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Abstract 

Laser ablation Fourier transform ion cyclotron resonance mass spectrometry was 

used in the study of endohedral metallofullerenes, metal carbide clusters and selected 

fullerene derivatives. 

Laser ablation Fourier transform ion cyclotron resonance mass spectrometry was 

employed to study the carbon precursor effect in the formation of endohedral 

metallofullerene ions. Carbon thermal black and pyrolysed Koppers coal-tar (KCT) 

pitch were investigated primarily by mixing compounds containing selected metals from 

group IIA (Ca and Ba), IIIB (Y and La) and lanthanide (Ce, Pr, Nd and Sm) in the 

periodic table. Endohedral metallofullerene cations M@C2n + (n is observed equal or 

greater than 22) were detected by Laser ablation Fourier transform ion cyclotron 

resonance mass spectrometry from all these metals. A preliminary investigation of 

macroscopic production of endohedral metallofullerenes using pyrolysed KCT-pitch as 

the carbon precursor showed that the energy used in such production was about three 

orders of magnitude lower than that required for graphite. 

Laser ablation Fourier transform ion cyclotron resonance mass spectrometry studies 

also show a correlation between endohedral metallofullerenes M@C20 and their 

corresponding metal carbide clusters MC0 (n < 10). These two types of clusters are 

formed from the same target but by different laser pulse widths and laser energies. For 

metals that are not observed to form endohedral metallofullerenes, such as Nb and Ta, 

only metal carbide cluster cations are detected in the form of MxC/ (x = 1 -13; y = 0 -

14) with the Mi series were observed as the most abundant species. 



Gas-phase ion-molecule reactions between yttrium-/lanthanum-carbide cluster 

cations (MC2 +, MC4 + and MC6 +) and methanol, hydrogen sulfide, benzene, benzenethiol 

and cyclohexane were investigated. These cluster ions were capable of 

dehydrogenating the reagent molecules to form covalently bonded structures in the 

initial stage. Clustering processes were observed in the reactions with benzene and 

cyclohexane that yield condensation products formed by weak covalent interactions. 

Gas-phase studies of these metal carbide cluster ions also show that the increasing 

number of carbon atoms in these clusters effectively reduces their reactivity towards 

reagent molecules. 

Quantum chemical calculations usmg density functional theory reveal that the 

ground state geometry for LaC2 +, LaC4 + and LaC6 + is a fan shaped structure, with LaC6 + 

being non-planar. The calculation results for gas-phase reaction products of LaC/ (n = 

2 and 4) with benzene reveal lanthanum forms two La-C covalent bonds with the 

reactant molecule in the initial stage, which might have the carbon ligands involved. 

Further reaction products formed structures mostly by weak covalent interactions 

between lanthanum and carbon Pi bond. 

Several amino acid types of fullerene derivatives together with cyano-fullerenes and 

fluorinated fullerenes were investigated by ESI-FTICR mass spectrometry. The 

cationic molecular species are mostly formed by protonation or alkali-metal ion 

addition. Deprotonation, chemical reduction and cyano-addition are responsible for the 

observation of anionic species. 
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Chapter One 

General Introduction 

1.1 Aim and Outline of this Research Project 

The primary goal of the research in this thesis is to apply Fourier transform ion 

cyclotron resonance (FTICR) mass spectrometry to investigate fullerenes, endohedral 

metallofullerenes and its related precursors and derivatives. 

The laser ablation ionization method is used to study the formation of fullerenes 

and endohedral metallofullerenes from various carbonaceous materials. Small metal­

carbide clusters that are related to endohedral metallofullerenes are investigated by 

means of gas-phase ion-molecule reactions and quantum chemical (DFT) calculations. 

Various fullerene derivatives are studied by the electro spray ionization method in order 

to reveal their gas-phase ion chemistry. 

1.2 A Brief History of Fourier Transform Ion Cyclotron Resonance Mass 

Spectrometry 

Fourier transform ion cyclotron resonance mass spectrometry, being a versatile and 

informative modern analytical technique, has found broad applications in natural 

science. Over the past three decades, both its theoretical fundamentals as well as its 

applications have undergone an explosive development. 

The methodology which FTICR mass spectrometry adopted can be traced back to 

as early as 1949 when a group of physicists, Sommer, Thomas and Hipple introduced 

the 'Omegatron' to measure the cyclotron frequencies of ions constrained in a magnetic 

field. 1•3 The core of this omegatron consisted of flat metal plates or electrodes to which 

radio frequency and direct current (DC) voltages were applied. The ion motion in this 

instrument was constrained to circular orbits perpendicular to the magnetic field and no 



constraint by the magnetic field along the parallel. Ions were stopped escaping axially 

by applying a DC electric field onto the electrode plates that were set perpendicular to 

the magnetic field. Although this device exhibited relatively low mass resolution by 

today's standards, these scientists had predicted that the mass resolving power of the ion 

cyclotron resonance technique is the same as the frequency resolving power. They 

pointed out that one of the most important applications oflCR spectroscopy would be in 

precise mass measurement and they demonstrated that isobars H+ and D+ could be 

readily separated.4 

During the 1960's, prototypes of ion cyclotron resonance mass spectrometers were 

introduced and developed by Wobschall at Comell,5'6 Llewellyn at Varian7 and 

Baldeschwieler's group at Standford.8'9 These instruments had an improved mass range 

and resolution compared to the omegatron and used a marginal oscillator ion detector. 

Ions were generated by electron ionization and drifted through the ICR cell on the order 

of milliseconds. They demonstrated that by scanning the magnetic field, ions of various 

masses could be brought into resonance in sequence. But because ions quickly drifting 

out of the ICR cell, the possible detection time and the mass resolution for the observed 

ions were limited. 

A breakthrough of ICR mass spectrometry came in 1970 when Mclver10 

demonstrated that ions could be formed, trapped and detected in a single ICR cell. Ions 

were no longer allowed to drift through the cell but permitted to remain in an enclosed 

ion trajectory in the ICR cell on the order of many seconds. Ions of various masses 

were excited sequentially using a swept-frequency pulse and detected by a capacitance 

bridge. 11 

In 1974, Comisarow and Marshall12-14 introduced the Fourier transform data 

reduction method to the ICR mass spectrometry. This innovative combination 
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revolutionized the ICR mass spectrometry. Since then, a new name, Fourier transform 

ion cyclotron resonance mass spectrometry has been given to this powerful analytic 

technique, and an enormous number of studies have been carried out on both 

instrumental development and its chemical applications. Up till the end of year 2000, 

there are some four thousand publications have been listed by the database Scifinder® 

that are closely related to the FTICR mass spectrometry studies. 

During the 1980's, several new features were added to the FTICR mass 

spectrometry and they have made significant improvement in many aspects of this new 

technique. The utilization of ultrahigh-vacuum and strong-field superconducting 

magnets, 15 as predicted by theoretical studies, 16•17 have significantly improved ion 

trapping efficiency, and ions can be trapped in the ICR cell on the order of many hours. 

These developments have also enhanced the mass resolution, especially for high-mass 

ions. The applications of a frequency scan instead of a magnetic field scan, 18•19 made it 

possible for fast signal acquisition over a wide mass range. 

Meanwhile, various new ICR cell designs have been investigated in order to 

improve the ICR cell performance. A cylindrical ICR cell was used to avoid side-band 

effect that was observed in Mclver's cubic cell.20•21 To reduce the space-charge effect 

and to eliminate harmonic peaks, an elongated ICR cell was investigated.22 In order to 

improve the electromagnetic field homogeneity, some modification were made to the 

cylindrical cell, a rf-shimmed ICR cell with hemispherical end caps was used.23-24 For 

the same reason, an 'infinity' cell was designed by Caravatti,25,26 and an open geometry 

ICR cell was introduced by Wang and Marshall.27 Note that some of the concepts 

presented here will be explained in the later discussion. 

Another important development of FTICR mass spectrometry at this time was the 

coupling of various external ionization methods.28 Along with the FTICR mass 
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spectrometry development, ionization methods have undergone many changes in order 

to meet analytical chemistry demands. Many new ionization methods such as fast atom 

bombardment (FAB),29 matrix-assisted laser desorption ionization (MALDI)3° and 

electrospray ionization (ESI)3 1 were developed to facilitate the study of different types 

of samples, either in the form of gas, liquid or solid. Unlike the electron ionization (El) 

method, which was used internally by FTICR mass spectrometry at the beginning, most 

of the new ionization methods have been applied externally to a FTICR mass 

spectrometer. This new design has made FTI CR mass spectrometry a very versatile 

technique and capable of analyzing a broad range of samples. Detailed description of 

these ionization methods will be present in later sections of this chapter where ion 

generation method is the focus of the discussion. 

Over the years, many researchers, besides those mentioned above, have made 

significant contributions to the FTI CR mass spectrometry development. Their 

contributions have broadened and deepened the fields that FTICR mass spectrometry 

involved. Among them, Kofel, McMahon and coworkers developed high-pressure 

FTICR mass spectrometry, which enabled the use of external ionization sources.28,32,33 

Brauman and coworkers developed an infrared laser photophysics method for the study 

of gas-phase ions.34'35 Other researchers like Eyler, Dunbar, Freiser and Cooks have or 

had been the major developers of the gas-phase ion chemistry. Readers are directed to 

comprehensive reviews for detailed description of their research works.36-39 

1.3 The Fundamentals of FT/CR Mass Spectrometry 

The fundamental principle of FTICR mass spectrometry is represented by a simple 

relationship between the ion cyclotron frequency and it's mass.39 As shown in Equation 

1-01, in a uniform magnetic field B, which is well defined, the ion cyclotron frequency 
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OJ is proportional to the magnetic field strength B and inversely proportional to the 

mass-to-charge ratio (m/q or m/z). 

qB 
OJ=- (1-01) 

m 

Where q is the electric charge carried by the ion. 

Many important features of FTICR mass spectrometry including the mass range, 

mass resolution and mass accuracy can be derived from this basic principle. In practice, 

these features are not only confined by theoretical barriers, but also limited by 

instrumental conditions. Equation 1-01 also indicates that FTICR mass analysis is an 

ion energy free technique. This eliminates the need for ion energy focusing which is the 

fundamental concern for some other mass spectrometry techniques such as time-of­

flight mass spectrometry. 

1.3.1 Mass Range 

According to the Equation 1-01, the mass range measured by FTI CR mass 

spectrometry reflects the range of frequency measurement. In theory, as the detected 

ion mass becomes smaller, the corresponding frequency increases significantly. This 

effect often sets a low m/z end limit for signal digitization. On the other hand, the ion 

cyclotron frequency at high mass range (m/z >5,000) is of such small value that the 

electronic noise can interfere with ion detection. Also, as the mass of ions becomes 

larger, the so-called 'magnetron motion'4042 can become very severe, and it can 

significantly affect the mass resolution. These problems can be overcome to some 

extend by using improved electronics43 as well as higher strength of magnetic field. 44 

1.3.2 Mass Resolution 

The unique ultrahigh mass resolution of FTICR mass spectrometry was first noted 

by Comisarow and Marshall, 12A5 As illustrated in Equation 1-02, 37 the mass resolution 
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(R) is directly proportional to the observation time (transient) and to the magnetic field 

strength, but inversely proportional to the mass-to-charge ratio m/z. 

R = _!!!_ = _!!!_ (!!,.w: FWHH)~ 1.7xl07 zBt 
/!Jn !).w m 

(1-02) 

where m is the mass of the analyte molecule, w is the ICR frequency of the 

corresponding ion, FWHH is the full width at half height of a peak, z is the electronic 

charge carried by the ion, B is the magnetic field strength and t is the observation time. 

In the ICR cell, the ion cyclotron frequency is measured by the image current 

induced by the ion cyclotron motion. This image current can be affected by many 

factors and the most significant one is the so-called collision damping effect. That is an 

ion in the ion packet moving coherently in the cyclotron motion can break out from the 

packet through collisions, and high pressures in the ICR cell therefore result in rapid 

signal decay producing a low-resolution spectrum. On the other hand, at ultrahigh 

vacuum, the transient can last for tens of seconds producing an ultrahigh-resolution 

spectrum. The pressure effect on the mass resolution is shown in equation 1-03.37 

R = _!!!_ = _!!!_ ~ 8.65 x 10-10 zB (~) 
/!Jn !).w mp n 

(1-03) 

Where qn is the collisional damping frequency. 

Under normal laboratory conditions, the mass resolution is also limited by the 

instrumentation, especially the computer memory size. As the analog-to-digital 

conversion (ADC) needs to be twice the size of the highest frequency of the 

corresponding mass to be measured, the computer memory must be capable of 

collecting enough long transients to achieve desired mass resolution. Freiser had shown 

that for a mass spectrum which was applied with an rf chirp from O - 2 MHz ( at 3 T), 

which corresponds to the mass range of 23 - oo (m/z), the ADC rate is required to be 4 
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MHz, and for computer memory capacity of 256 K, data could only be collected for 64 

ms, despite the fact that the transient may have barely begun to decay at that point. 37 

An alternative way to achieve higher mass resolution is to perform so-called 

'heterodyne' or 'narrow band' experiment for which a narrow frequency range is 

covered around a chosen reference frequency. The higher the resolution desired, the 

narrower the mass range observed, but such an experiment diminishes the multi-channel 

advantage ofFTICR mass spectrometry for mass measurement. 

Today, the ever-increasing computer memory size and computing speed has 

gradually eliminated some of the instrumental limitation for high-resolution mass 

measurement. The latest computer workstations that are installed for FTICR mass 

spectrometers are often capable of acquiring over 1 MB size broad band mass spectrum 

that possess enough data points at high m/z to obtain mass resolution that was only 

achievable by the narrow band experiment five years ago. Meanwhile, application of a 

higher strength superconducting magnet ( up to 25 T)46 also significantly enhances the 

mass resolution. 

1.3.3 Mass Accuracy 

The precision of ion cyclotron frequency measurements, in some cases, can be as 

high as one part in 109, but such precision does not directly translate into mass accuracy. 

While routine mass analysis fits in well with the basic equation 1-01 at unit mass, a 

number of instrumental and experimental limitations including space-charge effects, 

inhomogeneity in the magnetic field and a non-uniform static electric field can cause 

disturbances in the ion motion and consequently affects the mass accuracy. 

Several mass calibration procedures4749 have been proposed and one of the 

procedures that is commonly used is based on Equation 1-04.50 
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(1-04) 

Where y = qB I 21t, P= -2qGrVerr / 41t2 and /obs is the observed ion cyclotron 

frequency. Gr is the geometry factor for the trapping field and Verr is the effective cell 

trapping potential. 

This method was derived taking into account the space-charge effects and assumes 

that the ion space-charge potential is time invariant and quadratic. Ledford et al. had 

shown that using such method, ions formed by EI from 1, 1, 1,2-tetrachloroethane over a 

m/z range 117 to 135 had an average error of0.4 ppm for 15,000 ions in the cell. As the 

number of ions increased to 120,000, the mass accuracy was decreased and the range of 

residual errors increased from 11 to 36 ppm. 50 It is clear that this method did not take 

full account of space-charge effect. It was shown by this method, however, the space­

charge effect could be reduced dramatically by applying a higher strength magnetic 

field, and a 36 ppm error on the 1.2 T would be reduced to 1 ppm at 7.2 T. 

Another important consideration in obtaining high mass accuracy is the digital 

resolution. The same number of data points acquired for the transient is used in plotting 

the frequency or mass spectrum. In a wide-band experiment covering a full mass range, 

this may mean that a peak in the spectrum is defined by only a few points, and it is quite 

possible that there is no point exactly at the true peak maximum. This problem will be 

solved through the improvement of computer digital precision. 

The current level of mass accuracy for FTICR mass spectrometry is in the sub-ppm 

range and improves with the application of higher magnetic field and better digital 

resolution. The investigation into the fine details of the space-charge effect and 

nonideal electric fields is expected to provide better methods for the mass calibration, 

and subsequently improves the mass accuracy. 51 
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1.4 Ion Formation and Ion Analysis in FT/CR mass spectrometry 

Like all other mass spectrometry techniques, the simple truth 1s, FTICR mass 

spectrometry is based on the study of ionic species in the gas-phase. Sample atoms or 

molecules have to be ionized prior to mass analysis in the FTICR mass spectrometer. 

Various ionization methods have been developed to facilitate the study of different 

forms of samples. Once ions are generated, they can be mass detected or manipulated 

in the ICR cell. The basic events in each FTICR mass spectrometry experiment include 

ion generation, ion excitation and ion detection. 

1.4.1 Ion Generation 

The principle of the ionization process is to remove electron(s) from neutrals to 

form positively charged ions (cations), or to attach electron(s) to neutrals to form 

negatively charged ions (anions). Over the last half century, a number of ionization 

techniques have been developed and they have been coupled with FTICR mass 

spectrometer to study samples range from small gaseous organic molecules51 to large 

biochemical polymers. 53,54 

1.4.1.1 Electron Ionization and Chemical Ionization 

The first ionization method which was used in the FTI CR mass spectrometer was 

electron ionization, 12 for which gas-phase sample atoms/molecules were ionized by a 

beam of electrons emitted from a filament in the EI source. The electron energy is 

typically around 70 e V. The energetic electron ejects another electron out of a neutral 

molecule to form a positively charged radical cation M-+ (Mis a closed-shell species). 

M+e --•► M-++2e (1-05) 

In many cases, this ionization process can be very destructive, and the sample 

molecule dissociates to produce :fragment ions. In order to produce high abundance of 

molecular ion by EI, low ionization energies between 10 - 20 eV are often used. 55-57 

9 



For the negative-ion, a sample molecule attaches with an electron to form a 

molecular radical anion ~ (M is a closed-shell species). 

M+e -----1►• ~ (1-06) 

In order to analyze chemically labile molecules, an EI derived ionization method -

chemical ionization (CI)58-o2 was introduced. Later, another ionization method called 

field ionization (FI)63•64 was also developed. These ionization methods are generally 

less destructive and molecular species are likely to be formed. 

In the chemical ionization process, a mixture of volatile sample vapor and 

excessive amount of CI reagent gas such as methane are present in the EI ion source. 

An electron beam with electron energy of 50-500 e V is produced by the EI source and 

bombards the reagent gas. The Cl reagent gas is ionized, and then undergoes a series of 

chemical reactions with the sample molecules to produce protonated species [M+H]\ 

where M is the analyte molecule. 

1.4.1.2 Field Ionization and Field Desorption Ionization 

The field ionization source consists of an anode or emitter, which may be a thin 

wire, a sharp edge or blade, or a sharp tip~ and a cathode, which is a fine slit or hole 

according to the shape of the emitter. High voltage (kV) is applied to the emitter to 

provide a field between the two electrodes on the order of 2 V A-1.64 In such a field the 

potential wall of the analyte molecule is distorted such that an electron can 'tunnel' 

from the molecule into a vacant Fermi level of the emitter metal. The ion so produced is 

immediately accelerated by the field through the slit into the mass analyzer. The 

residence time that ions spend in the ionization source is very short and there is little 

energy transferred to sample molecules during the ionization process. These factors 

give a high probability of producing a molecular ion. Based on the principle of field 

ionization, field desorption ionization (FDI) method was developed for the study of 
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thennally labile, polar and non-volatile compounds. Ions are generated by ion-molecule 

reaction type processes leading to [M+Ht or [M+alkalit in contrast with field 

ionization, where M·+ are fonn. The coupling of FDI and FTICR mass spectrometry 

was experimented by Wanczek and co-workers using a high precision multi-purpose 

solid sample probe. 65 

The ionization methods described so far ( excluding FID) mostly reqmre the 

vaporization of a sample into the gas-phase prior to the ionization and they are generally 

not feasible for the analysis of nonvolatile and thennally labile compounds. 

1.4.1.3 Fast Atom Bombardment 

In the early 1980's, a new ionization method was introduced by Devienne and 

co workers called fast atom bombardment. 29 While studying the sputtering of metals by 

a molecular beam they discovered that the bombardment of a solid target with high 

energetic neutral particles produced ion signals. This effect was extensively studied in 

the following years by the same group of researchers using various neutral molecular 

beams and a range of target materials by means of mass spectrometry detection. It 

should be noted that Barber and co-workers have done most of the developmental work 

for organic analysis using F AB technique. 66 It was shown by many studies that organic, 

inorganic materials, biological samples could be easily ionized and yielded strong ion 

signals with this FAB technique.67-70 

1.4.1.4 Secondary Ion Mass Spectrometry 

Secondary ion mass spectrometry (SIMS) was developed at same time as the FAB 

method was introduced. It employed an ion beam to sputter a solid surface and yielded 

secondary ions for mass spectrometric detection. In SIMS experiments, an energetic 

(0.1 keV ion-1) ion (such as Csy beam impinges upon a solid sample, so that particles 

including ions and neutrals are ejected out of the surface. As the liberated species stem 
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from very shallow depth ( < 1 run), these species carry information about the 

composition of the target surface. By continuing bombardment with the primary ion 

beam, the depth profile of the surface composition can be established. It is for this 

reason that SIMS has been mainly used for surface science studies.11 •73 The latest 

commercial FTICR mass spectrometers such as the Bruker BioAPEX series have the 

capability to adapt a SIMS ionization source. 

1.4.1.5 Laser Desorption and Laser Ablation Ionization 

Another important step in the development of ionization methods was the 

application of pulsed lasers. The fundamental process of laser ionization involves 

single photon or multi-photon absorption by the sample molecules. The term laser 

desorption is generally referred to as the method of producing molecular species,74 

while laser ablation is referred to as the photodecomposition of the sample material.75-77 

Both terms are vaguely defined, and no clear line can be drawn in between the two 

processes. It has been shown that in the laser desorption process, however, the ion 

energy profile fits in a pseudo-Maxwellian distribution with average ion energy of a few 

e V; 78 while in the laser ablation process, ion energy distribution appears to be a more 

random pattern with an average ion energy often greater than 100 eV.79 

In laser ablation experiments, a high-energy laser is often used. Ions, neutrals and 

electrons are simultaneously produced in a broad range of kinetic energies. The ion-to­

neutral ratio in the laser plume is often less then 10-4.80 The exact mechanism 

associated with the laser ablation process is not fully understood even though a 

considerable number of studies have been carried out under different experimental 

conditions.81 The general conclusion, however, is that the laser ablation ionization 

process can have several alternatives and competing pathways involving 

photodecomposition and ion-molecule reactions. These different pathways are shown 
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under the change of laser wavelength from ultraviolet to visible and infrared with wide 

power range applied (20 - 1012 Wcm-2). 82 On the other hand, laser desorption requires 

low laser power that desorbs predominantly neutral molecules to form ions with 

relatively small amount of excess energy. Laser desorption offers a mean of generating 

high-mass ions with minimum of fragmentation, which is advantageous for the study of 

thermally labile compounds and large biopolymers such as peptides and proteins. 

Another important ion formation mechanism in the laser desorption process is the 

formation of adduct ions including the attachment of electrons. 

1.4.1.6 Matrix-Assisted Laser Desorption Ionization 

An alternative laser desorption method that has been widely used is called matrix 

assisted laser desorption ionization or MALDI. 33-35 In a MALDI experiment, the 

sample material is mixed with excess amount of matrix material. The chosen matrix 

often absorbs the laser irradiation with higher efficiency then the analyte, and thus the 

sample molecules mostly remain intact during the MALDI process. Upon the laser 

irradiation, the matrix molecules are preferentially ionized and through the ion-molecule 

reactions, an ionic species such as a proton is transferred from the matrix ion to the 

sample molecule to form [M+Ht (in positive-ion mode) where Mis the neutral sample 

molecule. Like laser desorption or laser ablation experiments, MALDI involves very 

complicated processes with many different pathways for ion formation. Several 

mechanisms have been proposed including multi-photon ionization, energy pooling and 

excited state proton transfer.86-91 These mechanisms have important bearings in 

defining the optimized experimental conditions in terms of the state of the sample and 

desorption laser energies. The term ·sweet-spot' is often used to describe the sample 

conditions that consistently produce abundant signals in the MALDI experiment. 
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On the other hand, the selection of a matrix can be critical for successful ion 

detection in a MALDI experiment. The selection of a matrix for a particular type of 

compound can be unique. There is no general guideline for matrix selection, however, a 

wide range of matrices have been investigated and most of them have been used for the 

study ofbiopolymer compounds.81,92-101 

1.4.1. 7 Electrospray Ionization 

Another important ioniz.ation method that has been developed parallel to MALDI is 

electrospray ioniz.ation. ESI has substantially changed the practice of mass 

spectrometry because of its applicability to the analysis of large bio-molecular species. 

It is a technique of high sensitivity, broad utility and facility to interface with many 

separation techniques, such as liquid chromatography (LC) and capillary electrophoresis 

(CE). 

The concept of electrospray ioniz.ation was introduced by Malcolm Dole in the 

1960's, 102,103 and it was introduced to mass spectrometry by Fenn and coworkers in the 

early 1980's.31 The ESI ion source, in principle, can be considered as an 

electrochemical cell. Ionic species in the spray solution undergo charge separation 

under the influence of a strong electrical field. Depending on the polarity of the 

electrical field applied, the spray droplets contain excessive amount of either positive or 

negative charges. The solvent in the droplet quickly evaporates as the droplet move 

through the hot drying gas (typically N2). This desolvation process increases the 

repulsion between the charges on the droplet's surface and causes coulomb explosion of 

the droplet. Smaller droplets produced by the coulomb explosion are further desolvated 

and produce even smaller droplets. This shrinking-and-exploding process goes on 

repeatedly till the gas-phase ions are formed. 
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For many covalent molecules, ion formation in ESI is achieved by either a direct 

redox process or an ion-addition mechanism. Ions that are often added to neutral 

molecules during the ESI process include the proton, alkali metal ions and Nii.+ for 

positive ions; OH", halogen anions and basic group ions for negative ions. 

