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Abstract

This work primarily focuses on the archetypal fullerene, which is Cgy. Ceg is electron
rich, and yet can be six-fold reduced, taking on up to six additional electrons. Interest in
the electrical properties of the solid state Cep were intensified when it was observed that
it could be chemically doped with alkali metals, producing a metallic state A Cgp, and
cven a superconducting state A;Cg, where A indicates an alkali meta! such as
potassium or rubidium. Previous work has demonstrated that such a conductive state
can also be achieved by optical pumping or by electron injection. The electronic
properties of Fullercne films have, however, been shown to be highly dependent on film
morphology. In a molecular solid, conductance in a perfect crystal is determined by
intermolecular etectron hopping, but in a polycrystalline film it is determined by

interdomain hopping.

In this study thin films of fullerenes were sublimated on indium tin oxide coated glass
substrates. The transparent indium tin oxide electrode allowed for in situ spectroscopic
characterisation of the films while a thin aluminium top electrode completed the
sandwich geomeltry for electrical characterisation. The thickness and optical absorption
spectra of the deposited films were examined as a function of deposition time and
deposition rate. Deposition rates were varied by altering the surface area of the
evaporation boat. At low deposition rates, the absorption spectral profile was found to
vary considerably and was not well correlated with deposition time. The spectral
variations are comparable to those observed in annealed fullerene thin films and thus it
was concluded that use of the small area evaporation boats, resulting in a low deposition

rate, resulted in an effective annealing of the material prior to evaporation. Progressive



increase of the surface area of the evaporation boat resulted in a progressive increase of
the evaporation rate. The absorption spectral profile then becomes better defined and

correlates well with the deposition rate.

Current-Voltage (IV) measurements were carried out on a variety of films ranging in
thickness from 100 nm to 800 nm, from each of the different boats. The IV
characteristics showed that as the area of the boat increased the conductivity of the films
decreased. The smaller boat area produced highly conductive films consistent with
reported higher conductivities for annealed films. On the other hand the larger boat area

produced lower conductivity films consistent with pristine Cgg films.

The temperature dependence of the conductivity, conducted under vacuum, indicated
that at high deposition rates, the transport is a thermally activated hopping process,
typical of molecular solids and therefore pristine Cg films. Activation energies of
between 0.3 eV to 1.t eV have previously been reported for polycrystalline fullerene
films. Analysis of the temperature dependence indicates a better fit to a variable range
hopping process, however, indicative of amorphous films. In the films produced by low
deposition rates, the conductivily is less temperature dependent, consistent with the
behaviour of annealed fullerene films. The conductivities of the films produced by
varying the deposition range from 1.8 x 10°Scem™ 0 7.1 x 10%Scm™, the higher
deposition rates producing lower conductivities. Although the higher conductivities nay
be attractive for some applications, the lower conductivities are more typical of pristine

fullerene films.

iii



It is concluded that the electronic and optical properties of fullerene films are highly
sensitive to deposition parameters. The ability to produce polycrystalline films of well-
defined physical characteristics requires precise control of many conditions and the
variability of film morphology may be the root of the variability of reported electronic

properties of fullerenes.
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Chapter 1

INTRODUCTION



1.1 General Introduction

Small structures with nanometre dimensions play a very important and ever growing role
in biology. chemistry, physics, materials science [1] and everyday life. Examples are the
large number of biomolecules which form the basis of life on earth and also small
particles which act as catalysts for many chemical reactions [2]. In recent years,
properties and structures of nano size materials have attracted the attention of numercus
research groups. Their unique propertics and small dimensionality indicate a very

promising future for various potential applications.

Significant progress has been made towards understanding the properties and structures
of nanometre scale materials and in this context well defined carbon molecular structures
have played an important role. Since the discovery of carbon nano materials a large
amount of theoretical and experimental work has been focused on the characterization of
these materials [3]. Cep, discovered in 1985, was hailed as the third allotrope of carbon,
after diamond and graphite, and dubbed buckminsterfullerene, because its molecular
structure resembles the geodesic domes of futurist and architect Buckminster Fuller. The
electrical, chemical, and mechanical properties of the material, often called buckyballs or
fulterenes, led many scientists to imagine all sorts of potential uses: as semiconductor
malerials [2], for biomedical applications [4], and for building structures stronger than
steel with a fraction of the weight of steel [S]. In the search for potential applications,
much of the fundamental physics of molecular materials has been revisited and explored.
In terms of potential applications and fundamenital physics perhaps the most interesting is
based on the electrical properties of fullerene solids, which have been shown to be
insulating, metallic or even semiconducting [6,7]. As molecular solids, they are however

soft materials and their structure, morphology and therefore physical properties can be



rather variable. This thesis outlines a systematic study of the dependence of the optical

and electronic propertics of fullerene thin films on preparation conditions.

