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Abstract

A computational study on the structure and electronic properties of the VScoN@Cesg molecule was
carried out using the density functional theory. This molecule is based on the recent report on the
synthesis of the VScoN@Cso and V2ScN@Cso fullerenes. The SciN@Ces is also a stable
endohedral fullerene that has a cage with fuse pentagonal rings. The doping by a V atom changes
the structure as well as the spin state of the Sc3AN@C68 from S=0 to S=1 state. Since the Ces has
6332 isomers, we have carried out an extensive search for the lowest energy structure of the C68
in several anionic structures: -2, -4, -6. The first screening of the anionic structures was done using
PM6 methods. The lowest 300 isomers from this set was chosen, the endohedral fullerene was
built with three different orientations of the endohedral unit and further optimized. The final 13
lowest energy structures were optimized at the DFT level. This extensive search showed that the
lowest energy isomer of VScoN@Cso differs from that of the ScsN@Ces structure. The lowest
energy isomer has three fused pentagons on the carbon cage. The isomers are found to be distinct
with an energy difference of 0.46 eV between the two lowest isomers. The presence of the V leads
to a S=1 state. The energetics show that the VScoN@Cses can also be a good electron acceptor and
is chemically stable. The calculated absorption spectra can help in characterization of the molecule

in experiment.
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Chapter 1: Introduction

1.1 Fullerene: its discovery and properties

The discovery of the fullerene or the Cso molecule can be described as an epic moment in
chemical and physical science not because of the applications of Ceo but rather due of the
developments in the area of nanotechnology that perhaps would not have occurred if Cso was not
discovered. Also known as Buckminster fullerene named after Richard Buckminster Fuller or
simply referred to as Bucky ball, the Ceo was first identified by a group of scientists that included
Richard Smalley, Robert Curl, and Harry Kroto at Rice University, Houston in 1985. [1,2] The
group evaporated graphite by lasers, which produced extremely high temperature and as the vapor
cooled the evaporated atoms formed clusters. The cooled vapor was analyzed through a
mass spectrometer which showed high peaks for Cso accompanied by a smaller peak for C7o. The
analysis by Kroto led to the identification of the structure of the Cso molecule as a truncated
icosahedron with 20 hexagons and 12 pentagons forming a closed cage structure. [3] This was
completely new form of carbon at the time and led to a flurry of studies on carbon nanostructures
such as nanotubes which resulted in further developments in nanotechnology. Later the existence
of other carbon cages containing 20 to hundreds of carbon atoms were discovered. [4] The carbon
cages, which are also known as fullerenes, contain hexagonal and pentagonal rings forming closed
structures. Each fullerene can have a large number of isomers, which can be generated by the
permutation and combinations of pentagons and hexagons. However, the number of stable isomers

for various sizes of fullerenes under standard conditions are quite few.



The carbon atoms in the Cgo fullerene are sp? hybridized. In the absence of any strain, a planar
sheet of sp?> bonded carbon atoms will form a hexagonal lattice as in graphene. The presence of
pentagons introduces curvature of the structure forming a closed cage. [S] The carbon atoms in the
Ceo fullerene form a strong network of sigma bonds surrounded by a layer of pi-electrons. While
the Ceo has a highly symmetrical soccer ball structure, the structures of other carbon cages have
lower symmetry depending on the number of atoms. The Ceso fullerene has a high energy gap
(1.8 eV) [6] between its highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbitals (LUMO). The HOMO is 5-fold degenerate and the LUMO is 3-fold
degenerate. [7] The HOMO to LUMO optical transition is symmetry forbidden. The fullerenes
absorb mostly in the UV-visible region [8]. They also exhibit strong non-linear optical effects that
arises from the delocalized pi-electrons. It is chemically stable and can also undergo cyclo-
addition reactions mostly at the junction of two hexagons. Such reactions allow to develop various
Ceo derivatives with desirable properties e.g. derivatives that have lower absorption band or higher

solubility. [9,10]

The C60 fullerene can also aggregate to form solid in an FCC lattice at room temperature. When
intercalated with alkali atoms, the Ceo solid is known for its superconducting properties [11]. The
Ceo fullerene also has high electron mobility and combined with its high electron affinity it poses
as a good electron acceptor for solar cells [12]. The other possible applications are in hydrogen

storage, bio-medical applications such as for drug delivery, as anti-oxidants etc. [13,14]