Multiply charged ions are often observed in ESI for compounds with molecular 

weight greater than ~ 1,000 Da. 104 Since the observed mass in FTICR mass 

spectrometry is shown as the mass-to-charge ratio (m/z), this multiple charging effect 

fractionates the molecular mass for macromolecules including polymers and biological 

compounds that brings them into the m/z range of high mass resolution. 

1.4.1.8 Other Ionization Methods 

Over the years, many other ionization methods have also been developed for 

specific mass spectrometry tasks. These include 252-Cf plasma desorption, 105•107 

supersonic expansion cluster ion source, 106•107 glow-discharge ionization, 110•114 

h · h · l · · · (APCI) 115 116 . 111 11s d atmosp enc pressure c em1ca 10ruzat1on , · m1crospray, nanospray an 

capillary electrophoresis ionization. 119•120 

As mentioned earlier, in the original design of an FTICR mass spectrometry ion 

source the EI source was fitted inside the ICR cell and it limited the use of other 

alternative ionization methods. The latest FTICR mass spectrometers, however, are 

often equipped with a range of external ionization sources including those mentioned 

above. In an external ionization source, ions are generated in the high-pressure region 

and transferred into the ultrahigh vacuum ICR cell by ion guide components. 121•126 

1.4.2 Ion Excitation 

Once ions are present in the ICR cell, they are trapped along the magnetic field 

lines by the electric potentials applied on the end plates of the cell, while the magnetic 

field constrains the ions to move in circular orbits perpendicular to the magnetic field 
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lines referred as an ion cyclotron motion. 127 As indicated by Equation 1-01, ion 

cyclotron frequency is independent of the ion energy. In other words, ions of same m/z 

can have the same ion cyclotron frequency but different translational energies 

(velocities). It is also possible that these ions are located in the different regions in the 

cell. Such incoherent motion cannot produce an image current on the receiver plates of 

an ICR cell. To solve this problem, a frequency-swept rf pulse is applied to the two 

excitation-plates of the ICR cell. The irradiation effectively excites ions into larger 

cyclotron orbits and ions of same m/z value are brought into phase to form an ion 

packet. This has raised a question, however, about the coulomb repulsion between the 

ions in the packet. It has been observed that as the number of ions (same m/z value) 

increases, its corresponding mass spectrometric signal has become broadened. This is 

the so-called 'space-charge effect'. 50' 128-131 For ultrahigh resolution mass measurement, 

the mass shift caused by the space-charge effect can be significant. It is therefore 

important to keep the ion population small in the ICR cell since the space-charge effect 

increases with higher ion population in the cell. 

During the excitation, the radius of ion cyclotron orbits can be calculated by 

Equation 1-07. 130-132 

(1-07) 

Where VPP is the peak-to-peak rf voltage (applied to the pair of excitation plates) 

amplitude, t is the duration of the rf excitation pulse, B is the magnetic field strength and 

dis the diameter of the ICR cell (cylindrical). 

An important feature of Equation 1-07 1s that the ion cyclotron radius is 

independent of the ICR frequency and this means for ions of a certain m/z, the 

excitation only becomes effective when the applied swept rf frequency comes into 
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resonance with the ion cyclotron frequency. This is the key feature of ICR technique. 

The frequency-sweep ion-excitation method 'chirp' adopted by FTICR mass 

spectrometry is based on such a principle. 133•135•136 

1.4.3 Ion Detection 

The detection of ions starts at the end of ion excitation. The coherent ICR motion 

of ion packets induces an image current in the receiver plates of the ICR cell. This 

image current is also referred to as a transient, a time domain signal or a free ion decay 

signal. For each ion ensemble at a particular m/z, the corresponding image current is 

represented by a single frequency sine wave. As in most of FTICR mass spectrometry 

experiments, ions of many different m/z values are presented in the ICR cell 

simultaneously, their ICR frequency sine waves are superimposed and presented as a 

complex transient signal. This transient is then converted into a voltage signal, which is 

amplified, digitized and recorded by the computer. 132 The Fourier transform algorithm 

effectively extracts each individual sine wave and translates it into the corresponding 

ICR frequency. Based on the Equation 1-01, the frequency domain spectrum can be 

readily transformed into its corresponding mass spectrum. 

1.4.4 Tandem Mass Spectrometry 

One of the outstanding features of FTICR mass spectrometry is its unique ion 

trapping capability, which enables multi-stage ion manipulations. This is called tandem 

mass spectrometry, which is described as Mg'_ Tandem mass spectrometry is extremely 

useful for the ion structure elucidation and gas-phase ion-molecule reaction studies. 

Over the years, FTICR technique has adapted many new designs that have facilitated 

MS' experiments. The use of the pulsed molecular valve has assisted ion cooling in the 

ICR cell. 137 Ion ejection techniques such as stored waveform inverse Fourier transform 

(SWIFT), 138-142 introduced by Marshall and co-workers, have improved the 
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precision of ion selection and resulted in clean ion isolation. Ion fragmentation methods 

such as on-resonance irradiation collision-induced dissociation (ORI-CID), sustained 

off-resonance irradiation collision-induced dissociation (SORI-CID), 143-146 blackbody 

irradiation dissociation (BIRD), 147'148 infrared multiphoton dissociation (IRMPD) 149-151 

d l d. · · (ECD)l51-162 h be . . an e ectron capture 1ssociat1on ave come standard techmques for 10n 

structure studies. 

FTICR mass spectrometry experiments are carried out as events of a series of 

pulses termed as a 'pulse sequence'. The mass spectrometric events occur as the result 

of executing the pulse steps in the sequence, which sends commands to the FTICR mass 

spectrometer. Tandem mass spectrometry experiments are accomplished by executing 

additional steps of pulses in the FTICR pulse sequence. For each stage of MS 

experiments, the basic pulse sequence includes ion selection/isolation; ion excitation 

( optional); time delay for reaction or CID. Ion-molecule reactions and ion-dissociation 

processes are often combined in the gas-phase studies in order to reveal the structure or 

the reactivity of both parent ions and the daughter ions. As it will be shown in the later 

chapters, both ORI-CID and SORI-CID are applied to this current study. 

1.4.4.1 On-Resonance I"adiation Collision-Induced Dissociation 

The ORI-CID experiment is carried out by translationally exciting the selected ion 

continuously for periods of up to hundreds of microseconds after which the ions can 

undergo collisions with the collision gas atoms or molecules to fragment. The applied 

excitation frequency precisely matches the cyclotron frequency of the selected ions. 

The selected ions constantly acquire energy during the ion-excitation and ions follow an 

d . l . 163 outwar sprra traJectory. 

The center-of-mass translational kinetic energy (in eV) of an activated ion, E{0 m is 

given by following equation: 161 
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( 1-08) 

Where m, is the target atom or molecular mass; mp is the parent ion mass; Se is the 

geometry factor of the ICR cell; Vpp is the peak-to-peak voltage of the rfpulse; dis the 

diameter of the ICR cell; frf is the length of the rf excitation pulse and q is the electronic 

charge. 

The ion collision frequency during the ion activation Ne can be calculated by 

following equation: 164 

Jl"lJ(r, + Y PY CnVp/rJSe 

2mpd 
(1-09) 

Where y, is the average radius of the target atom or molecule; 'YP is the average 

collision radius of the parent ion; Cn is the number density of the target gas atoms or 

molecules. 

Based on equation 1-08 and equation 1-09, the ORI excitation can effectively 

increase the transitional energy of the selected ion in a relative short period of time, but 

the collision frequency can be low in this process. For an ion at rn/z 200 Da, with 

collision gas pressure of 1 xl 0-9 mbar of argon in the cell (7 T), the number of collisions 

during a 50 µs of excitation ( Vpp = l 00 V) is in the single collision regime. This result 

implies that the ORI-CID technique is more efficient for low-mass ions as the center-of­

mass translational energy acquired by the selected-ion is more significant in a single 

collision. It also implicates that the limited number of collisions during the ORI 

excitation may not be able to provide sufficient energy for large mass ions to fragment. 

1.4.4.2 Sustained Off-Resonance Irradiation Collision-Induced Dissociation 

In order to improve the CID efficiency for large mass ions, an alternative excitation 

method sustained off-resonance irradiation collision-induced dissociation or SORI-
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CID 143,144,141,16s has be d I d t "d th I d . . h ffi . en eve ope o prov1 e e mass-se ecte 10n wit su 1c1ent 

translational energy to dissociate. This method applies an excitation rf frequency offset 

to the ion cyclotron frequency of the mass selected ion. The excitation effectively 

accelerates-decelerates the chosen ion and the change of the excitation energy follows a 

sine wave function. The alternating cycles are sustained for the whole excitation period 

up to many seconds. 

During the SORI process, the average kinetic energy E! of the ions over long 

periods and in the absence of collisions is described by the following equation: 165-167 

(1-10) 

In which E0 is the excitation field amplitude corrected for the cylindrical cell, B is 

the magnetic field strength and q is the electronic charge. The variables, Ve and v are the 

natural ion cyclotron frequency and off-resonance frequency respectively. 

The SORI-CID is a low energy process and the average energy that ions acquired in 

each collision is less then 10 e V. However, as the selected-ion undergoes enormous 

number of collisions during SORI-CID experiment, energy is constantly dumped to the 

selected-ion via collisions and it is therefore more advantageous for the large mass ions 

to fragment as they can accumulate the energy more efficiently than smaller ions. 

1.5 Chemical Applications of FT/CR Mass Spectrometry 

Over the last thirty years, the fields that FTICR mass spectrometry have been 

applied covering nearly very area of natural science including almost all the branches of 

chemistry. FTICR mass spectrometry is not only a unique tool for chemical analysis, 

but also a unique environment for the study of chemistry fundamentals. Several 

disciplines have been formed during the advancing years of FTICR mass spectrometry. 

These include gas-phase ion chemistry, cluster chemistry, biological applications and 
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many other chemistry or physics related studies. It is beyond the scope of this thesis 

work to present a comprehensive review of these studies, brief descriptions are given 

below on the development of the major fields that have involved FTICR mass 

spectrometry. 

1.5.1 Gas-Phase Ion Chemistry 

The FTICR mass spectrometry has enabled studies of gas-phase chemical reactions 

under defined chemical and physical conditions that are impossible to achieve in the 

condensed phase. The effect of solvent, ligands and counter ions can be mostly 

eliminated in the gas-phase studies and the intrinsic properties of the investigated ions, 

such as the ionization energy (IE), electron affmity (EA), proton affmity (PA) and rate 

constant for many reactions can be determined in a direct manner. 

Several features have made FTICR mass spectrometry superior to many other mass 

spectrometric methods in the study of gas-phase ion chemistry. Firstly, the ICR cell 

combines the reaction chamber and ion detector, which eliminates the need of additional 

mass analyzer for the ion detection. The application of the so-called double resonance 

technique permits unambiguous determination of reactant and product ion 

relationships.8•168 Ion activation by rf excitation can be used to overcome the energy 

barrier that in some instances can facilitate endothermic reactions. The wide range of 

external ion sources that are commonly coupled to FTICR instruments allows the study 

of unusual gas-phase species that may not be observed in the condensed phase. For 

example, the study of ion-molecule reactions between laser generated 'bare' transition 

metal ions and hydrocarbon molecules have revealed the catalytic properties of 

. . l h l l l l 169-174 transition meta s at t e mo ecu ar eve . 

Gas-phase ion chemistry can be generally divided into two categories, gas-phase 

organic ion chemistry and gas-phase organometallic ion chemistry. The gas-phase 
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orgamc 10n chemistry involves nucleophilic amons, electrophilic cations and some 

unusual ionic species such as distonic radical ions and fullerene ions. The nucleophilic 

anion reactions can occur as substitution, elimination, addition/elimination and 

reduction reactions. The organometallic reactions on the other hand often involve gas­

phase 'bare' metal ions or ligated metal ions in the reaction with di- or tri-atomic 

molecules including larger alkanes, unsaturated hydrocarbons and many other small 

organic molecules. Comprehensive reviews are available for extensive discussions of 

these studies. 175' 176 

It is also possible to carry out kinetic studies by FTICR mass spectrometry 

experiments. A so-called 'kinetic method' has been established by Cooks and co­

workers to determine important chemical properties such as proton affinity, gas-phase 

basicity and thermodynamic constants for gas-phase ionic species. 111-180 Although the 

kinetic method was first established with sector instruments, FTICR mass spectrometry 

has also played important role in the later studies. 

1.5.2 Cluster Chemistry 

Another important field that FTICR mass spectrometry has been heavily applied to 

is gas-phase cluster chemistry. For many years, atomic and molecular clusters have 

been a main focus of research both in physics and chemistry. The unique chemical and 

physical properties possessed by cluster species have made an important attribution to 

the new field in material science termed as 'nanotechnology', for which cluster 

materials at nanometer scale plays a central role. 181 

The concept of a 'cluster' covers a wide range of atomic and molecular species and 

it is difficult to give a clear definition. It is generally referred to as the aggregation of 

atoms or molecules either with strong covalent interaction or weak interaction by 

nucleophilic or electrophilic attractions. 
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The early study of gas-phase clusters was promoted by the demand of 

understanding many physical processes such as the condensation and forces that control 

the crystal growth of semiconductors. The study of vapor components in the 

equilibrium with molten metals yielded the earliest reports of gas-phase inorganic 

clusters. 182"184 

A large amount of early cluster work was carried out using the Kundsen or effusion 

cell technique, which applied resistive-heating to generate gas-phase clusters including 

alloys, 185-188 metal carbides189-197 and mixtures. The invention of supersonic expansion 

cluster source has enabled studies of weakly-bound rare gas clusters198"201 and alkali 

metal clusters202•203 that require low internal energy for stabilization. The application of 

pulsed laser in either direct laser ablation mode or combined with supersonic expansion 

source has remarkably broadened the field of cluster chemistry.204 Gas-phase bare 

metal clusters, metal oxide clusters and metal sulfide clusters are readily produced by 

these methods. The most impressive cluster study, however, has been the discovery of 

caged carbon clusters namedful/erenes, which resulted in the award of the Nobel Prize 

to its three major discoverers, Kroto, Smalley and CurI.205 

The composition of clusters can be either homogeneous such as in fullerenes or 

heterogeneous as in metal-oxide clusters or metal sulfide clusters, and the size of 

clusters is in the range that bridges between atomic/molecular species and bulk 

materials. Clusters are therefore referred to as 'the fifth state of matter'. 206 

Combined with various ion-dissociation techniques such as collision-induced­

dissociation and photodissociation, FTICR mass spectrometry can provid crucial 

information on cluster bonding energies, ionization potential and electron/proton 

affinities. 207 
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The development of new ionization methods such as ESI in recent years has 

enabled the study of gas-phase cluster ions formed from closed-shell precursors. The 

formation of this type of cluster ions results from the nucleophilic or electrophilic 

attraction between a central ion and neutral molecules, generally, there is no electron 

exchange energy involved. For example, electrospray of an alkali halide salt solution 

such as Nal/MeOH generates weakly bound cluster ions (NaI)nNa+ and (NaI)nr (n= 1 -

~30, the number n varies with the ESI condition). 

1. 5.3 Biological Macromolecules 

In recent years, ionization techniques such as ESI and MALDI have made a strong 

impact on biological science. Combined with separation techniques such as gas-phase 

chromatography and high performance liquid chromatography, mass spectrometry has 

become the 'real-time' analysis method for research in biological and microbiological 

science. 208 

One crucial step in this development has been the application of electrospray 

ionization method to mass spectrometry because it enables sample molecules to be 

introduced into mass spectrometer via the solution phase. The ability to form multiply 

charged ions by ESI process has been, in many cases, an advantage for mass 

spectrometry, especially for FTICR mass spectrometry studies. It allows high 

molecular weight species to be observed in the low m/z region ( < ~ 1,000 Da) with high­

mass resolution. In such a low m/z region, FTICR mass spectrometer has sufficient 

resolving power to provide isotopic information for multiply charged ions. By accurate 

mass measurement, sometimes the elemental composition of certain ions can be 

correctly assigned. To date, a single biological molecule (DNA) with molecular masses 

up to a hundred mega-Dalton has been detected by ESI-FTICR mass spectrometry 

which carries ~ 30,000 charges. 209 
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The strong demand for structure elucidation of large biomolecules has promoted the 

development of various ion-dissociation techniques and new computer software for 

mass spectrometry. Ion-dissociation techniques such as SORI-CID, BIRD, IRMPD and 

ECD have become the essential tool in peptide sequencing and protein structure 

mapping. The latest computer software designed for mass spectrometry often contain 

databases or have interfaced with on-line databases to provide information on peptides 

and proteins.210 Also, the hydrogen-deuterium (HID) exchange method has provided a 

convenient way to probe the protein-folding process.211 -215 

1.6 Fullerene Chemistry 

1.6.1 The Discovery of Fullerenes 

Fullerenes are a family of cage-like pure carbon molecules that consist of twelve 

pentagon rings and different number of hexagon rings. They are the third form of 

carbon allotropes beside diamond and graphite.216-220 The fullerene C60, being the first 

molecule in the series that has all its pentagons completely separated by the hexagons, 

forms a truncated icosoahedral structure. C60 was first named buckminsterfullerene for 

its resemblance to the architectural structure - geodesic dome, which was designed by 

American architect and constructor, Buckminster Fuller.218 

The discovery of fullerenes is a result of gas-phase study of carbon clusters, which 

has its roots in the astrophysics relating to interstellar absorption bands.221 -223 In 1984, 

a group of scientists from Exxon Research studied the abundance of carbon clusters 

generated by laser vaporization of graphite resulting in the surprising observation that 

only even-numbered clusters were presented in the C40 - C200 ion mass range.224 Later, 

Smalley, Kroto et al. explained the abundance of these even-numbered carbon clusters 

was the result of formation of cage-like molecules containing a central cavity and they 

named these moleculesfullerenes.218 The photodissociation experiments performed by 

25 



the Smalley group on a FTICR mass spectrometer, using a selected range of fullerene 

ions, showed that these fullerene ions fragmented by emitting C2 units under the 

irradiation of XeCl excimer laser.225 Based on the experimental observation, the same 

research group developed a mechanism called the 'Pentagon Rule' to explain the 

stability of the fullerene carbon clusters.226·227 It states that the energetically most 

favored form of any open graphite sheet is one, which is: 

(a) made up solely of pentagons and hexagons 

(b) and has as many pentagons as possible 

(c) while avoiding adjacent pentagons. 

They pointed out that C6o is the first pentagon rule structure that can close. Many 

theoretical studies have been carried out to confirm the fullerene cage structures and to 

probe their chemical properties.228"241 Interestingly, the earliest chemical calculations 

had predicted the cage structure of fullerene C6o long before the experimental evidence 

was obtained.242 

1.6.2 Fullerene Generation and Characterization 

If fullerenes had not been made in bulk quantities, they would probably have 

remained only of the interest to a handful of spectroscopists, especially mass 

spectrometrists. In 1990, Kratschmer and co-workers developed a method, which 

allowed fullerenes to be generated in gram quantities, and they obtained the crystal 

structures of pure C6o by X-ray diffraction of a microcrystalline powder of C60.243·244 

The method involved evaporation of graphite by resistive heating. Graphite rods were 

used as electrodes in the atmosphere of ~100 Torr helium. The resulting black soot was 

collected from the evaporation chamber and dispersed in benzene. It produced a wine­

red solution. The dissolved material was analyzed by laser desorption mass 

spectrometry and it showed predominately C60 with less than 10% of C70 • This method 
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was later modified by using direct current discharge between the two graphite electrodes 

and it is the method now used commerically. 227 

The characterization of fullerenes has been carried out by many analytical methods 

· l d. · t try t hn. 245-247 NMR 24s.251 FTIR 252.253 UV-me u mg vanous mass spec rome ec 1ques, , , 

vis254•256 and X-ray diffraction.242•257•258 

It has been confirmed by these analytical 

methods that there are two types of bonding 

presented in the fullerene C6o, the so-called 6-6 

(1.38A) and 6-5 (1.45A) carbon-carbon bonds (see 

the insert). In contrast, C10 consists of eight types 

of C-C bonds. 

1.6.3 Fullerene Derivatization 

6-6 C-C bond 6-5 C-C bond 

Fullerene C60 

Since macroscopic amounts of fullerenes have become commercially available, a 

broad range of fullerene-chemistry studies has been carried out and the majority of these 

studies are aimed at adding functional groups to the fullerene frame. 

Fullerenes are unique molecules in terms of their structures that extend in three 

dimensions in space, and their chemical reactivity is thus determined by such a spatial 

structure. The stability of C60 is based on being the smallest caged molecule in which 

all the 12 pentagons are isolated from each other by hexagons. A hexagon containing 

three 1t-bonds and fused to two pentagons can be represented in the three possible ways, 

each existing as a resonating pair. Of six possible structures, in one structure there is no 

double bond at the 5-6 ring junctions. A double bond in a five-member ring increases 

strain and therefore decreases stability. For fullerenes to be structurally stable, all the 

double bonds should be placed in such a manner that there would be no 
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double bonds at the 5-6 ring junctions. Theoretical calculations show that 12,500 

resonant structures are possible for C60. 259 

The C=C bonds of C60 react like those of very electron-deficient arenes or alkenes, 

therefore C60 as whole behaves as an electron-deficient 'superalkene' rather than as a 

•superaromatic' molecule. Based on such chemical character, the modification of 

fullerenes has been attempted mainly by adding functional group(s) on to the exterior 

carbon frame of fullerenes. The exohedral addition reactions can occur through 

cycloaddition, radical and nucleophilic addition, hydrogenation, oxidation, halogenation 

reactions and complex formation with transition metals. The conjugated 1t-system in 

C6o is not completely delocalized and the electrophilic double bonds [6-6] on C6o can 

readily add nucleophiles and radicals. Mass spectrometry studies have shown that C6o 

can add up to 34 methyl radicals and it is therefore referred to as a 'radical sponge'.260 

Cycloaddition to fullerenes gives mainly monoaddition products, commonly, 1,2-

addition to a 6-6 bond, which is energetically more favorable than addition to a 6-5 

bond. 261 The reaction products are often used as the initial compound for further 

functionalization. 

Nucleophilic addition to C6o gives, as a rule, monoadducts. Functional groups such 

as amino acid molecules, CN262 and vinyl ethers group can add to the C60 fullerene and 

some of these reaction products are promising monomers for cationic polymerization. 263 

All the attempts to prepare completely hydrogenated fullerene C6o"6o have been 

unsuccessful. This compound appears to be highly unstable due to the enormous strain, 

which arises upon the formation of twenty planar cyclohexane rings and numerous H-H 

interactions. 261 So far, fullerene hydrides with the compositions CwHx (x = 2, 4, 18, 32, 

36-50, 42-44) and C10Hx (x = 2, 4, 8, 10, 34-44) have been reported. 264 
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The electronegative fullerene molecules can be easily reduced but are difficult to 

oxidize. The reaction of fullerene with oxygen, however, on exposure to UV light (in 

hexane) or heating (in the presence of oxygen) results in vigorous oxidation 

accompanied by fragmentation - the rupture of the C=C bonds in the fullerene cage. 

Upon irradiation, C6o initially passes into the triplet state, the transfer of energy from 

this species affords singlet oxygen, which oxidizes the fullerene. 

The halogenation of fullerenes was achieved by reacting C60 with gaseous chlorine, 

fluorine and liquid bromine giving complex mixture of addition products. It has been 

considered that iodine does not react with fullerenes, but recently, a charge transfer 

complex involving iodine and C6o was reported.265 Among the halogenated fullerene 

derivatives, fluorinated fullerenes have been mostly studied due to the interest of 

material science. Fluorofullerenes containing up to 60 fluorine atoms per molecule, 

including C6oF 48 can be prepared by fluorination with fluorine gas, while 

hyperfluorofullerenes C60F16 can be synthesized on treatment with fluorine with 

exposure to UV radiation.266·267 

Polymerization of fullerenes has also been attempted by many researchers. 

Macromolecular fullerene derivatives facilitate the combination of unusual properties of 

fullerenes with the specific properties of many polymers. Thus macromolecular 

modification of fullerenes can provide and tailor polymeric materials with interesting 

properties, e.g. electronic, magnetic, mechanical, catalytic and optical properties. The 

synthesis of polymers containing fullerenes has been carried out following two main 

schemes, either the 'main-chain' or the 'side-chain' polymers.268 These polymeric 

derivatives can be termed as polyfullerenes, indicating the covalent binding to a 

polymer and high molecular mass. Polymers containing fullerene molecules often show 

unusual properties that possess potential in material science. For example, the telechelic 
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polymer that bridges two fullerene molecules exhibits unusual photophysical and redox 

properties.269 These polymers have been the focus of many studies of energy- and 

electron-transfer process. Mono- and ditelechelic polymers provide exotic molecules in 

which the fullerene core can be tethered to different chromophores. For example, 

monotelechelic, covalently linked, multi-chromophoric molecules, in which the bridge 

is a poly(norbornane-bicyclo[2,2,0]-hexane-hybrid oligomer, have been synthesized.270 

1.6.4 Metal/oful/erenes 

Shortly after the discovery of fullerenes, Heath et al. reported that lanthanum 

atom(s) could be encapsulated in the fullerene cages.271 The name endohedral 

metallofullerene written as Am@C2n (m = 1-3, n = 30-70) has been assigned to this new 

family of fullerenes where the symbol @ denotes that the metal atom (A) is located 

inside fullerene cage. 272'273 

As an example, Smalley and co-workers have shown in their pulsed-molecular­

valve mass spectrometry (PMV-MS) experiment that a range of lanthanofullerene ions 

could be generated by laser ablation of a La2O3 doped graphite target. Endohedral 

metallofullerenes are very unusual molecules with regard to their structures. The 

carbon cage prevents the metal reacting with other chemicals and so the metal is 'inert'. 