1.2 Introduction to carbon

Carbon, an element of prehistoric discovery, is widely distributed in nature [8]. Tt is
found in abundance in the sun, stars, comets and atmospheres of most planets. Carbon is
the sixth most abundant element in the known universe but not nearly as common on the
earth, despite the fact that living organisms contain significant amounts of the element,
Common carbon compounds in the environment include the gases carbon dioxide (CO»)
and methane (CH4). Pure carbon exists in several forms called allotropes as shown in
Figure 1.1 below. Diamond is one form with a very strong crystal lattice; graphite is
another allotrope 1n which the carbon atoms are arranged in planes, which are loosely
bound to each other. The closed cage carbon molecular structures of fullerenes and
nanotubes are commonly termed the third allotrope of carbon. In order to understand the
origin of the range of differing forms it is important to understand the unigque bonding

configurations of carbon.



Figure 1.1: Various forms of carben (a) Diamond, (b) Fullerene,

(c) Graphite and (d) Nanotube [9]

1.3 Bonding of carbon

Between atoms, the outer shell electrons can interact with each other to form chemical
bonds resulting in molecules and solids. The exact nature of this bonding interaction
depends largely on the clectro negativities of the individual atoms. Bonds between atoms
with large differences in electronegativity tend to be ionic, whereby electrons are fully
donated from one atom to another. Bonds between atoms with identical, or slightly
different electronegativity lend to be covalent, whereby the electrons are shared between
the two atomic centers. Ionic and covalent bonds represent the limits of bonding, and
covalent bonds between atoms with differing electro negativities will tend to be polarised,
with the greatest electron density being associated with the most electronegative atom;

again, ionic bonds represent the upper limit of this polarisation,



The clectronegativity of an atom is governed by its tendency towards a closed shell
configuration [10]. The orbital description of carbon being 1s® 2s* 2p%, would suggest a
tendency to share or donate the outer two p electrons. However, carbon is known to co-
ordinate in a four-fold fashion and in order to form four bonds, a 2s electron must be
promoted to a p-orbital. The electronic configuration of carbon in such a state is 1s* 2s!
2p3 or more specifically 2s' 2pxI 2py' 2pz'. The configuration can undergo a process
known as hybridisation to achieve four valence electrons. Hybridization is the name used
to describe the process of change from s and p atomic orbitals 10 sp bonding orbitals. The

orbitals that have been changed are referred to as hybrid orbitals.

Sp3 hybridization involves the combination of the four atomic orbitals to form four
identical tetrahedrally coordinated sp orbitals, each having one electron. Each sp orbital
can form a strong (G) bonding overlap with an orbital of a nearby atom producing for
example CH, (methane). Such a bonding configuration is also responsible for the
structure of diamond. The lattice is fourfold co-ordinated and all valence electrons are
bound producing a rigid, transparent material. In the case where only two of the occupied
p orbitals hybridise, an sp2 configuration results. The three identical hybrid orbitals form
strong & bonds with nearby atoms. The remaining unhybridised p-orbital is orthogonal to
the o bonding plane and can form a weak T overlap with the p-orbital of a neighbouring
carbon atom. Such a bonding configuration is present in C;Hy (ethane). The allotrope
graphite is another example of sp2 hybridised carbon. The plane of ¢ bonds forms the 2-
D graphene sheets, in which the weakly bound & electrons are relatively free to migrate
through the lattice. This electron delocalisation gives rise to metallic-like electronic
properties and the black colour. Weak van der Waals bonding between graphene sheets

results in graphite whereby the ability of the sheets to glide over each other produces



lubricant qualities. Cgo is a further example of sp2 hybridisation. The ¢ bonded sp2
orbilals are responsible for the characteristic structure, whereas the weakly bound 7

electrons are the origin of its electronic and optical properties.

1.4 Introduction to fullerenes

Fullerenes were initially discovered in 1985 by a group of scientists, Harold Kroto,
James Heath, Sean O’Brien, Robert Curl and Richard Smalley [3]. This group were
actually trying to understand the absorption spectra of interstellar dust, which they
suspected to be related to some kind of long-chained carbon molecules. While
performing experiments they stumbled upon a strange material that had a peak at 720
amu in its mass spectrum. The amount synthesized was so little that structural analysis
was virtually impossible but they hypothesized that 60 carbon atoms had formed
themselves into a spherical arrangement. It was then proposed that a remarkably stable
carbon cluster consisting of 60 carbon atoms was formed {12amu x 60 = 720amu). The
molecule, Figure 1.2, dubbed Cg, was named after the American architect R.
Buckminster Fuller, who designed a geodesic dome with the same fundamental

symmetry as that of the Cg moelecule.