1.2 Endohedral Fullerene

Immediately after the discovery of Fullerene it was proposed that Fullerene can encapsulate

some atoms inside it because of its completely closed cage nature. [15] The Ceo has a diameter of
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7to 10 A, which is large enough to accommodate an endohedral atom or molecule. Soon after the
discovery of Ceo in 1985, the La@Ceso was also discovered in mass spectrum [16]. However, the
amount of yield and purification of the soot from laser vaporization of the graphite electrodes
doped with metals hindered the progress. The mass production of the fullerene started after
Huffman and Krautchmer developed the arc-discharge method for mass generation of fullerene
[17, 18]. The phenomena of the formation of endohedral fullerene takes place in different ways.
The one way that takes place in twos steps first when the endohedral unit collides with fullerene
cage, should absorb and redistribute a good part of the kinetic energy from cage to ensure that the
ions have enough energy to break the cage. It allows the entering of unit. Then, in second step it
should enter inside in such a way without having sufficient kinetic energy left to escape. This is
also known as ion implantation method. The yield of endohedral fullerene is low. Next way to
form endohedral fullerene is arc-discharge and laser evaporation method. In this method doped
graphite are laser evaporated to produce. [19] Apart from encapsulation of metal atoms, noble gas
atoms from He to Kr and even non-metal atoms such as N or P were also encapsulated within a
carbon cage [20,21,22,23]. The focus was on isolating a single specie
of endohedral fullerene. La@ Cs, was the first isolated one found in 1991 [24] followed later by
various M@Cs> clusters with M=Y, Sc, Ca, Sr, Ba, and Ce-Lu
[25,26,27,28]. Such endohedral structures are characterized by charge transfer from the
encapsulated metal atom to the carbon cage forming a salt of the type M™Caon™. For example, 3
electrons are transferred from the La to the Cs, cage forming  La*™Cs. Steric effects prevent
the dissociation of the salt. The early studies on the La encapsulating fullerenes also noted the

lack of La@Cso and La@C7o species. On the other hand, various Sc containing compounds were



noted such as Sc@Cs2, Sc2@Crs, Sco@Cs2, Sco@Css, Sc3@Cs2 and Sca@Cs2[29,30]. It was found
that the Sc3@Cs produced ESR-signal but the Sco@Cs2 and Sc4@Cs: are ESR-silent.

The most abundant endohedral fullerene known so far is the Sci3N@Cso molecule, which
was first discovered in 1999 by Stevenson et al [31]. This fullerene is produced
by introducing nitrogen gas in the Huffman-Kratschmer chamber where graphite and metal oxide
is evaporated in arc-discharge. The most stable ScsN@Cso has the Cgo cage in icosahedral
symmetry. One important aspect of the ScsN@Cso is that the neither the ScsN cluster nor
the In- Cgo cage are stable in isolation. This aspect points to the importance of the charge transfer
from the encapsulated unit to the outer cage, which stabilizes the whole molecule. Soon after the
discovery of the ScsN@Cso fullerene, other tri-metallic nitride endohedral fullerenes such as
ErxSc3xN@Csgo (x = 0-3) [32] and AxSc3xN@Css (x = 0-2; A = Tm, Er, Gd, Ho, La) were also

discovered. [33,34,35]

1.3 Non-IPR Endohedral Fullerenes: AxSc3xN@Ces

The geometries of carbon cages are governed by the isolated pentagon rule (IPR), which
states that those fullerenes are more stable in which all of the pentagons are surrounded by
hexagons and thereby are isolated from each other. [9] However, some of
the endohedral fullerenes are found to exhibit non-IPR structure with fused pentagons. One such
example is Sco@Ces Where the Ces cage cannot have isolated pentagons. We point out that it is
not possible for the Cz- Css, Cg-Ces cages to satisfy the isolated pentagon
rule. These carbon cages have high strain and as a result are unstable and difficult to isolate. In

the endohedral form, however, the complexation releases large strain energy and stable structures



can be formed. One of the carbon cages that show prominent breaking of the isolated pentagon
rule in the encapsulated form is the Ces e.g. AxSc3xN@Ces fullerene where x=0-2 and
A=Tm, Er, Gd, Ho, La, Sc, ScoCo@Ces which are non-IPR fullerenes. [36] However, other cages
which can have isolated pentagons were also found to form non-IPR fullerenes when encapsulating

a di-metallic cluster e.g. Lax@Cr2. [37]