Verification of this lack of reactivity was obtained with a cluster beam/ FTICR mass 

spectrometer by non-reactions with 0 2, NO and NH3.274 Other evidence of metal 

encapsulation was shown by laser irradiation of La@C60 +, which produces C2 loss from 

the carbon cage until La@C44 +, the predicted size of a carbon cage that is able to contain 

a lanthanum ion. 

Endohedral metallofullerenes are predicted to have many potential applications in 

areas such as nonlinear optical devices and catalysts,275 superconductors,276 lasers and 

ferroelectric materials.276·277 To date, the macroscopic production278.279 and spectro-
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scop1c characteriz.ation246·251 ·280-284 of endohedral metallofullerenes are still under 

investigation. 

Laboratory scale chemical studies on endohedral metallofullerenes are difficult 

because these species can only be produced with very low yields and so there is a 

demand for other methods of production or the discovery of new precursors. So far, 

most of preparations have used graphite/metal or metal oxide mixtures as precursors 

with different vaporization sources. 285·286 Studies at the University of New South 

Wales, on the other hand have focused on the search for new carbon precursors for 

fullerene and metallo fullerene. 287-299 

The use of metal doped graphite rods with the electric arc vaporization method243 

and the laser ablation-furnace method300·301 represent the two important methods for 

metallofullerene production. Of these two methods, the electric arc technique is 

preferred for macroscopic production but this method has yields of less than 0.1 % even 

for the most abundant metallofullerenes (for example, La@Cs2)3°2 that can be isolated. 

Purification of the metallofullerenes is time consuming and requires preparative 

scale HPLC to produce only milligram quantities of the metallofullerenes.303-306 

Although yields of fullerenes, such as C60, from graphite are as high as 10% in arc 

experiments307-309 and 40% in laser furnace experiments,228 there has been no significant 

improvement in the low yields of endohedral metallofullerenes. Moschel et al. have 

reported a new method for metallofullerene synthesis that involved the evaporation of 

the carbon and barium metal in different regions of a radio frequency (rt) furnace. 310 

They reported that this technique can enhance the formation of endohedral barium 

fullerenes. 
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I. 7 Metallocarbohedrenes 

Another important class of metal-carbon clusters discovered in recent years is 

called metallocarbohedrenes or metcars. Metcars are binary metal-carbon clusters in the 

form ofMxCy (x= I - ~15; y= 0 - ~20). Multi-caged structures are proposed for clusters 

such as MsC 12 +. As reported by Castleman et al., early transition metals such as Ti, Zr, 

Hf, V and Nb are capable of forming multi-metal/carbon binary clusters by 10n­

mo lecule reactions in a pulsed gas expansion laser ablation cluster source. 311-321 The 

experiments were performed using laser generated metal cluster ions to dehydrogenate 

gaseous alkanes that were seeded in the expansion gas.312 MsC12+ has been observed in 

predominant abundance among the metal carbide cluster ions and it is believed that the 

'superabundance' of this species is related to its thermodynamic stability. Although the 

structures and heats of formation for most of the MxCy ions are still unknown, both 

theoretical and a range of experimental techniques have been employed to elucidate the 

structure of TisC 12. 323-325 Unlike fullerenes or endohedral metallofullerenes, metcars are 

very reactive. The metal atoms in its structure are exposed and can easily react with 

other reagent molecules. Metcars therefore have not been made in bulk material and its 

research has been carried out mainly in the gas-phase and by theoretical studies. 

An interesting phenomenon has been observed by comparing the formation of 

metallofullerenes and metcars. That is formation of these two types of clusters has 

shown to be metal selective. The metallofullerene related metals are mainly the group 

IIA and 111B elements in the periodic table including lanthanides, and the metcar related 

metals are in the group IVB and VB. This metal selectivity reflects the intrinsic 

difference among the metallic elements with regard to the interaction with carbon. 326 
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1.8 Carbon Nanotubes 

The fullerene production method introduced by Kratschrner and Huffman, 243 which 

uses a high-current electric discharge to vaporize carbon electrodes in a helium buffer 

gas has been commonly used to produce large quantity of fullerenes. It was noticed by 

Ijima in 1992 that during such an electrical discharge, the graphite rod used as the 

cathode grows in its length as the result of the deposition of a new form of carbon 

material. He examined the carbon deposit collected on the cathode by transmission 

electron microscopy (TEM).327'328 The TEM image revealed some tube-like cylindrical 

carbon material in the carbon deposit, and these carbon tubes comprised of hexagonal 

graphene sheets with a typical size of few nanometers in diameter. Later these carbon 

tubes were referred to as carbon nanotubes. 329 

Carbon nanotubes can be divided into two categories according to the number of 

carbon layers they contain. The first type is the single-wall nanotube (SWNT) which is 

close to an ideal fullerene fiber and its diameter is close to fullerenes and has single 

layer cylinder extending from end to end on the order of nanometers to milimeters.330•331 

The second type is multiwalled nanotubes (MWNT). They comprise concentric 

cylinders placed around a common central hollow, with spacing between the layers 

close to that of the interlayer distance in graphite of 0.34 nm. Closed-end carbon 

nanotubes are also observed in the initial discovery by ljima, and similar to fullerenes, 

the capping curvature is caused by a number of five-member rings. 

The time scale for the carbon nanotube formation is extremely short, a 5 nm 

diameter MWNT of 1 mm length grows in 10-4 s. 332 The arc discharge method produces 

stiff, near-perfect and whiskerlike MWNT, but the yield is limited and the material 

formed in the deposit contains substantial amounts of nanoparticles that have polyhedral 

shapes. Several other methods including catalytic growth333 and catalyzed laser 
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ablation334 have been developed to produce better defined larger scale carbon 

nanotubes. The catalytic growth method used a graphite rod with a hole in the center, 

which was packed with mixture of graphite powder and low percentage of transition 

metals such as Fe, Co and Ni.335 

It is believed that carbon nanotubes will play an important role in nanotechnology -

a fast developing field in material science. Some preliminary investigation has shown 

that carbon nanotubes can be used as molecular wires that permit a single electron to 

transmit through the tube. 336 They are also good media for absorbing hydrogen, which 

has the potential in the design of new generation of hydrogen batteries. 337 

1.9 The Methodology of Theoretical Studies- Quantum Chemical Calculations 

Quantum chemical calculations have become very useful methods for investigating 

novel molecules and ions in recent years. Improved computer algorithms, faster 

computer processors, more efficient disk storage and overall improvements in software 

have enabled high quality results to be generated for a large range of molecular/ionic 

species. For this reason, some of the metal-carbon species and their derivatives that 

were observed in this project were investigated by quantum chemical calculations. 

Quantum chemical calculations are concerned with predicting the properties of 

atomic or molecular system. They are based upon the fundamental laws of quantum 

mechanics and use a variety of mathematical transformation and approximation 

techniques to solve the fundamental equations. 

Quantum mechanics states that the energy and other related properties of an atom 

or a molecule might be obtained by solving the Schrodinger equation: 

H4' = E4' (1-11) 

Where the cap denotes an operator. Except for the smallest systems such as 

hydrogen-like species, the exact solutions to the Schrodinger equation are not 
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computationally practical. Electronic structure methods are therefore characterized by 

their various mathematical approximations to its solution. Three major classes of 

electronic structure methods have been developed including semi-empirical methods, ab 

initio methods and density functional methods. Although it is still under debate whether 

density functional methods are also ab initio methods, the main concern of this current 

study is not to address this question but to use these methods to investigate the species 

that are observed in the FTICR mass spectrometry experiments. 

1.9.1 Hartree-Fock Theory 

J. 9. 1.1 Born-Oppenheimer Approximation 

As the exact solution to the Schrodinger equation is not possible for any but the 

most trivial molecular systems, a number of simplifying assumptions have been used to 

yield approximate solutions for a large range of molecules. The Born-Oppenheimer 

approximation is the first of several approximations used to simplify the solution of the 

Schrodinger equation. It simplifies general molecular problem by separating nuclear 

and electronic motions. This approximation is based on the fact that the mass of a 

typical nucleus is thousands of times greater than that of an electron. Nuclei move very 

slowly with respect to the electrons, and electrons react essentially instantaneously to 

changes in the nuclear position. The electron distribution within a molecular system 

depends on the positions of the nuclei, and not on their velocities. In other words, the 

electronic motion can be described as occurring in a field of fixed nuclei. 

For molecular systems, the full Hamiltonian can be expressed as: 

(1-12) 

The first two terms on the right hand side of the equation are the kinetic energy 

operators. The other three terms describe the potential energies in the system. 'fe-N' 
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is the electron-nuclei attraction potential, 've-e, and 'V N-N, are the electron-electron 

and nuclei-nuclei Coulomb repulsion potentials respectively. 

The Born-Oppenheimer approximation allows two parts of the problem to be 

solved independently. It is therefore possible to construct an electronic Hamiltonian, 

which neglect the kinetic energy term for the nuclei. 

(1-13) 

Note that this equation is expressed in atomic units (ao = h2/41t2mee2). 

This Hamiltonian is then used in the Schrodinger equation describing the motion of 

electrons in the field of fixed nuclei. 

(1-14) 

The solution to this equation for the electronic wavefunction is the effective nuclear 

potential function Ee.ff, which depends on the nuclear coordinates and describes the 

potential energy surface for the system. Accordingly, Ee.ff is also used as the effective 

potential for the nuclear Hamiltonian. 

(1-15) 

This Hamiltonian is used in the Schrodinger equation for nuclear motion, 

describing the vibrational, rotational and translational states of the nuclei. Solving the 

nuclear Schrodinger equation is necessary for predicting the vibrational spectra on all 

operators and functions. 

1.9.1.2 Self-Consistent Field and Hartree-Fock Theory 

For the various approximation methods that have been used, they are faced with a 

basic question as how to find a one-electron Hamiltonian ii, and to use a one-electron 
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Schrodinger equation to obtain the one-electron wavefunction (f), and its orbital energy 

E,, ultimately to establish the full wavefunction and to resolve the total energy of the 

system. 

The first method that provided solution to this problem was introduced by Hartree 

in 1928, and it is now known as the method of self-consistent fields (SCF). This 

technique was later modified by Fock and Slater to include the effect of electron 

exchange, and commonly referred to as the Hartree-Fock (HF) method or Hartree-Fock 

theory. 

The assumption behind this technique is that any one electron moves in a potential, 

which is a spherical average of the potential due to all the other electrons. Then the 

Schrodinger equation is integrated numerically for that electron and that average 

potential. This supposes that a wavefunction for all the other electrons are already 

known so that their average potential can be evaluated. This is in general not the case, 

and so the calculation is started by guessing the form of their wavefunctions. The 

Schrodinger equation for the electron of interest is then solved, and the wavefunction so 

found is used in the calculation of the potential experienced by one of the other 

electrons. The latter's Schrodinger equation is then solved, and in turn is used to refine 

the average potential experienced by another electron. This is repeated for all the 

electrons in the system, and the potential experienced by the first electron can be 

recalculated. Usually this refined potential differs from the original guess, and so the 

whole cycle is repeated until the solutions for all the electrons are unchanged in a cycle 

of calculation - then the orbitals are self-consistent. 

1.9.1.3 Linear Combination of Molecular Orbitals 

In order to describe molecular structures, the concept of molecular orbitals (MO) 

was developed that supposes the individual electrons of a molecule can each be thought 
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of as occupymg an orbital that spreads throughout the nuclear framework. The 

procedure to construct molecular orbitals is called the linear combination of atomic 

orbitals (LCAO) method, which models the molecular orbitals by expressing them as 

linear combinations of the atomic orbitals of the parent atoms. 

An individual molecular orbital is defmed as: 

(1-16) 

where the coefficients Cµi are known as the molecular expansion coefficients. cj); 

and :X.µ represent an arbitrary molecular orbital and its basis function respectively. The 

basis functions :x,1 ... :x,N are also chosen to be normalized. 

For LCAO to be accomplished, the set of molecular expansion coefficients Cµi in 

equation 1-16 has to be obtained. Hartree-Fock theory takes advantage of the 

variational principle, which states that for the ground-state of any antisymmetric 

normalized function of the electronic coordinates, which denoted as 3, the expectation 

value for the energy corresponding to 3 will always be greater than the energy for the 

exact wavefunction: 

E(S) > E(\Jl); 3 * \J1 (1-17) 

In other words, the energy of the exact wavefunction serves as a lower boundary to 

the energies calculated by any other normalized antisymmetric function. Thus, the 

problem becomes to find the set of coefficients that minimize the energy of the resultant 

function. 

The variation principle leads to the following equation describing the molecular 

orbital expansion coefficients, c.,, derived by Roothaan and Hall: 

N 

L (Fµv - £,S µ,, )Cµ, = 0 µ = 1, 2, ... , N (1-18) 
,·~I 
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This equation can be presented in matrix form: 

FC =SCc (1-19) 

Where each element is a matrix and c is a diagonal matrix of orbital energies, each 

of its elements c, is the one-electron orbital energy of molecular orbital x, . F is called 

the Fock matrix, and it represents the average effects of the field of all the electrons on 

each orbital. For a closed shell system, its elements are: 

(1-20) 

where H:o;e is another matrix representing the energy of a single electron in the 

field of the bare nuclei, and P is the density matrix, defined as: 

occupied 

PJca = 2 Ic~c 01 (1-21) 
i=l 

The coefficients are summed over the occupied orbitals only, and the factor of two 

comes from the fact that each orbital holds two electrons. 

Finally, the matrix S from Equation 1-19 is the overlap matrix, indicating the 

overlap between orbitals. Both Fock matrix (through the density matrix) and the 

orbitals depend on the molecular orbital expansion coefficient. Thus, Equation 1-19 is 

not linear and must be solved iteratively. At convergence, the energy is at a minimum, 

and the orbitals generate a field, which produces the same orbitals, accounting for the 

method's name self-consistent field. The solution produces a set of orbitals, both 

occupied ( </J,, 1 ... ) and virtual (unoccupied, conventionally denoted <Pa,b, ... ). The total 

number of orbitals is equal to the number of the basis function used. 

The term (µvl,1.a-) in Equation 1-20 signifies the two-electron repulsion integrals. 

Under the Hartree-Fock treatment, each electron sees other electrons as an average 

distribution; there is no instantaneous electron-electron interaction included. Higher-
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level methods attempt to remedy this neglect of electron correlation in various ways that 

will be discussed later. 

1.9.1.4 Co"elation of Electron Spins with Molecular Orbitals 

The wavefunctions 'I' that describe the electronic structures of the system must 

satisfy some basic criteria. First, '¥ must be normalized in order to give meaningful 

answers to the electron distribution probability. The normalization condition is 

expressed as: 

j'¥ 0 '¥dr = 1 (1-22) 

The integration being over all the space. '¥ and its first derivative should also be 

continuous in order to define a second order derivative for frequency calculations. 

Another major criteria is that 'I' must be antisymmetric, meaning that it must 

change sign when two identical particles are interchanged. For a simple function, 

antisymmetry means that the following relation holds: 

J(i,j) = -f(j,i) (1-23) 

For an electronic wavefunction, antisymmetry is a physical requirement following 

from the fact that electrons are Fermions, (Fermions are particles possessing the 

properties of antisymmetry and a half-integral spin quantum numbers). It is essentially 

a requirement that '¥ agree with the results of experimental physics. More specifically, 

this requirement means that the following relation holds: 

,- - - -) ,- - - -) 
'l'v·1 , ... ,r, , ... ,r, , ... ,r,, = -'l'v·1 , ... ,r} , ... ,r, , ... ,r,, (1-24) 

Fock and Slater realized that the Hartree method did not treat electron spin 

explicitly, and that wavefunctions for electrons should be antisymmetric. Electrons can 

have spin up (+1/2) or down (-1/2). The electron spin functions are defined as a and J3 

for which: 
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a(t) = 1 a(-L-) = 0 

p(t) = o p(-L-) = 1 
(1-25) 

The a function is 1 for a spin up electron and the 13 function is 1 when the electron 

is spin down. The notation a(i) and 13(0 will designate the values of a and 13 for 

electron i; thus a(l) is the value of a for electron 1. 

Multiplying a molecular orbital functions by a and 13 will include electron spin as 

part of the overall electronic wavefunction \J'. The product of the molecular orbital and 

a spin function is defined as a spin orbital, a function of both the electron's location and 

its spin. 

Note that in equation 1-26, when the molecular orbital components are 

orthonormal, so are the spin orbitals. Each row of this determinant is formed by 

representing all possible assignments of electron i to all orbital-spin combinations. 

Swapping two electrons corresponds to interchanging two rows of the determinant, 

which will result in changing its sign. This determinant mixes all of the possible 

orbitals of all the electrons in the molecular system to form the wavefunction. 

efJ1 (r1 )a(l) efJ, (r, ),8(1) efJ2 (r1 )a(l) efJ2 (r, ),8(1) (Jn (r, )a(l) efJn (r1 ),8(1) 
-

2 2 

efJ1 (r2 )a(2) 'Pi (r2 ),8(2) <h (r2 )a(2) ,/Ji (r2 ),8(2) efJn (r2 )a(2) (Jn (r2 ),8(2) 
2 2 

- I - - - - - -
'l'(r) =- ()1 (r, )a(i) efJ1 (r; ),B(i) efJ2 (r; )a(i) efJ2 ( r; ) ,B(i) (Jn (r, )a(i) (Jn (r, ),B(i) 

✓n! 2 2 

efJ1 (r1 )a(j) efJ1 (rJ ),8()) efJ2 (r1 )a(j) efJ2 (rJ ),8()) (Jn (r1 )a(j) efJn(rJ},8(}} 
2 2 

{'1 (rn }a(n) {'1 (rn ),B(n) {)2 (rn )a(n) {)2 (r,, ),B(n) (Jn (rn)a(n) {Jn (rn),B(n) 
2 2 

(1-26) 

1.9.1.5 Methods for Open-Shell Systems 

The discussions above have only considered the restricted Hartree-Fock (RHF) 

method, which applies to the closed-shell systems. For open-shell systems, an 
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unrestricted Hartree-Fock (UHF) method, capable of treating unpaired electrons, is 

needed. In this case, the alpha and beta electrons are in different orbitals, resulting in 

two sets of molecular orbital expansion coefficients: 

µ 
(1-27) 

The two sets of coefficients result in two sets of Fock matrices (and their associated 

density matrices), and ultimately to a solution producing two sets of orbitals. These 

separate orbitals produce proper dissociation to separate atoms, correct delocalized 

orbitals for resonant systems, and other attributes characteristic of open shell systems. 

However, eigenfunctions are not pure spin states, but contain some amount of spin 

contamination from higher states (for example, doublets are contaminated to some 

degree by functions corresponding to quartets and higher states). 

1.9.2 Electron Correlation Methods 

As explained above, the Hartree-Fock method provides an inadequate treatment of 

the correlation between the motions of electrons within a molecular system, especially 

that arising between electrons of opposite spin. 

When Hartree-Fock theory fulfills the requirement that I\J' 2 I be invariant with 

respect to the exchange of any two electrons by antisymmtrizing the wavefunction, it 

automatically includes the major correlation effects arising from pairs of electrons with 

the same spin. This correlation is termed exchange correlation. However, the motion 

of electrons of opposite spin remains uncorrelated under Hartree-Fock theory. 

Any method which goes beyond SCF in attempting to treat this phenomenon 

properly is known as an electron correlation method ( despite to the fact that HF method 
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does include some correlation effects) or a post-SCF method. Two different approaches 

will be discussed briefly below. 

1.9.2.1 Configuration Interaction 

The configuration interaction method begins by noting that exact wavefunction 'I' 

cannot be expressed as a single determinant, as HF theory assumes. Cl proceeds by 

constructing other determinants that replace one or more occupied orbitals within the 

Hartree-Fock determinant with a virtual orbital. 

In a single substitution, a virtual orbital, such as tp O , replaces an occupied orbital tp; 

within the determinant. This is equivalent to exciting an electron to a higher energy 

orbital. Similarly, in a double substitution, two occupied orbitals are replaced by virtual 

orbitals: 

(1-28) 

Triple substitutions would exchange three orbitals, and so on. 

If the wavefunction 'I' is formed as a linear combination of the Hartree-Fock 

determinants and all possible substituted determinants, then the method is called full 

configuration interaction or full Cl. The wavefunction 'I' can be expressed as: 

'I' =bo'I'o + Lb,'¥, (1-29) 
.<>O 

Where the 0-indexed term is the Hartree-Fock level, and s runs over all possible 

substitutions. The b's are the set of coefficients to be solved for, again by minimizing 

the energy of the resultant wavefunction. 

Equation 1-29 represents a mixing of all of the possible electronic states of the 

molecule, all of which have some probability of being attained according to the laws of 

quantum mechanics. Full Cl is the most complete non-relativistic treatment of the 

43 



molecular system possible, within the limitations imposed by the modeling the electron 

density in accordance with the definition (and constraints) of the basis set in use. 

The full Cl method has many of the desirable features of a theoretical model. It is 

well-defined, size-consistent, and variational. However, it is also very cost-expensive 

and impractical for all but the smallest systems. 

1.9.2.2 Meller-Plesset Perturbation Theory 

Another approach to electron correlation is M0ller-Plesset (MP) perturbation 

theory. Qualitatively, M0ller-Plesset perturbation theory adds higher excitation to 

Hartree-Fock theory as a non-iterative correction, drawing upon techniques from the 

area of mathematical physics known as many-body perturbation theory. 

Perturbation theory is based upon dividing the Hamiltonian into two parts: 

H =H0 +AV (1-30) 

Ho is soluble exactly, and AV is a perturbation applied to Ho. AV is a correction, 

which is assumed to be small in comparison to Ho. (Note that the perturbation operator 

Vis not related to the potential energy.) The assumption that Vis a small perturbation 

to Ho suggests that the perturbed wavefunction and energy can be expressed as a power 

series in V. 

'I'= 'l'(o) + A'l'(t) +A2'1'(2) +A3'1'(3) +··· 

E = E(o) + AE(t) + A2E(2) + A3E(J) + •·· 
(1-31) 

The perturbed wavefunction and energy are substituted back into the Schrodinger 

equation. After expanding the products, and by equating the coefficients on each side of 

the equation for each power of A , a series of relations representing successively higher 

orders of perturbation can be formed. 

The nth order (MPn) corrected wavefunction may be used to calculate the (2n+ 1 )th 

order energy correction. At MP2 level, the energy correction will always have negative 
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value, which means lowering the energy. However, MP perturbation theory is capable 

of overcorrecting the energy by higher order corrections, which indicated by the energy 

corrections sometimes being positive. 

1.9.3 Basis Sets 

Classic Hartree-Fock and post-Hartree-Fock methods use Gaussian-type orbitals 

(GTO's) or Slater-type orbitals (STO's) to represent the atomic orbitals in the linear 

combination of atomic orbital (LCAO) method. The quality and accuracy of the 

calculation results are very sensitive to the number of basis functions or the basis set 

that is used in the calculation. In practice, however, the increasing number of basis 

functions imposes a significant computational strain and limits the size of the system 

that can be studied. 

1.9.4 Effective Core Potentials and Relativistic Effects 

For systems containing heavy atoms such as the third-row transition metals, the 

relativistic contraction of core orbitals results in a significant alteration of calculated 

ground-state geometry. Neglect of the relativistic effects results in over estimation of 

bond distances involving heavy atoms by up to as much as 20%. On the other hand, if 

the core electrons of larger atoms can be treated as non-interacting potentials which is 

analogous to the use of effective core potentials (ECPs),338-342 the number of the basis 

functions that are needed for the calculation can be reduced without significant loss of 

accuracy. 

1.9.5 Density Functional Theory 

Density functional theory-based methods ultimately derive from quantum 

mechanics research from the 1920's, especially the Thomas-Fermi-Dirac model and as 

well from Slater's fundamental work in quantum chemistry in the 1950's. 343-345 The 

DFT approach is based upon a strategy of modeling electron correlation via a general 
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functional of the electron density (a functional is a function whose definition is itself a 

function, in other words, a function of a function). 

DFT methods owe their modem origins to the Hohenberg-Kohn theorem, published 

in 1964,346 which demonstrated the existence of a unique functional which determines 

the ground-state energy and density exactly. The theorem, however, does not provide 

the form of this functional. 

Following on the work of Kohn and Sham, the approximate functionals employed 

by current DFT methods partition the electronic energy into several terms: 

(1-32) 

where Er is the kinetic energy term ( arising from the motion of the electrons), E v 

includes terms describing the potential energy of the nuclear-electron attraction and of 

the repulsion between pairs of nuclei, E1 is the electron-electron repulsion term (it is 

also described as the Coulomb self-interaction of the electron density), and Exe is the 

exchange-correlation term and includes the remaining part of the electron-electron 

interaction. All terms except the nuclear-nuclear repulsion are functions of the electron 

density p. 

Er+ Ev + EJ corresponds to the classical energy of the charge distribution p. 

The Exe term in Equation 1-32 accounts for the remaining terms in the energy including 

the exchange energy arising from the antisymmetry of the quantum mechanic 

wave function and the dynamic correlation in the motions of the individual electrons. 

Hohemberg and Kohn demonstrated that Exe is determined entirely by the electron 

density ( or is a functional of the electron density). In practice, Exe is usually 

approximated as an integral involving only the spin densities and possibly their 

gradients: 
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(1-33) 

Here Pa and Pp are referred to the a and p spin density respectively, and p is 

referred to the total electron density (pa + p P). 

Exe is usually divided into separate parts, referred to as the exchange and 

correlation energy and actually correspond to same-spin and mixed spin interactions, 

respectively: 

(1-34) 

All three terms are again functionals of the electron density, and functionals define 

the two components on the right side of Equation 1-34 are termed exchange functionals 

and correlation functionals respectively. Both components can be of two distinct types: 

local functionals depend on only the electron density p , while gradient-corrected 

functionals depend on both p and its gradient, V p. Note that this use of the term 

'local' does not coincide with the use of a similarly named term in mathematics; both 

local and gradient-corrected functionals are local in the mathematical sense. 