Figure 1.2: Structure of the Cg molecule showing soccer ball shape



Furthermore, it turned out that Cegp was only the first of an entire class of closed cage
molecules consisting of only carbon atoms. This new family of molecules were
coliectively known as fullerenes (Cso, Cro, Caa, Ciao..etc) [3]. Their discovery attracted

the attention of researchers worlwide,

Initially, when Cgg was first discovered it could only be produced in very small
quantities. As a result there were only a few kinds of experiments that could be
perforined on the material. In 1990, five years after its discovery, everything changed
dramatically when Wolfgang Kritschiner, Lowell Lamb, Konstantinos Fostiropoulos,
and Donald Huffman discovered a method of producing pure Ce in much larger
quantities [11]. Their design involved resistive heating of graphite in an arc discharge
chamber to generate these macroscopic quantities of fullerenes. This opened up
completely new possibilities for experimental investigations. The proposed structure
was confirmed by Nuclear Magnetic Resonance (NMR) [12,13] and a period of very
intensive research in the field was launched. Nowadays, it is relatively straightforward

to mass-produce Cgp and it is one of the most researched nanomaterials to date

There are many proposed applications for the buckyballs, ranging from rocket fuel
[14,15] to anti-AIDS medicine [16]. The pharmaceutical industry is exploiling its inert
state and its ability 1o bond with an, as yet, indeterminate number of other elements,
molecules and chains. It is in use in AIDS research and chemotherapy and is hoped to
serve as a delivery vehicle for chemical treatments [16]). For example Cg is just the
right size to fit into the active cavity of HIV Protease, an enzyme important to the
activity of the virus which causes AIDS. Cramming a buckyball into the active cavity

would deactivate the enzyme and kill the virus. Methods for getting the molecule to the



enzyine are under investigation [4,16). The size of the Cg molecule is similar to many
active biological molccules; this gives it potential as a foundation for creating a variety

of biologically active variants [5,16].

When compressed, fullerenes can become twice as hard as diamond and can therefore
be used as a very accurate cuiting tool for steel and other hard materials [17].
Physically, buckyballs are extremely strong molecules that are able to withstand high
pressures [5). However, in their pristine form they do not bond to each other
chemically, sticking together through weak van der Waals forces. This is the same
force that helds layers of graphite together, which would alse give buckyballs the

potential as a lubricant. Use of fullerenes in optical devices have been studied [18].

Thermal instability, ability to form clusters and sparing solubility of fullerenes has
imposed limitations on the direct use of these materials, however. In contrast, when
doped within other host materials, such as silica, polymers or metal clusters, they gain
practical value. The optical limiting behavior of these materials is observed through
typically measurements using ultraviolet/visible (UV/Vis) spectroscopy and
photolumincscence [18). The high damage threshold makes it possible to use such

hybrids in laser applications,

1.5 Conductivity and Superconductivity

Pure Cg is known to be a molecular insulator but it can change its properties in the

crystalline solid state, from insulating to conducting or even superconducting, as a result

of numerous factors. Fullerenes are very large graphitic systems and can therefore

10
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easily accommodate extra electrons, Voltametric measurements of Cgp in solution have
shown that the molecule can stably accept up to 6 electrons {19]. In the hexagonally
close packed crystalline solid state, electron donating dopants can thus generate lattices
of negatively charged fullerenes. A metallic state can be achieved by doping the lattice
with one alkali atom per molecule of Cgy to produce A Cgp [20]. In this stochiometry
the fullerenc lattice is made up of singly charged fullerene molecules. When three
electrons are added to Ceg in the form of A3Cgg a superconducting state can be achieved.
These hybrid materials are actually pseudo metallic, and display superconductivity at
low temperatures (Tc=45 K) [21]. It has been shown that A can be any metal in Group I
(lithium, sodium, potassium, rubidium, cesium) producing superconducting transition
temperatures in the range 10-40 K, depending which alkali metal is used. These salts
show characteristic signs of superconductors, in that there is an expulsion of magnetic
flux at low temperatures and zero resistance o electrical current [22]. Current research
is aimed at getting the maximum superconducting transition temperature (or T.) to
higher values. This insulator to metal-like transition has also been achieved by optically
pumping single crystals of fullerenes with a laser [23]. Unlike chemical doping this
process is fully reversible, once the laser is turned off the flow of electrons is stopped
and so the film can be switched between insulating to metallic characteristics. However
this can be costly due to the fact that very high-powered lasers are required to achieve

this transition.