Apart from the non-IPR structures, the tri-metallic nitride encapsulating Cgs molecules are
interesting also because of their ability to encapsulate a large cluster inside a relatively small cage.
Quite a few theoretical and experimental studies have been performed so far on these clusters.
[38]. The non-IPR carbon cages have large strain energy from the presence of adjacent
pentagons. Re-hybridization of the carbons in the fused pentagonal rings from sp? to sp® can
release the strain energy. This can be achieved through bonding with halide or hydrogen atoms.
Another way is through charge transfer from an encapsulated unit. A detailed DFT study was
carried out by Chen et al [39]. on the empty Ces cage and its anions in charge states -2, -4, and -
6. The Ces has 6332 isomers and the lowest isomer has C, symmetry with 2 adjacent pentagonal
rings. The addition of the extra charges stabilizes the cage, however, the energy order of
the anionic isomers is different from that of the neutral clusters. The ScsN@Ces lowest energy
structure has D3 symmetry for the carbon cage whereas the lowest energy empty carbon cage is a
different isomer 6140 with C+ symmetry [39]. The Sc3N unit is found to be in the +6 charge state
with six electrons transferred to the carbon cage. Chen et al. have found that while
the complexation energy is i.e. the energy released upon formation of the endohedral fullerene is
highest for Sc3N, for other isoelectronic clusters such as Y3N it is significantly lower. Popov et

al. have shown that while Cgs can encapsulate units like DyScoN, however, DysN@Ceg does not



occur due to the larger size of the encapsulated cluster [38]. Chen et al. have concluded that the
bonding energy for Sc3N is highest compared to other isoelectronic clusters due to the fact that the
ScsN is the smallest in size among those. Thus it points to the fact that although the charge transfer
from the encapsulated cluster stabilizes the outer carbon cage, the size of the inner unit also plays

a crucial role in the stability of the endohedral Ceg fullerenes.

1.4 VxSC3-xXN@Ces Fullerenes: Motivation

Recently, Wei et al. have reported the generation of V containing metal nitride cluster
fullerenes VSCoN@(In-Cso) and V2Sc@(In-Cso) [40] fullerenes and found that the electronic and
magnetic properties of such cluster fullerenes can be tuned by tuning the number of V atoms. The
vanadium ion can exist in different charge states from +2 to +5 and typically has a small ionic
radius that range from 0.46 A to 0.79 A. [41] The V atoms are found to be in the +3 charge state
with two unpaired d electrons located on each V ion. Since the V atoms have 2 unpaired electrons,
these clusters will have a spin state other than a singlet state. This feature can be exploited to
generate magnetic cluster fullerenes. One of the questions here is the structure of the tri-metallic
nitride Ces cluster with a heterogeneous composition of the metal atoms. Moreover, the presence
of'the V atom will also change the electronic structure, spin state and the optical properties of these
clusters. We study these properties of the VScoN@Css cluster computationally at the density
functional level. In the following section we describe the computational methods used for

investigating the properties of these clusters. The results are discussed in the third chapter.

Metallofullerenes made this way include M@Ceo with M =Li, Ca, Na, K, Rb. However, mostly

higher endohedral fullerenes, like M@Csz, are formed. These metallofullerenes are very stable



molecules and can be used in many applications. For example, it has been shown that the bulk
modulus of K@Cseo is higher than that of Cso. From this it can be concluded that for Nano ball-
bearing applications, metallofullerenes are more effective than fullerene. A crystal of La@Ceo is
predicted to be an air-stable superconductor since there is a complete charge transfer from La to

the Ceo cage resulting in a triply charged molecule. [42]



Chapter 2: Theory and Methodology

2.1 Density Functional Theory

DFT is a computational quantum mechanical method used to explore the electronic
structure of atoms, molecules, clusters, solids to nuclei and quantum fluids. This theory has
become popular among the computational chemists, physicists, and material scientists due to low
cost of computation and is considered to be accurate in the quantitative aspects. It is successfully
employed to study various properties such as structure, potentials, optical, vibrational, electrical,
and magnetic properties of materials. The fundamental aspect of DFT is that the ground state
properties of a system with many interacting particles are can be determined from spatially

dependent ground state electron density and thus the name derived as density functional.