The local exchange functional is virtually always defined as follows: 

(1-35) 

-Where p is a function of r . This form was developed to reproduce the exchange 

energy of a uniform electron cloud. By itself, however, it has a weakness in describing 

molecular systems. 

Becke formulated the following gradient-corrected exchange functional based on 

the local density approximation exchange functional in 1988:347 

413 2 

Ex - Ex - J P x dJ ~ 
H88 - WA Y (I + 6y sinh ~I X) (1-36) 
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Where x = p-413 1V PI and y is a parameter chosen to fit the known exchange 

energies of the inert gas atoms. Becke defines its value as 0.0042 Hartrees (1 Hartree 

= 4Jl' 2m,e4 I h 2 = 27.2 eV). As Equation 1-36 makes clear, Becke's functional is 

defined as a correction to the local LDA exchange functional, and it succeeds in 

remedying many of the LDA functional's deficiencies. 

Similarly, there are local and gradient-corrected correlation functionals. For 

example, The following is Perdew and Wang's formulation of the local part of their 

1991 correlation functional: 348 

r =[-3 ]
113 

' 4Jl'p 

c, (r, ,;)- c, (p,o) + a, (rJ;~J (1 -s· }+ [c_{p,t )- ,., (p,o )Jr({);' 

(1 + ;t3 + (1 - ;t3 - 2 
1(;)= 24/3 _ 2 (1-37) 

rs is termed the density parameter and ; is the relative spin polarization, ; = 0 

corresponds to equal a and /3 densities, ; = 1 corresponds to all a density, and ; = 

-1 corresponds to all /3 density. Note that f (0) = 0 and f ( ± 1) = 1. 

The general expression for cc involves both r5 and ; . Its final term performs an 

interpolation for mixed spin cases. The following function G is used to compute the 

values of cc (r, ,0 ), Cc (r, ,1) and -ac(rs): 
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(1-38) 

In this equation, all the arguments to G except rs are parameters chosen by Perdew 

and Wang to reproduce accurate calculations on uniform electron clouds. The parameter 

sets differ for G when it is used to evaluate each of Cc (rs ,0 ), Cc (rs ,1) and -ac(rs), In an 

analogous way to the exchange functional we examined earlier, a local correlation 

functional may also be improved by adding a gradient correction. 

Pure OFT methods are defined by pairing an exchange functional with a correlation 

functional. For example, the well-known BL YP functional pairs Becke's gradient­

corrected exchange functional with the gradient-corrected correlation functional of Lee, 

Yang and Parr.349 

In actual practice, self-consistent Kohn-Sham OFT calculations are performed in an 

iterative manner that is analogous to an SCF computation. This similarity to the 

methodology ofHartree-Fock theory was pointed out by Kohn and Sham.350 

Hartree-Fock theory also includes an exchange term as part of its formulation. 

Recently, Becke has formulated functionals that include a mixture of Hartree-Fock and 

OFT exchange along with OFT correlation, conceptually defining Exe as: 

(1-38) 

Where the c's are constants. For example, a Becke-style three-parameter functional 

may be defined via the following expression: 

(1-40) 

Here, the parameter c0 allows any admixture of Hartree-Fock and local density 

approximation (LOA) local exchange to be used. In addition, Becke's gradient 

correction to LOA exchange is also included, scaled by the parameter Cx- Similarly, the 
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V osko-Wilk-N usair 3 correlation functional (VWN3) local correlation functional is 

used, and it may be optionally corrected by the Lee-Yang-Parr (L YP) correlation 

correction via the parameter cc. In the Becke-style 3-parameter density (B3L YP) 

functional ( using the Lee-Yang-Parr correlation functional), the parameters values are 

those specified by Becke, which he determined by fitting to the atomization energies, 

ionization potentials, proton affinities and first-row atomic energies in the G 1 molecule 

set: c0 = 0.20, Cx = 0.72 and cc= 0.81. Note that Becke used the Perdew-Wang 1991 

correlation functional351 in his original work rather than VWN3352 and L YP. The fact 

that the same coefficients work well with different functionals reflects the underlying 

physical justification for using such a mixture of Hartree-Fock and DFT exchange first 

pointed out by Becke. 353 
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Chapter Two 

Experimental and Instrumentation 

2.1 Introduction 

Several instruments including two different models of Fourier transform ion 

cyclotron resonance mass spectrometers (Bruker CMS-4 7X and Bio APEX II) have been 

used in this study. Both FTICR mass spectrometers were used with various ionization 

methods in order to produce gas-phase ionic species from different form of samples. 

For instance, the direct laser ablation ionization method was used to generate gas-phase 

metallofullerene ions from carbonaceous materials containing metal compounds. The 

electrospray ionization method was chosen to produce charged species from solutions 

containing fullerene derivatives. The characterization of KCT-pitch residues was 

carried out by the graphite surface-assisted laser desorption ionization (GSALDI) 

method. In this chapter, the discussion is focused on the main features of the two 

FTI CR mass spectrometers. 

Other instruments including a laser furnace fullerene/metallofullerene generator 

were constructed for a metallofullerene production experiment, and an apparatus was 

built for the pyrolysis of KCT-pitch, the material that was used as the carbon precursor 

for metallofullerenes. The characterization of KCT-pitch pyrolysis residues and the 

metallofullerenes soot were carried out on a home-built reflectron TOF mass 

spectrometer. Details of these instruments will be given in the later chapters wherever 

they become relevant. 

The quantum chemical calculations using density functional theory have been 

employed for the study of small metal-carbon clusters and their gas-phase ion-molecule 
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reaction products. The method used for the calculations will be described in Chapter 

Four. 

2.2 The Bruker CMS-47X Fourier Transform /CR Mass Spectrometer 

The laser ablation experiments described in this thesis were first performed on a 

Bruker CMS-47X FTICR mass spectrometer coupled with a Spectra-Physics DCR 11 

Nd-Y AG laser. This FTICR mass spectrometer consists of several components 

including an unshielded 4.7 T superconducting magnet, a vacuum system which 

incorporates an ICR cell, and an Aspect 3000 Computer. Figure 2-01 is a schematic 

diagram of this instrument. Figure 2-02 shows the actual setup of the instrument in the 

laboratory. 

2.2.1 The 4. 7 T Superconducting Magnet 

The superconducting magnet is an essential component of the FTICR mass 

spectrometer and the uniform magnetic field combined with a static electric field 

confines the ion cyclotron motion in ICR cell. Theoretical studies have shown that the 

mass resolution, signal to noise ratio and the collision frequency between ions and 

neutral species are proportional to the magnetic field strength. 1 It is therefore 

advantageous for FTI CR mass spectrometer to operate at the highest possible magnetic 

field strength. To date, high strength superconducting magnets up to 11.5 T have 

become commercially available for FTICR mass spectrometers. 

Detailed descriptions and the operational principles for superconducting magnet 

can be found elsewhere.2 In particular, the superconducting magnet in the CMS-47X 

FTICR mass spectrometer consists of a coil, which is wound from NbTi 

superconducting wire with a single filament and/or multi filaments in a protective 

matrix of copper. The superconducting magnet is operated at a constant temperature of 

4.2 K, maintained by immersing the magnet in a cryostat of liquid helium. 
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The vessel containing liquid helium is surrounded by a liquid nitrogen cryostat and 

shield. Both the helium and nitrogen vessels are enclosed and insulated by separate 

vacuum cases. 

The superconducting magnet has a 150 mm bore. During the operation of the 

FTICR mass spectrometer, the UHV chamber sits inside the bore of the 

superconducting magnet with the ICR cell located at the center of the magnet. 

2.2.2 The Vacuum System 

The operation of CMS-47X FTICR mass spectrometer requires high vacuum for 

ion detection. The ion trapping efficiency and mass resolution are functions of the 

pressure in the ICR cell.3 As samples are normally loaded into the ICR cell from a 

region at atmospheric pressure, differential pumping is necessary for the system to 

operate. Figure 2-03 is a schematic of the vacuum system in the CMS-47X FTICR 

mass spectrometer. The high vacuum (typically 10-9 -10-7 mbar) in the stainless steel 

UHV chamber is maintained by a Balzer 330 Ls-1 turbo molecular pump (TPU-330) 

backed by a three-phase Alcatel (2012A) rotary pump. The solid insertion probe inlet 

system and/or gas inlet system are pumped by a second Alcatel rotary pump and a 

smaller Balzers turbo molecular pump (TPU-50) at pumping speed of 50 Ls-1• 

Modification has been made on this vacuum system to enable the use of small turbo 

molecular pump (TPU-50) to evacuate the gas inlet system for lower pressure than its 

original design. 

The pressure in the vacuum chamber housing the ICR cell is monitored constantly 

by a Balzers UHV ionization gauge (IMG 070). For some CID and ion-molecule 

reaction experiments, the pressure in this chamber is also monitored by a Varian UHV 

multi-gauge (Cat No. 971-5007) for automated pressure readings, which is controlled by 

a software program. 
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2.2.3 The Jon Cyclotron Resonance Cell 

The heart of the FTICR mass spectrometer is the ion cyclotron resonance cell. 

Various geometric shapes of the ICR cells have been used during the development of 

the FTICR mass spectrometry. The early stage of the theoretical studies about ion 

motion in the ICR cell including ion trajectories, excitation and the derivation of ion 

motion equations were accomplished in the cubic cell.4-7 The results have been 

modified to adapt to other shapes of the ICR cells including the elongated rectangular 

cell, s,9 cylindrical cell 10 or Penning trap. 10' 11 The experimental results in terms of mass 

resolution and mass accuracy have shown little difference among the various shapes of 

ICR cells and this has also been confirmed by theoretically studies. 12 The choice of the 

geometry of the ICR cell is therefore mainly based on its compatibility with the 

superconducting magnet and design of the UHV chamber. Currently, the two major 

FTICR mass spectrometer suppliers, Bruker Daltonics and IonSpec, have both adopted 

the cylindrical cell design for their FTICR instruments. 

2.2.3.1 The Modification of Spectrospin /CR Cell/or the Laser Ablation Experiments 

The cylindrical ICR cell in the CMS-47X FTICR mass spectrometer was originally 

designed only for electron ionization experiments. In order to carry out laser ablation 

experiments, it was necessary to modify the ICR cell to allow the focussed laser beam to 

be directed onto the sample target in the cell. This modification was made by former 

members of this research group at the UNSW and the new ICR cell was constructed at 

the school of chemistry workshop. Figure 2-04 shows the modified cylindrical ICR cell 

used in this study. The x-y-z axial coordinates allow spatial definition within the cell. 

The ICR cell consists of three pairs of electrically isolated titanium cell plates: the round 

trapping plates (d = 60mm) sits perpendicular to the z-axial, the cylindrical excitation 

and ion signal receiver plates (r =30 mm; 1 = 60 mm) are arranged parallel and surround 
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the z-axial. The respective plate parrs are each opposite and form an enclosed 

cylindrical cell. 

In order to use high laser energy for the laser ablation experiment, the laser beam is 

focussed by a UV grade quartz lens (CVI; f= 101.6 mm; d = 25 mm; AR/AR coated for 

l 064 run) in the ICR cell. The quartz lens is placed perpendicular to the z-axial in front 

of the trapping plate. The laser beam is focussed onto a spot area of ~ 0.4 mm diameter 

at the surface of the target. This spot size can be varied by changing the position of the 

lens in the ICR cell, consequently changing the laser power density applied onto the 

target. 

2.2.4 The Data Processing Unit 

The data processing unit on the CMS-47X FTICR mass spectrometer consisted of 

an Aspect 3000 minicomputer and a data workstation. The Aspect 3000 minicomputer 

operated under the 189 commercial software program, which had the capability to 

simultaneously carry out multi-tasks such as data acquisition, analysis of a previously 

acquired spectrum and plotting or printing. The instrument also performed elemental 

composition analysis based on high-resolution accurate mass measurement. The CMS-

47X FTICR mass spectrometer was controlled by the Aspect 3000 computer through 

various parameters within the 189 program. 

A data workstation was configured and connected to the Aspect 3000 computer to 

allow for larger data storage capacity. It consisted of a Macintosh SI and /or a 

Macintosh Quadra-700 computer with 2GB retrospect based tape streamer. 

An IEEE interface was used to replace the supplied RS232 interface in between the 

Aspect and the Macintosh system, which allowed the data to be transferred in parallel 

rather than in series. A software program 'ICR plotter', written by Mr. John Morgan 

from the electronic workshop at School of Chemistry, was used on the Macintosh 
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computer to allow FTICR mass spectra to be displayed and saved as either ASCII or 

Igor binary files. The commercial graphics package Igor® (WaveMetrics Inc.) was used 

to plot and modify these mass spectra so they can be incorporated with other software 

programs such as Microsoft Word. 

2.2.5 The Nd-YAG Laser and Optics 

The Nd-Y AG laser used in the laser ablation experiment produces a coherent, 

monochromatic, high intensity light beam, which is made up of photons of identical 

phase, direction and amplitude. The generation of a laser light requires four basic 

elements: an active medium, an excitation mechanism, a feedback mechanism and an 

output coupler. The theoretical discussion and laser applications can be found in detail 

elsewhere. 13-16 

2.2.5.1 The Nd-YAG Medium and the Optical Resonator 

Among all the solid-state laser media, the neodymium-doped yttrium aluminum 

garnet (Nd-YAG) has been well studied and best understood in terms of its 

spectroscopic properties. The generation of Nd-YAG laser beam involves four stages of 

transition as shown in the Figure 2-05. The active media is the triple-charged 

neodymium ion Nd3+, which is excited optically by a flash lamp and emits photons that 

match the principle absorption bands in the red and near infrared region. The excitation 

for Nd3+ takes about 200 µs. Excited electrons then drop to the 4F312 energy level, which 

is metastable with respect to the other excited states. Electrons occupying the 4F312 state 

have a relatively long lifetime of about 230 µs. The electron population at 4F 312 state 

rapidly increases as the excited state electrons continue to flow down from above. The 

41w2 energy level, on the other hand is a less populated state. Electrons in 4Iw2 state are 

quickly relaxed to the ground state and result in the population inversion between the 
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4F 312 state and 411112 state. The photon emitted through this transition process has 

wavelength of 1064 run. 

The photon emission is sustained and amplified by a resonant cavity, which is 

defined by two mirrors. This resonant cavity provides feedback to the active medium 

Nd3+. Photons emitted parallel to the optical axis of the cavity are reflected, and in 

return, interacts with other excited ions. Stimulated emission produces two photons of 

equal energy, with the same phase and same direction from each interaction. This 

photon doubling process continues until equilibrium between excitation and emission is 

reached. 

The two mirrors are coated to reflect light at the wavelength(s) of interest while 

transmitting all others. One of the mirrors reflects 100% of the light and the other - the 

output coupler transmits a fraction of the energy stored in the cavity, and this 

transmitted radiation becomes the output laser beam. 

The configuration of the optical resonators can be classified in two maJor 

categories: stable resonator and unstable resonator. The DCR-11 Nd-Y AG laser has an 

unstable type of resonator. 

In a stable resonator, light is reflected toward the optical axis by its cavity mirrors, 

and contained along the primary axis of the laser irradiation. This type of the resonator 

can only extract energy from a small volume near the optical axis of the resonator, 

which limits the energy of the output. By contrast, the unstable resonator reflects the 

light away from the axis and produces a large diameter laser beam. In the unstable 

resonator, the energy extraction from the active media is through a larger cross-section 

and therefore becomes more efficient. Figure 2-06 illustrates the two types of 

resonators. 
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The output coupler in the DCR-11 laser has a small high reflector mounted on a 

clear substrate. This reflector lies on the optical axis of the resonator. Energy escapes 

the resonator by diffracting around this 'dot' reflector, which gives the 'diffraction 

coupled resonator' (DCR) its name. 

2.2.5.2 Q-switch and Long Pulse 

During the population inversion, if oscillation can be prevented and energy can be 

quickly released, the laser will emit a short pulse of high intensity light. This can be 

achieved by applying an electro-optic Q-switch, which introduces high cavity loss to 

prevent oscillation. As illustrated in the Figure 2-07, the Q-switch comprises a 

polarizer, a quarter-wave plate and Pockels cell. Applying high voltage to the crystal in 

the Pockels cell changes its polarization retardation characteristics, which determines 

whether the Q-switch is open (low loss) or closed (high loss). 

If no voltage is applied (Q-switch closed), the Pockels cell does not affect the 

polarization of light passing through it. When light enters the polarizer it becomes 

vertically polarized. The quarter-wave plate then converts the light to circular 

polarization. As the circular polarized light returns from the high reflector, the quarter­

wave plate converts it to horizontal polarization. Because the polarizer only transmits 

vertically polarized light, it reflects the light out of the resonator, so the cavity loss is 

high. With voltage applied (Q-switch open), the Pockels cell cancels the polarization 

retardation of the quarter-wave plate, so the light remains vertically polarized and 

transmitted with minimal loss. The resultant pulse of Q-switch is < 25 ns, and the peak 

optical power can be as high as tens of megawatts. 

An alternative 'long pulse' mode of operation is built in to the DCR-11. Voltage is 

applied to the Pockels cell as soon as the flash lamp fires, and the Q-switch is held open 

for the entire lamp firing. The result is a train of pulses about 230 µs long, with a 
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separation between individual pulses of 2 - 4 µs. The total energy of the pulse train is 

similar to that of a single Q-switch pulse. This long pulse mode allows safer alignment 

and setup, and is useful in experiments where total pulse energy, rather than its 

distribution in time, is of the main interest. 

2.2.5.3 The Harmonic Generator 

The short pulse of high peak power of the Q-switch laser pulse permits wavelength 

conversion through several nonlinear processes, such as frequency doubling, frequency 

mixing, dye laser pumping or Raman frequency conversion. The interaction between 

the fundamental ( 1064 nm) laser beam and the crystal produces a secondary beam with 

half of the fundamental wavelength which is frequency doubled. Such device is called 

harmonic generator. 

Using the harmonic generator, the fundamental wavelength infrared irradiation 

(1064 nm) can be converted into its second (532 nm), third (355 nm) or fourth (266 nm) 

harmonics. The pulse energy and pulse widths of these harmonic wavelengths are 

illustrated in the Table 2-01. 

Table 2-01. Specifications of the frequency harmonics of DCR-11 Nd-YAG laser. 

Harmonic 

2 3 4 

Wavelength (nm) 532 355 266 

Q-switch Pulse Width (ns) 6-7 5-6 4-5 

Pulse Energy (mJ) 135 60 30 

The converted harmonic irradiation still contains a residue of the fundamental 

irradiation. The monochromatic harmonic laser beam is produced by passing the 

emerging beam through a Pellin Broca prism, (I" Fused Silica-type PLBC-1 0UV) 
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which refracts different wavelength of laser beams at different angles. (Figure 2-08) By 

rotating the Pellin Broca rotary support, desired wavelength of laser beam can be 

directed to the sample target. 

The third and fourth harmonics cannot be simultaneously generated. The third 

harmonic is formed by the summation of the fundamental and the second harmonic. 

The fourth harmonic is generated by frequency doubling of the second harmonic of 

which itself is obtained by frequency doubling of the fundamental irradiation. 

2.3 The BioAPEX II 70e Fourier Transform ICR Mass Spectrometer 

The second FTICR mass spectrometer used in this thesis work was a Bruker 

BioAPEX II 70e FTICR mass spectrometer. This new generation of FTICR mass 

spectrometer incorporates many new outcomes of the latest theoretical and experimental 

studies ofFTICR mass spectrometry. Although the fundamental principles are the same 

for both BioAPEX II 70e and CMS-47X FTICR mass spectrometers, there is a major 

difference between the two instruments. The CMS-47X FTICR mass spectrometer was 

designed mainly for the internal (in the ICR cell) ion generation, while the BioAPEX II 

70e is designed primarily for the use of external ionization sources. Ionization methods 

such as ESI, APCI and MALDI can be easily incorporated with BioAPEX II 70e FTICR 

mass spectrometer, with about 20 minutes changeover time for the different ion sources. 

The BioAPEX II 70e FTICR mass spectrometer consists of several components 

including a 7 T passive shielded superconducting magnet, the vacuum system, the ion 

optics voltage supply, the external ion sources, the SGI data processing computer and 

the Unix 0 2 workstation. A brief discussion will be presented here regarding the new 

features of this FTICR instruments. A schematic of this BioAPEX II 70e FTICR mass 

spectrometer is shown in Figure 2-09. 
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2.3.1 The Vacuum System and Jon Optics 

As BioAPEX II FTICR mass spectrometer is designed to operate with various 

external ion sources; ions that are generated in the ion source have to be transferred 

from a high-pressure atmospheric region to the ultrahigh vacuum ICR cell, differential 

pumping has to be established in the ion's pathway. Also, for ions to overcome the 

repulsion from the fringing magnetic field, a high-voltage is used for the ion transfer 

optics in order to inject ions in to the ICR cell. 

2.3.1.1 Differential Pumping 

Figure 2-10 illustrates the vacuum system on the BioAPEX II 70e FTICR mass 

spectrometer. The example is given for the use of ESI source and differential pumping 

is indicated in this schematic. 

Gas-phase ion formation in the ESI process begins in the atmospheric pressure 

region where charged droplets are formed in the electric field between the spray needle 

tip and the entrance-end of the capillary. Once the gas-phase ions are formed, they 

travel through a capillary and then a skimmer. In this capillary-skimmer region, the 

pressure is typically 10-2 ~ 104 mbar, and it is maintained by an Edwards turbo 

molecular pump (Model: EXT250H). After the skimmer, a hexapole ion trap and an 

extraction plate are located in the ion source chamber. This chamber is evacuated by an 

Edwards CoolStar 800 cryogenic pump and the pressure is maintained in the range of 

10-5 ~ 10-7 mbar. Ions are extracted by the extraction plates on the ESI source and 

transferred into the ultrahigh vacuum (UHV) chamber by a series of ion steering and 

focusing lenses. The major components of the ion optics are also located in the ion 

source chamber. In the ion focussing region, the pressure is maintained by an Edwards 

CoolStar 400 cryogenic pump and the pressure is in the range of 10-7 ~ 10-9 mbar. 

Finally, ions enter the UHV chamber where the ICR cell is located and the pressure in 
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this region is typically 10-9 ~ 10-11 mbar which is maintained by another Edwards 

CoolStar 800 cryogenic pump. 

2.3.1.2 The Ion Transfer Optics and Potential Gradient 

As illustrated in Figure 2-11, the ion transfer optics on BioAPEX II 70e FTICR 

mass spectrometer consists of a series of ion lenses including ion steering optics PL 1, 

PL2/DPL2, PL4/DPL4, high voltage element HVO (~ 2.5 kV), ion deflection optics 

XDFL and YDFL, ion focusing optics FOCLI, PL9 and FOCL2. The last parts of the 

ion transfer optics are located on the front-end of the ICR cell, EVI and EV2/DEV2. 

The high voltage applied on some of these lenses was used for ions to overcome the 

magnetic fringing field during their transmission to the ICR cell. 

Figure 2-12 shows the potentials applied on the different ion lenses under normal 

experimental conditions. Some of the lenses are supplied with pulsed voltages that are 

arranged in sequence with the rf pulse applied on the ESI hexapole ion trap or the pulse 

extraction plates on the MALDI ion source. This pulsing function enables a packet of 

ions to be dispatched and trapped in the ICR cell. 

The potential gradient on the different ion lenses is arranged in a way that ions are 

generated in a low potential ion source(~ a few volts) and trapped at similar potential in 

the ICR cell. This arrangement ensures that ions are not acquiring excess energy 

through the electric field acceleration-deceleration process. 

In a typical setup, the voltage on the first ion lens PL1 can be adjusted in the range 

on O ~ +/-180 V depending on the experimental conditions and ion detection polarity. 

Next to PL1, a pair of half-cylindrical plates facing each other horizontally form the ion 

lens PL2. The voltage applied on PL2 is pulsed and a potential difference DPL2 is 

applied on the two half plates. In a similar fashion, a pair of half-cylindrical plates 

(PL4) is placed vertically behind the PL2 plates, and a voltage difference DPL4 is 
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applied to these two plates. The voltage applied to PL4 is also pulsed. The PL1, 

PL2/DPL2 and PL4/DPL4 form the 'ion beam steering' lenses to give ions a guided 

acceleration. The high voltage of +/-2.5 kV is applied on a cylindrical ion lens behind 

PL4, which incorporates with two pairs of flat deflection plates XDFL and YDFL. These 

two sets of deflection plates are arranged in horizontal and vertical positions 

respectively. The potential on the XDFL and YDFL can be adjusted between O ~ +/-

180 V, which steers the ion packet and injects it into the UHV chamber. The einzel lens 

FOCL1, PL9 and FOCL2 arranged downstream in the the line focuses the ion beam into 

the ICR cell. The potentials applied on these three lenses also form a part of the 

potential gradient, which decelerate ions before they enter the cell. 

The final stages of the potential gradient are the voltages set on the ICR cell 

trapping plates. The cell parameters EV1, EV2/DEV2, PV1 and PV2 can be tuned 

collectively to control ion accumulation and ion trapping. The element EV I acts as a 

fine adjustment to the ion's energy before entering the cell. EV2 and DEV2 together 

control the Sidekick™ ( detailed in later section) mechanism for ion accumulation. EV 2 

defines the center potential at the cell entrance while DEV 2 controls the voltage gradient 

across the cell entrance. 