Electrically induced transitions from insulator to metal-like in single crystals and also
thin films of Cg have also been demonstrated [22,24]. Figure 1.3 shows a typical
current-voltage characteristic of pristine Cgp thin film at 20K. Previous reports on the

conductivity of Cg films at low temperatures have shown that increasing the voltage

11



results in an increase in the current of several orders of magnitude [25]. This dramatic
“jump” in conductivity happens at a critical current density when an clectron path is
produced through the material and so making it casicr for the following clectrons to get
through. It is noticed that as the voltage is reduced the new current-voltage (IV) curve
follows the initial curve until a certain point. At this point it does not revert to its initial
low conductance state but is seen to decrease linearly. A further reduction in voltage
results in an abrupt switch back to low currents. This process has been shown to be
completely cycleable, as in the film can be switched back and forth from the low to high
conduction states. Also the highly conductive state is stable for long periods and the

curve is reproducible.

leH)
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le2 | e 2 ki
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Figure 1.3: IV characteristic of ITO/Cge/Al thin film at 20K [26]

The ability to reversibly switch from insulating to metallic (and potentially
superconducting) behaviour by application of relatively low voltages is attractive for a

range of potential applications. However, both optically and electronically the effect is

12



not well characterised and can vary substantially from sample to sample. There is a

strong indication that the effect is dependent on crystallite size and quality [27].

Both optical and electronic processes in fullerenes have also been shown to be strongly
temperature dependent. Figure 1.4 demonstrates the IV characteristics of the same
sample as Figure 1.3 at room temperature. A similar dramatic increase in conductivity
is observed, but a rapid decrease is subsequently observed upon a further increase in
voltage. Beyond a certain voltage the characteristics were seen to be irreversible, thus
indicating a structural change in the material. It has been previously reported by Smie
and Heinze that the presence of the second maxima can be attributed to the formation of
dimeric dianions [28]. This suggests that the Cg lattice may be unstable to the addition

of electrons and is subject to collapse.

40x10*

30x10° +

20x10° -

10x10° +

Current (A)

T T T T T T T T T

0 2 4 6 8 10 12 14 16 18
Voltage (V)

Figure 1.4: [V characteristics observed for Pristine ITO/Cg/Al structure at 300K [26]
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Chemically, fullerenes are quite stable; breaking the balls requires temperatures of over
1000°C [13]. At much lower temperatures (a few hundred degrees C) fullerencs will
"sublime," which mecans vapour will form directly from the solid. The balls don't break;
they just separate from the solid intact, However, (the van der Waals solid-slate lattice is
soft and has been shown to polymerise at room temperature under prolonged
illumination [29]. Hydrostatic pressure has been shown to resull in a similar
polymerisation [30]. The strong temperature dependence of such phenomena is related
to the phase transition in the lattice whereby the rotational freedom of the molecules at

room lemperature is frozen out below ~249K [31].

The low voltage transport processes of fullerene solids are also strongly affected by this
rotational phase transition [32]. As a molecular solid, transport relies on intermolecular
hopping, a processes which is enhanced by rotational freedom [33]. Exposure to oxygen
has been shown to have a detrimental effect on both the dark and photoconductive
bebaviour [34] of fullerenes. Thermal annealing has been shown to induce a transition
from a thermally activated transport mechanism to a more metallic-like temperature

independent behaviour [34].

1.6 Thesis outline

Although Cgy appears an attractively simple molecule, which orders into apparently text
book crystalline structures, its physical properties can be extremely complex.
Fascinating electronic transitions from insulating to metallic and superconducting can
be produced by doping, but the phenomena are strongly dependent on sample

preparation and external factors such as temperature and oxygen contamination. In



many cases, the ideal behaviour is observable in single crystals of some 100’s of micron
dimensions, which are difficult to handie, but reproducible results are not observable in
polycrystalline films. This thesis outlines a study to examine the dependence of the
optical and electronic properties of vacuum sublimed fullerene thin films on deposition
parameters.