DFT is deeply rooted to the fundamental conceptual framework of the Hohenberg-Kohn theorems.
In quantum mechanics the primary goal is to find the complex-valued probability amplitude i.e.
the wave function, which contains all the information of a system. Using the wave function, the
average values of observables can be calculated using the expectation values of the corresponding
operators and thus it is possible to study the system’s properties. The time-independent
Schrodinger equation for single electron, which is acted upon the external potential v(r) (that is

an attractive potential by the nucleus) takes the form of
[22v2 + ()| W) = E¥ ()
2m ’

where, E is the energy eigenvalue and m is the mass of the electron. For a system of N interacting

electrons acted upon by an external potential v(r), the Schrodinger equation becomes

[Zﬁv [—%Viz + v(ri)] + Y U(rs, r]-)] Yy, e, Ty) = EY(ry,Ta, e, Ty,



in which the 1% term denotes the kinetic energy operator and remaining two are the potential energy
terms. This is a 3N dimensional differential equation and due to the presence of nonlocal electron-
electron interaction
— 2
U=2icjU(r,r)) = Zi<jm ,
makes its solution more complicated. In such a situation the 3N dimensional wave function is
obtained variationally. The wave-function based methods are accurate depending on the
approximations made on the nature of the wave function and are not efficient for complex systems.
Unlike the wave function based methods, in density functional theory the central variable is the
total electron density of the system. DFT provides a feasible way to solve the Schrodinger equation
for the complex systems. DFT is based on the two fundamental theorems of Hohenberg-Kohn, the
1** of which states that the ground state density of a system of N interacting particles is uniquely
determined by the external potential (v(r)). Thus there is a one-to-one mapping between the
ground state density and the external potential. This statement is insufficient to trace out the path
to choose the true ground state density n(r) hence the 2" H-K theorem has been formulated, which
states that total ground state energy of N-electrons system is a functional of ground state electron
density (n(r)). The second Hohenberg and Kohn theorem thus clearly states that the true ground
state electron density will be the one that minimizes the total ground state energy. From H-K
theorem the energy functional can be written as a function of single electron density and the
expression for the energy functional for a many-body system with is given by
E[n] =T[n] +V[n] + U[n]

In above expression 1%, 2" and 3™ terms on the right hand side are respectively kinetic energy,
potential energy due to coulomb interaction between electrons and nucleus, and potential energy

due to electron-electron interaction. Although the Hohenberg-Kohn theorems provide a formal



way to solve the many-body Hamiltonian but in practice it encounters the problem owing to some

of the terms that cannot be expressed as a functional of density.

Kohn-Sham formulation simplified the problem in which the system is modeled in such a way that
the interacting electrons system is replaced by non-interacting fictitious particle system such that
each particle experiences an average potential due to all the other electrons. This leads to the
independent particle equations for non-interacting system. In addition, all the interactions like
correlation between the particles and exchange interaction due to quantum effect are included in
the exchange correlation functional, which is also a functional of density. Moreover, orbitals are
introduced so that the kinetic energy can be expressed in terms of the orbitals. The variational
process then leads to a set of equations known as Kohn-Sham equations. By solving the equations,
it is possible to find the ground state density and energy of the interacting system in which the
accuracy relies on the approximation that has been made during the formulation of the exchange
correlation functional. In this formulation the energy functional is expressed in terms of the Kohn-
Sham orbitals, which is used to find the kinetic energy and density of the electrons:

n(r)n(r")

E[n] = fl/)l V2y,d3r + f v(r)n(r)d3r + —ff d3rd3r’ + E,.[n]

