Thesis for the degree of Licentiate of Philosophy

STRUCTURE AND OXYGEN SENSITIVITY OF
ENDOHEDRAL FULLERENES

MARTIN JONSSON

GOTEBORG UNIVERSITY

Department of Physics

Goteborg 2005



Structure and oxygen sensitivity of endohedral fullerenes
Martin Jonsson

© Martin Jbnsson, 2005

Atomic Physics
Department of Physics
Goteborg Univeristy
SE-412 96 Goteborg
Sweden

Chalmersbibliotekets reproservice
Goteborg 2005



STRUCTURE AND OXYGEN SENSITIVITY OF
ENDOHEDRAL FULLERENES

Martin Jonsson
Atomic Physics
Department of Physics
Goteborg University
SE-412 96 Go6teborg, Sweden

Abstract

The endohedral fullerenes Li@gand Li@G, were produced using low energy
ion bombardment of empty fullerenes and the material waaratgd and puri-
fied using High Performance Liquid Chromatography. Two foars of Li@ Gy
and one fraction of Li@¢, as determined by laser desorption time-of-flight
mass spectrometry (LD-TOFMS), were studied using UV-Midrdred and Ra-
man spectroscopy, as well as electron paramagnetic resenah was deter-
mined that Li@ G, exists in the form of double-bonded dimers and closed tieang
trimers.

The oxygen sensitivity of thin films of La@gwas studied using LD-TOFMS. It
was shown that after exposure to air the endohedral fukesbowed an increased
propensity to lose the internal lanthanum atom in the lassorption process.

Measurements of the conductivity of thin films of Li@Gnd La@G, showed

that the resistivity of the endohedral fullerenes is muetelothan that of pristine
Ceso. However, the conductivity decreased dramatically upqrosure of the films
to atmospheric oxygen. The effect was significantly fastel i@ Cgs, than for

La@G;.

Keywords: fullerenes, endohedral fullerenes, UV-Vis, IR, Raman, ERRg{0f-
flight, laser desorption mass spectrometry, transport oneasents.



Sammanfattning

De endohedrala fullerenerna Li@f®ch LI@G;, producerades genom att tomma
fullerener bobarderades av joner med lag energi. Mat¢saigarerades och re-
nades med hjalp av vatskekromatografi. Det finns tva fraktianw LiC;, och en
fraktion av Li@ Gy, vilket fastslagits genom laserdesorptionsflykttidsmakso-
metri (LD-TOFMS), och dessa studerades med UV-Vis-, idfdaroch Raman-
spekroskopi, liksom med elektronparamagnetisk resondet. faststalldes att
Li@Cq, existerar som en dimer med dubbelbindning mellan fullememeoch
Li@C,, som en trimer i form av en sluten triangel.

Syrekansligheten hos tunna filmer av La@GCstuderades med hjalp av
LD-TOFMS och det visade sig att efter att ha exponerats fibruppvisade den
endohedrala fullerenes en 6kad bendgenhet att forlorantema lantanatomen i
laserdesorptionsprocessen.

Matningar av konduktiviteten hos tunna filmer av ki@ch La@G, resulterade
i en mycket lagre uppmatt resistivitet hos de endohdralareherna jamfért med
tomma G,. Efter att ha utsatts for syre fran luften sjonk kondukétén drama-
tiskt. Luftens paverkan var mycket snabbare pa L4 pa La@G;
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| ntroduction

Born out of the fiery chasms of star cores, carbon is of one th& admundant
elements in the universe. With more than six and a half nmiltompounds of
carbon known, it is arguably the most studied element of ldit only because
life as we know it would be impossible without the carbon asudgding block,
but, in the form of hydrocarbon polymers it bears great entinovalue and can
maybe be said to define our plastic and petroleum age. Befogeciarbon might
even come to replace silicon as our element of choice fotreleic components
(see e.g. [1]).

From ancient times until recently pure carbon was thoughexist in only two
different allotropes — diamond and graphite. In its mostztiag form, the dia-
mond, each carbon atom binds to four neighbouring atomsaeitalento-bonds
in a tetrahedral structure. In essence, each diamond caanstdered a single
molecule, and the result is a material with exceptional progs: It is the hardest
of all known substances, although brittle, it has the higtitesmal conductance, a
very high melting point, and a high refractive index. Thedagives the diamond
its enticing brilliance. In graphite each carbon atom bit@lshree other atoms
forming a vast sheet of hexagonal rings (graphene shedtg)bdnds within the
sheets are stronger than those in diamond, but the weak vaNaids bond be-
tween sheets stacked on top of each other gives graphitesatgudimensional
layered structure. Delocalisedbonds in the graphene sheet makes graphite elec-
trically conducting along the layers, but insulating pewgieular to them.

1



2 - CHAPTER 1. INTRODUCTION

In 1984 Rohlfing, Cox, and Kaldor, working for Exxon, used a ftdeevaporise
a graphite disc under a flow of high pressure helium, creatisgpersonic car-
bon cluster beam. A strange pattern of even-numbered caibsters with 40
to over 100 atoms were found [2]. Rohlfireg al. attributed the new clusters
to a hypothetical form of carbon called carbyne which wowdsist of a chain
with alternating single and triple bonds. A year later H. Wot¢, R. F. Curl, and
R. E. Smalley, with the students J. R. Heath and S. C. O’Briengusisimilar
setup to study the properties of long carbon chains knowxigi & interstellar
space, found the same clusters. By fine-tuning their equipthey found that
some species, especiallyCwere particularly stable. Krotet al. correctly de-
duced that G has the structure of a normal football, a truncated icosamei3]

The truncated icosahedron has 32 faces, 12 pentagons amst@foms. The geo-
metrical shape was known already by the Ancient Greeks,tamas depicted by
Leonardo da Vinci. Euler showed that closed cage structfrédss kind can be
built by any number of hexagons (except 1) and always 12 gent&a The num-
ber of vertices, or atoms, is always even. The American tachand inventor
R. Buckminster Fuller had been constructing spherical bujslicalled geodesic
domes (see fig. 1.1), most famously at the Expo’67 in Montdal similar struc-
ture. In his honour the new moleculeg,Cwas nameduckminsterfullereneor
fullerene for short.

Even though the proposed structure was controversial gliuhia first years, ev-
idence amassed from e.g. NMR to confirm the assumption, at896 the dis-
covery of the fullerenes was awarded with the Nobel prizehienaistry to Kroto,
Curl, and Smalley. [4] A decisive contribution to the field oflérene research
was made in 1990 by Kratschmer and co-workers when theyg @soidischarge
vaporisation of a graphite rod, succeeded in producing osaopic amounts of
Ceo that enabled an array of experiments to be performed. [Shyddllerenes
attract the attention of scientists from many differentitines of physics and
chemistry, but also in biology and medicine. Many fullerepecies are avail-
able commercially and a number of new applications baseditberénes have
been proposed. For this to be realised diverse propertiaglefenes have been
studied, in the gas phase, in solid form, at different terajpees and using al-
most all tools in the physics toolbox, see e.g. [6]. Due tdhigh symmetry, it
belongs to the most symmetrich| point group, G, has, in the spirit of Thoreau
to simplify [7], become a favourite model system for manydarf cluster exper-
iments. [8, 9]

From the discovery of £, the mass spectrometer has been one of the most im-
portant instruments for fullerene studies, and it has beewl extensively for the
work in this thesis.
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Figure 1.1: The American pavilion at the Expo’67 in Montreal, designed by R. Buckmin-
ster Fuller. Superimposed is a model of the fulleregg C

1.1 Filling the centre

As the fullerenes consist of a hollow cage of carbon atomad mealised, almost
immediately after their discovery, that different atomswolecules could be in-
troduced into the centre [10]. These molecules, with incaafed atoms, became
known asendohedral fullerenesfrom Greeksv76s meaning within andso pov
meaning base or seat. The standard notation for indicdtetgan atom is trapped
within the carbon cage is X@Cwhere X is the confined particle.

The incorporation of atoms in the fullerene interior woutdusely be interest-
ing if it did not affect the molecule as a whole. The preserfcéhe guest atom
does change the behaviour of the fullerene in many ways; bgttlay charges to
the carbon cage the molecule’s electronic properties casigngficantly altered,
changing it from semiconducting to metallic, the positidritee atom inside the
shell can modify the molecular symmetry, opening up presipsilent vibra-

tional modes, that can be measured using Raman and Infraeettagcopy. Fur-
thermore, the carbon cage will protect the enclosed atom the environment,
making it less volatile. This has led to experiments usindofxedral fullerene



4 . CHAPTER 1. INTRODUCTION

derivatives, especially with encapsulated gadoliniumvigd contrast agents that
might rival current commercial Gd agents [11,12].

The most available and therefore most investigated endahiedlerenes are rare-
earth containing ¢. These are readily soluble in standard solvents like carbon
disufide (CS), and can be purified using liquid chromatography. The metal
containing G, have proven difficult to purify, but nevertheless our groag de-
veloped a method for production and purification of Li@CAn authoritative
review on endohedral fullerenes was recently written byaHdsi Shinohara [13].
Recently it was also reported that the enclosuréBé in a G, influences its
radioactive half-life [14].

This thesis will dilate upon the production of, and expeirtseon, Li@Gg. It
will also discuss some results concerning La@®@hich was produced by the
Shinohara group.



Experimental

In this chapter the different experimental methods usegifoducing and analys-
ing the endohedral fullerenes will be described. First Wéla discourse about
the low energy ion implantation method used in our group tmpce alkali con-
taining fullerenes. Purification of fullerenes is gengralérformed using liquid
chromatographical methods, and this will be the topic otieac2.2. As men-
tioned earlier mass spectrometry is a crucial analyticahogkin most fullerene
research, and section 2.3 will introduce the time-of-fliglatss spectrometer and
our measurements.

Experiments on films of endohedral fullerenes were perfdrinanvestigate the
vibrational modes of the fullerenes using Raman and FTIRtepsmopy, as well
as measurements of electrical properties and the infludraiean the film. Also

EPR measurements have been made together with collalnma®elarus.