Chapter 2 shows the fullerene formation model and how they are produced. Also the
symmetlry of Cgp is introduced. This chapter also shows the electronic structure of the
isolated molecule in comparison to the solid-state structure. Chapter 3 explains the
experimental methods starting with the production of the films themselves. Then there
is the thickness determination and how measurcments were conducted. Spectroscopic
characterisation is also presented in this chapter along with the characterisation of the
set up. A description of how the films were tested, by the use of electron injection, is
also given in this chapter. In Chapter 4 the effect of the boat area on the films is
studied. The absorption spectra are seen to become more reproducible the larger the
boat area. Chapter 5 discusses transport properties in molecular solids. This chapter
also shows the current-voltage characteristics obtained from cach of the different boats
used and some of the conduction mechanisms involved in the thin films are explained.
It can be seen that boat area is an important parameter in the production of pristine
fullerene films. The final chapter is a discussion of the results obtained and the

conclusions that can be deduced from these results,
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Chapter 2

STRUCTURAL AND THEORETICAL BACKGROUND

OF FULLERENES
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2.1 Fullerene Formation

Fullerenes are molecules that are made up of 60 carbon atoms arranged in a series of
interlocking hexagons and pentagons, forming a structure that looks similar to a soccer
ball [1]. Csp is actually a "truncated icosahedron”, consisting of 12 pentagons and 20
hexagons. For cach fullerene with only pentagonal and hexagonal faces there must be 12
pentagons and an arbitrary number of hexagons. Euler's law for closed shell polyhedra,

which can be shown mathematically, arrives at this minimal number of pentagons.

v+ =c+2 Equation 2.1

where v is the number of vertices, [ is the number of faces, and e is the number of edges
in the polyhedron. In fulterenes only pentagons and hexagons are considered, so for p

pentagons and h hexagons the number of faces should equal:

f=p+h Equation 2.2,

Among general fullerenes the class consisting of 5/6 fullerenes with pentagonal and
hexagonal faces can be distinguished. If ns is the number of pentagons and ng is the
number of hexagons then the equations will result in p = 12 as shown. The number of

bonds in this molecule will be equal to the number of edges (e) and since each edge joins

two faces:

2e = 5p+6h Equation 2.3

The number of edges is equal to 3v/2, so therefore:
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3v = 5p+6h Equation 2.4
e = (5p+6h)/2 =3v/2 Equation 2.5.
These equations lead to:

6(f+v-e)=p=12 Equation 2.6.

Hence the smallest fullerene is Ci, built up of 12 pentagons and no hexagons.
However when two pentagons are adjacent to each other, there is a high local curvature
and so, a high strain in these carbon structures. There is an “isolated pentagon rule”
which states that the stable, non-reactive fullerene is only formed when the pentagons at
the surface are separated. Cgp is the smallest fullerene that obeys this isolated pentagon

rule [2] the next is Cyg.

g O @ @ Too low tem perature Graphitic sheet
e .'
Ri Flat

Cham :
4
Tangled
poly-cyclic
Too high .
temperature Higher
7 fullerene
14 Stone-Wales
Chaotic 3-dimensional transformations
structure -
Fullerene
(stable)

Figure 2.1: Proposed fullerene formation model. [3]
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2.2 Symmetry of Cgy

The most striking property of the Cgp molecule is its high symmetry. This means many
transforimations that map the molecule onto itself can be found. All of these symmetry
operations for a molecule are rotations around an axis, reflections in a plane, and also
sometimes inversions. The symmetry operations must leave the centre of mass of the
molecule in place, so all rotation axes and mirror planes must go through that point. For
the Cgp imolecule there are three kinds of rotation axes. The most obvious cnes are the 5-
fold axes through the centres of two facing pentagons. Look down on one of the
pentagons and you see that the molecule is symmetric under rotations of 360/5 = 72
degrees. Next there are rotation axes through the centre of two facing hexagons. Observe
that these axes are only 3-fold, i.e. it takes a rotation of 120 degrees to map the molecule
onto itself. Finally there are 2-fold axes through the centres of the edges between two
hexagons. Since there are 12 pentagons, there are 6 different 5-fold axes, each axis
passes through two pentagons. Likewise, since there are 20 hexagons, there are 10
different threefold axes. To find the number of different two-fold axes, cach hexagon is
neighboured by three other hexagons. Hence there are 30 edges between two hexagons,
i.e. 15 different 2-fold axes. The reflection symmetries are also related to the edges
between adjacent hexagons. The mirror planes contain two such edges hence there are
also 15 different mirror planes. Finally, the Cg molecule is invariant under the inversion
with respect to the centre of mass. This means that if you replace each point with co-
ordinates (x,y,z) by (-x,-y,-z), the molecule is mapped onto itself. Combining all those
transformations, one finds 120 different symmetry operations. They form the icosahedral
group, which is the point group with the largest number of elements. Hence Cggp can be

called the most symmetric molecule. The Cg molecule is a regular truncated
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icosahedron, with a point group I, the symmetry operations of which consists of the
identity operation, 12 five-fold axes through the centre of the pentagonal faces, 20 three-
fold axes through the centres of the hexagonal faces, 15 two-fold axes through centres of
the edges joining two hexagons. Each of the 60 rotational symmetry operations can be
compounded with the inversion operation, resulting in 120 symmetry operations in the
icosahedral point group I, Figure 2.3, shows the rotational symmetries of the Cg

molecule.