— 7|
+ Eion-ion

In this expression the terms on the right hand side from the left are kinetic energy, potential due to

coulomb interaction between electrons and nucleus, potential due to coulomb interaction between

electrons, exchange-correlation energy and the last term is due to coulomb interaction between the

nuclei. The term E,.[n] covers all the effects that are not included in the first three terms. The last

term includes the nuclear-nuclear repulsion energy.
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Minimizing the aforementioned expression of energy functional with density leads to the set of

equations known as Kohn-Sham equations, which are indicated by

hZ
| = 2= V2 0() + Vi () + Vi )| i) = i ().
in which the potential term v(r) is the external potential due to the interaction between electron

and nuclei. The Hartee potential is symbolized by
_ 200" 3,
Vy(r)=e f—lr_r,ld r .
This is the interaction of an electron with total electron density due to which the interaction of an
electron with itself is also included which does not have any physical meaning, so it is necessary
to include the correction term together with correlation between electrons in V. which can be

defined as

SExc(r).
én(r) -’

Vxc(r) =
In practice, a trial density that integrates to the correct number of electrons is chosen and the

potential is calculated and used to solve the Kohn-Sham equations which yield the single electron

orbitals. Electron density can be calculated by using
n(r) =2 ) $i )
i

which can be used to calculate the potential and solve the Kohn-Sham equations iteratively to a

desired convergence criterion.

We have used the Generalized Gradient Approximation in our DFT calculation. Among the
various GGA functions, we have selected the Predew-Burke-Ernzerhof (PBE) functional and

which are implemented in the massively parallel NRLMOL code. [43,44,45,46]

11



2.2 Ionization Potential

Amount of energy required to remove a single electron from atom, ion, molecule from its
ground state so that parent atom left becomes positive left is ionization potential (IP).
The ionization potential (IP) of a neutral molecule (with N electrons) is given by the
following expression:
IP = Ex-1- Ex
Where E is the total energy of the molecule in its ground state and En.1 is the total energy
of the cation. The vertical IP refers to the energy of the cation at the geometry of the neutral

molecule.

Orbital study of atoms gives the information about the frontier orbitals, Which are highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital(LUMO). HOMO is
the outermost orbital containing an electron. The LUMO is the first immediate orbital after HOMO
that does not contain an electron. Ionization energy also can be defined according to Koopmans’s

theorem: The energy corresponding to HOMO is also called Ionization Energy.

2.3 Electron Affinity

Electron Affinity is the amount of energy released when an electron is added to the system
so that atom becomes a negative ion. The chemical equation to represent the electron affinity (EA)
of a neutral molecule (with N electrons) is calculated by the expression:

EA=EnN - En+1
En+11s the total energy of the anions. Similar to the vertical IP, the vertical EA is obtained

by using the geometry of the neutral molecule for the anion.

12



2.3 Joint Density of States

The joint density of states is proportional to the number of possible optical transitions
between electronic states associated in the valence band and electronic states associated with the
conduction band, separated with energy by a fixed energy. The number of energy states in the two
bands, where transitions are possible can be calculated by joint density of states. So, it gives the
threshold transition where abortions are possible to transfer the electrons from certain energy range

to the next levels. It helps to calculate only those transition which are allowed.
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Chapter 3: Results and Discussion

The computational search for the lowest few isomers of VScoN@Ces is a daunting task due
to the fact that the fullerene cage has 6332 isomers. Further the orientation of the encapsulated
cluster can vary for a given cage, which makes the search for lowest energy structure
computationally expensive. Since the V atoms are found to be in the +3 state in the VScoN@Ces
fullerene [47], the number of electrons transferred from the encapsulated cluster to the outer cage
is same as that for the Sc3N cluster. The energy order of the empty neutral carbon cage is different
from that of the charge cage and therefore we have examined the stability of the Cgs isomers in
the hexa-anionic state. The preliminary screening was done using the PM6 method using the
MOPAC2009 code and the lowest 300 structures were chosen for further analysis. The lowest
energy hexa-anionic structure was found to be 6140 isomers with D3 symmetry. The VSc2N unit
was placed at the center of each of these lowest 300 structures. The VSc2N unit is planar and
therefore we have it perpendicular to three mutually orthogonal directions taken as X, Y, and Z
axis that led to 3 different structures for each of the 300 isomer of the anionic cage. These
operations led to the generation of a total of 900 isomers of VScoN@Ces. These 900 isomers were
optimized at the PM6 level. We point out that some of the rotations did not lead to any change of
total energy at the PM6 level. We have chosen the lowest 13 energetically distinct isomers for
further optimization with density functional theory. The lowest isomer of the VScoN@Ces at the