2.1 Production of endohedral fullerenes

The first endohedral fullerenes were produced the same wihg disst fullerenes,
but using a metal doped target for the laser vaporisationssMgectrometry of
the cluster beam showed that metal atoms were captured aathen cage [10].
Similarly the metallofullerenes can be produced usingdischarge vaporisation

5



6 - CHAPTER 2. EXPERIMENTAL

of a metal containing graphite rod. These methods produmee humber of both
empty and filled fullerenes, and even though mass spectrpmighe soot shows
that M@G, is often the most abundant species it has generally not bessi-p
ble to extract and purify it. Of the metal containing molesubnly the higher
fullerenes, and in particular the M@4 are soluble in standard solvents like
toluene or C$[15, 16].

To produce endohedral fullerenes with a certain cage numbercan start with
empty fullerenes and try to insert atoms into them, eithestimoting them through
hexagon or pentagon rings in the carbon cage, or by breakir@dond to open
the cage [17-19]. Many methods can be used to accomplish Buflerenes
heated to high temperature in a high pressure (ca 2500 atenjjas atmosphere
form a tiny amount of endohedrals when some rare gas atomagaao penetrate
the carbon cage [20]. They can also be formed by introduaifigrénes into a
plasma of alkali or other metals and landing them on a biagbdtsate [21, 22].
Neebet al. succeded in mass selecting endohedrals, created by trecleesgo-
ration method, and depositing themsitu on a substrate, however in minuscule
amounts [23, 24]. In our group we produce endohedral fullesen a process
based on bombardment with alkali ions, which will be dethlbelow.

2.1.1 Low energy ion implantation

The production method employed in our laboratory is simitathe early gas
phase collision experiments [25, 26], in which alkali ankestions were collided
with neutral fullerenes. Waet al. [25] showed that there was an energy threshold
for insertion of Li", Na*, and K" into G, amounting to~6 eV, ~18 eV, and~40

eV respectively. In the case of lithium, due to its small wradius ¢0.7 A),

the ion can be slipped through a hexagon in the fullerene whgeeas the larger
alkalis need to break a carbon-carbon bond to open up thetcdgeable to enter.
Hence the higher energy thresholds for'Nand K*.

The method is fairly simple and has, in its earliest form,rbdescribed previ-
ously [27]. The whole setup, sketched in figure 2.1, is emtdas a vacuum cham-
ber that can be pumped down tof@nbar. Commercially available fullerene
powder, of 99.5% purity for g5 and 98% for G, is put in a quartz crucible that
is inserted into a stainless steel oven. When the oven isdhéatgpproximately
500°C the fullerenes are evaporated onto a target consisting altemninium foll
wrapped around a rotating cylinder. The rate of depositfomeasured with a
crystal oscillator thickness monitor, and the rotationespef the cylinder is ad-
justed so that for each turn of the cylinder one monolayer gfi€deposited on
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Figure 2.1. Sketch of the endohedral production setup. As described in the text the
fullerenes are deposited on the cylinder and subsequently bombarded with
alkali ions.

the film. Orthogonal to the §& beam, a low-energy ion beam hits the cylinder.
As the cylinder turns, the freshly deposited fullerene tayasses through the ion
beam. This way it is ensured that every fullerene layer ediated with the cor-
rect ion dose. The ions come from a highly porous tungsteg ptuntaining an
alkali salt which is heated by a ceramic heater [28] (av&labmmercially from
HeatWave Labs). Operating at a temperature above 1008 large portion of the
alkalis vaporised from the emitter is ionised by surfacesation. The ion source
is floated on a potential equal to the desired kinetic enefgdlgenions. Typically
we use 30 V for Li, 70 V for Na and 80 V for K [29]. The energy spied the ion
beam is less than 0.5 eV. The beam can be focused or defocysedinzel lens
to cover an area on the cylinder approximately 2.5 cm in diamthat is covered
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with fullerenes.

The ion current is strongly dependent on the temperatureamdeach a few tens
of uA. The current is monitored by an Amperemeter connecteddacytinder,
which is isolated from the rest of the chamber. To increasdifie-time of the ion
emitter and decrease the radiative heating of the fullefigmeand the rest of the
vacuum system the ion current is limited to a fe. In a typical experiment a
fullerene deposition rate of ca 0.5 A/min and an ion currdiua 5¢A, is used.
This corresponds to roughly 1 ion per fullerene depositetherirradiated area.
A higher ion to fullerene ratio gives a larger proportion aflehedral fullerenes
as observed by mass spectrometry, but also a much largéubespart. [30]

2.1.2 A new ion source

The ion emitters described in the previous section are vetlysuited for our kind

of implantation experiments. An important aspect is thatttrermal ion energy
distribution from the emitters lack the tail of higher energns that come from
many other types of ion sources. However, the emitters éneraxpensive, and
the ions available are limited to alkali metals. Therefore lvave been looking
for an alternative solution to create the ions for implaotat It was tried using a
modified version of a commercial ion-source, designed foro@s; but the high

temperatures needed to produce lighter alkali ions crgatglollems making the
source impractical to use [31].

Surface ionisation of atoms mainly takes place when an atdonvaonisation po-
tential hits a surface with high work function. In the alkgdoup the lighter metals
have a higher ionisation potential than the heavier, rapfiom ¢ = 3.9eV for
Csto¢p = 5.4eV for Li. The ionisation probability can be estimated wittet
Saha-Langmuir equation [32]:
P= » ! p (2.2)
14 Z-exp <(IQ-TT>

® is the work function of the ionising surface afidis the temperature of the
surface.w, andw, are statistical weights equal to the degeneracy of the groun
state of the neutral atom and the ion respectively. The degen is given by

w = 2J + 1, where/J is the total angular momentum of the atom/ion.

A surface ionisation ion source that could be used for geimgra lithium ion
beam was constructed by Rasser and Remy [33] and modified tbealable to
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ionise other element such as lanthanum [34]. The ionisemgsh of Rhenium,
which has a work functio® = 4.96 eV and can sustain heating to high temper-
atures. A similar setup was constructed in our lab based iemptbtotype. The

@7

L Quadrupole J
(0] —
O O
\ f | > =
=
I IS
O
lon optics '*g
, /| |Watercooled &

/
Re grid Cucyinder| &
| : L]
|
Ta crucible Cu leads

E—

Figure2.2: A sketch of the ion source build for generating lithium and possibly also
aluminium and other ions. In the quadrupole the ions are deflected to the
right where the cylinder in figure 2.1 is located.

setup can be seen in the sketch in figure 2.2. It consists oftalten crucible that
can be heated to ca 1000 by a heating wire wound around it, and a rhenium
ioniser. The ioniser is made from a 1 mm thick Re sheet withrldsfed holes.

The ioniser is heated ohmically by a high current. The ianiss be heated to
more than 1000C, probably as high as 1800-2000. The crucible is placed

on a thin ceramic holder on a water-cooled Cu base, and the wfathe vacuum
chamber that houses the source are shielded from the heawateacooled Cu
cylinder. In spite of these precautions the intense heat fitee ioniser has led

to several difficultiel and the outer walls of the vacuum chamber reaches over
100°C during longer tests.

1, ..including the melting of the 16 mm thick copper leads srpipg the grid
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Using the expression in eq. 2.1 one can calculate the iommsarobability for
different atoms hitting a heated rhenium surface. The tesul be seen in figure
2.3. Since the work function of rhenium is higher than thasation potential for
potassium the probability for creating*Kons is very high. At a working tem-
perature of ca 1100C about one third of all lithium atoms hitting the surfacelwil
ionise, while less than one in 10000 aluminium atoms wille Total ion current
will of course depend also on the temperature of the crucibé determines the
flow of neutral atoms. The flow can be estimated as

_ PAUmean

F )
2

(2.2)
wherep is the density of atoms and can be estimated from the idedkbgaas
p = bvap/kpTes With Tres the temperature of the crucible, apg, the vapour
pressure at this temperaturg,eanis the mean velocity of the atoms and is given

by

8kpT,
Umean = b =, (23)
Tm
The ion current is given by
[=P-F, (2.4)

with P from eq. 2.1. The calculations assume, unrealisticallgt il neutral
atoms from the crucible hit the Re grid, and that all created an be extracted
into the beam. However, even if the absolute numbers givethdygalculations
are overstated, they give an indication of which tempeestare necessary to
reach some current.

2.2 Purification and characterisation using HPLC

The method of using HPLC, high pressure (or performance)dighromatog-
raphy, for purification of metallofullerenes has been thigidy described in the
review by Shinohara [13], and this section will just give s&ebsketch of the pro-
cedure used in our lab as shown in figure 2.5.