2.3.2 The 'Infinity' /CR Cell 

The Bruker BioAPEX II 70e FTICR mass spectrometer is equipped with a special 

ICR cell called the 'infinity' cell. The standard ICR cell has uniformed potential 

applied on the two trapping plates at each end of the cell. A major drawback of this 

configuration is that during the ion excitation, some non-linear effects, such as the 

coupling of axial and radial motions can cause undesired ion ejection along the z-axis of 

the ICR cell. This is so-called 'z-ejection'.5' 17'18 It has been shown that excitation of the 

axial motion is especially effective for frequencies equal to 2ro, and roe+ 2ro, where roe is 
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the cyclotron frequency and ffi1 is the trapping frequency. To eliminate such unwanted 

ion ejection, Caravatti and Allemann designed a pair of eleven-segment trapping plates 

with different potentials applied on each segment to match the potential gradient of the 

rf excitation field. 19 Such ICR cell then behaves, with respect to the electric rf 

excitation field, like an infinitely long cell. Viewed from inside the cell, the two 

trapping plates act as rf mirrors and give the ions the 'illusion' of an infinitely long rf 

field. Caravatti and Allemann showed the infinity cell effectively eliminates the 

excitation-ejection at frequency of ffic+2ffi1 and produces signal to noise ratios that are 

greatly improved. 

In the Bruker infinity cell, all electroplates are made of titanium and gold-plated. 

The eleven-segment trapping plate PV I and PV 2 are designed and arranged in the way 

that was described in the Allemann's report. 19 The additional plates outside the PV I are 

the EV I and two EV 2 half-plates. 

2.3.3 Ion Trapping 

The ion trapping by BioAPEX II 70e FTICR mass spectrometer can be performed 

in several ways. These include the Sidekick TM ion trapping, gated ion trapping ( either 

static or dynamic) and collision gas-assisted dynamic ion trapping. 

2.3.3.1 Sidekick™ Ion Trapping 

The SidekickTM ion trapping method is used mainly for fast routine mass analysis. 

Following the ion injection event, a potential difference DEV2 is applied on the two EV2 

half-plates that are mounted outside the first trapping plate PV1 (see Figure 2-11). This 

potential difference exerts a force upon ions entering the cell, which is perpendicular to 

the z-axis of the cell so it pushes ions into ion cyclotron orbits. The advantage of 

Sidekick TM ion trapping method is that a wide mass range of ions can be trapped in the 

cell and it is easy to operate. As most of the ions are pushed off from the centerline of 
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the cell, this method is not feasible for the electron-capture dissociation (ECD) or 

infrared multiphoton dissociation (IRMPD) experiments, which requires ions to be 

presented close to the z-axis of the cell. 

2.3.3.2 Gated Ion Trapping 

Another ion trapping method is based on the time-of-flight of ions and gating the 

ICR cell at a proper time. This ion trapping method can be performed in either static or 

dynamic ways. The static ion trapping is to set the trapping potential at a constant value 

and whether ions can be detected relies critically on the flight times of the ions. On the 

other hand, the dynamic ion trapping is to have the trapping potential pulsed on the 

trapping plates and the length of the pulse can be manually tuned to enhance the signal 

intensity. The gated trapping can keep the ions on axis therefore convenient for the 

ECD and IRMPD experiment. The disadvantage of this method is that narrow mass 

range of ions can be trapped and the trapping efficiency is relatively low. 

2.3.3.3 Collision Gas assisted Dynamic Ion Trapping 

The third ion trapping method is collision gas assisted dynamic ion trapping which 

introduces collision gas (pulsed) into the ICR cell to quench ions, and applies a pulsed 

potential on the trapping plate to trap the ions. This ion trapping method can efficiently 

reduce the ion energy spread, which is reflected by the flight time of the ions. A wide 

mass range of ions can be trapped by this method. As the pulsed gas has to be pumped 

away before the detection, this ion trapping method is a slow process, and the mass 

range is still limited by the time-of-flight effect. 

The effect of collision gas-assisted dynamic ion trapping has been experimented in 

this current study. The cooling process is most effective for high m/z ions (> ~ 1,000 

Da). For example, the laser desorption experiment of fullerene soot using Nd-Y AG 

laser ( 1064 nm) shows that only a small number of fullerene ions including mainly C60 + 
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and C70 + are detected (Figure 2-13a). Very few high fullerene ions are presented in this 

mass spectrum. However, by pulsing methanol into the ICR eel~ not only C60 + and C70 + 

signals enhanced, but also many larger fullerene ions are detected (Figure 2-13b). The 

two experiments are performed under the same laser energy at the same target spot, so 

the observation of larger fullerene ions clearly demonstrated the effect of collision gas 

in helping to cool and trap ions. 

2.3.4 External Ionization Sources 

The Bruker BioAPEX II 70e FTICR mass spectrometer is equipped with a range of 

ionization sources including El/Cl, ESI, nanospray, APCI, MALDI and a supersonic 

expansion cluster ion source. In this thesis work, the ESI and MALDI ion sources were 

mostly used, and a brief introduction will be given here for the two types of ion sources. 

2.3.4. J The External Electrospray Ionization Source 

For routine ESI experiments, the experimental setup and operation is as following: 

A Cole-Parmer (Vernon Hills, Illinois) syringe pump is used to produce a sample flow 

at 60 µVh by pressing a syringe (250 µl) that contains the sample solution at a 

concentration of I 00 µg/1. The syringe needle is connected to the spray needle via 

Teflon tubing, and the spray needle is 0.1 mm in diameter. This spray needle is 

positioned at about I cm from the end of a quartz-capillary, which is coated with a thin 

nickel film at both ends. For the negative-ion detection, approximately + 4 kV is 

applied to the entrance-end of the capillary facing the spray. This high voltage creates a 

strong electric field between the capillary and the spray needle to initiate the ion 

formation from the spray. The end plate and the mesh cylinder surrounded the spray 

needle are held at~+ 2.5 kV. Heated drying gas (N2, 300 °C) is directed towards the 

spray from the gap between the end plate and the capillary. Voltages ranging from -

400 V to 400 V are applied to the exit-end of the capillary. A skimmer is located after 
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the exit end of the capillary and it is held at a low voltage (0 V to -20 V). Next, an rf/dc 

hexapole ion trap is used to accumulate ions prior to ejecting them to the ICR cell. A 

delay d1 which ranges from 0.1 to several seconds is used for the ion accumulation. An 

ion packet is pulsed out from the hexapole ion trap and directed into the ICR cell by the 

ion transfer optics. 

2.3.4.2 The External MALDI Source 

The MALDI ion source as supplied has a 3 µ W N2 laser (UV) incorporated in the 

vacuum cart for the ionization. The UV laser beam is reflected and diverted onto the 

target by a pair of mirrors and focussed by an optical lens. A sample insertion probe is 

used to load samples from atmosphere pressure region into the high-vacuum ion-source. 

(Figure 2-14a). The sample holder can accommodate as many as 11 different samples 

(Figure 2-14b) at a time and they can be positioned into the focused laser beam in 

sequence by winding the insertion probe inward. The MALDI source consists of three 

electro-elements, the source housing (SOH), the pusher (PSH) and the extraction plate 

(ETP/DETP) as shown in Figure 2-15. Note that the extraction plates are taken away 

for the laser ablation experiment. Ions produced by the laser are confined by the electric 

field that is created by the combination of SOH and PSH potentials. The extraction 

plates are applied with a pulsed rf potential to extract ions out of the MALDI ion source. 

This potential is offset by the DETP parameter in the XMASS program. A coated filter, 

which is installed in the N2 laser's pathway, varies the laser energy, and a CCD camera 

is mounted inside the MALDI source to view the sample. 

2.3.4.3 The Modification of the MALDI Source for the Laser Ablation Experiments 

In order to carry out laser ablation experiments on the BioAPEX II instrument, the 

external MALDI ion source was modified by the author to allow the use of a DCR-11 

Nd-Y AG laser for the ion generation. 
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Figure 2-16 is a schematic which shows the Nd-Y AG laser beam pathways in the 

experiment. The laser beam is reflected by an UV grade quartz Pellin Broca prism and 

three right-angle prisms. The laser energy is varied by neutral density filters set in the 

laser's pathway. Ions produced by this method can have much higher translational 

energy than the ions produced in the MALDI experiments as the result of high energy 

laser ablation. Ion trapping becomes difficult, especially for the high-mass ions. To 

overcome this problem, ion retardation and ion cooling are used to reduce the 

translational energy (velocity) of the laser-ablated ions. Ion retardation is accomplished 

by setting high voltage values (same as the ion polarity) for the ion lens PL1. Ion 

cooling is achieved by pulsing collision gas such as argon into the ICR cell to take away 

the excess energy of the hot ions. 

2.3.5 The XMASS Control Program 

The operation of the BioAPEX II 70e FTICR mass spectrometer and the acquisition 

of mass spectrometry data are accomplished by the computer software package XMASS 

which was supplied by Bruker Daltonics Company. This program possesses numerous 

functions that control the voltages on different components of the FTICR mass 

spectrometer including the ion source, ion optics and the ICR cell. It also provides 

many options in the data processing. Details of these functions and data processing 

techniques are described in the XMASS user manual. 

An important feature of the XMASS software is that it is designed to allow the mass 

spectrometry experiments to be carried out using its build-in pulse sequences. These 

programmed sequences consist of many function blocks that are presented as bitmap 

icons in the window environment. Different pulse sequences can be organized simply 

by activating the required bitmap icons. These pulse sequences are also user-accessible 

and can be easily modified by editing relevant function blocks in the program. 
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The mass spectrometry data obtained by the XMASS program can be saved as 

ASCII file (instead of the Unix® binary file), which can be read and plotted by other 

graphic software such as Igor® or Exce~ in the Microsoft Office® package. 

The XMASS program is installed on a UN!x® platform, which is on a silicon 

graphic 0 2 workstation operating under the !Rix® system. 

2.4 Sample Preparation 

The two FTICR mass spectrometers used in the experimental work both have 

sample inlet systems that allow solid, liquid or gas samples to be introduced into the 

ICR cell for mass analysis. A brief description of the sample preparation is presented 

here with focuses on the sample preparations for both laser ablation experiments and 

electrospray experiments. Detailed sample preparations will also be described in the 

later sections when the discussions become relevant to these details. 

2.4.1 Sample Preparation/or the Laser Ablation Experiments 

Part of the laser ablation experiments described in this thesis was carried out on the 

CMS-47X FTICR mass spectrometer. Solid samples were used as the laser ablation 

targets. Sample powder was pressed into a stainless steel probe tip by a home-built 

press. The sample probe tip was mounted on a satellite, which screws onto the end of a 

suspended magnetic insertion arm (see Figure 2-01). The sample probe tip and the 

satellite were inserted into the ICR cell by the insertion arm and located on the one of 

the cell trapping plate, which was facing to the incoming laser beam. 

The study of metallofullerenes and metal-carbon clusters that are described in 

Chapter Three and Four involve carbonaceous materials such as carbon thermal black 

or pyrolysed Koppers coal-tar pitch. The sample mixture comprised of carbonaceous 

materials and metal compounds at various carbon/metal ratios. 
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In the study of CID and ion-molecule reactions, argon collision gas or volatile 

chemical reagents such as methanol or benzene are introduced into the ICR cell via the 

molecular leak valve or the pulsed molecular valve. 

As the CMS-47X FTICR-MS instrument was decommissioned during this project, 

further experimental work was undertaken on the BioAPEX II 70e FTICR mass 

spectrometer using a modified MALDI ion source. A new sample probe and sample 

press were designed by Adriana Dinca, a fellow postgraduate student at UNSW and this 

press was used for the laser ablation experiments (See Figure 2-14a). 

2.4.2 Sample Preparation for the ES/ Experiments 

The ESI-FTICR mass spectrometry study of fullerene derivatives described in 

Chapter Five was mainly performed on the BioAPEX II 70e FTICR mass spectrometer. 

These experiments require the samples to be dissolved in organic solvents and for this 

instrument, preferably methanol. The fullerene derivative samples were either directly 

dissolved in methanol or first dissolved in organic solvents such as dicholoromenthane 

and then mixed with over 90% of methanol by volume. 

The 1,6-methano[60]fullerene-61,61-dicarboxylic acid was synthesized by Prof. 

Liangbing Gan and his group from Beijing University using the method of Lamparth 

and Hirsch.2° For the ESI-FTICR mass spectrometry experiments, the methanol 

solution has a concentration of l .22x 104 M (0.1 mg/ml). The solution was unstable and 

after one week, the molecular anion could no longer be detected by ESI-MS. 

The fluorinated fullerenes were synthesized by Dr. Gerry Gadd from Australian 

Nuclear Science and Technology Organization (ANSTO). Fullerene C60 was used to 

react with SF6 under high pressure(~ 200 bar) and the methanol soluble products were 

analyzed by the FTICR mass spectrometry using the ESI method. 
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The cyano-fullerenes were prepared by reacting fullerene C60 with NaCN and the 

water-soluble products were analyzed by the ESI-FTICR-MS. Detailed synthesis 

procedures can be found elsewhere.21 ·22 

Other fullerene derivatives were synthesized and supplied by Dr. Paul Keller from 

Wollongong University. 

2.5 The Operation of FT/CR Mass Spectrometer and the Associated Pulse Sequences 

The computer programs, 189 or XMASS that operate the FTICR mass spectrometers 

contain a sequence of pulse-delay events and each pulse-delay executes a specific 

operation on the FTICR mass spectrometer. Both CMS-47X and BioAPEX II FTICR 

mass spectrometers came with several standard pulse sequences and they can be easily 

modified to suit different experimental requirements. 

2. 5.1 Pulse Sequences for Simple Experiments 

The basic elements in each pulse sequence include ion generation, ion trapping, ion 

excitation and ion detection. Figure 2- l 7a shows a pulse program containing all these 

elements. The event sequence is as follows: prior to the ion generation, a quench pulse­

delay P1/D1 is applied to the one of the trapping plates, which effectively ejects all the 

ions from the ICR cell. An ion generation pulse-delay P2/D2 is then followed to produce 

ions from the ion source. The P2 pulse can be applied in different ways depending on 

which ion source is used. In MALDI or LA experiments, the P2 pulse triggers the laser 

for the laser desorption or laser ablation, and in the internal or external electron 

ionization source it switches on the electron emitter. In the external ESI ion source, the 

P2 pulse is the ion accumulation time in the hexapole ion trap. 

After ions are trapped in the ICR cell, a P3 pulse applies rf potential (50-200 V 

peak-to-peak and 180° out of phase) to the two excitation-plates and excites ions whose 

natural cyclotron frequencies are resonant with the applied rf field. Ions of the same 
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Figure 2-17 Pulse Sequences used by FT/ICR mass spectrometer, (a) for simple 
experiment (b) for a single stage ion-molecule reaction or CID experiment (c) for 
tandem mass spectrometry experiments. 
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mass that are generated randomly in time and space are now brought into phase 

coherent motion, effectively moving together in a packet. This phase coherent ion 

packet generates an ion-induced image current on the receiver plates, and this image 

current is passed to a differential amplifier circuit, which facilitates the detection and 

amplification of the signals. 

If a single rf frequency is selected for the ion excitation, the result is defined mass 

detection, which is commonly referred to as 'narrow band' mass spectra. In contrast, 

the excitation and detection of ions can also be carried out in a wide mass range by 

sweeping the excitation frequency with a fast frequency chirp over a selected mass 

range. Ions in this mass range are excited into a phase coherent motion in less than a 

millisecond. This chirp excitation is often referred as 'broad band' mass spectra. 

The amplitude of the rf excitation pulse P3 can be varied by the attenuation 

parameter XA. The maximum rf potential (peak-to-peak) is 200 V for CMS-47X and 

160 V for the BioAPEX II instrument with XA set equal to zero. The XA can be varied 

between 0 to 63 dB in steps of 1 dB. 

2.5.2 Pulse Sequences for Tandem Mass Spectrometry Experiments 

Based on the simple FTICR-MS experiments described above, tandem mass 

spectrometry experiments can also be performed by a pulse sequence with additional 

pulse-delay functions in the sequence. Tandem mass spectrometry experiments involve 

two or more steps of mass measurements such as those performed in the collision­

induced dissociation and ion-molecule reaction experiments. 

2.5.2.1 Collision-Induced Dissociation 

The collision-induced dissociation is a very important technique in ion chemistry 

studies. It can provide structure information for the selected ion. The experiment is 

performed by introducing collision gas such as nitrogen or argon into the ICR cell either 
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provide structure information for the selected ion. On the other hand, CID product ions 

can also be selected to undergo ion-molecule reactions to reveal their gas-phase 

chemical reactivity. 

2.6 Mass Calibration 

For precise mass measurement, two factors must be taken into account, mass 

calibration and mass resolution. 

The mass resolution is very much determined by the instrumental and experimental 

conditions such as the strength of the magnetic field and the pressure in the UHV 

chamber that houses the ICR cell. 

The mass calibration is carried out by an automated function (MASSCAL for 

CMS-47X and MASSCALI for BioAPEXII) imbedded in the operation software 189 or 

XMASS. A mass calibration equation has been previously defined as: 12 

(2-01) 

In which.fobs is the observed cyclotron frequency, GT is the geometry factor for the 

I CR cell and Veff is the effective cell trapping potential. 

To calibrate the cell, a reference compound PFTBA (perfluorotertiarybutylamine) 

with well-identified EI spectrum is chosen and introduced into the FTICR-MS. Peaks 

over a wide mass range ( e.g. m/z 18 - 650) are measured in the high-resolution mode. 

The mass calibration function in the FTICR-MS operating program then compares the 

measured frequencies lfobs) with the expected frequencies ( calculated) and adjusts the 

two calibration constants y and 13 until the differences between the respective 

frequencies are minimized. 
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Table 2-02 shows the positive-ion masses of PFTBA and its fragments measured by 

BioAPEX II 70e FTICR mass spectrometer. Both measured and calculated masses are 

listed for these ions. The mass calibration results are shown in the right column. 

Table 2-02 Mass calibration from PFTBA ions generated by electron ionization. 

Calibration Points 

Assigned Mas 

501.970592 

413.976977 

AMU 

0.000506 

0.000606 

Differences 

' 
- __ J 

Obs. Mass 

501.971098 

413.976371 

263.986332 

218.985278 

130.991523 

68.994598 

--- -------~----------------

PPM 

1.0 

1.4 

0.8 

0.9 

263.986557 

218.985081 

130.991468 

68.994661 

0.000225 

0.000197 

0.000055 

0.000063 

0.4 
-+--------------

0.9 

In the ESI-FICR-MS experiments on the BioAPEX II, many cluster ions have been 

used as references for mass calibration. Among these cluster ions, sodium iodide 

cluster ions are used in this study. The advantage of using this type of clusters as mass 

calibrant is that they are formed in both positive and negative ion mode covering a wide 

mass range typically from~ 150 Dato ~ 2500 Da (m/z). 

The mass calibration can also be performed with internal references, for which the 

analyzed sample is mixed with a reference chemical(s) that produces ions over the 

mass range including the sample ion(s). By calibrating the reference ion masses, the 

sample ion(s) may also be mass calibrated. 
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Chapter Three 

Laser Ablation FT/CR-MS Studies of Endohedral 

Metallofullerenes and Related Metal-Carbon Clusters 

3.1 Introduction 

The discovery of endohedral metallofullerenes has provoked much interest in the 

study of metal-carbon clusters. Several other types of metal-carbon clusters have also 

been extensively studied in recent years. These include small metal carbide clusters, 

metallocarbohedrenes1 and metal/metal oxide encapsulated carbon nanotubes.24 Laser 

ablation mass spectrometry has played a crucial role in most of these studies. As 

demonstrated by Smalley and coworkers in 1985, lanthano-fullerenes were first 

produced in their pulsed-molecular-valve (PMV) experiment by laser ablation, and 

confirmed to be endohedral in nature by a photodissociation mass spectrometry 

experiment. 5 

The observation of various metal carbon species has raised the question concerning 

metal carbon interaction at an atomic and molecular level, which is the essential 

knowledge for understanding the differences among various metal carbon species. 

Laser ablation FTICR-MS can provide defined conditions in the ICR cell to study gas­

phase molecular species that are formed in the high temperature laser plume. The effect 

of carbon precursors and metals in the formation of different metal-carbon clusters also 

can be investigated. 

The main reason to study endohedral metallofullerenes by laser ablation mass 

spectrometry is that macroscopic production of these cluster materials is still a difficult 

task and laboratory scale chemical studies of these materials are very limited. To date, 

the use of metal doped graphite rods with the arc vaporization6 and the laser ablation-
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furnace7 represent the two major methods for metallofullerene production. It has been 

shown by many reports that metallofullerenes are formed in a much lower abundance 

then fullerenes, and they are mixed in the precursor product - carbon soot. The 

separation of metallofullerenes form fullerenes is a very low efficiency process. Even 

for the most abundant metallofullerene species La@Cs2, only milligram quantity of this 

material is available at the moment. 8 

There are two important factors with regard to the formation of different type of 

metal-carbon clusters - the type of metal and the chemical form of carbon precursor 

used in the laser ablation target. It is well known that many transition metals possess 

catalytic properties for chemical bonding activation and transition metal compounds 

have been commonly used as catalysts in organic synthesis both in chemical 

laboratories and industries. In recent years, gas-phase studies have revealed much 

details about the mechanism of the catalytic process of transition metals. These gas­

phase studies are not restricted to the normal laboratory conditions that are used for 

organic synthesis; they have also been applied to the extreme conditions such as in the 

high temperature arc plasma or laser plume. Smalley and Kroto groups have reported 

catalytic effect of some transition metals such as Ni and Co in carbon nanotube 

growth.9·11 ljima and coworkers have discussed the effect of several parameters in 

carbon nanotubes growth including the catalyst metals, carrier gas pressure, different 

types oflaser and laser energies. 12-18 

On the other hand, the chemical forms of carbon precursors also have important 

bearings on the formation of metal-carbon clusters. Laser ablation mass spectrometry 

studies have shown that fullerenes can be produced from many carbonaceous materials 

other than graphite including coals, 19·20 coal coke,21 meso-phase carbon,22·23 kerogen,24 
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shungite,25 humic substances,26 polymers,27 pyrolysed naphthalene.28•29 or even 'Chinese 

ink'.30 One major observation form these studies is that this type of materials generally 

require much less laser energy than graphite to form fullerenes, and the amount of laser 

energy required correlates to the aromaticity of the carbonaceous material used. These 

studies also imply that a way to obtain improved metallofullerene yields in arc or laser 

ablation experiments may lie in the choice of the carbon precursor and that precursors 

other than graphite may need to be discovered. 

In this chapter, two carbonaceous materials namely carbon thermal black (CTB) and 

pyrolysed Koppers coal-tar (KCT) pitch are examined by LA-FTICR-MS. The study is 

focused on the effect of both carbonaceous materials in the formation of fullerenes, 

endohedral metallofullerenes and other metal-carbon clusters. A comparison is also 

made among various transition metals in regard to their characteristic interactions with 

carbon clusters. 

3.2 Sample Preparation and Experimental Setup 

While the laser ablation experiments were mainly carried out on the two FTICR mass 

spectrometers (CMX-47 and BioAPEX II), several other instruments were also used in 

this study for the sample preparation or product characterization. A brief description is 

given here of the experimental setups and the carbon precursor materials. 

3.2.1 Carbon Thermal Black and Koppers Coal-Tar Pitch 

There are several types of carbon blacks including carbon thermal black, furnace 

black, channel lamp black and acetylene black. Carbon blacks are colloidal size carbon 

particles that have coalesced into aggregates and agglomerates. 31 They are produced 

either by incomplete combustion or thermal decomposition of hydrocarbons depending 

on whether oxygen is presented. Thermal black is manufactured by thermal 
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decomposition of hydrocarbons in natural gas or oil in the absence of oxygen and has 

the largest particle sizes among all the carbon blacks, with particle sizes up to 500 nm. 

Electron microscopy studies by Hall32'33 showed many parallel layer groups were 

orientated with the graphitic planes approximately parallel to the surface in thermal 

black and other large particle size carbon blacks. In this current study, carbon thermal 

black is used as a carbon precursor to generate fullerenes and endohedral 

metallofullerenes. The carbon thermal black sample was obtained from CanCarb 

(Medicine Hat, Alberta, Canada) and used as supplied. It is classified as a Thermax 

Floform Carbon Black-Grade N990 with PH value of9-1 l. 

Coal-tar pitches are complex mixtures of polycyclic aromatic hydrocarbons (PAHs) 

that are derived from high-temperature coal-tar or petroleum with molecular weight 

ranging from 200 ~ 2,000 Da. The chemical composition of coal-tar pitch can be 

altered by a pyrolysis process, which effectively removes the low molecular weight 

volatile species from the raw pitch. The coal-tar pitch sample used in this current study 

was obtained from Koppers Coal Tar Pitch Products, Mayfield, New South Wales, 

Australia, which was named Koppers coal-tar pitch (KCT-pitch). The chemical 

characterization of Koppers coal-tar pitch has been reported elsewhere.34 

3.2.2 Pyrolysis of Koppers Coal-Tar Pitch 

The pyrolysis of KCT-pitch was carried out on an apparatus illustrated in Figure 3-

01. It consists of a cylindrical furnace for which the temperature can be raised to 

~ 1,500 °C. A quartz tube sits inside the furnace with one end connects to a cold trap, 

and the other end connects to a T-switch which can turn to either the vacuum pump for 

evacuation or to helium gas cylinder to introduce the carrier gas. KCT-pitch samples 

are ground into a fine powder prior to the pyrolysis. The sample powder is placed in a 5 
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cm long and 1 cm wide quartz boat, which sits inside the quartz tube. The pyrolysis is 

carried out at defined temperature and the pyrolysis duration is one hour for each 

sample. 

In order to produce metal-doped carbon precursors for metallofullerene studies, 

metal compounds such as La2O3 are mixed with pitch sample and pyrolysed together 

under same pyrolysis conditions. 

