging as
technologically important materials following their successful synthesis in last two decades [379-
380]. One of the most fascinating aspect of BNNTS are these belong to a class of semiconductors

and the band gap is independent of the tube chirality, unlike the CNTs where chirality decisively
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determines the band gaps of the CNTs [381-383]. In the early 1970s, the seminal work of
Fujishima and Honda has opened up a new avenue for employing semiconducting TiO; as a
photocatalyst for water splitting [384]. The possibility of coating CNT with Ti has been
demonstrated both theoretically and experimentally [385, 386]. Very recently, Tang et al. have
demonstrated improved photocatalytic reduction properties of TiO, when nanocomposites of this

material are functionalized on the surface of BNNTs [387].

With this initial motivation, in the present study, we have considered the dissociation of
water by the transition metal decorated on BNNT. Ti and V atom have been considered as a
representative transition metal atoms. From our calculations, we have demonstrated that the
dissociation of water to H and OH fragments is extremely facile in both the cases. Further, we
have also shown that a second water molecule also interact with the product from the splitting of
the first water molecule. Interestingly, the splitting of the second water molecule proceeds with

extremely small barrier leading to the evolution of one H, molecule.

4.7 Computational Details

All the theoretical calculations have been carried out by the computational chemistry
software TURBOMOLE and by employing the exchange-correlation energy density functional
the Perdew—Burke—Ernzerhof (PBE) in conjunction with def2-SV(P) basis set for all the atoms.
The BNNT has been modeled by considering a small segment of BNNT(4,4) to BNNT(6,6)
where the terminal B and N atoms have been saturated with H atoms. One of the O-H bonds of
the water molecule is chosen as the reaction coordinate and the potential energy surface for water
dissociation has been generated from several single point calculations. The highest point on the

potential energy surface is taken as the initial guess geometry for TS optimization.
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4.8 Results and Discussions

Let us begin our discussion from the adsorption of single Ti and V atom on the top of
BNNT. It is worthwhile to mention that we have considered several spin states for both the
systems and the lowest lying states are presented here. In the lowest energy state, Ti atom prefer
to adsorb above the center of BN hexagon as compared to other binding possibilities like on top
of B atom, N atom or a bridged site between B-N bond. On the other hand, V atoms adsorb on
the bridged site between B-N bond. This observation is consistent with the earlier result from a
DFT study of transition metal atoms adsorbed on BNNT(8,0) [388]. The shortest distance of Ti
atom (adsorbed on BNNT) from the nitrogen and boron atom of the BNNT are 2.22 and 2.18 A
whereas, the corresponding values for V atom are 2.18 and 2.43 A respectively. These distance
values are quite close to the earlier reported results. We have considered BNNT with smaller
diameter having chirality (4, 4) to minimize the computational cost arising out of considering
wider tubes with more number of atoms. It has already been mentioned in the previous section
that the band gap energy of BNNT is independent of the selection of chirality (n, m). On the
contrary, the selection of chiral vectors (semiconducting (n, 0); metallic (n, n)) can influence the

electronic properties for CNTSs.

The binding energy of Ti atom on (4, 4) BNNT is found to be -1.03 eV whereas for V the
binding energy value is -1.26 eV. It can be mentioned that the energy value is very highly
dependent on the site of adsorption [388]. Upon the interaction of these adatoms with BNNT, the
later acquires significant partial positive charge (> 0.4 ), computed by the Mulliken population
analysis. In order to understand the effect of surface curvature of BNNT on the binding energy
of these two atoms, we have also considered two more variants of BNNT viz. (5, 5) and (6, 6).

The diameter of the three BNNTs (4, 4), (5, 5) and (6, 6) follow an increasing trend viz. 5.6, 7.0
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and 8.5 A (including atomic radii) and the surface curvature follow an inverse trend. We have
calculated the binding energy of Ti atom for these BNNTSs and the values are -0.79 eV and -0.65
eV for BNNT(5, 5) and BNNT(6, 6) respectively. We, therefore, infer that the adsorption of the
transition metal atoms are more favorable for highly curved (smaller diameter) nanotubes. It is
worthwhile to mention that in a very recent study it has been demonstrated that the adsorption
strength of molecules on BNNT increases from physisorption to chemisorption as the diameter

of the BNNT decreases [320].