When the irradiated fullerene film has reached its desiradktigiss the process is
stopped and the aluminium foil is removed from the cylinded placed in a bottle
under nitrogen gas. The bottle is then filled with,Gid placed in an ultrasonic
bath for several minutes to dissolve the fullerenes. Theldelmaterial is sepa-
rated from the insoluble, consisting mostly of polymeri$eerenes and alkali
salts, by filtration through a teflon filter with O.2n pore diameter. The solution is
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Figure 2.3: The ionisation probability of an atom hitting a rhenium surface, calculated
using eq. 2.1.

dried from CS in a rotation evaporator and redissolveditho-dichlorobenzene
(DCB), which is used as eluent in the HPLC. In the HPLC, the salusgpushed

at high pressure~10 MPa) through a column (Cosmosil, 5PBB) packed with
porous silica gel and a stationary phase of pentabromoheHRzg interaction be-
tween the fullerenes and the stationary phase makes diffieléerene species exit
the column after differemetention timesPast the column, the solution proceeds
through a flow cell with a UV-Vis spectrometer that measunesabsorption in the
range 290-800 nm. At 340 nm, a wavelength strongly absorpeddst fullerene
species, the abundance of fullerene material as a funcfigatention time is
monitored, see figure 3.3. After the spectrometer, the isolygasses through a
valve that collects the different fractions in separatélesticcording to fixed time
windows.
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Lithium Sodium
10° 10"
"
10 10*
10"
10°4
10° . -
______ .
.......... —T7,=235°C| " . =
" . [
10 gl ---T_=268°C .
- es 5
107 e T,,=306°C| 177 -
- - {--T_=350°C "
R - res 10
10° -- T, =404°C s
— -7 T, =467°C| s
< o s T =537°C| "° .
- e _ - o
c o T..=629°C 10° - s
) T T T T T T T T T
hed 600 800 1000 1200 1400 400 600 800 1000 1200
—
3 . Aluminium i Lanthanum
10 10
c
9 w0 10°
10° 10°
107 )
10 o = 10° P T
P - _ -~ 7|—T_=102°C
10—q - . 5 109 -7 = - res o)
> —7T,.=685°% P2 B - - T, =1102°C
10 - B R (- T - T, =1192%
L T T, =812 P -=T,=1207°C
10 R .- - }fgg; Pyt e T, =1422°C
K¢ -7 T, = 1082 -
10" s e T,.=1217 10"
ke P - T =1367 SooT,=1927°C
107 b= T T T : 107 T T T T :
600 800 1000 1200 1400 600 800 1000 1200 1400

ioniser temperature [OC]

Figure 2.4: Calculated ion currents for some relevant elements using equation 2.4. Note
the very high temperatures needed on both crucible and ioniser for Laland
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Figure 2.5 A sketch of the HPLC setup used to separate endohedral fulleremesHeo
empty molecules.
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2.3 Time-of-flight mass spectrometry

In the field of cluster science different forms of mass seo#try play an impor-
tant role. One of the most versatile forms of mass spectmynetime-of-flight
(TOFMS), where ions are accelerated by an electric field gnthfbugh a vac-
uum tube & 10~7 mbar) towards a detector. The kinetic energy of the ions will
be Exin = q-U = m2“2, wheregq is the charge of the ion and the accelerating
potential. After the accelerating field the ions will pas®tigh a field-free region
and since all ions with the same charge have the same engtgegrispecies will
have a higher velocity and travel the field-free region todke&ector faster than
the heavier ions. In its basic form, the TOFMS has a very sngasign, but
still offers a high resolution, withn/Am > 1000, and possibility to measure up
to several thousand mass units. Another advantage is tiila¢ inOF the whole
mass range can be monitored in every ion pulse.

In our setup the ions are detected using a Microsphere REE€) detector [35]
from EI-Mul, or two Multi Channel Plates (MCP) mounted backiiack in a so
called chevron setup. For detection of positive ions, thedaer is floated on a
large negative potential of up te2 kV. A voltage of 3.3kV (2 kV for the MCP) is
applied over the detector so that the front of the detectsrahpotential of up to
-5.3kV. Two cm in front of the detector is a grounded net tlegasates the field-
free region from the post-acceleration region. the elesttbat are released when
the ions slam into the detector plate are accelerated t®aagrounded anode
that is connected to an oscilloscope. By reversing the pylafithe fields the
spectrometer can also be used for detection of negativalsgeld ions.

The number of electrons from an MCP or MSP detector is knowrcateswith
the velocity of the detected ion, rather than its energy33§, This gives a higher
signal for the lower mass peaks in our spectra, somethingémebe problematic,
especially due to the usually high amount of iresent in most spectra.

How the ions are created from the sample differs betweenwsitypes of TOF
spectrometers. In our setup we generally use laser desofiptiisation (LD-

TOFMS) to investigate the produced fullerene films. The dangplaced on the
end-electrode of the spectrometer (see figure 2.6a) and ma33%-laser, with a

pulse length of 10 ns, is used for ablating material from tivage into the gas
phase. The laser is focused onto the sample by a lens with B0fboal length,

and by moving the mirror along the beam axis the size of therlagot on the
sample, and hence the laser fluence, can be adjusted. Thertgome in the plume
of ejected material reaches several thousand degreesaj38ja plasma of both
positively and negatively charged ions is formed. By pulgimgpotential on the
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Figure 2.6: A schematic picture of the time-of-flight mass spectrometer setup and the
configurations of the accelerating field electrodes when used in a) leser d

orption mass spectrometry and b) gas phase mode.
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electrodes the ions are accelerated. By applying differexitiivg times between
the laser pulse and turning on the field one can learn a lottadagu different
cooling processes of molecules. In some experiments theleamput into a
guartz ampoule that is heated by an electric heater. In #sis the laser is used to
ionise the material evaporated from the ampoule, see figéte 2

The two accelerating fields defined by the potentials U1l anéihUJi@ure 2.6 are
set up according to Wiley and McLaren [39] to provide betpace focusing, that
is improving the resolution by making sure that ions of theneanass located
at different points in the accelerating field when the vategswitched on reach
the detector at the same time. Given a certain length of theffiee region and
the distance between the electrodes, the focusing condgigiven by the ratio,
U, /Uy, of the applied voltages. The ions in our experiments wilspeead out in
space depending on the distribution of kinetic energy weckin the laser desorp-
tion process and the time before the field is switched @g.irCa laser desorption
plume has been measured to have initial velocities of up @ b@'s [40] or about
1 mmjus. Since the field is typically switched on after roughlyslthe ions are
still reasonably tightly gathered. So, in most of our expenmnts the ions are con-
fined to a small enough region, and the TOFMS is used in a omkcieifiguration

2.4 Raman and infrared spectroscopic investiga-
tion of LI@Cgy and Li@C~g

In Raman and infrared (IR) spectroscopy the coupling of raaab the vibra-
tional modes of molecules or solids is used to extract in&drom about the struc-
ture of the sample. In a molecule withi atoms there ar8 N — 6 vibrational
modes (in linear molecules they && — 5) that comprise its vibrational spec-
trum. The specific features of the spectra depend on the gaoat@rrangement
of the atoms, the strength of the chemical bonds and the ma$#iee atoms. All
in all this creates a sort of a “fingerprint” of a molecule.

Absorption of infrared light and Raman scattering are the maast important
methods of examining the vibrational spectra. NoBall — 6 vibrations are IR or
Raman active. Only those vibrations that change the moledidale moment are
visible in the IR spectra, and only those that modulate tharfsability are Raman
active. The rest of the modes are inactivesitent Due to molecular symmetries
many vibrations have the same frequency, and even in a laalecuaie only a
few peaks may be seen in the Raman and IR spectra; for exampha€only ten
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Raman active and four IR active modes. By comparing the stneragtd positions
of these peaks with known species and with calculations rmiolhmation can be
extracted about the structure of the sample molecule.

For our IR and Raman measurements of endohedral fulleremsstilded in de-
tail in Paper Il, several samples were prepared and drophlitd on KBr discs.
Samples of pure §& and G, were used as reference together with a sample of
(Ce0),, the [2+2] dimer of (. The(Cg), was prepared by ball milling & in the
presence of metallic lithium, according to Lebedkiral.[41] Care was taken that
no lithiated species (Li:g or Li@Cg) were present in the purifieq),. This
was controlled by laser desorption mass spectrometry,hndhiowed no presence
of any peak at 727 mass units. Samples of the endohedsalv€e prepared
from both the E1 and E2 fractions of the HPLC purified produttinaterial (see
section 3.1). To enable the distinction between vibrationthe G, cage and
those caused by the interaction of Li with the fullerene ératttval samples were
prepared using both tH&i and the’Li isotopes.

The IR absorption measurements were performed on a Brukeo@2eF trans-
form infrared spectrometer. The setup was placed inside\aefgbx with dry ar-
gon atmosphere. The spectra were taken at room temperaheg&aman scatter-
ing experiments on the other hand were done in ambient atmospvith a Bruker
IFS-66 spectrometer equipped with a Raman module and a{mgtrimgen-cooled
Ge-detector. The samples were illuminated by a 1064 nm NG@:¥&er and the
scattered light was collected in a backscattering geonoey the course of 9-16
hours per spectra. The laser intensity at the focal pointswkE30 W/cnT?2.

2.4.1 The structure of LI@Cgy and LI@C

The fullerene G, has 174 internal vibrations. As was mentioned in the intcadu
tion the G, molecule belongs to the highly symmetridglpoint group. The high
symmetry reduces the vibrations to be distributed amongff&eht modes. The
modes describe how different vibrations react to certamragtry operatiorfsOf
the 46 vibrational modes of &, only four are infrared activet{,) and ten are
Raman activeQA, + 8H,). Thus the IR and the Raman spectra gf &re rather
simple as can be seen in figure 2.7. The simplicity stems franiigh symmetry,
and consequently lowering the symmetry, by for example rppwill result in

a more complex spectrum where previously silent modes macheated, and

2For a thorough explanation of the meaning of the point graagigaments and irreducible
representations there are many useful web-pages, lik¢4@]g.and text books in chemistry and
group theory, e.qg. [43].
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Figure 2.7: The vibrational spectra of §gg. The upper graph shows the IR absorptions
spectrum with the fouf},, peaks. Graph taken from [44]. The lower graph
shows the Raman spectra.

existing modes may be split or shifted in frequency. Theetbe addition of

a lithium atom in the fullerene interior can significantlyeaslthe appearance of
the IR and Raman spectra if it breaks the molecular symmetigu@sions indi-
cate that the lithium, at least partially, donates its ve¢e@lectron to the fullerene
cage [45], so that the cage has a net negative charge anthibenlremains pos-
itively charged. Qualitatively the 4 cage can be seen as a conducting shell and
the polarisation of the cage will drive the encapsulatedttan off-centre posi-
tion. So there is a potential for major changes to the vibrati spectrum. If the
added atom for example would be stabilised under one of the lkbexagons, this
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would change the molecular symmetry to thg, group. However, the energy dif-
ferences between the various sites inside the cage whemadta¢ ion can reside
are low, only about 0.04 eV [46], so at room temperature thie bssentially free
to move in a spherically symmetric potential with its minima..35-1.5 A from
the centre of the cage. [47, 48] This means that the IR and Rap®stra should
remain similar to those of pristinegg; with the addition in the IR spectrum of a
broad band in the region 350-450 tinwith overtones at 650-850 crh, origi-
nating from the motion of the cation inside the cage [49],fspee 3.13.