PMG6 level is the 6140 isomer for Ces. The optimized 13 structures are shown below.
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Figure 3.1: Optimized Structures of VScoN@Ces isomers

Chen et al. [47] haveearlier carried outa similar calculation with PM3 method
for optimization of Ces ~ isomers  with  particular ~ symmetry followed by  DFT

calculations for various anionic states with charges q=-2, -4, and -6. The DFT calculations were

15



done using the B3LYP functional for exchange-correlation energy. Their results indicate that the
lowest energy structures for the anionic clusters are same at both PM3 and DFT- B3LYP
level. They have found that the lowest isomer of the Cegs in the hexa-anionic state is the isomer
6140 that has D3 symmetry with three pairs of adjacent pentagons. The same cage isomer was
also identified as the structure of the ScsN@Ces fullerene by X-ray crystallography and NMR
spectroscopy. [48] This result is in agreement with our PM6 calculations on the hexa-anionic Ceg
cages and also on VSco:N@Ces cage. However, at the DFT level, we find that the order of the
VSc:N@Ces is different from that obtained with the PM6 method. The lowest 13 isomers of the
empty C68 fullerene in the hexa-anionic state are presented in Table 3.1. At the DFT level, the

isomer 6079 is the lowest energy structure.
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Table 3.1: Relative Optimized Ground State Energy and adjacent Pentagons

Isomers | Relative Ground State Energy (eV) Adjacent Pentagons
DFT PM6 2 Pentagons 3 Pentagons
6079 0 0.317 2 1
6118 0.457 0.258 4 0
6140 0.538 0 3 0
6138 0.852 0.405 3 0
6148 0.855 0.778 2 0
6073 0.991 0.675 2 0
6102 1.035 0.27 3 0
6110 1.08 0.442 3 0
6039 1.262 0.432 3 0
6072 1.288 0.512 3 0
6149 1.342 0.461 2 0
6075 1.483 0.625 3 0
5626 1.85 0.492 2 1

The isomer 6079 has C3 symmetry but with two pairs of adjacent pentagons and one with three
adjacent pentagons which indicates high strain on the cage. It is known that highly charged cages
often adapt structures that are realizable only under strain. We find that the metal atoms
are pointing to the 5:5 C-C bonds of the adjacent pentagons. The V-N bond is 1.94 A which is

shorter than the other two Sc-N bonds which are 2.06 A long. Thus due to the substitution also
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the symmetry of the molecule is lowered. The SciN@Css lowest energy isomer had D3
symmetry.

The distance between the V and the nearest carbon on the cage is 2.13 A. Inthe
VScoN@Ces whereas the distance between the Sc and the closest C atom is 2.34 A. The
VSc:N@Ces isomers are also energetically quite distinct with the next low-lying isomer at
0.46 eV above. We also find that the isomer 6138 and 6148 are energetically very close to each
other but are structurally different. While the rotation of the VScaN unit about the C3 axis does
not change the total energy at the PM6 level, the rotation through an axis perpendicular to the C3
axis changes it by only 0.13 kcal/mol. It is reasonable that the endohedral unit follows the
symmetry of the carbon cage. In the Sc3N@Cso the endohedral unit is free to rotate inside the Cso
cage, which has much higher symmetry and larger radius.