3.2.3 Laser Ablation Fullerene/Metallofullerene Generator 

A laser ablation fullerene/metallofullerenes generator was built at UNSW by honors 

student Mr. Nathan Paris and modified by the author to carry out macroscopic 

production of endohedral metallofullerenes. As shown in Figure 3-02, this apparatus 

consists of a cylindrical furnace and a quartz tube, which sits in the center of the 

furnace. The temperature in the furnace can be as high as 1,500 °C, which helps the 

activation of carbon materials (such as graphite) in the laser ablation experiments. Two 

stainless-steel cross-chambers are mounted on each end of the quartz tube. A rotary 

arm with the sample target fitted at its end is located on one of the cross-chamber. The 

other cross-chamber is fitted with pumping/carrier gas inlet system and a quartz 

window. An optical lens (focus: 80 cm) mounted at about 20 cm from the quartz 

window focuses the laser beam onto the target. The Spectra Physics OCR 11 Nd-Y AG 

laser was used for the laser ablation experiment. As shown in Figure 2-14a, a special 

laser ablation probe which was initially designed for the MALDI experiments are used 

to accommodate the sample material. Guided by the laser ablation FTICR mass 

spectrometry results, the metallofullerne production using pyrolysed KCT-pitch/La2O3 

were carried at room temperature. The fullerene/metallofullerenes soot was collected 

on the inside of the quartz tube and extracted by toluene or CS2. 
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Other instruments involved in this study include a home-built reflectron TOF mass 

spectrometer, which is located at Tokyo Metropolitan University, Japan. The 

description of this instrument can be found elsewhere. 35 This instrument was used to 

characterize pyrolysed KCT-pitch residues. A special kind of laser desorption 

ionization technique called graphite surface-assisted laser desorption ionization50 was 

also used for the characterization of KCT-pitch residues using the FTICR instrument. 

In such experiments, fine graphite powder was mixed with the KCT-pitch pyrolysis 

residues then compressed into a MALDI probe tip. Graphite was used as a solid-matrix 

to assist the laser desorption. 

A commercial MALDI-TOF mass spectrometer, Kompact MALDI Ill (Kratos 

Analytical) was used to characterize the metallofullerenes that were extracted from the 

laser ablation soot. 

3.3 FT/CR Mass Spectrometry of Carbon Thermal Black 

3.3.1 Laser Ablation of Carbon Thermal Black 

Laser ablation of CTB was carried out in both positive-ion and negative-ion mode. 

Laser irradiance at 1064 nm wavelength was applied in these experiments. Two pulses, 

230 microsceonds for the long-pulse mode and 8 nanoseconds for the Q-switch mode 

were used. The laser ablation experiment was started with very low laser power ( ~ 0.5 

k Wcm-2) in the long-pulse mode and slowly increased to the maximum power of~ 2 

MWcm·2• In the Q-switch mode, the laser power was varied between 1-2,300 MWcm·2• 

Different size carbon clusters were observed within these power ranges. 

Laser ablation of a pressed CTB sample produced positive-ion mass spectra shown in 

Figure 3-03 ~ 3-05. In Figure 3-03, the laser power used was ~160 kWcm·2• Carbon 
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Figure 3-04 Positive-ion laser ablation FTICR mass spectrum of carbon thermal black 
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cluster cations C0 + with n up to 27 could be observed in this mass spectrum. Close 

examination of this mass spectrum reveals that the laser power is close to the threshold 

energy for fullerene formation with only a small trace of C6o + observed (See figure 3-03, 

insert). Above this threshold energy, a broad range of fullerene ions are generated. 

Figure 3-04 shows fullerene ions are formed at a laser power density of ~700 kWcm·2• 

C60 +, C70 + and Cs4 + are the most abundant fullerene ions in this mass spectrum. This 

laser power is significantly lower than the laser power used for fullerene formation from 

graphite, which is generally on the order of many hundreds ofMWcm·2• 

In the negative-ion mode, the 1064 nm laser ablation of CTB produced a range of 

small carbon cluster anions (See Figure 3-05). The number of carbon anions and the 

abundance of these ions can vary significantly with the laser power. No fullerene 

anions were observed over the available power range (0 ~ 2,300 MWcm-2). 

3.3.2 Laser Ablation of La201 Doped Carbon Thermal Black 

Laser ablation experiments were also carried out with metal-doped CTB. A positive­

ion laser ablation FTICR mass spectrum acquired at a laser irradiance of ~l,6OO kWcm· 

2 (1064 nm and 230 µs) is shown in Figure 3-06. The laser ablation target contained a 

mixture of La203 and CTB at a metaJ/carbon ratio of 1 :50 (by weight). Although the 

base peak in the spectrum is assigned to the fullerene ion C60 +, close inspection of the 

other peaks in this spectrum show that these consist of two series of peaks 

corresponding to the lanthanum carbon cluster ions and bare carbon cluster ions. Two 

series of cluster ions emerged from this mass spectrum with the first one, LaCn +, having 

two carbon atoms spacing between the peaks in the distribution (n is an even number 

between 44 and 98). The other series consists of positive-ion carbon clusters, C/, of 

generally lower intensity ( except for C60 + and C70 +) and also with an m/z = 24 spacing 
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between peaks. The strongest metallofullerene ion peak is assigned as LaC60 + and 

confirmed by high-resolution mass measurements. Lao+ and small amounts of La+ 

were observed in the mass spectra acquired at lower m/z (not shown in this figure). 

The detection of metallofullerene ions became increasingly difficult with successive 

laser shots at the same point on the sample. This was the same phenomenon as 

observed for fullerene ions from the laser ablation of pure thermal black. The ion signal 

diminished after repeated laser ablation at same energy and a higher energy laser pulse 

was required to regenerate the metallofullerene ion signal. This phenomenon made 

generation and isolation of ions in the ICR cell difficult and consequently hard to 

ascertain whether LaC6o + was either an endohedral or an exohedral fullerene. Previous 

CID and ion/molecule reaction studies using FTICR mass spectrometry on related 

metallofullerenes tend to suggest that these ions are most likely endohedral 

metallofullerenes. 35·36 

3.4 Mass Spectrometry Studies of Pyrolysed KCT-Pitch 

3.4.l Characterization of KCT-Pitch Pyrolysis Residues 

KCT-pitch pyrolysis residues were collected at different temperatures in order to 

optimize the effect of this carbonaceous material for fullerene and metallofullerene 

production. Table 3-01 shows the yield and chemical compositions of pyrolysed KCT­

pitch residues generated over the temperature range 200 - 600 °C. Note that the 

chemical analysis was only carried out for the 200 °C, 400 °C and 600 °C residues. The 

carbon to hydrogen ratio increases with temperature due to the carbonization of KCT­

pitch. Pyrolysis temperature above 600 °C resulted in KCT-pitch weight loss over 80%. 

The material collected from the condensation of the evaporated KCT-pitch is a tar-like 

mixture which is presumably composed of various low molecular weight hydrocarbons. 
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Table 3-01. Measured chemical compositions of pyrolysed KCT-pitch residues 

T(°C) Residue C(%) ff(%) N(%) 
% 

200 89.7 93.05 4.54 1.16 

300 76.4 

400 64.2 94.04 4.56 1.15 

500 48.5 

600 12.0 94.30 3.14 0.85 

The KCT-pitch pyrolysis residues were analysed by laser desorption time-of-flight 

mass spectrometry. Figure 3-07 shows the positive-ion LD-TOF mass spectrum of the 

450 °C KCT-pitch residue. A broad range of P AHs is detected but there are no 

fullerene or metallofullerene ions observed. The P AHs ions in this spectrum have a 

mass range of m/z = ~200 - ~600 and appeared with even or odd carbon numbers. The 

number of hydrogen atoms in these P AHs varies with the degree of unsaturation. For 

example, C22H1/, C23H1/ and other PAHs are observed with the number of carbon 

atoms up to ~50. Smaller P AHs are possibly lost in the original pyrolysis of the KCT­

pitch. 

FTICR mass spectrometry was also used to characterize pyrolysed KCT-pitch. 

Figure 3-08 is a positive-ion GSALDI-FTICR mass spectrum of the KCT-pitch 

pyrolysis residue (450 °C). A wide range of PAHs that are similar but larger than those 

observed in the LD-TOF-MS experiment, is observed in this spectrum. Again in this 

experiment there are no obvious traces of fullerene or metallofullerene ions. The P AHs 

detected in this experiment have a mass range of m/z = ~200 - ~900 and also appeared 

with even or odd numbers of carbons. Their corresponding hydrogen atom numbers 

vary with the degree of unsaturation. In Figure 3-08 ions such as C60H28 + can be 
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Figure 3-07 Positive-ion laser desorption time-of-flight mass spectrum of pyrolysed 
KCT-pitch ( 450 °C). 

200 300 400 500 600 
m/z 

700 800 900 1000 

Figure 3-08 Positive-ion GSALDI-FTICR mass spectrum of pyrolysed KCT-pitch (450 
0 ) at a la er power density of ~200 MWcm-2 (1064 nm, Q-switch 8 ns). 
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observed together with other ions of up to ~ 70 carbon atoms. The ions above m/z 700 

are best assigned to P AHs rather than to fullerenes or metallofullerenes. 

Direct laser vaporization FTICR mass spectrometry of 

selected P AHs have been previously studied by other 

members in this group using the CMS-47X FTICR 

instrument. PAHs in the range of m/z = 178 

(phenanthrene, Structure I) to m/z = 533 (rubrene, 

Structure II) have been shown to preferentially laser 

desorb as M+. rather than as [M+Na]+, even when the 

sample is doped with NaCI. 19 

3.4.2 Laser Ablation of Pyrolysed KCT-Pitch 

I 

II 

The laser ablation FTICR mass spectrometry shows that raw KCT-pitch can produce 

fullerene ions at a minimum laser energy of~ 100 kW cm-2 (1064 nm, 230 µs). This 

threshold energy for fullerene formation is about three orders of magnitude lower than 

that required for graphite. It has been observed that this threshold energy decreases 

when higher temperature KCT-pitch pyrolysis residues are used. The lowest laser 

ablation energy value is observed for the 450 °C KCT-pitch pyrolysis residue, for which 

the threshold energy is only ~20 kW cm-2• For the KCT-pitch residues obtained above 

500 °C, the threshold energy for fullerene formation is observed to increases very 

rapidly, which may be caused by a higher degree of carbonization in KCT-pitch 

pyrolysis residue. 

Figure 3-09 is a positive-ion laser ablation (1,700 kW cm-2, 1064 nm, 230 µs) FTICR 

mass spectrum showing fullerene ions that are formed from KCT-pitch residues. An 

expansion of the spectrum between m/z = 200 and 700 is shown in Figure 3-09a. C60 + 
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Figure 3-09 Positive-ion laser ablation FT/ICR mass spectrum of pyrolysed KCT-pitch 
(450 °C) at laser power density of ~700 kWcm-2 (1064 nm, long pulse 230 µs) . 
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Figure 3-09a Expanded mass region of m/z 200 ~ 700 of Figure 3-09. 
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is the most abundant ion produced in this experiment and a broad range of higher mass 

fullerene ions of up to 200 carbon atoms are also present in the mass spectrum. Another 

distribution of ions is observed between m/z = 150 and 500 (Figure 3-09a) that can be 

assigned to PAHs such as C26H1/ and C21H1/ for example. Ions in this distribution are 

similar in mass to those observed in the TOF and GSALDI-FTICR mass spectra shown 

in Figure 3-07 and 3-08. However, in the laser ablation mass spectrum shown in Figure 

3-09, what is noticeable is that the PAHs near m/z = 700 have disappeared or have 

reduced intensity and appear to have been replaced with a series of ions that can be 

assigned to fullerenes. It is likely that some of the P AHs generated in the initial 

pyrolysis of the KCT-pitch are good fullerene precursors and they have been converted 

into fullerenes by a kind oflow power laser 'fusion'. 

For example, corranulene, C20H10 (Structure Ill), has a 

bowl shaped structure with a five-member carbon ring 

surrounded by five six-member carbon rings. Many ions 

that are observed in Figure 3-08 could be assigned to 

corranulene type of P AHs or a partially saturated 

analogue of them (e.g., C20H10-1/). 
III 

3.4.3 Laser Ablation of Pyrolysed KCT-Pitch Doped with Metal Compounds 

The laser ablation study was also carried out with metal-doped KCT-pitch residues. 

Figure 3-10 ~ 3-17 show the positive-ion FTICR mass spectra that are obtained by laser 

ablation of metal-doped KCT-pitch residues. Metals were selected from group 2A (Ca 

and Ba), Group 3A (Y and La) and lanthanides (Ce, Pr, Nd, Gd and Sm). Metal 

compounds in the form of oxide, sulfide and carbonate were used as dopants in order to 

study their effect in the formation of metallofullerenes. 
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3.4.3.1 Pyrolysed KCT-Pitch Doped with CaO or BaC01 

Among the group 2A metals, Ca and Ba were selected for the study of 

metallofullerenes. Figure 3-10 shows a positive-ion laser ablation FTICR mass 

spectrum of CaO doped KCT-pitch pyrolysis residue ( 450 °C). C6o + is assigned to the 

base peak in this mass spectrum with Ca@Cso +, Ca@C6o + and C10 + present as the other 

major ions. A series of fullerenes ions are present in the high-mass region and are 

accompanied by a small amount of calcium-fullerenes. It is observed in the laser 

ablation experiments that the relative intensities of the carbon fullerenes and calcium­

fullerenes remain almost unchanged under different laser ablation conditions. Calcium­

fullerenes have been previously studied by Rose under similar conditions using a 

carbonaceous material coorongite as the carbon percursor. 37·38 Calcium was naturally 

occurred in these materials. Other Group 2A metals such as Sr and Ba were also 

studied by Rose using the laser ablation method, both strontium-fullerenes and barium­

fullerenes were observed by FTICR mass spectrometry.36 

In this present study, barium is also investigated by laser ablation using pyrolysed 

KCT-pitch as the carbon precursor. Figure 3-11 shows a positive-ion laser ablation 

FTICR mass spectrum of KCT-pitch containing barium salt, BaCO3. Unlike the 

calcium-fullerenes presented in Figure 3-10 that are the minor ions, in Figure 3-11, the 

barium-fullerene ions appear as the predominant species. Two series of peaks are 

assigned to fullerene and barium-fullerene ions respectively. Ba@C6/ is assigned to 

the base peak in this mass spectrum with Ba@C44 +, C6o +, Ba@Cso +, Ba@C7/ and 

Ba@Cs2 + assigned to other peaks in the spectrum. Most of the low intensity peaks are 

assigned to fullerene ions. 
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Figure 3-10 Positive-ion laser ablation FTICR mass spectrum of pyrolysed KCT-pitch 
(450 °C) doped with CaO at a laser power energy of~ 500 kWcm-2 (1064 nm, long 
pulse 230 µs). 
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Figure 3-11 Positive-ion laser ablation FTICR mass spectrum of pyrolysed KCT-pitch 
(450 °C) doped with BaCO3 at a laser power energy of ~500 kWcm-2 (1064 nm, long 
pulse 230 µs). 
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3.4.3.2 Pyrolysed KCT-Pitch Doped with Y103 or Ln10/lniS3 (Ln=La, Ce, Pr, Nd, 

GdandSm) 

Group IIIB metals have been the focus of endohedral metallofullerenes studies since 

the first metallofullerenes report by Smalley and coworkers.5 Among these endohedral 

metallofullerenes, scandium-, yttrium- and lanthanum-fullerenes have been mostly 

studied. Much attention has been paid to scandium-fullerenes due to the fact that 

several multi-metal encapsulated scandium-fullerenes have been purified. These 

include, Sc2@Cs2, Sc3@Cs2, Sc2@Cs4, Sc2@Cs6, and a scandium dicarbide endohedral 

metallofullerene (Sc2C2)@Cs6. 39 Spectroscopic analysis includes, C13 -NMR, 40·41 ESR 

or EPR,4244 far- and mid-infrared,45 synchrotron X-ray diffraction46 and high resolution 

ion-mobility measurements47 have been carried out on these molecules. 

Unlike the fullerenes where C6o and C10 are observed to be the most stable species in 

the series, endohedral metallofullerenes show different stabilities, with M@C82 

observed to be the most stable and extractable molecule of the series. 

Similar to the study of calcium- and barium-fullerenes, the laser ablation FTICR 

mass spectrometry shows that, by using KCT-pitch residues, group IIIB metals and the 

lanthanides readily produce metallofullerenes ions by laser ablation. These experiments 

were carried out under same conditions in terms of sample composition and laser 

ablation energy. Figure 3-12 shows that yttrium-fullerene ions are formed along with 

fullerene ions. C6o + is assigned to the base peak in this spectrum with Y@C60 + and C70 + 

appear in similar abundance. A trace of diyttrium fullerenes ions such as Y 2@C84 + is 

also observed in this spectrum. In Figure 3-13, lanthanum-fullerene ions are the major 

species in the mass spectrum with La@C60 + is observed to be the most abundant ion. 
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Figure 3-12 Positive-ion laser ablation FTICR mass spectrum of pyrolysed KCT-pitch 
(450 °C) doped with Y20 3 at a laser power density of ~700 kWcm-2 (1064 nm, long 
pulse 230 µs). 
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Figure 3-13 Positive-ion laser ablation FTICR mass spectrum of pyrolysed KCT-pitch 
( 450 °C) doped with La20 3 at a laser power density of~ 700 kWcm-2 (1064 nm, long 
pulse 230 µs ). 
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Note C60 + is not the predominant ion this spectrum. Dilanthanum fullerene ions are also 

present in this mass spectrum and begin with La2@C14 +_ 

Lanthanide metals are expected to show similarities in the formation of endohedral 

metallofullerenes because these they all have similar electronic structures and ionic 

radius. The laser ablation experiments carried out with some of the lanthanide metals 

have produced very similar species. Figure 3-14 ~ 3-17 show that metallofullerene ions 

containing Ce, Pr, Nd and Sm metals are assigned in LA-FTICR mass spectra. 

For the mass spectra shown in Figure 3-12 ~ Figure 3-17, the laser energy used in 

the formation of endohedral metallofullerenes from KCT pitch residues is about 700 

kWcm-2, which is much lower than that required for graphite (on the order of hundreds 

of MWcm-2). This can be explained if fullerenes or endohedral metallofullerenes are 

formed by dehydrogenation and annealing of large polycyclic aromatic hydrocarbons -

the major constituents in KCT pitch pyrolysis residues. Higher energy is needed for 

graphite or carbon thermal black to break the C-C bonds in the massive graphitic 

hexagonal carbon sheets in order to produce small carbon clusters that are the 

precursors for fullerenes. 

Ion mobility mass spectrometry experiments have shown that laser ablation of metal 

oxide/graphite mixtures generate a variety of LaC6o + isomers including some in which 

the lanthanum atom appears to be bound to polycyclic polyene rings. Upon heating 

(annealing) it was found that nearly all the different ring isomers converted 

spontaneously into metallofullerenes with an endohedral lanthanum which suggests that 

the lanthanum atom acts as a nucleation center and the carbon rings arrange themselves 

around the lanthanum before converting into a fullerene cage.48-50 Given that large 

PAHs with up to 70 ~ 80 carbon atoms are present in the pyrolysed KCT-pitch sample 
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Figure 3-14 Positive-ion laser ablation FTICR mass spectrum of pyrolysed KCT-pitch 
(450 °C) doped with Ce2O3 at a laser power density of ~700 kWcm-2 (1064 nm, long 
pulse 230 µs). 
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Figure 3-15 Positive-ion laser ablation FTICR mass spectrum of pyrolysed KCT-pitch 
(450 °C) doped with Pr2O3 at a laser power density of ~700 kWcm-2 (1064 nm, long 
pulse 230 µs). 
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Figure 3-16 Positive-ion laser ablation FTICR mass spectrum of pyrolysed KCT-pitch 
(450 °C) doped with Nd2O3 at a laser power density of ~700 kWcm-2 (1064 run, long 
pulse 230 µs) . 
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Figure 3-17 Positive-ion laser ablation FTICR mass spectrum of pyrolysed KCT-pitch 
(450 °C) doped with Sm2O3 at a laser power density of ~700 kWcm-2 (1064 run, long 
pul e 230 µ ). 
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(Figures 3-07 and 3-08), if metal oxide or metal sulfide is reduced then only low laser 

powers might be expected to generate endohedral metallofullerenes. 

An important observation made in the present laser ablation studies is that the laser 

pulse-width has a dramatic effect in metallofullerene formation. Metallofullerene ions 

were only formed with long-pulse (230 µs, 200-2,000 kW cm-2) laser ablation of KCT­

pitch pyrolysis residues containing metal compounds. When the Q-switch (8 ns) mode 

was used for laser ablation, metallofullerene ions were not observed over any of the 

available power densities (1-2,300 MW cm-2) although, in some cases, fullerene ions 

were generated. By comparison, when the Q-switch laser power density was set close 

to the upper limit of the long-pulse laser power density range ( ~ 2,000 kW cm-2), there 

were no ions observed. This last observation suggests that in such laser ablation 

experiments, the laser pulse width rather than the laser power density is a key variable 

for gas-phase endohedral metallofullerene formation. 

Besides the difference between the Q-switch and long-pulse laser ablation that is 

observed at the high m/z end in the mass spectra, there are also differences in the 

spectra at the low m/z end, in particular, the observation of small metal-carbide cluster 

ions. For example, Figures 3-18a shows a low m/z region of a positive-ion laser 

ablation FTICR mass spectrum (Q-switch, 1064 nm, 500 MW cm-2) of a 450 °C 

pyrolysed La2O3 / KCT-pitch residue. La+, Lao+ and small lanthanum carbon cluster 

ions, LaC/, (n=2-10) are observed in this mass spectrum, together with some PAHs 

ions that may be the residues of KCT-pitch. In the experiment when the laser is used in 

the long-pulse mode, the same target has been observed to produce only Lao+ in the 

low m/z region. 
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Figure 3-18a Positive-ion laser ablation (1064 nm, long pulse 230 µs) FTICR mass 
spectrum ofpr:olysed KCT-pitch (450 °C) doped with La2O3 at a laser power density of 
~500 MWcm- (m/z 130 ~ 380). 
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Figure 3-18b Positive-ion laser ablation (1064 nm, long pulse 230 µs) FTICR mass 
pectrum of pr:olysed KCT-pitch ( 450 °C) doped with La20 3 at a laser power density of 

~500 MWcm- (m/z 400 ~ 2500). 
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In Figure 3-l 8a, the lanthanum carbide ions with even numbers of carbon atoms are 

more abundant than those with odd numbers of carbon atoms. Small dilanthanum 

carbon cluster ions La2Cm+ (m = 4 - 8) also appear in this part of the mass spectrum. 

The high m/z section of the mass spectrum is shown in Figure 3-18b. Only fullerene 

ions are observed in this mass spectrum. Metallofullerene ions were not observed at 

any of the Q-switch laser powers. In the Q-switch laser power range (2 ~ 2,300 MWcm· 

2), these fullerene ions appeared with variable peak intensities and are often not 

observed at all. 

Laska and co-workers reported that surface vaporization of graphite in the laser 

ablation process is determined not only by the laser power density, but also by the 

duration of laser interaction with the target material.51 One consequence of a longer 

laser pulse (µs) when compared to a Q-switch pulse (ns) is that a larger amount of 

evaporated material is produced and with the slow cooling process the large carbon 

clusters such as fullerenes are formed. Curl and Smalley have previously suggested that 

C6o appears to result when vaporized carbon condenses slowly enough at high 

temperature.52 The effect of a short and intense laser pulse is that the target material 

undergoes fast heating and fast cooling processes with the subsequent production of 

small carbon molecular ions such as C2 + and C3 +_ It is possible that the fast heating and 

fast cooling effects of the Q-switch laser pulse interrupts the metallofullerene formation. 

The appearance of the small lanthanum-carbon cluster ions indicates that these ions are 

most likely linked to the decomposition of the metallofullerenes as such ions are not 

observed in any of the long-pulse laser ablation experiments which also clearly ablate 

the surface at high temperatures. Similar small metal carbide clusters, MC/ (M= La, 

Gd; x = 2-10), have been observed in high-energy collisions (160 keV) of LaC8/ and 
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GdC82 + with target atoms such as H2 and Ne. 53 In these experiments a range of 

fullerene ions was also observed. These observations suggest that the bonding in the 

small metal carbides may hold important clues for understanding the formation and 

growth mechanism of the endohedral metallofullerenes. It also implies that long-pulse 

laser irradiation may be advantageous for fullerene or metallofullerene production while 

the Q-switched short pulse high-power laser is more advantageous for the formation of 

small carbon or metal carbide clusters. 

3.4.3.3 Pyrolysed KCT-Pitch Doped with Nb10s or Ta10s 

As a general conclusion from many endohedral metallofullene studies that have been 

reported, the formation of endohedral metallofullerenes is known to be metal-selective. 

This selectivity reflects the intrinsic difference among the metallic elements in the 

periodic table in terms of their bonding characters. Besides the metals that have been 

discussed above, several metals from other groups in the periodic table (Nb, Ta, Mn, Fe, 

Co, Ni, Cu and Zn) were also studied by laser ablation experiments. Among these 

metals, only Nb and Ta are observed to form metal-carbon cluster ions, therefore, the 

following discussion will be focused on the niobium-carbon clusters and tantalum­

carbon cluster ions. 