Ligquid chromatography shows (section 3.1) that the redentimes for the E1
and E2 fractions of Li@gg overlap the G, dimers and trimers respectively. The
polymerised fullerene species have much more complextidlorapectra than the
monomer due to the reduction of molecular symmetry. In thediner several
hundred vibrations are Raman and IR active according to ¢tieat analyses [50].
So if insertion of Li into the fullerenes, as has been suggkHl], leads to the
formation of dimers and possibly trimers then the vibragiospectra might be
very different from the pristine £.

Also the Gg, with D5, symmetry, shows a much more intricate vibrational spec-
trum than G,. C;o has 31 infrared and 53 Raman active modes [52,53], and it can
form several stable dimer isomers with different symmesetrie

To conclude, the doping of fullerenes with metal ions gelhetaads to rather
small changes in the vibrational spectrum, unless it gilgsto polymerisation
of the molecule, in which case the spectrum can look sigmtigalifferent from

the monomeric species.

2.5 Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) or electron spimaese (ESR), as it
is frequently called, is a technique closely related to eacinagnetic resonance
(NMR). Both deal with the interaction of electromagnetic feeldith magnetic
moments; in the case of NMR, the magnetic moments of the nueleéreas
EPR responds to the spin of the electrons. The principle & EReasurements
is fairly straightforward. The sample is placed in a cavityai magnetic field
and irradiated with microwaves, usually in the X-band regie 9 GHz). The
magnetic field is varied until the splitting of the energydisis equal to the energy
of the microwave radiation. This happens wh&ti = ¢3.B = hv, whereB is
the applied magnetic field strength, is the Bohr magnetory is the radiation
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frequency, ang is the generalised electrgnfactor, generalised meaning that it
is defined to include the effect of any local magnetic field.

The Li@G, used in our measurement was prepared in bulk in a quartz denpou
and as thin films deposited on teflon substrates. The measuatewere per-
formedex situat room temperature and at 77 K on a 9.3 GHz Varian E112 EPR
spectrometer. Standards of DPPH (diphenylpicrylhydjaagd Mg in MgO
were used for identification of EPR parameters. For comparssmples of pure
Cqo Were prepared and measured in the same manner.

2.6 Conductivity of thin films

The electrical properties of fullerenes in general, anceti@ohedral fullerenes es-
pecially has been of interest for a long time. Several stidave been performed

on the conductivity of thin films of fullerenes, but not mucbnk has been done

on endohedral fullerenes. To measure the conductivityiofgbblimed films of
LiI@Csy and La@G, a setup was constructed in a small vacuum chamber that
can be pumped down tb0~® mbar. The setup consists of a small quartz cru-
cible that can be heated to ca 5@ from which the fullerenes can be evaporated
onto a chip. The chip, sketched in figure 2.8, placed on a saimpider that
can be heated to ca 30C for temperature dependent measurements, has four
thin gold electrodes partially covered with silicon-oxidged for standard four-
probe van-der-Pauw [54] I-V measurements. The distaneedast the electrodes

Is 150um, and the fullerenes are sublimed through a mica mask plaxeadp

of the chip. The diameter of the fullerene spot is roughly 1,marhich is much
smaller than the spread of the effusive fullerene beam. @ihgsires a homoge-
nously deposited film covering the end points of the ele&sod he thickness of
the deposited film is controlled by regulating the depositilme with a shutter.
After the experiments the thickness is measured using dgradter. From the

I-V measurements, performed with a Hewlett Packard 415@&Bipion analyser,
and the thickness of the film the resistivity can be deterohine

For checking the effect of oxygen exposure, the vacuum puwmeps stopped and
the chamber was vented with ambient laboratory air. Afteerdain time period
the valve was closed and the pumps restarted.
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Figure 2.8. A sketch of the sample used in electrical measurements on thin fullerene
films.



Results and Discussion

In this chapter the results of the investigations of endadiefdllerenes will be
discussed.

First the separation of the endohedral fullerenes from dlaednergy ion bom-
barded films using HPLC, which results in two different fraos of Li@G, and
one fraction of Li@G,, is presented in section 3.1.

The different species of metallofullerenes were investigausing Raman and
FTIR spectroscopic methods, as well as EPR, to try to disderrdifferences
between them.

During the course of investigations it was noted that filmsradohedral fullerenes
deteriorated after some time when exposed to air, and tmsuich higher degree
than empty fullerenes. The effect of exposure to air of thetatiofullerene films
was studied using LD-TOFMS and conductance measurememseTesults are
presented in section 3.4.

3.1 Separation of LiI@Cg, and LI@C

In figure 3.1 a typical mass spectrum of a production film,arealuminium foil
taken straight off the cylinder, after deposition of,@nd irradiation with Li

21
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Figure 3.1: Atypical mass spectrum of a production film of LI@CLI@Cg  is clearly
visible at 727 mass units. The other prominent peaks g€, @nd the alkali
metal ions Li", Na*, K™, Rb", and Cg.

ions, and inserted into the time-of-flight mass spectrometshown. In this case
the film was~3500 A thick and irradiated with 30 eV tiin a ratio of 1 ion per
fullerene molecule. The mass spectrum was taken usinggbedasorption mode
of the TOF. In the low mass end of the mass spectrum a numberasipbelong-
ing to the alkali ions are visible. The very strong potasssigmal and the sodium
signal are present in all our mass spectra. The Rbd the C$, however are
only visible in films that have been irradiated with alkalng and appear to be
impurities from the ion emitters [55]. The intensity of thikai peaks does not
reflect their abundance in the film. Since the alkalis haveitmisation potentials
and are effectively detected by the MCPs [36] the size of teap®als are exag-
gerated. The most prominent peak in the high mass end of gétrsm is that
of Cgo* at 720 atomic mass units. Preceding it are a number of peplsated
by 24 mass units. They are the product of sequentjaé@aporation from the
parent G, molecule. Trailing the ¢ peak is a tail that originates from delayed
ionisation of the ¢, [56], a process where the energy from the laser shot is stored
in vibrational modes before the molecule eventually ionisat 727 u the peak
from LiI@Cqo " is clearly visible. Its area is'10 % relative to that of g, which
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gives a lowest estimate of the amount of lithiated matenahe film, since the
Li@Cgo cool predominantly by losing the encaged lithium [57]. Saroecern
may be raised that the peak might come from exohedralg}.iriStead of the en-
dohedral metallofullerene. It is however known that exahby attached lithium
binds only weakly to the fullerene cage, a binding energy.2e¥ has been cal-
culated [58].The ionisation energy for Li@(s calculated to 6.1 eV [59], so any
exohedral Li:G, will break apart before ionising. Furthermore, studies mdi
consisting of a mixture of lithium metal ands¢Cshow no, or extremely small,
amounts of Li:G , even if significantly more lithium is present.

As described in section 2.2 the production film is dissolve@$; in an ultrasonic
bath. The majority of the material on the film is dissolved, iisually an insolu-
ble part of 10-15 % by weight is left after filtration. LD-TOFVbn the insoluble
material shows strong alkali peaksg,Cand many peaks probably from carbon
compounds up to a few hundred u. The spectra also show someaofd.iCy,.
Presumably the Ligy and the G, are in the form of polymerised species formed
during the irradiation, but subsequently broken apart enlffser desorption pro-
cess. The amount of insoluble material increases if the ddtions to fullerenes
is higher than the usual one ion pef,C

The soluble material is dried and redissolved in DCB, whichsisduas eluent in
the HPLC process. As the solution emerges from the HPLC colhwnabsorption
is monitored over the wavelength interval 290-800 nm evesgdbnds. A typical
spectrum can be seen in figure 3.2. The UV-VIS spectroscomtysis allows
conclusions to be drawn about the electronic structure efdifferent fullerene
species. This has been discussed earlier by Gromov and t@md51], see
section 3.2.1.

The absorption at 340 nm is plotted against the retentioa fon monitoring the
separation in the column. 340 nm is strongly absorbed by fafletene species.
In Cqp the strong dipole transition between the HOMO-1 and the LUM® at
approximately this wavelength. The acronyms HOMO and LUM&nds for
Highest Occupied Molecular Orbit and Lowest Unoccupied édalar Orbit re-
spectively. In figure 3.3 the absorption at 340 nm for somkeidiiit samples are
compared. We can see that about nine minutes after insémtmthe column G,
emerges. The smaller peak before thg €mes from the solvent. After twelve
minutes another peak appears in the absorption spectrums. spacies gives a
mass peak at 727 u, Li@g in LD-TOFMS, and has been dubbed E1. Yet an-
other species appears after 17.5 min, which also gives a ki@&€ak in the TOF.
Consequently the fraction collected at this retention tisweferred to as E2.

In order to learn more about what structure the fractions ikl B2 have, their
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Figure 3.2: A typical absorption chromatogram from a production film. The absorption
is monitored every 6 seconds over the wavelength interval 290—-800 nm.

retention times were compared with other fullerene speéneigure 3.3 the dot-
ted line is the absorption from a sample qf ®all-milled with metallic lithium.
This sample is known to contain dimers and trimers gf [@1]. As can be seen,
the retention time of the dimeric speci€€, ),, nicely overlaps the first endo-
hedral fraction. The E2 peak appears at the same time asrther fpeak in the
ball-milled sample. However the trimer fraction consistseveral peaks spread
out over a longer time than the endohedral fraction. Thieisabse several sta-
ble isomers exist ofCg ), and they may have different retention times. It seems
likely that if E2 really is a trimer it will consist predomingy of one isomer.

For production of Li@G,, the procedure is the same as for Li@Qn the HPLC
analysis G, exits the column after 10.5 minutes, i.e. slightly laterrthie rel-
atively inert G, . After 19 minutes the only fraction that gives Li@dn LD-
TOFMS emerges. This is clearly different from the Li@@@iith its two endohe-
dral fractions. However, similarly to Li@4g the lithiated species of 5 emerges
from the column after the same retention time as thediiner.
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Figure 3.3: Absorption at 340 nm monitored as a function of retention time for different
fullerene samples. The solid line is a chromatogram from a production film
of Li@Cgp, and the dotted is from g ball-milled with metallic lithium. The
inserts show chromatograms of the purified fractions E1 and E2.