Figure 2.2. Rotational symmetries of the Cgy molecule. (a) Twofold axes pass through opposing pairs of
hexagon-hexagon edges, (b} threcfold axes connect midpoints of hexagonal faces related by inversion, {c)

fivefold axes connect midpoints of the pentagonal faces related by inversion [4].

2.3 Electronic structure of the Cg molecule

To fully understand the electronic properties of solids, it is useful to take a lock at the
electronic structure of an isolated Cg molecule first. The simplest possible approach to
this is based on the Hiickel molecular orbital calculations of Haddon [5]. Ceg has 240

valence electrons, but each carbon atom has three o (sigma) bonds to its neighbours,
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using up a total of 180 electrons for this purpose. The energy of these electrons is well
below the Fermi surface. They stabilize the structure, but do not contribute to the
conduction. The remaining 60 electrons are distributed around the molecule on orbitals
that originate from the (much less tight) carbon—carbon = orbitals. These orbitals are
somewhat similar to the # electron orbits of a graphene plane, with two important
differences. First, the three bonds around a carbon atom in Cg; (or in any other fullerene)
do not make a plane, whereas in graphene the electrons have equal probability of being
‘below’ and ‘above’ the planc. In fullerenes the & electrons tend to spend more time
outside of the ball than inside. Second, in Cgy the C—C bond lengths are not uniform; the
7 electrons are not truly ‘delocalized’ around the six-member carbon rings (like in
benzene or graphene), but they are distributed over 30 ‘bulges’ of electronic orbits that
stick out of the Ce molecule. A somewhat lower electron density belongs to the other 60
orbitals connecting the carbon pairs with longer bond lengths. The overlap between these
orbitals on adjacent molecules will determine the properties of the conduction electron
band of the doped solids. A first insight into the nature of the molecular orbitals can be
obtained by borrowing ideas from the early days of nuclear physics, when the quantum
mechanics of particles confined in a spherical potential well was first considered. In this
case the states are still labeled by quantum numbers », [ and m, but the peculiar
degeneracy of the different angular momentum states, that characterizes the textbook
treatment of the hydrogen atom, does not apply. In a steep-walled potential well (like a
nucleus or a Cgp molecule) the lower / states will have lower energy. Consider 60 non-
interacting electrons, confined to a sphere on a high-n orbit with various /. The first two
electrons will fill the / = 0 state. Proceeding to higher /, one has to count the number of
available states, ¥ = 2(2/ +1) (where the first factor of 2 stands for spin). It is casy (o see

that, on reaching / = 4, aliogether 50 electrons are consumed. The remaining ten
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electrons will all go to the ! = 5 state. Hiickel molecular orbital calculations find that the
simple picture described above works well for [ =0, 1, 2, 3, 4, but for higher energies the
‘spherical potential’ approximation is no longer useful. In order to go any further energy
splitting due to the true atomic potentials needs to be looked at. In the real Cgp, [ is not a
good quantum number, and the clectronic orbitals should be labeied according to the
irreducible representations of the icosahedral symmetry group. The orbitals available for
the remaining ten electrons are, in order of increasing energy, the h,, the t, and the t),
levels [5]. The degeneracy of these levels {inciuding spin) is 10, 6 and 6 respectively.
The hy, level is completely filled by the ten remaining electrons, becoming the highest
occupied molecular orbit (HOMO), and the t;, level becomes the lowest unoccupied
moiecular orbit (LUMO). The HOMO-LUMO gap is roughly 1.9 eV. In the spherical
approximation the HOMO and the LUMO bands all belong to [ = 5, and the
corresponding Hiickel molecular wave functions carry some of the [ = 5 character [5).
The remaining six states in the ! = 5 representation are pushed to such a high energy that
the six fold degenerate t), orbitals follow the LUMO band. This level, with an { = 6
character, becomes the LUMO + | level. In the solid state the bands originating from the
HOMO and LUMO levels are the most important ones, as they are in the immediate
vicinity of the Fermi surface. The crystal fields reduce the molecular symmetry and the
energy levels split. The overlap of orbitals broadens the levels to bands. In the simplest
possible cubic environment a few of the molecular levels preserve their symmetry and
survive without splitting. The relative orientation of the molecules has a strong influence
on the overtap of molecular orbitals [6]. In a realistic model the unit cell must include
more than one molecule and the calculation becomes increasingly complex [6]. In a few
important cases there is a residual randomness (e.g., the merchedral disorder) to the