Figure 3-19 is a positive-ion FTICR mass spectrum of laser ablation of carbon 

thermal black containing NbiO5• Niobium-carbon cluster ions, NhxC/ (x= 0-8, y=0-12) 

are observed in this mass spectrum with Nb+ is assigned to the base peak. Unlike the 

small lanthanum-carbon clusters that were discussed in the previous section (see 

discussion on Figure 3-l 8a), these niobium-carbon clusters do not show the intensity 

alternation between the even and odd carbon number clusters. The most abundant 

group of cluster ions is assigned to the Nb4Cy +, where y ranges from 0 to 7. The 
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Figure 3-19 Positive-ion laser ablation FTICR mass spectrum ofNbiOs/carbon thermal 
black (atomic ratio 1:1) at a laser power density of 500 kWcm-2 (1064 nm, long pulse 
230 µs). 
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Figure 3-20 Positive-ion laser ablation FTICR mass spectrum of Ta2O5/graphite 
(atomic ratio 1: 1) at a laser power density of 700 kWcm-2 (1064 nm, long pulse 230 µs). 
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formation of these clusters requrres a high metal concentration m the target; a 

niobium/carbon atomic ratio of 1: 1 (by weight) is used. With low metal concentration, 

for example < 5%, only Nb+ and sometimes fullerene ions were observed. Various 

carbonaceous materials including graphite, carbon thermal black, kerogen and 

pyrolysed KCT-pitch have been used in the laser ablation studies, and similar cluster 

patterns are observed in these experiments. The laser energy was optimized for the ion 

production with different carbonaceous materials. Carbonaceous material with high 

contents of PAI-ls also show a wide range of P AHs ions in the mass spectrum that are 

sometimes interfere with the observation of metal-carbon clusters. 

Figure 3-20 is a positive-ion FTICR mass spectrum obtained by laser ablation of 

graphite containing Ta2Os. TaxC/ (x= 0-8, y=0-13) cluster ions are observed in this 

mass spectrum. It shows a similar cluster pattern to that observed for NbxC/ clusters. 

In this case, the Ta+, TaO+ and TaC/ are the most abundant ions with TaiC/ (y = 0 - 7) 

being the most abundant group of tantalum-carbon cluster ions. 

An important observation from both mass spectra, as shown in Figure 3-19 and 

Figure 3-20, is the low abundance of the cluster ions NbsC1/ and Ta8C1/. According 

to the reports by Castleman, Duncan and coworkers, metal-carbon clusters M8C12 + (M= 

Ti, Zr, Hf, V and Nb), the so-called metallocarbohedrenes or metcars are expected to be 

very stable and show outstanding abundance in the mass spectra obtained in the pulsed­

molecular-valve TOF experiments.54 Also, tantalum was excluded in their reports and 

tantalum-carbon clusters TaxCy with only x= 4 and y= 8 have been reported so far. In 

contrast, this current LA-FTICR-MS study tends to suggest that M8C12 + are not unique 

species and tantalum is also capable of forming this type of clusters. What is different 

between the experiments carried out by the Castleman or Duncan groups and the present 
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work is that the metal-carbon clusters were generated using very different methods. 

While the direct laser ablation method is adopted by this current study, the experiments 

carried out by the Castleman or Duncan groups were accomplished by ion-molecule 

reactions between the supersonically cooled laser ablated metal ions and gaseous 

alkanes such as methane. It is possible that the metal-carbon clusters observed in the 

current experiments may have different structures from the ones that were observed by 

Castleman or Duncan groups. 

According to the structure proposed by Dance and many other theoretical studies, 

metcars are reactive species due to the fact that metal atoms in these structures are 

exposed and can be easily oxidized.55 Metcars are therefore air-sensitive molecules and 

there has been no report on successful production of its bulk material. On the other 

hand, the high reactivity of metcars has made them good precursors for the gas-phase 

ion-molecule reaction studies. A preliminary investigation in this aspect has been 

attempted with cluster ions NbxC/ and TaxC/ in this current study. Ions of both 

clusters were reacted with methanol without ion selection, and complicated product ions 

were formed. Further study is needed if the bonding and energy of these product ions 

are to be revealed. 

Several other first-row transition metals including Mn, Fe, Co, Ni, Cu and Zn were 

also studied by direct laser ablation method. In all these cases, there were no metal­

carbon clusters observed, fullerene carbon clusters were the main product ions for the 

low metal concentrations samples (less than 5%, molar ratio). With high metal contents 

in the target ( equal or greater than 1: 1, molar ratio), only bare metal ions ~ or metal 

oxide ions MO+ are observed. This observation confirms what Smalley, Kroto and 

coworkers have proposed, that metals such as Co and Ni can be used as catalysts to 
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enhance the carbon network growth, which leads to the formation of carbon 

nanotubes. 56 

3.5 CID of Endohedral Metallofullerenes and Metal Carbide Cluster Ions 

3. 5.1 CID of La@C60 + 

The dissociation of gas-phase fullerene / metallofullerene ions has been previously 

studied by several research groups, with the loss of C2 units observed to be the primary 

dissociation pathway. A variety of dissociation methods have been employed in these 

studies including photodissociation and CID with ions, atoms, molecules and 

surfaces. 35,53,57-67 These experiments have shown that at least 20 e V of excitation 

energy is required to initiate the first C2-loss from the fullerenes. Smalley and co­

workers originally used photodissociation via the so-called "shrink-wrap" mechanism to 

confirm that metals can be encapsulated by the C6o cage in metallofullerenes such as 

MC60 (M =Kand Cs).57·68 

As noted on page 150, CID-FTICR mass spectrometry has also been used to 

demonstrate that calcium and barium metallofullerenes produced by the laser ablation of 

coorongite37 or BaSO4 / kerogen36 are endohedral in structure. Freiser also used this 

technique to demonstrate that Ni, Co and Fe metallofullerenes produced from the gas­

phase ion molecule reactions between fullerenes and metal ions were exohedral 

metallofullerenes. 69·70 

The high mass-selectivity of the FTICR mass spectrometer enables the mass 

selection of metallofullerene ions that subsequently undergoes collisions with inert 

gases or react with different chemical reagents in the gas-phase. With the use of a pulse 

sequence such as that shown in Chapter Two (Figure 2-17), La@C60 + is selected (Figure 

3-2 la), and allowed to undergo dissociation after a collision with argon gas at a static 
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Figure 3-21a An FTICR mass spectrum of the isolated endohedral metallofullerene ion 
La@C6o+. 
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Figure 3-2lb Collision-induced-dissociation FTICR mass spectrum ofLa@C6/-
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pressure of lxl0-9 mbar. Figure 3-21b is the positive-ion CID-FTICR mass spectrum of 

La@C60 +. La@C6o + is observed to dissociate by losses of C2 units with La@Css + and 

La@C56 + observed as the major product ions. The C2 losses from La@C6o + are 

observed to increase progressively as the La@C6o + ion excitation energy is increased. 

The center-of-mass translational kinetic energy (in eV) of La@C60\ E{0 m can be 

calculated using equation 2-01. Form, is the argon target ion mass (40 Da); mp is 859 

Da (m/z) for La@C60\ Se is 0.81 for cylindrical ICR cell; VPP is 165 V; dis 6 cm. For 

the CID-FTICR experiment shown in Figure 3-21b, La@C6t was accelerated for 380 

µs, and according to equation 2-01, its E{0 m = 430 eV. 

The ion collision frequency during the ion activation Ne can be calculated by 

equation 2-02, here r 1 is the average radius of the target molecule (argon r 1 is 0.94 A); rp 

is the average collision radius of the parent ion (La@C6o + is ~6 A); Cn is the number 

density of the target gas and in this experiment the argon gas number density is C0 = 

2.2x 1015 atoms/m3 at a corrected pressure of 9 x 10-8 mbar. A calculation using 

equation 2-02 reveals that the CID experiment performed with La@C60 + in this 

experiment occurs in the single collision regime. Figure 3-2lb reveals that neither C60+ 

nor La+ or Lao+ were observed during the CID-FTICR experiment. This result suggests 

that the lanthanum atom was encapsulated by the fullerene carbon-cage. 

Gas-phase ion-molecule reactions between La@C6o+ and organic reagents including 

methanol, benzene and carbon disulfide were also attempted, but in each case no 

reaction product was observed. The lack of reactivity of La@C60 + provides additional 

evidence that the metallofullerenes observed in the LA-FTICR-MS experiments are 

endohedral in nature. 
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One of the puzzling questions about metallofullerene formation is why only some of 

the metals in the periodic table can form endohedral metallofullerenes. So far only 

some of the group IIA, IIIB and lanthanide metals appear to form endohedral 

metallo fullerenes. 

It has been assumed that the similar ionic radii and first ionization energies of these 

metals account for the stability of the corresponding metallofullerenes. 36 Wang et al.71 

have presented a thermodynamic calculation of the stability of endohedral 

metallofullerene M@C6o, and they claim that the formation energy of M@C60 depends 

crucially on the ionization energy of the metal atom and on the electron affinity of the 

C60 molecule. However, from these thermodynamic studies we cannot obtain detailed 

information on how metallofullerenes are formed. 

One possible path for fullerene formation in the gas-phase is through a growth 

process beginning with a small carbon ring structure.72 It follows that the formation of 

endohedral metallofullerenes may involve the metal atoms interacting with the carbon 

rings prior to encapsulation into the metallofullerene. This metal-carbon interaction has 

to be strong enough to sustain the metals on the carbon network during the fullerene 

growth. 

Several experimental and theoretical studies have been undertaken on small metal­

carbide clusters such as ScC0 , YC0 , LaC0 , (n<l 0), and a general conclusion is that a fan 

structure ' in which the metal atom sits above the carbon chain and bonds to each carbon 

is the most stable structure for those metals that form endohedral metallofullerenes.73-78 

For example, Suzuki et al. have also shown that there is a correlation between the 

formation of MC/ (n ~ 6) and the formation of MC8/, which indicates that these very 

small metal carbides are possibly the precursor for M@C82 + . 78-80 
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3.5.2 CID of LaC" + 

Figure 3-22 shows the CID-FTICR mass spectrum of LaC4 + with argon as the 

collision gas and this spectrum reveals that these ions fragment through a loss of C2 or 

C4 radicals. The center-of-mass translational kinetic energy LaC4 +, E{0 m is calculated to 

be~ 20 eV. It is difficult to reveal the structure of LaC/ by CID experiments alone; 

more sophisticated spectroscopic experiments or theoretical studies are needed in order 

to probe its bonding and energy. A theoretical approach on metal-carbon clusters will 

be presented in Chapter Four. 

3.6 Macroscopic Production of Endohedral Metallofullerenes Using Pyrolysed 

KCT-Pitch as a Carbon Precursor 

Based on the LA-FTICR-MS study results, the production of endohedral 

metallofullerenes was attempted using the home-built laser ablation fullerene / 

metallofullerene generator with metal containing KCT-pitch pyrolysis residue as the 

laser ablation target. Unlike the experimental conditions used by some of other research 

groups that applied high temperature ( over 1,200 °C) to the metal-doped graphite target 

during the laser ablation, in this current laser ablation studies, it was found that 

metallofullerene could be produced at room temperature by laser ablation. The 

variables in this experiment are found to be mainly the laser ablation energy and carrier 

gas pressure. 

Preliminary results have been obtained, nevertheless, they are encouraging. Figure 

3-23 shows the negative-ion MALDI-TOF mass spectrum of the CS2 extraction oflaser 

ablation soot, which is produced by laser ablation of a target containing 450 °C KCT­

pitch prolysis residue doped with 1% of La2O3• The laser energy used is about 700 kW 
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Figure 3-22 Collision-induced-dissociation FTICR mass spectrum of LaC4 +. 
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Figure 3-23 Negative-ion laser desorption time-of-flight mass spectrum of the CS2 soot 
extraction which is generated by laser ablation of pyrolysed mixture of KCT-pitch and 
La2O3 (laser ablation condition: laser power density, ~800 kWcm-2; helium buffer gas 
pressure, 400 torr; room temperature 25 °C). 
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cm-2 and with ~ 400 mbar helium carrier gas. Several lanthano-fullerene ions including 

La@C82 - and La@C84 - are identified in the mass spectrum. 

3. 7 Conclusions 

Laser ablation FTICR mass spectrometry shows that the formation of certain type of 

metal-carbon clusters is determined by the intrinsic property of the corresponding metal 

used in the laser ablation target. Studies on carbonaceous materials including carbon 

thermal black and pyrolysed KCT-pitch indicate that disordered carbons such as P AHs 

require much less laser ablation energy than graphite to form metal-carbon clusters such 

as endohedral metallofullerenes. 

Laser desorption TOF- and FTICR-mass spectrometry of pyrolysed (450 °C) KCT­

pitch shows the presence of a range of P AHs with various degrees of unsaturation 

incorporating up to 70 carbon atoms. Laser ablation FTICR mass spectrometry studies 

on KCT-pitch pyrolysis residues show this material is potentially a good precursor for 

macroscopic metallofullerenes production. 

Metal compounds of Ca, Ba, Y, La, Ce, Pr, Nd, Gd and Sm when pyrolysed in KCT­

pitch all form a range of gas-phase metallofullerene ions using low-power (200-1000 

kW cm-2) long-pulse (230 µs) laser ablation. The CID-FTICR experiments on La@C6/ 

and its lack of reactivity towards chemical reagents such as methanol, benzene and 

carbon disulfide indicate that the lanthanum metal atom is encapsulated in the fullerene 

cage. This result also suggests that the metal atoms of Ca, Ba, Y, Ce, Pr, Nd, Gd and 

Sm in the corresponding metallofullerene cations are endohedral to the fullerene cage. 

Experimentation with two different laser pulse widths of 230 µs and 8 ns, shows that 

only the 230 µs pulse laser ablation forms metallofullerene whilst fullerenes are 

produced with both laser pulse widths. 
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Small metal-carbide cluster ions such as LaC/ (n = 2 - 10) and La2Cm+ (m = 4 - 9) 

were observed as the main product ions from the high-power Q-switch (8 ns) laser 

ablation of pyrolysed KCT-pitch/metal compound mixtures. 

Laser ablation studies of carbon material containing Nbi05 and Ta2O5 show that a 

range of metal-carbon clusters in the form of MxC/ (x= 0-8, y=0-13) is formed. 

Similar studies with late first-row transition metals Mn, Fe, Co, Ni, Cu and Zn show 

neither metallofullerene ions nor metallocarbohedrenes ions in mass spectra. With low 

concentration of these metals only bare metal ions and fullerene ions were observed. 

Macroscopic production of metallofullerenes was carried out at room temperature 

using a home-built laser ablation fullerene/metallofullerenes generator. The MALDI­

TOF mass spectrum of CS2 extracted soot collected from the laser ablation of pyrolysed 

KCT-pitch/La2O3 target show several metallofullerene ions including La@C82- and 

La@Cs4-. 
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Chapter Four 

Studies of Endohedral Metallofullerene Related Small Meta/­

Carbon Clusters by Gas-phase Ion-molecule Reactions and 

Density Functional Theory Quantum Chemical Calculations 

4.1 Introduction 

The laser ablation studies described in the last chapter show the characteristic 

interactions between various metals and carbon clusters. The observation of endohedral 

metallofullerenes and small metal-carbon clusters such as YC/ and LaC/ under 

different laser ablation conditions indicate a correlation between the small and large 

metal-carbon clusters. Some researchers have suggested that endohedral metallo­

fullerene related small metal-carbon clusters tend to form specific structures that result 

in the encapsulation of metals in the fullerene cage. I-3 It is therefore important to study 

the electronic structures of the small metal-carbon clusters in order to understand their 

relationship to larger metal-carbon clusters such as endohedral metallofullerenes. In 

this chapter, both gas-phase ion chemistry studies and quantum chemical calculations 

using density functional theory are employed to investigate small yttrium- and 

lanthanum-carbide cluster cations, YC/ and LaC/ (n<lO). 

It should be noted that the gas-phase study of metal-carbon clusters is not only of the 

interest in endohedral metallofullerene formation, but also to studies involving metal­

carbon clusters in chemical catalytic processes. It is well known that bare or ligated 

transition metals can activate C-H or C-C bond in hydrocarbons such as alkanes and this 

catalytic property possess huge potentials in the petrochemical industry. 4 It is of 

importance to realize, however, that the C-H and C-C bond activation by transition 

metals can be considered via two mechanisms - bond formation and bond cleavage. 
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Several books and review articles are available for comprehensive and detailed 

discussions on this subject.5-13 One interesting fact is that, in recent years, the catalytic 

properties of transition metals has also been demonstrated in the studies of carbon 

nanotubes, for which the catalytic process for C-C bond formation was accomplished 

under some extreme conditions such as a high-temperature laser plume. Several 

transition metals including Fe, Co and Ni have been used to promote carbon nanotubes 

growth in the laser ablation process. 14-18 

Gas-phase ion-molecule reactions between bare transition metal ions (cations or 

anions) and organic reagents produce unusual organometallic complexes that are 

difficult to observe in the condensed phase. Gas-phase studies eliminate the 

interferences of solvent effect or ion pair attractions, and the chemical reactivity of the 

studied ions can be revealed in detail at the atomic/molecular level. Species that are 

formed by weak interactions can be easily manipulated in the gas-phase. For example, 

many transition metal ions have been studied in the reaction with benzene. The early 

transition metals such as Sc can form product [M-C6H4t by H2 elimination. 19,2o The 

electronic charge on the metal cation remains as a reactive site for further electrostatic 

interactions. Freiser and co-workers reported that Sc(C6Htt continued to react with 

benzene to form condensation products M(C6H4)(C6H6)/ (n= 1-2).21 Studies of the 

first-row transition metal cations reacting with cyclohexane have shown that the early 

transition metal cations such as Sc+, Tt and V+ are capable of multiple dehydrogenation 

to yield M+ /benzene(s) complexes.22 Other reports on the reactions of transition metal 

cluster ions with benzene show that multi-nuclear multi-benzene complexes are 

formed. 23-25 

In general, most of the gas-phase studies mentioned above were carried out with bare 

metal or metal oxide ions. little is known of the gas-phase reactivity of metal-carbon 
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cluster ions. In this chapter, yttrium- and lanthanum-carbide cluster cations YCn + and 

LaC/ (n <10) are studied with a focus on their reactions with several chemical reagents 

including methanol, H2S, benzenethiol, benzene and cyclohexane. Collision-induced­

dissociation is used to assist the investigation of the structures of gas-phase ion­

molecule reaction products. 

4.2 Generation of Small Metal-Carbon Cluster Ions MC/ (M=Y, La; n <10) 

As shown in the Chapter Three, laser ablation of pyrolysed mixtures of KCT-pitch 

and Y2O3 or La2O3 produces either endohedral metallofullerenes or small metal-carbon 

cluster depending on the laser pulse used. Here the focus is on small yttrium- and 

lanthanum-carbon clusters that are generated by the Q-switch laser. Figure 4-01 and 4-

02 show positive-ion laser ablation FTICR mass spectra of pyrolysed KCT-pitch 

containing Y2O3 and La2O3 respectively. In Figure 4-01, the major peaks are assigned 

to YCn + (n <10). The peak assigned to YC2 + is the base peak in this spectrum with y+ 

and YC/ being the other two major ions observed. Minor peaks are assigned to YO+, 

YC/ and YC/ in this mass spectrum. In Figure 4-02, LaC/ and LaC/ are shown as 

the most abundant ions and cluster ions up to LaC 1/ can be observed. La+ and LaO+ 

have low intensities. Some dilanthanum-carbon cluster ions such as La2C4 + and La2C6 + 

are also assigned in this mass spectrum. 

Based on the relative intensities, the cluster ions containing even numbers of carbon 

atoms are more abundant than those with odd numbers of carbon atoms. One 

possibility is that the ion intensity variation is caused by the different ionization 

energies (IE) of these cluster ions. Ayuela26 and co-workers reported the electronic 

structure of lanthanum-carbon clusters, and they have shown that the calculated IE for 

LaCn (n= 1-6) versus carbon numbers have an even-odd alternation with the IE for the 

even carbon number clusters much lower than the ones for the odd carbon number 
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Figure 4-01 Positive-ion LA-FTICR mass spectrwn of pyrolysed mixture of KCT-pitch 
(450 °C) and Y20 3 at a laser power density of~ 700 MWcm-2• (1064 nm, Q-switch, 8 
ns). 
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Figure 4-02 Positive-ion LA-FTICR mass spectrwn ofpyrolysed mixture of KCT-pitch 
(450 °C) and La20 3 at a laser power density of~ 700 MWcm-2 (1064 nm, Q-switch, 8 
ns). 
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clusters. As fullerene or endohedral metallofullerenes are observed as even carbon 

clusters, the outstanding intensity of small even carbon numbers of yttrium- and 

lanthanum-carbon clusters may also bear some links to the endohedral 

metallo fullerenes. 

Another possible explanation for the even-odd ion-intensity alternation is that such 

ion distribution reflects the neutral abundance of the cluster ions in the laser ablation 

plume. In this case, the abundance of cluster ions indicates their relative stability in the 

gas-phase; in other words, the even carbon number cluster ions are more stable than the 

odd carbon number clusters. An interesting fact related to this is that for endohedral 

metallofullerenes, both mass spectrometric results and macroscopic production show 

only those with even number of carbons are observed so far. 

4.3 Gas-phase Ion-molecule Reactions of MCn + (M=Y, La; n =2, 4, 6) 

4.3.1 The Reactions of LaC2 + and LaC1 + with Methanol 

Figure 4-03 shows the result of the reaction between LaC2 + and methanol at a 

reaction delay of 5 seconds. The lanthanum carbon bonds are cleaved and the carbon 

group C2 is replaced by two methoxide groups to form a product ion La(CH3O)/. This 

reaction occurs in two steps as indicated by Equation 4-01 and 4-02. The first reaction 

(Equation 4-01) is observed as a fast intermediate step, which completes in less then 

100 ms. The second step is much slower and it forms reaction product ion La(CH3O)/. 

This product is fairly stable. 

LaC2+ + CH3OH -----­ (4-01) 

LaC2(CH3OHt + CH3OH --•111 La(CH3O)2 + + C2H2 (4-02) 

LaC2(CH3OHt + C2 (4-03) 

169 



d=5s 

LaO+ 

\ 
150 200 

m/z 
250 

Figure 4-03 Positive-ion FTICR mass spectrum of the gas-phase ion-molecule reaction 
ofLaC/ with methanol after 5 seconds of reaction delay. 
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The reaction of LaC/ with methanol also yields the product ion La(CH3O)/ as 

indicated by Equation 4-03 and 4-02, but the reaction is slower. Lao+ was also 

observed as a reaction product possibly due to the reaction of LaC2 + / LaC4 + with 

background water (Equation 4-04 and 4-05). Lao+ appears to be more stable than 

La(CH3O)/, and with long reaction delays (d > 10 s), all the product ions are converted 

into Lao+ (Equation 4-06). 

LaC2 + + H2O -------• 

LaC4 + + H2O -------• 

La(CH3O)2 + + H2O 

Lao++ C2H2 

LaO+ + C4H2 

LaO+ + 2CH3OH 

(4-04) 

(4-05) 

(4-06) 

Many bare transition metal ions have been studied by gas-phase ion-molecule 

reactions with methanol or alcohol type of small organic molecules.27-33 In these 

reactions, transition metals activate the C-H bonds in organic molecules and eliminate 

single or several hydrogens. Azzaro and coworkers reported their FTICR mass 

spectrometry studies of isovalent metal cations Sc+, y+ and Lu+ reacting with 

methanol.34 They claim that ~ (M= Sc, Y and Lu) reacting with methanol first form 

an intermediate product M-CH3OH+, and then through C-O, O-H bond insertion or 

'direct' hydrogen extraction this intermediate product gives many different dissociation 

products depending on the dissociation energy in the different reaction channels. 

Subsequent reactions of these dissociation products with methanol all terminated by the 

formation of M(CH3O)/. The gas-phase ion-molecule reactions of LaC/ and LaC/ 

with methanol present many similarities to the reactions of bare metal ions. The main 

difference is that the intermediate product formed from LaC2 + or LaC4 + has a carbon 

group attached, but the reactions seem to follow a similar pathway which all starts with 

the cleavage of the carbon ligands from the primary ions and followed by releases H2 

from the reagent molecule, methanol in this case. 
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4.3.2 The Reactions of LaC2 + and LaC, + with H2S 

Figures 4-04a and 4-04b show the reaction results for LaC4 + with H2S at 1 second 

and 5 seconds of the reaction delay respectively. Lao+ appears to be more stable than 

Las+, and after 5 seconds of the reaction delay, the intensity of Las+ is significantly 

reduced and Lao+ is assigned to the base peak in the mass spectrum. In a separated 

experiment, Lao+ is also isolated to react with H2S, but no reaction products are 

observed. 

The reactions of LaC2 + or LaC4 + with H2S both yield the product ion Las+ as shown 

in by Equation 4-07 and 4-08. The observation of Lao+ is probably due to the reaction 

between LaCn+ and background water in the ICR cell (Equation 4-04, 4-05 and 4-09). 

The carbon groups in LaC2 + and LaC4 + are completely depleted in these reactions. For 

LaC4 +, no intermediate product such as LaC2S+ is observed which indicates the cleavage 

of carbon ligands is the early steps in these reactions. 

LaC2 + + H2S --- LaS+ + C2H2 

LaC4+ + H2S 

LaS+ + H2O 

LaS+ + C4H2 

LaO+ + H2S 

4.3.3 The Reactions of LaC2 + and LaC, + with Benzenethiol 

(4-07) 

(4-08) 

(4-09) 

The reaction between LaC2 + or LaC4 + with benzenethiol shows that both ions yield 

the product ions, La+, Lao+ and Las+, in the initial stage. These ions continue to react 

with benzenethiol to form product ions La(C6H3SH)\ LaS(C6H3SHt and 

LaO(C6H5SHt. Unlike the reaction with methanol or H2S in which Lao+ was non­

reactive towards both reagents, LaO+ reacts with benzenethiol to form LaO(C6H3SHt. 