3.1.1 Production of Na@Cg, and K@Cg

There was also attempts made to produce and purify othdr alktallofullerenes
using the same methods as for Li@CAs was mentioned above (sec. 2.1.1) the
thresholds for production of Na@gand K@ G, are higher than for Li@§g, be-

ing 18 eV and 40 eV respectively [25]. LD-TOFMS investigatif ion irradiated

Cyo films show a maximum in the X@g" peak at 70 eV ion energy for Naand

85 eV for Kt [29]. The capture window of both the LD-TOFMS and gas phase
investigations coincide perfectly, so there is little dbtiat endohedral fullerenes
really are created.

We have performed ion bombardment experiments with both & K. LD-

TOFMS on the production films shows a small peak at 759 aminéopotassium
irradiated films. However, the amount of insoluble matdnahe irradiated films
is much higher than for Li@§ production. Using K ions at 85eV results in
~50% insoluble material. The reason is the higher ion endrgyihcreases the
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Figure 3.4: Mass spectrum of a production film of KsgCprepared with an ion energy of
85eV. The ions at higher masses are due to coalescence in the thetidesorp
plume.

destruction and polymerisation of the fullerenes.

Mass spectrometry of K@g is difficult. The very intense K-peak saturates the
detector if the normal LD setup is used. By inserting an extia lgetween U2
and ground in figure 2.6 and keeping Ul on ground, we let the dbift to the
first grid. This way, most of the potassium ions have passedith the extraction
region before the field is pulsed. The mass spectrum in figdriss 3aken on a pro-
duction film of K:C;y produced with an ion energy of 85 eV, and the ions drifted
for 80us before the fields were pulsed. Thg @eak seen at the left-hand side is
cut, but stretches to over 100 units height and completetyidates the spectrum.
A small, but clearly visible peak of Kg§g can be found at 759 u. The peak is very
small compared to Li:gp films, the ratio KGy/Cyq, is only about 1%. Using the
same arguments as for Li, one can assume that the chanceiofregithe high in-
ternal energies involved in the LD process should be low fohedral fullerenes.
However, unlike for Li:Gg, exohedral K&, are not uncommonly found in laser
desorption of potassium containing film. It is thus uncertahether the peak at
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759 u really represents endohedrally doped fullerenes.

We also see in the spectrum groups of peaks separated by 24umigs around
1440u and also around 2160 u. These are products of coatesoéfullerenes
in the laser plume, and have been observed in earlier LD ewrpats [60, 61].
However, these peaks are not normally detected in our LDrexpats on G
and Li@G,. Clearly the potassium ion bombardment increases the |éwela
lescence, but through which mechanism is not known. Perfnagsientation of
the fullerenes during ion bombardment plays a role, as ibeas shown that frag-
ments are important for the formation of coalesced fullesej0]. Oxygen can
also increase the coalescence probability gf @s was demonstrated fogfO,,
(n = 1,2,3) prepared by ozone treatment [62]. We show in section 3.4 tha
metallofullerenes exposed to oxygen show similar behavasuG, after ozone
treatment and UV activation of oxygen. This increased re@cimight have in-
fluence, but it does not explain the absence of coalescehé@iBs,. This is still
an open question and must be investigated further.

The soluble portion of the K:& films has been investigated using HPLC, and the
chromatogram is similar to that of Li@g; with two fractions appearing after the
empty G, . However, the ratio of E2 to E1 is much smaller for lgsCand the
E2 peak shows a bimodal form not seen in Li@®ut very similar to the trimer
fraction in the ball-milled sample (see fig. 3.3). LD-TOFM#%eéstigation of the
separated fractions shows no K@QC so any endohedral material produced is
apparently not soluble in GSHowever, material dissolved in aniline does show a
peak of KG in the mass spectrometer, as well as &d G, and a very high K
peak. Itis thus also in this case uncertain whether thg,p€ak is of endohedral
nature or not.

Experiments were also performed with sodium, but since Ng@@s almost
the same mass as£ adding an element of uncertainty to mass spectrometric
investigations, we have focused our attention on potassiatead.

3.2 Spectroscopy on metallofullerenes

3.2.1 UV-Vis spectroscopy of La@Css

As described in section 3.1 UV-Vis spectroscopy over thgeaB00-800 nm is
performed on every species exiting the HPLC column. The W/sgectra of the
endohedral lithium species have been measured previondla@e discussed in
detail by Gromowet al. [51].
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Figure 3.5 UV-vis spectra measured orgg(dashed) and La@g (full) in DCB. The
insert show the structures in the middle of the spectral range (with shifted
intensities for clarity). The dip at 484 nm is an instrumental artifact. Taken
from [31].

The UV-Vis spectrum of La@§ was measured by Lassesson and co-workers
[31] using the spectrometer in the HPLC setup. Solutionsad®IG, and G in
DCB with concentratiori9 + 3) x 10~> mol/L were prepared and sent through the
spectrometer. The extinctiandefined byA = exc, whereA is the absorptiony

the optical pathway andthe concentration in mol/L, was calculated. The result
is plotted in figure 3.5. Marked with arrows in the figure a@ngitions between
molecular orbitals in La@§ measured by UV-photoelectron spectroscopy and
scanning tunneling spectroscopy [63]. They show good ageeéwith features

in the measured UV-Vis spectrum.

For comparison with the UV-Vis measurements in solutioim fitms of La@ G
and G, were prepared by evaporation on glass substrates. Sesenples with
different thickness were made and the absorption was mesising the same
spectrometer as in the experiments described above. Tdkm#dss of the samples
was measured using a profilometer.



3.2. SPECTROSCOPY ON METALLOFULLERENES - 29

4 T I T I ™ I T T T I T T 5
—— solid —
1,24 ; 14 "¢
R SN e solution G
1 ~ -
FEEAY — ~ '6
3 N ,/ \\ C 'E 3 1S
o 60 5] _
— ! ! ml_‘ 1,0 “'_‘
‘TE /’ “ I‘o— 9
! \
5 | : 2
LO_. 2 ! \‘ 08 %
o ‘] \ ’ 1 £
~ \‘ g ()
X ‘\
o \ 06 : : 0
—.--~+ 300 400 500
14 h wavelength [nm]
0 r I r I r I r I r
300 400 500 600 700 800

wavelength [nm]

Figure 3.6: The UV-Vis spectra of g and La@G: deposited on glass substrates. The

inset shows a comparison of the spectra for La@i@ solution and on a
substrate.

The absorbance, defined by the expressica I,e~*¢, whered is the thickness

of the film, I is the transmitted and, the incident light, is plotted in figure 3.6.
The spectrum for g is in good agreement with earlier measurements [64], but
no spectra of La@§ on substrates could be found in the literature.

There are some differences between the spectrggpfaken in solution and on
substrates. For 4 the prominent absorption peak at 335 nm is shifted by about
11 nm in the solid spectrum. Also, the absorption band fro@8 has much
higher intensity in the spectrum on a substrate. The feataréhe solid spectra
are also broader than in solution. These differences caniaired by induced
dipole interaction of neighbouring molecules, somethimat tan lead to broad-
ening of the molecular orbitals [6]. The solid state speutaf La@G. is very
broad and shows almost no details, the resonance at 400 i@ ety one that
can be resolved, and it is shifted by some 10 nm. The thin La@lths are, as
we shall see in section 3.4, sensitive to air. There was turfately no possibility
to make the measurements in inert atmosphere (e.g. a gmyeathich is why
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we can not eliminate the possibility of oxidation of the nliefallerenes. This
would undoubtedly affect the absorption spectrum.

3.2.2 Vibrational spectrum of Li@Cg

The infrared absorption spectra of the two chromatogralyiceparated frac-
tions of LI@G;, are shown in figure 3.7. For comparison also the spectrum for
the 2 + 2] dimer (Cq),, (depicted in figure 3.9) is displayed in the top panel. The
positions of the active vibrational modes of pristing (626, 576, 1183, and 1429
cm~! [6])! are marked with stars are.

One can immediately see that the spectra of the lithiatedepare much closer
to that of the dimer than to pristing;§- Most of the absorption bands of the en-
dohedral fractions correspond to bands of the dimer, evaugth some variations
in the relative intensities can be observed. But there aealsumber of peaks
in the spectra of both endohedral fractions that don’t hayecaunterparts in the
(Cé0),- These peaks are marked with arrows in figure 3.7b and artelbe& 746,
1034, 1376, 1455, and 1699 cm These peaks are thus presumably due to the
insertion of Li into the G. This is also in qualitative agreement with theoretical
calculations of the IR absorption of Li@§ [58] A strong indication of the endo-
hedral nature of the lithiated fullerenes is the absencestriceng absorption band
at 440 cn! predicted for exo- but not endohedrally dopeg {58].

The spectra from the Raman measurements on the chromatagdaplsolated
metallofullerenes are shown in figure 3.8, together, forganson, with the spec-
tra of pristine G, and the[2 + 2| dimer. The ten active Raman modes ig @re,
as mentioned above, divided into two non-degenerate, ayid fave-fold degen-
erate states. The non-degenerate modes are the “radigthibgeenode” (4,(1))
at ca 495 cm! and the “pentagonal pinch” mode {(2)) at 1470 cm*. They are
highly symmetrical and easy to visualise. The breathingerisdhe radial dis-
placement of all the carbon atoms whereas the pinch modeaisgemtial motion
of the atoms, expanding the hexagons and pinching the pmmagrhe degen-
erate modes are more complicated (see [65]). When the malesyinmetry is
altered due to doping or polymerising one can expect thatifgeneracy of the
H, vibrations will be lifted and that those modes will splitorgeveral peaks. The
non-degenerate modes, on the other hand, will respondtiariolisces mainly by
shifting to higher or lower frequencies. In particular thg(2) mode is very sen-

1Some nice animations of the vibrations qfy®ave been put on the Internet by Menéndez and
Page [65].
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Figure3.7: The FTIR spectra of the two chromatographically separated fractions of
Li@Cso and the(Cg ), dimer. The stars in the top figure show the absorption
peaks of pristine . The arrows mark new peaks in the endohedral spectra.

sitive to charging of, or bonding to the cage. One additi@ttron or covalent
bonding will shift the peak 6-9 cm to lower frequencies [6, 66].