structure. The translational invariance, suggested by the molecular centers, is broken by
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the oricntational disorder. Strictly speaking, the electronic wave number is not a good
quantum number, and the band structure is not a good concept. Yet the metallic behaviour
cannot be excluded: just as in amorphous metais, the electrons can still propagate in the
lattice, except that the propagation is diffusive rather than ballistic. The density of states

can be calculated and a bandwidth of about 0.5 eV is obtained for the LUMO band [7-

10].

The electronic ground state of Cep is a closed shell and has A, symmetry. The five

lowest excited configurations and the corresponding state symmetries are:

HOMO  — LUMO hy =t Tig Tag Gy Hy
HOMO -1 — LUMO he =t Tro T Gu Hy
HOMO  — LUMO + | he =g Tiu Tau, Gu Ha
HOMO - 1 — LUMO + | he = tig T Tag Gg Hg
HOMO -2 — LUMO g > tu T, G Hy

These can be seen in Figure 2.3, which shows both the atomic orbital model and the

Hiickel molecular orbital model.
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Figure 2.3: Electronic structure of the C60 molecule showing the molecular orbits [11]
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As mentioned above, the states deriving from the lowest excitation from the HOMO to
the LUMO, i.e. hy to ty,, give an energy gap value of ~1.9 eV for Cg molecules in
solution. The electric dipole moment transition between the A, ground state and an
excited state is allowed only for T, excited states. Transitions from the ground state to
states of other symmetries are forbidden and can occur only by means of the activity of
suitable non-totally-symmetric vibrations, via the Herzberg - Teller vibronic coupling
mechanism, which results from the mixing of the different vibrational states by
vibrationally induced charge transfer in the electronic wave functions, or Jahn — Teller
distortions, which describe the geometrical distortion of the electron cloud in a non-
linear molecule under certain conditions. The excited states of lower energy, which
originate from the HOMO-LUMO excitations, are symmetry forbidden and thus the

absorption spectrum is expected to begin on the low energy side with very weak bands.

3.5 1

2.5 LUMO — @

2 ~1.9eV
HOMO @ 1

Absorbance / a.u.
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0 T T T T T T T
400 450 500 550 600 650 700 750 800
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Figure 2.4: Absorbance spectra of Cg solution in chloroform (30mg/10mi)
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Figure 2.4 shows a typical absorption spectrum for Ceg in solution, with a concentration
of 30mg/10ml. The solution was then placed into a cuvette and the spectrum was
recorded between 400-800 nm using the UV/Vis spectrometer described in Chapter 3.
In Cgp the closed shell icosahedral symmetry renders the HOMO-LUMO, lowest
energy, transition dipole forbidden. Nevertheless this HOMO-LUMO transition is
visible in the absorption spectrum of Cgg, as indicated above, around 620 nm. This

transition gives Cgp solutions their distinctive burgundy colour.

2.4 Solid State Structure of Cg

As well as looking at the molecular structure of Cgp it is also important to look at how
these molecules interact with each other when in the solid state. This involves observing
the way in which the Cg molecules pack together and arrange themselves in the bulk
solid. Previous reporis have shown that al room temperature the centers of the Cgo
inolecules make an fcc lattice, with a nearest-neighbour Cg—Cgg distance that corresponds
to the diameter of the molecule [12]. An fcc close-packed structure is constructed by
placing close-packed layers on top of one another. The first layer consists of spheres in
contact, with each sphere having six nearest neighbours in the plane. Placing spheres in
the dips of the first layer forms the second layer. The spheres of the third layer are piaced
above the gaps in the first layer. Thus the second layer covers half the holes in the first
layer and the third layer lies above the remaining holes. This arrangement results in an
ABCABC ... pattern and corresponds to a lattice with a face-centered cubic unit cell
(Figure 2.5). Spheres sit at the eight corners and at the centers of the six sides of the
cubic unit cell, which has an edge length {("lattice constant™) of a, which in Ceg is 14.17 A

[12]. The distance between nearest neighbours (corner sphere to face sphere) is (\’2/2)&1,
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giving a vatue of 10.02 A for the Ceo molecule. Table 2.1 below shows a list of important

physical constants for the Cey molecule and solid state [13].