The optimized geometry (IS) of water adsorbed on Ti decorated BNNT (4, 4) has been
presented in Figure 7.1 (a). The binding energy of a single water molecule is calculated to be -
1.78 eV. This high binding energy suggests that water adsorption is favorable process on a Ti-
BNNT system. We have also presented the dissociation of this water molecule bound to Ti-
BNNT system in Figure 7.1 (a). The barrier for the splitting of the water molecule atop Ti
adatom is computed to be 0.12 eV. Lei et al. have estimated the barrier for water dissociation to
be ~0.4 eV on a Ti-CNT system [369]. Our observation of extremely lower barrier can be
pertinent for the design of nanostructures for splitting of water. In the FS, we find that one of the
dissociated product (OH fragment) is adsorbed on Ti adatom whereas the other (H) is held by a
bridged bond between Ti adatom and one of the B atom on the BNNT surface. The overall heat
of formation of the product is calculated to be -2.89 eV. This suggests that spitting of water
molecule on a Ti-BNNT system is extremely exothermic. With this initial observation that the
dissociation of first water molecule on a Ti adatom on BNNT surface is highly facile, we have
attempted to investigate the subsequent dissociation of the second water molecule. The
dissociation process of the second water molecule is pictorially presented in part (b) of Figure
7.1. The binding energy of the second water molecule on the Ti (shown in IS of Figure 7.1 (b))

adatom is found to be -3.94 eV which is higher than that of the first water molecule (-1.78 eV).
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This indicates that, even after the splitting of the first water molecule, Ti adatom can still act as a

catalytic active center for subsequent interaction of water molecule.

The higher binding energy of the second water molecule can be attributed to the
formation of a hydrogen bond (O-H----N) between one of the H atoms of the second water
molecule and one of the surface N atom of BNNT. The corresponding O-H bond is considered
as the reaction coordinate for the generation of the potential energy surface. Further, we have
estimated the barrier height for the splitting of the second water molecule to be 0.01 eV. This
observation emphatically demonstrates that the splitting of the second water molecule is almost
barrier-less. This extremely low barrier for splitting of the second water molecule can, in
principle, be ascribed to the stabilization of the TS structure (Figure 7.1 (b)) by hydrogen
bonding. The O-H bond distance (reaction coordinate) is increased from its initial value of 1.002
A in the IS geometry to 1.230 A in the TS. Like the case of the IS structure, the hydrogen
bonding involving O-H----N is still intact in the TS structure and this stabilization is the possible
reason for barrier-less nature of the second step. Lei et al. for the barrier height for the
dissociation of the second water molecule for a Ti-CNT system to be 0.12 eV [369]. BNNT and
CNT manifest quite different behavior as substrates and in terms of their interaction with water.
While the surface of CNT is essentially hydrophobic, the BNNT surface can act as hydrophilic
and the N-atoms on the latter’s surface may facilitate hydrogen bonding with water molecules.
Our observations based on this rationale make Ti-BNNT system a promising candidate for water
splitting. Another worth mentioning point is that, in the product state two OH fragments are
bonded to Ti adatom with the liberation of one H, molecule. Moreover, the heat of formation of
the product is estimated to be -0.97 eV which indicates the exothermicity of this step. The
preceding discussions, therefore, lead us to conclude that water dissociation on a Ti-BNNT

nanostructure is an extremely favorable process.
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(a)

.89 eV

Lo

Reaction coordinate

Reaction coordinate

Figure 7.1: The schematic potential energy surface for splitting of first water molecule (a) and

second water molecule (b) on a Ti-decorated BNNT.
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From the above results it is clear that the dissociation of first molecule of water is a
process with minimal barrier and subsequent dissociation of the second water molecule which in
turn leads to the formation of hydrogen molecule is almost barrier-less. Some of the interesting
innate properties of BNNT like their semiconducting nature irrespective of their chirality, the
hydrophilic nature of the surface, can make Ti-BNNT system an effective nanostructure for

water splitting and generation of hydrogen.