In our measurements the, (2) mode is red-shifted about 5 crhin the dimer and
the Li@Gs-E1 compared to the & spectrum. When comparing the E1 and the
(Cs0),, Spectra one can see that there is great similarity betwesn. thnd much
more so than between E1 and the pristing, st as in the IR measurements. In
particular the splittings of thé/, (1) and theH,(2) modes are practically identi-
cal. Also the breathing moded, (1), corresponds well, even if there is a slight
tendency for splitting of this mode into two components.slisisomewhat unex-
pected. New, weak features can be seen around 350 and at 100-150 cr,

but only the lower of these is present in the E2 spectrum. &fbeg it is not as
straightforward to assign any peaks to the effect of lithingertion as in the case
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Figure 3.8: Raman spectra of the endohedral fractions LY@E1L and Li@Gp-E2, to-
gether with the spectra ofggand the dimefCsy),.

of IR absorption.

Taken together, the strong similarity between the vibratiospectra of the
Li@Cgo-E1 fraction and thg2 + 2] dimer (Cq), both in infrared and in Raman
spectroscopy, and also the retention time overlap of thespezies in HPLC im-
plies that one can with certainty assign the E1 fraction asdimer(Li@Csqy)..
The question is the type of binding between the two carboesaythe dimer.
Theoretical investigation shows that the most stable formeatral (Ce), is the
66/66 isomer of thé2 + 2] cycloadduct [67, 68], which is the phase formed by
e.g. the mechanochemical process used to produceGayly, [41]. The single-
bonded dimer on the other hand is predicted to be unstabiledareutral molecule
[67,68]. For negatively charged fullerene cages the oppagiuation holds, the
theoretical calculations show the single-bonded dimeligistsy more stable than
the double-bonded cycloadduct. This is corroborated bgyxpowder diffrac-
tion of exohedrally doped £, [69, 70], where the alkali atoms donate an elec-
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tron to the fullerene, and by investigation of the azafelier(Cs9N),, which is
isoelectronic to(CgO)2 [71]. Despite great similarity between the Raman and
IR spectra of the single- and double-bonded dimers, groaprétical analysis
predicts 174 Raman active modes for either type and 174 c@BfdR active
modes for the single-bonded’{, symmetry) and double-bonded{;) respec-
tively?, there are some telltale differences. Strong bands at 44&2ah cnr!
have been observed for single-bond€i,N), and (Cgo)2 but are not observed
for the cycloadduct [71]. In the IR spectra a strong line-@05 is present in the
double-bonded [50, 72], but not in the single-bonded [78]eti The presence of
this mode and the absence of the aforementioned Raman moplssithat the
Li@Ceo-E1 fraction is g2 + 2| dimer.

Comparing the two Li@¢g fractions one notices that the IR spectrum of the E2
fraction in figure 3.7 has less pronounced features than fhep&rticularly in
the region above 900 cm. There are also distinct differences in the splitting of
the peaks around 550 cth derived from thefy, (1) and F1,,(2) modes. Here, as
expected, the E1 is very similar to the dimeric sample, wéxetiee E2 is markedly
different. Also in the Raman measurements (fig. 3.8) one firgdsdilarities. The

E2 spectrum gives a more complex appearance than does tisera&thing that
can be indicative of a lower molecular symmetry. Since th&ElRetention time
for E2 overlaps the g trimers it is not an unreasonable suspicion that it might be
of trimeric nature. Comparing the measured Raman activityuofsample with
calculations, performed by Porezagal. [74], for different fullerene oligomers
gives compelling evidence that this is indeed the case. Croedpaith the(Cg),
dimer the pentagonal pinch peak is shifted 5 ¢étowards lower frequencies. This
shift, and the splitting of thé/,(1) mode into four peaks such that the highest and
lowest frequency components have the same intensity isnatsige of the closed
triangle structure that can be seen in figure 3.9.

A table with all the observed infrared and Raman modes of tHeteedral Li@ G
compared with & and (Cs), together with possible band assignments can be
found in Paper II.

3.2.3 Vibrational spectrum of Li@Cr

The FTIR vibrational spectrum of Li@4 can be seen in figure3.10 in comparison
with the spectra of the pristine;£molecule and of the diméC;,), measured by
Lebedkinet al. [75]. Analogously to the case with Li@g; the vibrational spectra

2Due to the weak intensity and overlap between componentseafame split & modes the
experimentally detected peaks are much fewer.
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Figure 3.9: Proposed structure of the investigated endohedral species. On tlieeleft
[24 2] Cgp dimer, with circles marking the atoms strongly participating in the
IR absorption mode at 796 cmh. On the right the optimised closed triangle
structure from ref. [74].

of the lithiated species and the dimer of,@re far closer than are the Li@{and
the monomeric species. Arrows in the figure mark a number sbgibion bands
that appear only in the lithiated sample. These are locdtéd4 745, 1015, and
1253 cnt!. Also in the interval 400-500 cm a broad absorption band can be
noted. As in the case ofggabsorption in this region may be due to the motion of
the lithium encaged by the£(see section 3.2.4).

The Raman spectrum of Li@gis very similar to the spectrum of the{dimer as
can be seen in figure 3.11. There are some differences inrimggh of individual
band, and the lithiated compound shows a shift of some 25 towards lower
wavenumbers. This could perhaps be due to the extra chare @age donated
by the lithium atom.

All in all, with the excellent agreement between Raman andRF3pectra of
Li@Cr, and(Cy), and the overlapping HPLC retention time of these two com-
pounds, one can conclude that Li@& of dimeric nature. The exact form of this
dimer is, however, a very daunting task to determine. Fifferdint[2+ 2] dimers,
with very similar formation energy but differing orientatis of the monomeric
constituent to the double bond bridge, exist for the ne@gl[75]. Additional
complication comes from the charge donation by the encafeiilithium that can
be, as demonstrated in the case of Li@Gignificant for the stability of different
isomers. Very few experimental investigations into negdyi charged & dimers
have been performed. So, while the exact structure of Lig@€mains elusive,
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Figure 3.10: FTIR spectra of &, the dimer(Cr),, and the endohedral fullerene Li@C
The arrows mark absorption bands appearing as an effect of lithium inse

tion.
C70
w
'c
>
g (C70)2
>
K7
5
2
Li@c,,

r~rr~~rr—Tr 1~ Trr~~rr~T1 1 rrrr T rTr T T
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700
. -1
Raman shift [cm™]

Figure 3.11: Raman spectrum of Li@+#g together with spectra pristine;£and the dimer
(Cr0),. Arrows mark new lines appearing after lithium insertion.
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Figure 3.12: The potential for the lithium atom inside asgCcage. The dashed line is
the potential calculated by Dunlagt al. [47]; the circles are calculated by
Delaney and Greer [48] and the dotted line is a fit to that data using the
Morse potential in eq. 3.1. The solid line is a Morse potential \ith- 1.2
ev.

the designation as a dimer is based on cogent evidence.

3.2.4 Motion of the encapsulated atom

As pointed out in section 2.4.1 internal doping of the fidiee is not expected
to influence the vibrational spectrum significantly, but thetion of the encaged
atom should give rise to an absorption band. The potentiéae on which the
lithium ion moves can be well approximated with the so calleflected” Morse

potential (see figure 3.12)

V(r)=D(1- e“(r_”’))2 . (3.1)

The values of of the parameters have been calculated by petlal. [47] to
D = 0.666 eV, = 1.54 A~', andr, = 1.36 A. A more recent calculation by
Delaney and Greer [48] reached a very similar result as caeée in the figure
3.12. Using the potential calculated by Dunlkeipal. Joslinet al. [49] predicted
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Figure3.13: FTIR spectra for the E2 fractions of the metallofullerefieg@Cg, and

"Li@Cgqo. The dashed lines are calculated rotation-vibration bands using
the reflected Morse potential with = 1.2 eV.

vibration-rotation bands at 350-450 chwith overtones at 700-850 cm for
Lit@Cs. The band positions for the lighter lithium isotope shifirswhat
upwards.

In order to reveal which bands correspond to the motion ofiniternal atom,
samples of metallofullerenes were prepared where diftasatopes of lithium
had been used in the ion bombardment. Comparing the IR-abmoggectra of
the samples shows that the five new absorption peaks thaampfier lithium
insertion, and are marked with arrows in figure 3.7, reta@irtpositions. They
are thus not directly caused by the encaged lithium, but aega charge transfer
to the fullerene cage and distortion of the cage structurewdyer, broad weak
absorption bands can be seen around 450'dmthe spectrum of Li@Cgy-E2,
and shifted about 50 cm to 500 cnt! for the °Li@Cg-E2 sample. This is at
higher wavenumbers than the calculations predict, and argt assume a deeper
potential well for the lithium to move in, witlh ~ 1.2 eV, to get correct position
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for the vibration-rotation bands, as can be seen in the pliagure 3.13. One must
bear in mind though, that the shift of the bands for the twéoiges is reproduced
in calculations using the potential of Delaney and Grearneithe absolute posi-
tions are somewhat displaced. One should take into accbanttte calculations
are made for isolated molecules, and not the dimeric anctiinspecies present
in our samples.

To adequately investigate the motion of the internal lhiatom in the fullerenes
one should preferably measure on isolated molecules, whight prove excru-
ciatingly difficult, and at very low wavenumbers, below 108 ¢ that were re-
stricted to us due to instrumental limitations, where baiblid et al. and more
sophisticated models [76] predict strong rotation bands.

