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Abstract

The discovery of fullerene Ceo stimulated extensive theoretical and experimental
studies of carbon clusters, because of its excellent properties such as high temperature
carbon superconductivity. The possibility of superconductivity arising from
electron-phonon coupling, and vibronic coupling becomes large as the cluster size
decreases. So, tremendous attention has been focused to explore the smallest
fullerenes. Among a variety of carbon clusters, Cao is the smallest and the simplest
fullerene structure with the largest curvature. As a result, it can be predicted that the
condensed form of the smallest fullerene Cxo is the best potential candidate for high
temperature superconductors because of its stronger electron phonon coupling than
that of Ceo fullerene. Thus in this dissertation, we have investigated various prospects
of Cxo based clustered assembled solid. Morcover, after the rise of graphene, two
dimensional honeycomb lattices are recently materials of interest due to their unique
properties as compared to their bulk counterparts. In addition to the studies on the
intrinsic properties of these pure 2D materials, a great attention has also been paid to
the effect of adsorbed guest atoms or molecules on some of these 2D materials. And
the hybrid systems consisting of graphene and various two-dimensional materials
would provide more opportunities for achieving desired electronic and/or
optoelectronic properties. Moreover, fullerene based hetero-structure (Cz0/2D)
requires understanding on the nature of the adsorption of Cz on various
two-dimensional materials because their interface interaction and bonding properties
play important roles in molecular functionality in hetero-structure nanomaterials.
Thus we have studied adsorption of Cyo cluster on 2D structures, such as graphene,
silicene, germanene, stanene, BN and MoS;, by using first principal calculations
based on density functional theory (DFT).

In part 1, the studies are mainly focused on solid made out of Cxo cluster. By
performing first-principles calculations based on the density functional theory, we
have investigated the optimized structures, cohesive energies and electronic properties
of crystalline solids made of Cxo clusters. Two cases in one-dimensional (1D) with
different orientations of Cyo are studied. We found that 1D molecular solid could be

formed when clusters are head to head. Cx arranged in 2D graphene structure are also



investigated. Our results show that, in this 2D case, Czo units are distorted and
interlinked by covalent bonds, exhibiting metallic character which are supported by
the corresponding calculated band structures and DOS profiles. In the 3D case, Cao
arrangement in the face-centered cubic (fcc) and diamond structure are calculated.
The optimized diamond structure composed of Czo molecules yields dimered Cxo’s,
i.e., (C20)2, which are condensed by weak van der Waals interaction between (Czo)2
dimers. The band structures along with DOS calculations also suggest that molecular
solid is formed in this case which is a semiconductor. However, for Cyo in the fcc
structure, there is significant coalescence of neighboring Cyo fullerenes that makes
system metallic rather than insulating.

In part 2, we have studied the interaction of Czo with 2D materials, e.g, graphene,
silicene, garmanene, stanene, BN and MoS>. We considered the geometric and
electronic properties of Cyy molecule adsorbed on these two-dimensional (2D)
substrates by using first-principles calculations based on the density functional theory
(DFT) with van der Waals correction. For each case, we have considered three
adsorption configurations of C2o molecule, i.e. top-site (T), hallow-site (H) and bridge
site (B), respectively. Our results show that Cio’s are strongly bound to silicene,
germanene and stanene, however, the adsorbed Czo molecules have only weak
interactions with graphene, BN and MoS; substrates. Moreover, charge density plot
implies substantial charge transfer taking place between the constituents of Czo and
the substrate of silicene, germanene and stanene. Results indicate that the buckling
structure of the 2D material plays important role in determining the reactivity of a 2D

substrate.

Keywords: first-principles method; Cao; cluster-assembled solid; 2D materials;

adsorption; Cy2D-heterostructures
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Chapter 1 Introduction

1.1 Development of fullerene structure

Carbon, the basis of life, is one of the most abundant elements found on earth and
one of the frequently studied. It comprises the whole discipline of organic chemistry.
A study of pure carbon would not seem all that exciting to most chemists. However,
British chemist H. W. Kroto, and his colleagues, R. F. Curl, and R. E. Smalley, have
made ground breaking history, and discovered a carbon molecule in 1985 which is
know today as Ceo Fullerene. They were awarded by the most prestigious award in the
world, the Nobel Prize in chemistry in 1996[],

It was third form of carbon after graphite and diamond which is the first known
molecular form of carbon. Compared to diamond and graphite it is the molecular
hallow alotrope of carbon. It is also called as Buckminsterfullerenes (buckyballs) that
resembles the ball used in football (soccer). The structure of fullerene molecule Ceo is
a truncated icosahedron which has 32 faces, 20 hexagonal rings, 12 pentagons and
60 vertices. No pentagons share a vertex. It is shown in figure 1.1.The diameter (van
der Waals) of a fullerene Ceo cage is about 1.01 nm. The inter-nuclei diameter of a Ceo
fullerene molecule is about 0.71 nm. The hallow cage of Cso has two bond lengths.
The 6:6 ring bonds (between two hexagons) can be considered "double bonds" and
are shorter than the 6:5 bonds (between a hexagon and a pentagon). Its average bond
length is 0.14 nm. Each carbon atom in Cso molecule is covalently bonded with 3
neighboring C atoms (2,

The Cso molecule is extremely stable, withstanding high temperatures and high
pressures. The exposed surface of the structure can selectively react with other species
while maintaining the spherical geometry. Atoms and small molecules can be trapped
within the molecule without reacting 3! Because of the fascinating properties of
fullerenes, they have broad range of applications such as in high-Tc superconductivity,
modern microelectronics, bio-sensors, drug delivery, bio-film resistant surfaces,
nano-bearings, mechanical reinforcement for membranes, artificial molecular motors,
and polymer composites and consequently they have initiated new era of carbon

nanotechnology -],
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Fig. 1.1 Mother of all graphitic forms. Graphene is a 2D building material for carbon

materials of all other dimensionalities. It can be wrapped up into 0D buckyballs

(green), rolled into 1D nanotubes (purple) or stacked into 3D graphite (blue).

1.2 Brief introduction of Cyo

Due to the interesting properties of fullerenes and their derivatives, search for
new fullerenes sparked since the discovery of buckminister fullerene, Cso. Study of
small carbon clusters is also important because the vibronic coupling becomes large
as the cluster size decreases 2. Among a variety of carbon clusters, Cy is the
smallest one and has the simplest fullerene structure with 12 pentagons and no
hexagon 13131, Tremendous attention has been focused on this the smallest fullerene,
which has a closed shell carbon cage. Cx molecule is the smallest member of
fullerenes family which has dodecahedral cage structure and obeys the Euler’s
theorem for fullerenes which is stated as fullerene molecules composed of twelve

pentagons with varying number of hexagons.
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