To elucidate the role of BNNT on the water dissociation reaction, we have also studied
the water dissociation process on V atom adsorbed on BNNT. The whole process is presented in
Figure 7.2(a) and 7.2(b). In this case, we observed that the water dissociation process leading to
the generation of hydrogen atom is also exothermic in nature. The first water molecule binds to
the V adatom quite strongly with an binding energy value -1.11 eV. The barrier height for the
dissociation of this water molecule is only 0.27 eV. This value is found to be much lower than
that of the water dissociation process on isolated metal catalysts but slightly higher for the barrier
we have estimated for the Ti-BNNT case. We also studied the interaction and dissociation of
second water molecule similar to the Ti case. Although we observed that the V adatom can still
bind strongly to the second water molecule with a binding energy value of -1.22 eV, the barrier
for the splitting of this second water molecule increased to a value close to 1 eV. The difference
in barrier height in these two cases largely related to the stabilization of the transition state
geometry. The stabilization of the TS geometry depends on the several factors such as electronic
state of the adatom, hydrogen bonding and the interaction of the partially dissociated species
with the metal atom and the substrate. However, from the above results, it can be concluded that
BNNT plays a key role in the catalytic dissociation of water molecule by the metal atoms

adsorbed on its surface.
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FS-2 (0.76 eV)

Reaction Coordinate

Figure 7.2: The schematic potential energy surface for splitting of first water molecule (a) and
second water molecule (b) on a VV-decorated BNNT.
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4.9 Summary of the work

In this study, we have considered Ti and V decorated BNNT as model nanostructures for
the dissociation of water. Our results demonstrate that the adsorption of Ti or V atom on a
BNNT surface depends on the surface curvature of the latter and among all the BNNTs
considered in the study, highest adsorption energy (~ 1eV) is obtained in the case of BNNT(4,4).
Then the interaction of water with the adsorbed Ti and V atom has been studied and the binding
is found to be favourable in both cases with the corresponding binding energy value of -1.78 and
-1.11 eV for Ti and V. The large binding energy values are attributed to the significant partial
positive charge acquired by these adatoms. Further, we have investigated the water dissociation
reaction with these BNNT decorated with Ti and V atom. From our calculations, we have
demonstrated that the dissociation of water to H and OH fragments is extremely facile with
barrier height of 0.12 and 0.27 eV for Ti and V adsorbed structure respectively. We further
studied the adsorption and dissociation of another water molecule on the final state (product) of
the first water splitting reaction. It is observed that the second water molecule also interact
strongly (binding energy > 1eV) with the product and the water dissociation proceed with very
low energy barrier (particularly in Ti-BNNT) with the production of H, molecule. The barrier
height for the water dissociation reaction estimated in the present study is lower than that of pure
metal cluster and other supported nanostructured materials. Stabilization of the transition state
structure by hydrogen bond involving O-H---N is the possible reason for the low barrier of this
process. It is lucidly demonstrated through our study that the Ti-decorated BNNT system can be

a potentially promising nanostructure for dissociation of water and generation of hydrogen.
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Chapter 8

Outlook and future explorations
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In this final concluding chapter, we present brief conclusions to all the works elaborated
throughout the thesis and also discuss the possible future extensions of these studies. From
chapters 2-7, we have mainly concentrated on two important problems viz. the effect of
nanoconfinement on chemical processes and the catalytic activity of nanoclusters. Our main
objective was to study the behavior of the system in a length scale of nanometer. In addition to
the quantum size effect in this length scale, the situation becomes more interesting when the
physical confinement effect is imposed on the system. The results obtained from the present

work will be helpful in designing new materials for nanofluidic and catalytic applications.

As water present in nanoconfined regimes is crucial to many biological processes, in
chapter 2 we have explored the effect of confinement on the structure and properties of water
clusters employing carbon nanotube as a model confinement medium. We have used CNTSs as
confined medium because of its tremendous potential in technologically important applications.
It has been demonstrated that the unusual properties of water molecules in carbon nanotubes
arise from the interplay between the strong hydrogen bond between water molecules and the
confinement effect. The present results is helpful for achieving a comprehensive understanding
on the behavior of water clusters in the nonpolar cavities and is of great interests to better
characterizing water in a biologically relevant environment. To further understand water clusters
confined in hydrophobic protein cavities, interaction between the (hydrophobic or hydrophilic)
chemical groups inside the cavities and the confined water clusters have to be taken into account.
Therefore, the present work can be extended in that direction to investigate the properties of
water in various other mediums in particular the chemically functionalized nanotubes to address

these issues.
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In chapter 3, the spherical confinement effect due to the fullerene cages on the nature of
acid-base complexes is presented. It has been demonstrated that the diameter of fullerene is one
of the crucial factor in deciding the chemical properties of the acid-base pair. In particular, we
have observed that the confinement effect along with the interaction of acid-base with the
fullerene, significantly modify the structure, interaction energy, chemical reactivity and charge
transfer in acid-base pair under the spherical cage of fullerene. The results obtained from our
study nicely illustrate that the acid base strength can be finely tuned by choosing a proper
confinement length. These studies can be further extended to other spherical polar cavities to get
more generalized idea on the behaviour of acid and base in confined environment. Furthermore,
this work may encourage theorists and experimentalists to explore the molecular cage reaction
tank, endohedral chemical reaction, and particular molecular structures inside the cage. In
addition, these reactions can also provide deeper insights for several chemical reactions carried

out under high pressure conditions.