3.3 EPR measurements on Li@Cg,

A pristine G, molecule has no unpaired electrons and should thereforgivet
rise to any EPS signal. However very often two lines are sbilerved. These
lines, the first with & value of 2.0025 and the other closer to 2 are usually as-
cribed to the positively chargeds§ [77], and the negatively chargedC [78]
respectively. These lines are the results of defects whduHleaene molecule
has lost an electron or bound an extra electron. The EPRaasen are narrow
with a line width less than 2 G, which means that the extratedac or hole, is
delocalised over the wholeggcage.

Measurements on endohedral fullerenes often reveal a mowhE€R lines com-
ing from hyperfine coupling between the nuclear spin of theaged atom and
electrons donated to the carbon cage. However, most of theasurements have
been performed on M@g, with M=La, Sc, Y. In the case of Li@4 one elec-
tron is donated to the fullerene cage, and the interactidhisfunpaired electron
with the nuclear moment of the Li nuclef & 3/2) should produce four closely
spaced lines in the EPR spectrum.

In our measurements on,§done single line was observedat= 2.0025 £ 0.0005,
the line associated withgg"™. The line from G,~ was not observed, but this is
not very surprising; The positive line is much more commasthgerved than the
negative [6]. From the area of the resonance line the coratent of paramag-
netic centres{rc) can be calculated. Forggthe concentration was on the order
of 107 spin/g, or roughly 1 defect in 5000 molecules. The width eflthe, AH,
both for room temperature measurements and at 77 K, is 58;Which is con-
sistent with earlier results. In figure 3.14 the peak-tokp@aplitude of the EPS
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Figure 3.14: EPR signal intensity as a function of the square root of the microwaverpowe
for Cgo and Li@ Gy measured at room temperature.

signal has been plotted against the square root of the mas@power. In G, the
signal keeps increasing as the power is turned up. This isdtide of a system
where the spin-lattice relaxation timé] is of the same order of magnitude as
the spin-spin relaxatiorif). These were calculated to bel0~%s. [79]

In the EPR spectra from Li@G-E2 one single line was present, the hole defect
line with ¢ = 2.0025, which was also in the pureggsample. There was no
significant difference in the spectra from room temperatoeasurements and at
77 K, and also no difference between Li@0n bulk and as a film on a teflon
substrate. Compared tg;{the line is somewhat broader in the Li@G&pectra,

with AH = 2.5 — 3.1 G, and the concentration of paramagnetic centres has de-
creased taVpc = 10'%/g. Upon heating the Li@§ sample to ca 508C a new
weak EPR line appeared with= 2.0004 4+ 0.0005 (see figure 3.15), also this one
present in the G measurements. The appearance of tfeli@e is accompanied
with an increase in the number of PCs1t®'?’. A possible explanation is that
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the heating produces an electron transfer between neighlgaeutral fullerenes
creating positively and negatively charged species.

2.0025
] 2.0004

3355

3360

3365

H [C]

A ]
3380

3370 3375

Figure 3.15: ESR spectrum of Li@§y after heating te~500°C (full line). Modelling of

the lines (dash and dash-dot) gives: 2.0025 andg = 2.0005 respectively.

Even if no new EPR lines are found in Li@{compared to pure & a distinct
difference can be found in the dependence of the line iniensithe microwave

power (figure 3.14). Where the intensity of thg,dine keeps increasing, the
LiI@Cq line reaches a maximum at ca 1 mW and then decreases. Caloubdti
the relaxation times giveg, = 3.2-10~* s, an increase of four orders of magnitude

compared to g . The spin-spin relaxation time has only increased modé&sihy
T2 = 2 . 10_8 fOI‘ C60 tO TQ - 6 . 10_8 fOI’ L|@C60

The absence of any new lines in the Li@Gpectrum can be understood in view
of the Raman and FTIR measurements discussed in the prewotisrs Since
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Li@Cs exists in the form of dimers or trimers the extra electromfsia double-
bond with the electron on the neighbouring molecule, legvia unpaired elec-
trons to give any EPR signal. The much longer spin-lattidéaxagion time can
be explained by the lowering of the symmetry due to the bigdifithe fullerene
cages.

3.4 Effect of oxygen on endohedral fullerenes

In this section the effects of air on endohedral fullerenékb& discussed based
on LD-TOFMS experiments on La@& and conductivity measurements on
La@Gs and Li@G.

3.4.1 LD-TOFMS on films of La@Cg, exposed to oxygen

It has been known for a long time thagd&xposed to oxygen deteriorates slowly
over time, and that the process goes faster if the fulleraneexposed to UV
light [80] or high temperatures [81]. Endohedral fulleretave also been inves-
tigated for oxygen sensitivity using MS. Callahainal. found that the amount of
La@C, (n=60-82) in fullerene soot decreased as the soot was expmaé [382].
Similarly, also in fullerene soot, Hettich and co-workeas/ghe release of Sr from
Sr@G, after several weeks of air exposure, evidenced by the agpeaiof pre-
viously nonexistent peaks from SrSrO*, SrCQ}, S,LO; and SsCOj in their
LD mass spectra [83].

In order to perform a more quantitative analysis of the @€ oxygen on metallo-
fullerenes we prepared thin (500-1000 A) films of La@By evaporating HPLC
purified material from a quartz ampoule onto substrates a$ggbr aluminium.
The evaporation was performed in a vacuum chamber with a jp@Essure of
10~"mbar. The films were quickly transferred to the TOF-MS, eipgpshem
only briefly to atmospheric oxygen (<5 min). To expose théefenes to oxygen
the films were taken out of the mass spectrometer and stoaadlient air in the
laboratory.

LD-TOFMS, with a laser fluence o£18 mJ/cm, on freshly deposited films of
La@G, shows the characteristic shrink-wrapping of the enclosetahatom
from sequential loss of £units, but no or only very small amounts of lanthanum
or smaller carbon fragments. This can be seen in the top fatigure 3.16.



42 - CHAPTER 3. RESULTS AND DISCUSSION

150 F T T T T T T T T T A
125
100

< 5 minutes La@C,,’

—  of
3. 50 __ T T T T ] T T .
®© I 140 minutes La@C,,
. “of
= 30
2 2] .
) L pump oil +
E 10+ a0
- 0F | | | | A | | | |
(- I t T t T t T t T t A t T t T t T t T
Q 3l 210 minutes La@C, "
L 82
20+ LaO"
10+ + +
_ Lot )\3@2 LaC,
Op 1 1 1 1 v 1 1 1 1
100 120 140 160 180 900 1000 1100 1200 1300

m/z

Figure 3.16: Positive mode LD-TOF mass spectra of a film of La@@fter various
times of exposure to air.

La-carbide fragments are found in LD-TOFMS experimentéwigher laser flu-
ence and come from complete destruction of the metallofrle and loss of the
fullerene structure [37]. However, after only a few hourp@sure to air first
LaO" and then LaG" (n = 0,2, 4) appears in the mass spectra. This is accom-
panied with a decrease of the La@C signal. It is notable, however, that the
relative intensities of the peaks in the fragmentationgoattemain unchanged,
as expected for spectra taken at the same laser fluence.rédighly one month
storage of the film in ambient laboratory air the mass specirufigure 3.17 was
taken. It shows a very large La(peak, but also oxidised metallofullerene ions.
La@GC;sO" and La@G,O" are clearly visible, but La@&O"™ and La@G,O"
may be hinted at as shoulders on the La@Gnd La@G, " peaks respectively.
Another new feature not seen in the pristine films is the presef empty G,_,, ™.

Experiments were also performed using negative ion LD-T@E8hown in figure
3.18. In the case of pristine metallofullerene films the La@Gs the dominating
peak, with a tiny La@&O~ as only companion. No fragmentation is detected
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Figure3.17: LD-TOFMS of a thin La@G, film exposed to air for 35 days. The in-
set shows the lower and the higher mass region with fragmentation and a
prominent peak from La®. The close-up of the higher mass region reveal
the presence of oxygenated species.

despite a laser fluence of 15 mJfenThis is not surprising, however, and is also
observed in negative mode MS ofCThe electron affinities of g and La@ G,
are much lower than the dissociation energy ferl@ss, making loss of the ex-
tra electron the vastly dominating fragmentation chanoehkegatively charged
(metallo)fullerenes. However, after a few hours in air droatbon clusters ap-
pear in the mass spectra, as well as both La@@nd empty G,~. The amount
of these increase over time. In the bottom frame of figure $«@&an also find
doubly oxidised La@6O, . An unidentified peak at-1159 u is marked with an
asterisk. It may be the result of a chlorine attached to th@ Ca. The mass of
this should be 1158 u fo¥Cl.

It seems clear that oxygen, most likely from 1@ the air, reacts with the metallo-
fullerenes and increases the likelihood for loss of therim@klanthanum atom.
It has been suggested [84] in the case gf that O, molecules can react with
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Figure 3.18: Negative mode LD-TOF mass spectra of a film of La@@fter various
times of exposure to air.

a double bond in the fullerene cage. The process involvegeneansfer from
the excited triplet state in thesgEto the oxygen molecule and results in a severed
C=C bond that leaves the cage open, with C=0 groups on eachfside gap.
The damaged £O, can fragment by the loss of CO, GOr 2C0O. CO and C®
has been observed in photoemission studies of saglith@ontact with G, [85],

and the products O~ and Gy~ in collision-induced dissociation of O~ and
Cs00; [82]. Small negatively charged carbon clusters have besarobd earlier

in reactions between laser ablated hot (empty) fullerenésnaolecular oxygen

clusters [86]. These probably originate from the fragmioneof unstable prod-
ucts like the G,.