One of the indicators of the chemical stability of a cluster is the energy gap between the
highest occupied molecular orbital and the lowest unoccupied molecular orbital — better known as
HOMO-LUMO gap. The density functional theory cannot determine the HOMO-LUMO gap
correctly due to the inherent self-interaction errors, which push up the occupied orbitals in
energy. However, the HOMO-LUMO gap can be estimated from the difference between the
ionization potential and electron affinity, which is called the quasi-particle gap. We present the
HOMO-LUMO gaps as directly calculated within the PBE approximation and also the vertical IP,
EA and the quasi-particle gaps for all the isomers studied here. The vertical IP or EA assumes that
the ionization process is instantaneous and the molecule does not relax. The lowest energy
structure has a small HOMO-LUMO gap of 0.31 eV calculated at the GGA-PBE level. The
vertical ionization potential of the isomer 6079 is 6.12 eV, which is smaller than that of C60. The

vertical electron affinity is 2.32 eV, but the adiabatic electron affinity of 2.64 eV is close to that
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of C60. The calculated quasi-particle gap thus is 3.48 eV. The large gap signifies chemically
stability. The high electron affinity indicates that the VScoN@Ces can potentially be a good
electron acceptor. However, for applications in devices such as photovoltaics other factors are

also important such as the reorganization energy and charge mobility.

Table 3.2: HOMO-LUMO, Vertical IP and EA with Quasi-Particle Gap

Isomers HOMO - LUMO | Vertical Vertical Electron | Quasi - Particle
Gap Ionization Affinity Gap
(eV) Potential (eV) (eV)
(eV)
6079 0.305 6.121 2.319 3.802
6118 0.373 5.897 2.360 3.537
6140 0.324 5.610 2.490 3.120
6138 0.314 5.933 2.535 3.398
6148 0.350 6.038 2.376 3.662
6073 0.426 6.131 2.808 3.323
6102 0.311 5.844 2.455 3.389
6110 0.356 6.087 2.250 3.837
6039 0.419 6.451 2.214 4.237
6072 0.399 6.201 2.371 3.830
6149 0.729 6.198 2.589 3.609
6075 0.061 5.883 2.524 3.359
5626 0.410 5.797 2.234 3.563
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Several of the VScoN@Css isomers have spin moment of 2 pB which arises from the incompletely

filled d-orbitals of the vanadium ion. The vanadium and the scandium ions are in the +3 charge

state leading to 2 d-electrons on the V ion. The VScaN cluster is in the +6 charge state. The density

of states (DOS) of the lowest energy isomer of VSc:N@Ces (6079) is shown in Fig.3.2.
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Figure 3.2: Orbital DOS plot of the lowest Energy isomer of VScoN@Ces
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The DOS plot shows the majority d-electrons on the V atom responsible for the overall spin
moment of the molecule. Both the HOMO and HOMO-1 orbitals of the molecule have strong d-
character arising from the d-orbitals of the V atom as well as contributions from the carbon p
orbitals. The LUMO orbital also shows d-character of the same spin. The wave function to show

the contribution of d -orbitals to HOMO, HOMO-1 and LUMO of 6079 are shown in the fig below.

Figure 3.3: HOMO of 6079
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Figure 3.4: HOMO-1 of 6079
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Figure 3.5: LUMO of 6079
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Similar spin moment is also present in the isomers 6072 and 6149. In the rest of the isomers, the
spin magnetic moment is 0. We examined the DOS of the isomer 6140 to understand the difference
in the DOS between the spin compensated S=0 isomer 6079 and S=1 isomer 6140. The isomer
6140 is remarkably similar to the isomer 6079 but with significantly different electronic
structure. The HOMO of the isomer 6140, has strong d-character, but is completely filled. The
LUMO also has prominent d-orbital contributions but the HOMO-1 in this isomer
arises mainly from carbon 2p orbitals. The V-N bond in the isomer 6140 is shorter at 1.86 A but
the C-V distance is also slightly lower at 2.09 A. The field effect of the cage is likely to be higher
which introduces higher splitting of the d-levels leading to filling of the d orbital resulting in zero
spin density on the V atom. To rule out the possibility of the V atom being in a different charge
state, we have also calculated the total charge in a sphere of radius 2.3 Bohr around the V
atom. The calculated charge in both the isomer 6140 and 6079 is same but the integrated spin
charge is different. This result indicates that in both the molecules the V atoms are in similar charge
states but in different spin states. This result brings out the influence of the cage on the
encapsulated unit.