In chapter 4, we have investigated the solvation of multiply charged anions in finite
system. In finite system, the solvation process is modified due to the presence of limited number
of solvent molecules. The solvation energy values of an ion are estimated in these environments
(N & ). A microscopic theory-based bottom-up approach has been used to derive an analytical
expression for the solvation energy for a finite (N) system, including the bulk. As an illustrative
example, the hydrated doubly charged anions, SOs 2NH,O and C,04 °.NH,O, have been
considered, and the calculated bulk solvation energy for the SO4,—2.NH,0 system is found to be
in very good agreement (within 5%) with the available experimental result. The theory therefore

can be useful in deriving the solvation energy and dielectric constant of ions a precise and
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accurate manner. These studies can be further extended to incorporate the effect of the medium

to get exact solvation behaviour in confined environment.

In chapter 5, we have investigated proton transfer energetics in water and ammonia under
nanoconfinement. In many important physical, chemical and biological processes, PT occurs in a
nanoconfined environment. To understand the molecular origin of the enhancement in proton
transfer, we have studied the proton transfer energetics in CNT and BNNT using the protonated
water dimer (Zundel cation) as a model system and employing dispersion corrected DFT method.
The effect of water-nanotube interaction and the diameter of nanotube (different degrees of
confinement) on the structure and proton transfer energetics of Zundel cation (ZC) has been
thoroughly investigated. Among all the nanotubes considered in the present study, it has been
concluded that the proton transfer may be facilitated in nanotubes with diameter in the range of 7
to 9 A. The present study has direct correlation with biological systems. Therefore, the study can

be further extended to illustrate the mechanism of proton transfer process in protein environment.

In chapter 6, we have investigated the effect of hydrogen doping in gold clusters for CO
oxidation process. It is well known that CO can act like a poisoning agent specifically for the
metal catalysts such as Pt and Pd. Hence, the elimination of CO from the reaction mixture is
very essential through a suitable catalyst. Herein, we have systematically investigated the effect
of hydrogen atoms on the structure, stability and catalytic activity of gold clusters {(Au),, n=1 to
6}. In case of hydrogen doped clusters, it is observed that hydrogen atom withdraws electrons
from the gold cluster and hence the gold atoms acquire high positive charge. Irrespective of the
cluster size or number of hydrogen dopants, the phenomenon of charge transfer from gold cluster
to hydrogen dopants is observed. A substantial increase in the CO interaction energy (more than

20% in some cases) is observed when many hydrogen atoms are doped with the gold clusters.
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We have also demonstrated that the CO oxidation can occur with these hydrogen doped gold
clusters with a significantly lower barrier (100 %) in comparison to their pristine counterparts.
The results of the present work can be summarized as; the properties of nanoclusters can be
tuned by chemical doping method. The present work will encourage further investigation in the

area of doped nanoclusters particularly for environmentally important chemical reactions.

In chapter 7, we have made an attempt to investigate the effect of boron nitride nanotube
on the catalytic activity of different metal atoms especially, titanium and vanadium for water
dissociation reaction leading to the generation of hydrogen molecules. It has been demonstrated
that the dissociation of water to H and OH fragments is extremely facile with barrier height of
0.12 and 0.27 eV for Ti and V adsorbed structure respectively. It is lucidly demonstrated through
our study that the Ti-decorated BNNT system can be a potentially promising nanostructure for
dissociation of water and generation of hydrogen. This particular work has important
applications in the area of hydrogen energy. Therefore, the study can be extended to other

nanoclusters such as nickel and hematite and suitable substrates.

In future, we have planned to develop and apply cutting-edge multiscale theoretical and
simulation methods at different length and time scales to solve the challenging problems in the
area of energy-related materials. In particular, we aim to understand (i) the electronic structure
and complex behavior of molecular and nanomaterials, (ii) the thermodynamic processes
associated with their catalytic properties, etc. towards designing molecular and nanomaterials as
efficient photocatalysts and for hydrogen generation and storage. These objectives will be
addressed by a fundamental understanding of the structure-function relationships of the
molecular and nanostructured materials through the multiscale modeling and simulation

approaches.
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