In figure 3.19 the ratio of LaOand LaG fragments to La@&™ is compared for
film exposed to oxygen for different periods of time. Sincedinly source of La is
from the metallofullerenes the aforementioned fragmergsoaviously products
of the destruction of the endohedral fullerene. It is knowat toxygen diffuses
into G films, causing great changes to the conductivity of the film].[8The
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Figure3.19: The ratio(LaO" + LaC}) /La@GCs> ™ measured from positive mode LD-
TOFMS spectra of films of La@4s exposed to oxygen for varying periods
of time.

concentration of oxygen in the film grows roughly expondlytiavith a typical
time constant of days [87]. Assuming that the La@@ecays exponentially, as a
consequence of the increased amount of oxygen in the filswiifigive the ratio
of fragments to intact fullerenes as

R(t) =0 (" —1), (3.2)

wherek is the rate constant for the destruction of the metallofelies and is a
factor related to difference in detection efficiency andsation potential between
the parent and the daughter molecules. Fitting the data umefi§.19 with this
function givesk = (1.2 4 0.5)10-9s™!, which corresponds to a half-life of 6.6
days, ands = 0.54 £+ 0.12. The latter corresponds reasonably to the detection
efficiency correction factor between La@@nd the fragments [37].

The effects of oxygen on fragmentation of,Cdescribed in articles mentioned
above, were investigated on fullerene-oxides preparedainnars differing from
our experiments. £ is reasonably stable in air and films of&xposed to am-
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bient atmosphere do not show any oxygenated species in LEM®measure-
ments. However, La@ has a higher electron affinity thanJ88], and is more
likely to react strongly with oxygen. There is thus reasométieve that atmo-
spheric oxygen can affect La@galso without for example photoexcitation. If
O, molecules are indeed able to break open the fullerene cagaraLa@G,,
that could serve as explanation for the increased propefiositoss of the encap-
sulated lanthanum atom. The La@O,, (n = 0,1, 2) seen in the mass spectra
is likely to be due to loss of £ CO and CQ from La@G,0O,, mirroring the re-
action found for G,. Also, the presence of the empty fullerene aniogs &, is
probably not due to sequentia} ss, due to the low probability of that reaction
channel compared to loss of the electron, but direct fragatiem of oxygenated
La@G,. We do not detect any unevenly numbered fullerenes like @&,
(m = 0,1) in our mass spectra similar to what was found fgg,@nd it is likely
that if they are formed they readily fragment into smallexgais, perhaps com-
pletely breaking up the fullerene structure. The many soalbon fragments and
La-carbides found can be indicative of this.

It is obvious that oxygen in the air has an effect on the stgluf the La@G; in
thin films, and increases the tendency for fragmentationlessl of the internal
atom in LD-TOFMS experiments.

3.4.2 Conductivity of thin endohedral fullerene films and the
effects of oxygen exposure

Measurements of the conductivity of{have been made many times over the
years, and it is known that the conductivity is lowered byesalorder of mag-
nitude by the presence of oxygen in the sample [89]. The sarmae for higher
fullerenes (G, Crs, and G4) according to a recent study [90].

We have performed measurements on the endohedral fulkele@C;, and
La@G., and for comparative reasons on the empgy.C

In figure 3.20 the result of I-V measurements og @re shown. The measure-
ments were performed after different deposition times,wiéh differently thick
fullerene films. The final thickness of the film, after 11 mesitdeposition, was
measured by profilometer to be800 nm. Each measurement was performed in
two directions, with increasing and decreasing voltagee issteresis-like be-
haviour is likely due to charging effects of the sample dymmeasurements, and
is pronounced at very low currents, but disappears at higiwent levels. The
conductivity is determined by fitting a straight line thréuthe origin, as shown
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Figure 3.20: I-V measurement on a thin film of g after different deposition times and
after~5 min exposure to air.

for one of the curves in figure 3.20. Fogfhe resistivity was measured to be
52 MQ cm, which is in good agreement with results found in theditere [91,92].
The measurements performed after the fullerenes were egposir for five min-
utes show an increase in the resistivity of about one ordenagnitude. This is
in line with expectations [89]. The measurements on Li@Were performed
using purified material from the E2 fraction. As was shownrevpus sections
Li@Cq exists as a trimer. It is thought that the weak intercage bamd broken
upon heating and the fullerenes are deposited as monomars,ib likely that
they oligomerise again on the surface, but not necessarilya same form. For
the resistivity of Li@ G, we measured a value of 1.Rkm for a freshly deposited
30 nm thick film (figure 3.21, top frame). This is more than fouders of mag-
nitude lower than the value forgg: But, as can be seen in figure 3.21b, only a
very brief exposure to oxygen, in this case only two minulesgs to a dramatic
increase of the resistivity. After another hour of air exjresthe conductivity has
dropped to levels comparable to empty, C

Recent STS-investigations of La@how that it has a metallic electronic struc-
ture [63], and can be expected to be a good conductor. Thspwainmeasure-
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ments on freshly deposited films (figure 3.22a) gives a esjsfor LaCsg, of
300©2cm. Also for LaG, we notice a decrease in conductivity, however much
slower than for Li@G,. After five minutes in air the resistivity has increased by
25%, and only after days of exposure does the conductivipyageh the levels of
Cso, as can be seen in figure 3.22b.

We saw in section 3.4.1 that La@s affected by oxygen, and that the effects
start becoming visible in LD-TOFMS after about two hours gp@sure to air.
However, the conductivity is affected noticeably after achnghorter time, and
for LI@Cg, there is a dramatic change in conductivity after only brigfasure.
Oxygen influences the conductivity ofCas well. Immediately upon exposure,
oxygen starts diffusing into the intergrain boundaries fufilegrene film [87]. This

is a process that takes several minutes, and can lower titictrity in Gy by

an order of magnitude or two by quenching the electronicsrart. Over sev-
eral hours or days the oxygen continues to diffuse into therstitial places of
the fullerene grains. Presumably a similar behaviour iswbtor the metallo-
fullerenes. One can also see a clear difference in the I-Vacheristics between
Li@Cq and La@G,, where the former shows a clearly ohmic dependence, and
the latter has a non-linear behaviour. To explain this bigihave need to find the
conduction mechanism.

Some preliminary measurements have been performed omtipetature depen-
dent conductivity of . These are to be followed by similar experiments for
La@G.. During the measurements, a fullerene film was depositedessribed
above, after which the temperature of the sample was inedegl®wly by an
electric heater. Transport measurements were performedeavals of 5 or 10
degrees. When the sample reached the desired temperatureatieg current
was turned off and the sample was left to cool down in vacuuhilevthe mea-
surement were repeated for the decreasing temperature. cyble temperature
dependence of the resistance of a fullerene film, meagarsiu, is plotted in
figure 3.23. The resistance is plotted on a log scale agaiist/7 on an Ar-
rhenius plot. During increasing of T, the resistivity shaavBnear behaviour in
the Arrhenius plot. This is the normal case of a semicondpwaiith an activated
conductancer « e F/k8T whereE, is the activation energy. However, at a
temperature of ca 110C the behaviour changes, and around 16Qhe resistiv-
ity stops decreasing. During the decrease of the temperttarbehaviour of the
resistance in the Arrhenius plot is clearly not linear. Sain@nge in the conduc-
tion mechanism occurs, but the details are not yet known. édew a hint can
be found by looking at the structure of the fullerene film inM\Before and after
heating, as seen in figure 3.24. A clear difference betweernwb images can
be seen, were the upper picture, taken on a freshly depdsitedhas much finer
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Figure 3.23: Temperature dependence of the resistance of a fullerene film. The logarith
of the resistance is plotted against the inverse of the temperature in an Ar-
rhenius plot. The full squares are for increasing temperature, andnipigy e
squares for decreasing T.

grain than the film after heating to 18G, shown in the lower image. This change
of structure probably affects the conductivity, but furtb&periments are needed
to provide a conclusive answer. Notable is also that the ggaém conductivity
and structure has not been reported in earlier measuremdulierene films, see
e.g. [87].

We also exposed aggfilm to air for 15 minutes, which lowered the conductivity
by about 1 order of magnitude. After annealing for ca 20 hair$50°C the
conductivity returned to its original value. This is in liméth earlier observations
[87].

Experiments on the temperature dependent conductivityatéihofullerenes are
underway. Particularly interesting is the annealing eixpent, that might reveal
whether the effect of oxygen exposure is reversible, as §grde if the damage is
permanent as might be suggested by the LD measurements.
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Figure 3.24: AFM images of the fullerene film. The upper image shows the film directly
after deposition, and the lower image is taken after heating the sample to
180°C.



Conclusions and Outlook

“Would you tell me, please,which way | ought to go from here?”
“That depends a good deal on where you want to get to,” sai€C#te

“l don’t much care where—,” said Alice

“Then it doesn’t matter which way you go,” said the Cat.

“—so0 long as | gesomewherg Alice added as an explanation.

“Oh, you're sure to do that”, said the Cat, “if you only walknigp enough.”

In this thesis recent investigations concerning produagtstructure, and stability
of the endohedral fullerenes Li@§;;, and La@G, have been presented. A brief
description was given of a new surface ionisation sourcewha designed to cut
the costs of using expensive ion emitters, and enable trduption of non-alkali
metallofullerenes. This is the scope of ongoing experisent

The produced Li@¢s,70 Was investigated using LD-TOFMS, EPR, and vibra-
tional spectroscopy to determine the structure of the rhodétdlerenes. It could
be concluded that the two fractions of Li@Qound in HPLC purification of the
ion bombarded fullerenes are dimers and trimers of L@E&PS investigation
showed no new resonances in Lig@@Compared to pristine £, something that
can be explained by the formation of double-bonded dimedstamers, pairing
the electrons donated to the carbon cage by the internal. atdva EPR signal
did show a difference in the dependence on microwave powesdesm empty and
filled Cso.
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LD-TOFMS investigation of thin films of La@¢ showed that the fullerenes re-
acted with oxygen in the air. The oxygen increased the iatilhm of loss of the
internal La atom compared to films not exposed to air, thatvsinagmentation
mostly through € loss, so called “shrink-wrapping”. An explanation couldare
oxygen-reaction opening the cage, allowing the La to slipnoore easily than in
intact molecules.

Transport measurements of the metallofullerenes Li@@d La@ G, show that
their conductivity is much higher than that ofCbut the measurements also con-
firm the films’ oxygen sensitivity. Upon exposure to air thendoctivity rapidly
drops, and after prolonged exposure reaches that of @i€tn
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