The joint density of state plot of most optimized structure of isomer is found as shown
in the graph 3.6, which describes the optical absorption spectrum. There are couple of peaks before
the one with maximum intensity at the peak at the energy value 3.49 eV. Here we are mainly

interested in the maximum peak is the most probable at which the more transition takes place.

The Joint density of states plot for VSc2N@C68:6079 is shown in graph 1. This
describes the optical absorption spectra of the given isomer. The transition corresponding to the
four major projections give the absorption spectra with the respective energy. The major peaks are
at 1.05, 1.6, 2.7 and 3.49 eV taken to discuss the nature of transition state.
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Figure 3.6: Joint Density of States of VScaN@Ces:6079
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The transition corresponding to different energy states are tabulated below. The spin 1 represents

majority and 2 represents minority electrons.

Table 3.3: Allowed transition corresponding to different energy

Energy: 1.05 eV

Ei Ej Transition Spin Intensity

From To

-0.158 -0.116 H L-9 (5) 1 0.221

-0.168 -0.124 H-1(1) L+5(3) 1 0.76
Energy:1.6 eV

-0.187 -0.128 H-3 L+3 1 0.91

-0.158 -0.098 L+17 (10) 1 0.162
Energy: 2.7 eV

-0.216 -0.116 H-9 (§) L+9 (5) 1 1.118

-0.245 -147 H-23 (12) L 1 0.636
Energy: 3.49 eV

-0.199 -0.07 H-5(3) L+37 (20) 2 1.18

-0.22 -0.093 H-11 (6) L+22 (13) 2 1.292

-0.22 -0.093 H-11 (6) L+22 (13) 2 1.315

-0.245 -0.116 H-23 (12) L+9 (5) 1 0.353

-0.254 -0.125 H-26 (13) L+4 2 0.125

-0.275 -0.147 H-29 (15) L 1 0.155

The peak corresponding to the energy at 1.05 eV which is mainly due to the transitions

from HOMO to L+5 and HOMO-1 to LUMO+3 for majority electrons. Those transitions are
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mostly contributed by the excitation from d orbital of Vanadium to p-orbital carbon and d-orbitals
of Vanadium to d- orbital of Sc.

In the second projection corresponding to 1.6 eV, possible transition that takes place are
also due to majority electrons. The transition that takes place from HOMO-3 to LUMO+3 and
HOMO to LUMO+10 are due to transfer of electrons from occupied d-orbitals of V to the
unoccupied p-orbitals of Carbon.

For the energy at third peak at 2.7 eV, transitions are still due to majority electrons. With
the energy corresponding to 2.7 eV, there are two transitions possible which are from HOMO-5 to
LUMO+5 and HOMO-12 to LUMO. It takes place from p-orbitals of Carbon to d-orbitals of
Scandium and p-orbitals of Scandium to d-orbitals within the same atom respectively.

The maximum peak in the curve corresponds to energy 3.49 eV. The transition is more
with this value than other three energies. The transition that takes place are mainly from p-orbitals
Carbon, Scandium and Nitrogen to p-orbitals of Carbon and d-orbitals of Vanadium. In this case

the transitions are due to both majority and minority electrons.
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Chapter 4: Conclusion

A computational DFT study was carried out on the spin polarized VScoN@Ces fullerene.
The endohedral unit is planner even the rotation of it in 3 different orientations did not make
significant change in optimized energy. The results demonstrated that VScoN@Ces:6079 with two
pairs of fused pentagons and one set of triply fused pentagons is the most stable isomer. The 6079
isomer has C3 symmetry. Metal atoms inside are pointing to the 5:5 C-C bonds of the adjacent
pentagons. The V-N bond is 1.94 A which is shorter than the other two Sc-N bonds which are 2.06
A long. Thus due to the substitution the symmetry of the molecule is lowered. The VScoN@Ces
isomers are also energetically quite distinct with the next low-lying isomer at 0.46 eV above. The
results obtained also showed that VScoN@Cses can be a good electron acceptor. Moreover, The
Density of State calculation showed that mainly the d electrons of V and p electron of C are
responsible for overall HOMO-LUMO gap. The large gap signified that it is chemically stable.
The joint density of states calculation shows the optical absorption spectrum with a high peak at

3.49 eV. This result can help in experimental characterization on VScoN@Ces.
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