Table 2.1: Shows the physical constants for Cgg molecules and crystalline Cgg in the solid

state

Quantity eference Value [13]
Average C-C distance 1.44 A

C-C bond length on a pentagon 1.46 A

C-C bond iength between adjacent hexagon 1.40 A

Csp mean ball diameter 700 A

Cso diameter including electron cloud 10.34 A

fcc Lattice constant 14.17 A

Ceo — Ceo centre to centre distance 10.02 A

Ceo — Cen cohesive energy 1.6eV
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— 14.24 A— z

Figure 2.5: Solid State Structure of Cgo [11]

If the electron cloud (Figure 2.6) of the molecule is taken into consideration then the
nearest neighbour distance can be reduced to 3.5 A. This can be achieved by the injection
of electrons into the lattice. The electron clouds then become distorted and begin to

overlap causing interactions to occur between the molecules.

Figure 2.6: Shows the proposed truncated icosahedral structure of the Buckminsterfullerene (Cgp) with

its electron cloud. Note a popular representation of this structure is a football.[11]
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At room temperature the molecules spin freely and independently of each other. This
room lemperature fcc phase is known as the rotary phase due to the rotation of the
molecules. As the temperature is lowered, the rotation of the molecules stops. The
centers of the molecules remain in the same place, but the incompatibility of the
icosahedral molecular symmetry and the cubic lattice symmetry makes it impossible to
describe the structure in terms of the simple fcc lattice (with one Cgy molecule of fixed
orientation each unit cell). However, it may be still possible to view the structure in
terms of a larger unit cell, and a simple cubic lattice (Figure 2.7). The freezing of the
rotational motion actually happens in two stages. First, at 249 K the rotational axis of
each molecule becomes constrained. The building block of the new structure consists of
four Cep molecules arranged at the vertices, with each one of them spinning around a
different, but well defined axis. Then, at lower temperatures, the rotation around these
axes slows and gradually stops. Below about 90K the molecules are entirely frozen, but
they never order perfectly. In solid Cgg there is always a ‘merohedral disorder’, due to the

different molecular orientations [ 14].

Above 249K Below 249K
fce arrangement sc arrangement

Figure 2.7: Above 249K, the molecules are rapidly spinning, giving rise to a fec type latlice arrangement.

However below 249K the spinning motion is frozen out and a simple cubic type lattice results [15]
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Figure 2.8: The absorption spectra in thin film and in solution form

Figure 2.8 shows a comparison of the absorption spectrum of Cg in solution (isolated
molecule) and a solid Cg film. It can be seen that in the solid state the absorption
spectrum is slightly red shifted from that of the isolated molecule [16]. This shows that
the solid state of Cgp appears to behave like a classical molecular solid. In comparing the
spectra, it can be seen that the HOMO-LUMO transition is present in both (~620 nm,
1.9 eV), but there is an absorption at ~400-550 nm, which appears strongly in the solid-
state spectrum but not in that of the isolated molecule. This feature is absent from the
solution absorption spectrum, which suggests that it is not molecular in origin. It is the
result of an intermolecular charge transfer excited state [17]. In the classification of
solid-state band theory the optical excited state of Cgy may be considered by Frenkel-
like exciton states. The Frenkel exciton picture is valid if the exciton binding energy,

which is the energy required to take an electron from a molecule and to put it on a
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different molecule in the solid is much larger than the energy of exciton transfer
between molecules. In solid Cg this condition is well satisfied. However when
molecules form a solid state, intermolecular charge transfer (CT) excitations become
possible in addition to Frenkel Excitons. A charge transfer excitation corresponds to a
creation of an electron and the hole on different moiecnies. If an electron and a hole are
situated on nearest neighbour molecules and are bound to each other, then they are
called a CT exciton. However, this does not mean that they are localised on two
molecules. In the fcc lattice of Cgg, the clectron can be located on any one of the twelve
cquivalent nearest neighbour molecules around the molecule occupied by the hole, and
vice versa. A CT exciton exists once the electron and hole are separated by one or more
lattice distances but are still correlated to each other. The absorption at ~450 nm is in
fact composed of a double CT state, corresponding to the edge and diagonal nearest
neighbour over lap, and the relative intensity of these two bands has been shown 1o be
strongly dependent on morphology and can be altered through for example thermal
anncaling [18]. Furtherimore, althoug