Las+ is also reactive towards benzenethiol, and it produces the product ion 

LaS(C6HJSHt, but no further reaction is observed with benzenethiol. 
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(a) d=1 s 

120 140 160 180 200 220 
m/z 

Figure 4-04a Positive-ion FTICR mass spectrum of the gas-phase ion-molecule 
reaction ofLaC/ with H2S after 1 second of reaction delay. 

(b) d = 5 s 

LaO+ 

120 140 160 180 200 220 
m/z 

Figure 4-04b Positive-ion FTICR mass spectrum of the gas-phase ion-molecule 
reaction of LaC4 + with H2S after 5 seconds of reaction delay. 

173 



4.3.4 The Reactions of YCn + and LaCn + with Benzene 

As YCn + and LaCn + are isovalent species, the reactions of YCn + with benzene are 

expected to be similar to the reaction of LaCn+ with benzene. Such an expectation is 

confirmed by seemingly identical reaction pathways for the two groups of cluster ions. 

For simplicity of the description, only the reactions with LaC/ will be discussed below. 

It is also important to note that the formulae refer to the product ions in this part of the 

discussion are postulated. Confirmation of these formulae will be presented in the later 

section. 

4.3.4.1 The Reaction of LaC2 + with Benzene 

In the reaction of LaC2 + with benzene, the initial product ions formed after 0.5 s 

reaction delay are La(C6~)+, La(CsH4t and a small amount of La(Cs~t. LaO+ is also 

observed due to the reaction of LaC2 + with background water molecule. Except for 

Lao+, the three cluster ions La(C6~)+, La(Cs~t and La(CsH6t continue to react with 

benzene or background water through three main pathways and side-pathways as shown 

in Figure 4-05. In the pathway I, the lanthanum-benzyne cation La(C6~t adds on 

three benzene molecules to form complex cluster ions La(C6~)(C6H6)/ (where n= 1-

3). This addition of benzene molecules probably occurs successively since the larger 

cluster ions such as La(C6~)(C6H6)/ is only observed with long reaction delays(> 10 

s). Some of the cluster ion La(C6~)(C6H6)/ (for n= 0-2) also react with background 

water to form LaO(C6H6)/, where n= 1-3. With long reaction delays (over 15 s), water 

addition to LaO(C6~)/ (n= 1-2) yields product ions LaO(C6~)n(H2O) + (where n= 1-

2). In the pathway JJ, La(C8H4t adds on three benzene molecules successively to form 

La(C8H4)(C6H6)/ (where n= 1-3). Further reactions of La(Cs~)(C6H6)/ with 

background water produces the complex species LaO(CsH6)(C6H6)/ (n= 0-2). In 

reaction the pathway Ill, La(C8~( is observed to react with two benzene molecules to 
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Figure 4-05 Proposed reaction pathways for LaC2 + reactions with benzene (and 
background water). 
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form La(C8H6)(C6!-4)/ (n= 1-2). The abundance of these product ions reveals that the 

formation of La(C6H4)(C6H6)/ series is the dominant reaction route, followed by 

La(Cs~)(C6H6)/ and La(CsH6)(C6H6)/ series. As the background water only exists at 

an extremely low concentration (less than lx10·9 mbar), all the product ions formed 

from the reaction with water are observed in a low abundance. 

Figure 4-06 is the reaction profile showing the three major reaction pathways for 

LaC/. They are plotted as the product ion intensities versus the reaction delay time. 

These plots indicate the clustering process progressing with extended reaction delays. It 

is observed that by increasing the reactant concentration in the ICR cell this clustering 

process can be accelerated. With a pulse valve gas inlet, the pressure of benzene can be 

raised as high as lxl0-6 mbar within a very short period of time(< 5 ms). Under such 

conditions, the formation of large cluster ions such as La(C6H4)(C6H6)3 + is possible 

even when the reaction delay is three or four times shorter than the one with a static low 

pressure of benzene. 

4.3.4.2 The Reactions of LaC4 + I LaC6 + with Benzene 

Reactions of LaC4 + and LaC6 + with benzene appear to be straight forward. No 

dehydrogenated products are observed for both ions, instead, only benzene addition 

products are observed in the form of LaC4(C6H6)/ and LaC6(C6H6)/ (n= 1-2) 

respectively. Water addition products LaC4(C6H6)(H2O) + and LaC6(C6H6)(H2O) + are 

observed as minor product ions. These results suggest that the increasing number of 

carbon atoms in lanthanum-carbide clusters can reduce the ion reactivity towards 

benzene. This might occur because the extra carbon atoms tie up all the available 

lanthanide valence electrons, which results in the decline of their reactivity. The 

reaction profiles also show that these reactions are slower than the reaction of LaC2 + 

with benzene (See Figure 4-07). 
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Figure 4-06 Reaction profiles of the three major reaction routes in the reaction of LaC/ 
with benzene. 
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Figure 4-07 Reaction profi les of the reactions of LaC/ILaC/ with benzene. 
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4.3.4.3 The Reaction of YCn + (n= l, 4 and 6) with Benzene 

The reactions of YC/ (n = 2, 4 and 6) with benzene were carried out without any ion 

selection. The product ions are comparable to the reactions with LaC/, except for 

YC6 +, which was produced at extremely low abundance in the initial laser ablation step, 

and no corresponding reaction product ions are observed for this ion. 

4.3.5 The Reactions of YCn + and LaCn + (n= l, 4 and 6) with Cyclohexane 

YCn + or LaCn + (n = 2, 4 and 6) are also reacted with cyclohexane as shown in Figures 

4-08 and 4-09. In both cases, multiple dehydrogenation of the cyclohexane occurred. 

Metal-benzene complexes M(C6~)/ (M=Y or La; n= 1-3) are found to be the major 

product ions. Minor products such as M(CsHs)(C6H6)/ (where n= 0-1) are also 

observed which suggests that the C2 group in MC2 + may have been involved in the 

reaction. For MC4 +, the aromatization of cyclohexane occurs with C4 remaining on the 

M+. MC4(C6~)/ (n= 1-2) are also observed as minor product ions. 

Reactions of MCn + with benzene and cyclohexane show different reactivity among 

these metal-carbide cluster ions. MC2 + behaves similar to the corresponding bare metal 

ions and they are capable of multiple dehydrogenation of saturated hydrocarbon 

molecules such as cyclohexane. For MC/ and MC/, their lack of reactivity suggests 

that C4 and C6 groups have stronger interaction with the metal ion than the C2 group. 

The speculation of these cluster ions is that if MC/ has the linear structure that is 

commonly agreed for small pure carbon clusters Cn (n<I0),35·36 the extension of the 

carbon chain should have minor effect on the metal ions' reactivity because the metal is 

the reactive site. The weaker reactivity shown by MC4 + and MC6 + towards benzene 

seems to suggest structure other than linear for these cluster ions. In the later discussion 

in this chapter, OFT calculation will be employed to reveal the energy minimized 

structures for these MC/. 
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Figure 4-08 Positive-ion FTICR mass spectrum of gas-phase ion-molecule reactions of 
LaCn + reacting with cyclohexane for 24 seconds. 
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Figure 4-09 Positive-ion FTICR mass spectrum of gas-phase ion-molecule reactions of 
YCn + reacting with cyclohexane for 12 seconds. 
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4.4 Collision-Induced Dissociation of the Ion-Molecule Reaction Products 

The ion-molecule reaction of YC0+ and LaC0+ with benzene and cyclohexane also 

raise many questions about the nature of the interactions between the ligated transition 

metal ions and the reactant molecules. On the whole, mass spectrometry results provide 

little knowledge of the structure and bonding for the product ions. More sophisticated 

mass spectrometry experiments are needed to reveal detailed structure information of 

such product ions. This has made the collision-induced-dissociation technique very 

useful in such circumstances. Note that all the CID experiments describing in the 

following text are performed with on-resonance irradiation. 

As shown above, in the reaction of LaC2 + with benzene, three major series of product 

ions are formed. The formula assigned for these product ions may appear to be 

ambiguous. For example, the core-ion of the La(Csl-lt;)(C61-lt;)0 + series, which is 

La(Csl-lt;)+, can also be considered as LaC2(C6H6)+, for which the LaC2 + unit remains 

intact. The CID results from a related ion in this series, La(C81-lt;)(C6Ht;t shows that the 

fragmentation of this ion begins with the dissociation of a benzene molecule producing 

a high abundance of La(Csl-lt;t (See Figure 4-10). The dissociation of La(C8H6t 

occurs via several steps with triple losses of C2H2 followed by the loss of a C2 group 

that yield the final product ion La+. These steps require more CID energy than the 

dissociation of the benzene molecule in the first step, and all the fragment ions were 

produced in low abundance, which suggests that C81-lt; exists as a strong covalent unit in 

the complex. 

Figure 4-11 is a CID-FTICR mass spectrum of La(C61--4)(C6H6)/. It shows that three 

benzene molecules are successively dissociated from the parent ion and produce three 

intense fragment ions La(C61--4)(C68<,)i +, La(C61--4)(C68<,t and La(C61--4t. Further 

dissociation of La(C61--4t shows two successive losses of C2H2 and the loss of a C2 
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Figure 4-10 ORI-CID-FTICR mass spectrum ofLa(CsH6)(C6H6t-
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Figure 4-11 ORI-CID-FTICR mass spectrum ofLa(C6~)(C6H6)/. 
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group to yield the bare metal cation La+ as the end product. The dissociation of 

La(C6H4t appears to be a high-energy process, all the dissociation products from 

La(C6~t are produced in low abundance. For the three benzene molecules in 

La(C6~)(C6H6)/, they are most likely to be bond by electrostatic attraction from La+. 

The relative low intensity of the fragment ions from La(C6~t indicates strong covalent 

interaction between La+ and the ortho-benzyne group. 

For the La(Cs~)(C6H6)/ series, La(Cs~)(C6H6)/ was selected to undergo the CID 

process. Figure 4-12 shows a CID-FTICR mass spectrum of La(Cs~)(C6H6)/. Two 

benzene molecules are readily removed from the parent ion to produce La(Cs~t in 

high abundance. The dissociation ofLa(CsH4)+ shows loss of two C2H2 groups and two 

C2 groups. This CID result also indicates that Cs~ exist as an entity in the complex. 

Similar product ions from the reaction of YC2 + with benzene are also investigated by a 

CID experiment. Figure 4-13 shows the CID result for Y(Cs~)(C6H6)/. An almost 

identical fragmentation pattern to La(CsH4)(C6H6)/ is shown in this mass spectrum. 

Among the LaC4 + reaction products, LaC4(C6H6)z + was examined by a CID 

experiment. As shown in Figure 4-14, two benzene molecules are removed from this 

ion followed by two C2losses to yield La+. A comparison can be made to YC4(C6H6)/ 

(Figure 4-15), for which the two benzene molecules are also removed from the parent 

ion with further dissociation of two C2 groups. 

Many minor product ions containing oxygen atoms are observed in the YCn+ and 

LaCn + reactions. Although the relative intensities of these by-product ions are 

insignificant compared to those main-stream benzene product ions, the structure of these 

ions is equally important in revealing the intrinsic properties of metal carbon 

interactions. For this reason, a few of these minor product ions such as YO(C6H6)3 +, 

YO(C6~)/, LaO(C6~)/, La0(C6~)+, YO(C6~)(H20)\ LaO(C6H6)(H20)\ 
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Figure 4-12 ORI-CID-FTICR mass spectrum ofLa(CsHi)(C6~)/. 
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Figure 4-13 ORI-CID-FTICR mass spectrum ofY(CsHi)(C6~)/. 
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Figure 4-14 ORI-CID-FTICR mass spectrum ofLaC4(C6H6)/. 

100 150 200 250 300 

Figure 4-15 ORI-CID-FTICR mass spectrum ofYC4(C6H6)/. 
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YO(Csl!t,)(C6H6)\ LaO(CsHt,t and LaO(CsH6)(C6H6t are investigated by CID 

experiments. Since both YO+ and Lao+ are not reactive towards benzene, these oxygen 

containing species are most likely formed from the ion-molecule reactions with water. 

The analysis of these CID results suggest that for species such as M(C6H4t and 

M(C8H4)\ their reaction with water effectively hydrogenates the C6~ and C8~ to form 

MO(C6H6t and MO(CsH6t respectively. The oxygen atom is strongly bonded to the 

metal ion and attracts the electronic charge from the metal, which weakens the 

interaction between the metal and the other ligands. This weakening effect has been 

reflected by the CID results of MO(Csl!t,)(C6H6t. In this case, after the initial lost of a 

benzene molecule, the following dissociation occurs via the loss of C8H6 as a whole unit 

(see Figure 4-16) no intermediate products are observed in this step, whereas in the CID 

of M(CsH6)(C6H6)+, the M(CsH6t fragmented in many steps and required much higher 

energy (See Figure 4-10) for dissociation. 

In the reaction of YCn+ and LaCn+ with cyclohexane, the product ion, metal­

benzene complex M(C6H6)/ (M=Y and La; n= 1-3) and the minor product ions 

M(CsHs)(C6H6t are not observed in the reactions with benzene. The CID result of 

La(C6H6h + (See Figure 4-17) suggests that after the initial lost of a benzene molecule, 

further dissociation of M(C6H6t involves H2 elimination to produce M(C6H4t and a 

trace of M(C6H2t. Further dissociation ofM(C6~t shows losses of two C2H2 groups 

and a C2 group. In the case of La(CsHst (see Figure 4-18), the fragmentation first 

produced La(C6H6)+, with further fragmentation follows similar dissociation channels 

as M(C6H6t-
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Figure 4-16 ORI-CID-FTICR mass spectrum ofLaO(CsH6)(C6H6t-
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4.5 DFT Quantum Chemical Calculations of Selected Metal-carbon Clusters and Its 

Gas-phase Jon Molecule Reaction Products 

4.5.1 Gaussian 98w@Quantum Chemical Calculations Package 

4. 5. 1.1 The Calculation Algorithm 

In general, OFT calculations proceed in the same way as Hartree-Fock calculations, 

with addition of the evaluation of an extra term, the electron exchange energy Exe_ This 

term cannot be evaluated analytically for OFT methods, so it is computed via numerical 

integration. These calculations employ a grid of points in space in order to perform the 

numerical integration. Grids are specified as number of radial shells around each atom, 

each of which contains a set number of integration points. For example, in the (75,302) 

grid, 75 radial shells each contain 302 points, resulting in a total of 22,650 integration 

points. Uniformed and pruned versions of many grids have been defined. Uniformed 

grids contain the same number of angular points at each radial distance, while pruned 

grids are reduced from their full form so that fewer points are used on the shells near the 

core and far from the nucleus, where less density is needed for a given level of 

computational accuracy. Put another way, pruned grids are designed to be densest in 

the region of the atom where properties are changing most rapidly. 

For the Gaussian98Ul®37 quantum chemical calculation package used in this present 

study, the pruned grid (75,302)p has been set as the default for all but single point 

calculations using standard SCF convergence. The SG 1 grid, a pruned (50,194) grid 

containing about 3,600 points per atom is used for lower-accuracy single point 

calculations. 

4.5.1.2 Basis Sets Used in Calculations 

The Gaussian 98UI® program adopts gaussian-type atomic functions as basis 

functions. Gaussian functions have the general form: 
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(4-10) 

where r is composed of x, y and z. a is a constant determining the size (radial 

2 

extent) of the function. In a gaussian function, e-ar is multiplied by powers (possibly 

0) of x, y and z, and a constant for normalization, so that 

f g2 = 1 (4-11) 
all-space 

thus, c depends on /, m and n. Linear combination of primitive gaussians forms the 

actual basis function which are called contracted gaussians: 

(4-12) 

where there are fixed constants within a given basis set. The contracted functions are 

also normalized. Molecular orbitals are therefore expressed as: 

(4-13) 

In this present study, most of the species studied by the quantum chemical 

calculation involve the third-row transition metal, lanthanum. The chosen basis set 

must take into account the effective core potentials (ECPs) and relativistic effects in 

order to produce more accurate results. LanL2DZ and SDD are the two basis sets used 

in all the calculations. The LanL2DZ basis set uses D9538 (Duning/Huzinaga full 

double-zeta (DZ)) basis functions for the first row elements, and Los Alamos ECP plus 

DZ functions on Na-Bi. 39-4 1 The SDD basis set uses D95V38 (Duning/Huzinaga 

valence DZ) for the first row elements and Stuttgart/Dresden ECP's for the rest of the 

periodic table.42~ 4 For both basis sets, the ECP treatment has taken into account some 

degree of relativistic effect for large nuclei. 
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4.5.2 DFT Calculation of LaCn + (n = 2, 4 and 6) Clusters 

The ion-molecule reactions that were discussed earlier in this chapter involve metal­

carbon cluster ions YC0 + and LaC0 + (n =2, 4, 6). In order to understand their reaction 

dynamics, it is helpful to know something about the geometric and electronic structures 

of these cluster ions and their associated electronic energies. 

The DFT calculation of the energy minimal structure of LaC2 + was carried out on 

several possible geometries including linear, lanthanum-bridged ring and dumbbell 

(Figure 4-19). The linear structure has lanthanum bonded to the one end of the C-C 

bond, which has a double bond character. Electron spin states of singlet, triplet and 

quintet are investigated for all these structures. The ground state structure is the 

lanthanum-bridged isomer in the singlet state. Calculations using two different basis 

sets, LanL2DZ and SDD give similar results for these isomers. The total energy 

differences between these isomers are shown in Table 4-01. 

Table 4-01 Calculated relative energies (in kcal/mol) for three LaC2 + isomers. 

Basis set Ring* Linear Dumbbell 

LanL2DZ 0.000 7.629 165.741 

SDD 0.000 8.498 169.332 

* Calculated ring structure energy used as energy minimal for comparison 

All structures are optimized with respect to the geometry and frequencies. Positive 

frequencies are obtained for all these structures. It shows that the La-C bond in the ring 

is the longest one. The C-C bond in this structure has a double bond character. The 

La-C bond length in the linear structure is the shortest with the connecting C-C bond 

slightly longer than the one in the ring structure. The C-La-C bond angle is 32.4°. 

191 



(LanL2DZ) 

Dumbbell structure 

Linear structure 

Ring structure 

(SDD) 

~~~ ~----e, 

Figure 4-19 Optimized structures (DFT) for three LaC/ isomers in the singlet state 
(Bond length in Angstroms). 
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For LaC4 + isomers, linear, ring, tetrahedral and fan geometries are investigated for 

singlet, triplet and quintet electronic states using the B3L YP/SDD method. The 

calculated ground-state structure has a fan-shape geometry (Figure 4-20). The bond 

length and bond angles are listed in Table 4-02. 

Table 4-02 Bond length and bond angles of ground-state LaC4 +. 

Bond Bond Length (A) Bond Angle 

La( 1 )-C(2) 2.176 C(2)-La(l)-C(3) 34.6° 

La(l)-C(3) 2.229 
C(3)-La(l)-C(4) 34.9° 

La(l)-C(4) 2.229 

La(l )-C(5) 
C(4) -La(l)-C(5) 34.6° 

2.176 

C(2)-C(3) 1.312 La(l)- C(2) - C(3) 74.9° 

C(3)-C( 4) 1.337 La(l)- C(3) - C( 4) 72.6° 

C(4)-C(5) 1.312 
La(l)- C(4)- C(5) 70.5° 

Quantum chemical calculations on metal-carbide cluster neutrals and cations MC0°'+ 
(M=Y and La; n < 10) have been reported by several research groups. 1•65-67 In general, 

they claim that the ground-state structure for these clusters is the 'fan' structure, for 

which the lanthanum atom or cation bond to each carbon atom on a curved carbon 

chain. The singlet state was found to be the ground state for cations. Current 

calculations on both linear and 'fan' isomers for LaC/ (n= 2, 4 and 6) are in a good 

agreement with these reports except for LaC6 +, this current study shows that it is not co­

planer but being a 'shell' shaped structure (Figure 4-20). 

Analysis of computed Mulliken population charges for LaC/ (n=2, 4 and 6) show 

that the La-C bonds are strongly ionic (Table 4-03). The electronic charge is transferred 
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Cs 

Figure 4-20 Fully optimized ground-state structures for LaC/ and LaC/ in the singlet 
state calculated by DFT method (B3L YP/SDD). 

Figure 4-21 ully optimized ground-state structure for LaC6Hi + in the singlet state 
ca lculated by OFT method (B3L YP/SDD). 
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from lanthanum to carbon atoms.65 As the number of carbon atoms increases, the 

electron density on lanthanum is largely reduced and this has compromised its 

capability for bond activation in the reaction with organic molecules. 

Table 4-03 Atomic Charges on LaC2 +, LaC4 + and LaC6 +_ 

Ion Atom Atomic Charge 

La(l) 1.189705 

LaC + 2 C(2) -0.094853 

C(3) -0.094853 

La(l) 1.352253 

C(2) -0.174581 

LaC + .i C(3) -0.001446 

C(4) -0.001446 

C(5) -0.174581 

La(l) 1.499610 

C(2) -0.134707 

C(3) -0.158885 

LaC/ C(4) 0.043787 

C(5) 0.043787 

C(6) -0.158885 

C(7) --0.134707 
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4.5.3 Calculation of Gas-Phase Ion-Molecule Reaction Products 

Although the CID studies described earlier in this chapter clarify many ambiguities 

concerning the product ion structures, questions still remain as what is the minimal 

energy structure for a particular ion. The mass spectrometry method has reached its 

limit to provide further information at this point. The quantum chemical calculation 

therefore becomes a necessary and complementary method to reveal the underlying 

physical and chemical properties of these cluster ions. 

In the reactions with benzene, the main concern is to reveal the ground-state 

structures for La(C6Hi)\ La(CsHit and La(Cslltit as they are the 'core' ions for the 

clustering reaction. As shown in Figures 4-21 ~ 4-23, in all three cases, charged 

lanthanum metal forms two covalent bonds with their organo-ligands. These structures 

satisfy the s1d1 configuration for La+. In the case of La(C8Hti)\ an isomer built by 

LaC2 + absorbed on to the benzene ring is also calculated. The computed energy 

difference between the two isomers ofLa(CsH6t is 36.4 kcal/mol. 

The calculations of larger cluster ions containing more than one benzene molecules 

are time-consuming tasks. Currently only preliminary results are obtained for some of 

these organometallic complexes. Figure 4-24 shows the fully optimized structure for 

La(C6Hi)(C6H6t- The important feature of this structure is the angle formed between 

C6Hti and La(C6Hi) planes, and for this cluster ion the angle is about 12°. It has been 

observed during the calculation when the two planes reach to this angle, the rotation of 

the benzene molecule in the plane has made little change in the total energy. It is 

therefore difficult to determine the correct symmetry for the energy minimal structure 

for this type of the cluster ions. The fully optimized structure for La(C6Hi)(C6H6)/ 

shows that a tilted 'sandwich' type of structure can be formed (Figure 4-25), with the 

angles between the center ion and the two benzene molecules similar to 
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Figure 4-22 Fully optimized ground-state structure for LaCsllt + in the singlet state 
calculated by DFT method (B3L YP/LanL2DZ). 

-36.4 kcal/mol 

Figure 4-23 Fully optimized ground-state structures for LaC8H/ isomers in the singlet 
tate calculated by OFT method (B3L YP/LanL2DZ). 
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12° 

Figure 4-24 Fully optimize ground-state structure for La(C6Ri)(C6H6t calculated by 
DFT method (B3L YP/LanL2DZ). 

Figure 4-25 Fully optimize ground-state structure for La(C6H.i)(C6H6) / calculated by 
OFT method (B3L YP/LanL2DZ). 
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La(C6I--Li)(C6~t. Inspired by the optimized structures of La(C61-Li)(C6H6t and 

La(C6H4)(C6H6)/, a geometry for La(C6H4)(C6H6)/ is proposed and yet to be 

confirmed by the DFT calculation (Figure 4-26). 

Geometrically optimized structures for La(Csl-Li)(C6H6t and LaC4(C6H6t show 

their angles are about 10.5° and 15° respectively (Figure 4-27 and Figure 4-28). The 

greater angle in LaC4(C6H6t suggests that the closely bonded carbon atoms C4 on 

lanthanum has increased the Coulomb repulsion between the absorbed benzene 

molecule and the carbon chain on LaC4 +. 

4. 6 Conclusions 

Yttrium- and Lanthanum-carbide cluster cations YC/ and LaC/ (n<IO) are 

generated by laser ablation of targets containing carbonaceous material and Y 203 or 

La20 3• YC/, YC/, LaC/, LaC/ and LaC/ are selected to undergo gas phase ion­

molecule reactions with benzene and cyclohexane. FTICR mass spectrometry studies of 

the reactions of YC2 + and LaC2 + with benzene show three main series of cluster ions are 

formed. They are in the form of M(C61-Li)(C6H6)/, M(Csl-Li)(C6~)/ and 

M(CsH6)(C6H6)m + (M=Y and La; n= 0-3; m= 0-2). For YC4 +, LaC4 + and LaC6 +, only 

benzene addition products in the form of MCn(C6H6)m+ (M=Y and La; n= 4, 6; m= 1, 2) 

are observed. In the reaction with cyclohexane, all the metal-carbide cluster ions results 

in a similar series of product ions in the form of M(C6H6)m + (M=Y and La; m= 1, 2). 

Collision-induced-dissociation results on the complex product ions indicate that both 

covalent and non-covalent interactions are involved in their formation. DFT calculation 

on the major product ions confirmed the ground-state for LaCn + (n= 2, 4 and 6) is the 

singlet state with a 'fan' structure. LaC/ has a non-coplanar shell shaped 'fan' 

structure. 
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10.5° 

Figure 4-27 Fully optimized ground-state structure for La(CsH4)(C6H6t calculated by 
DFT method (BJL YP/LanL2DZ). 

15° 

~ 
Figure 4-28 Fully optimized ground-state structure for LaC4(C6H6t calculated by OFT 
method (B3LYP/LanL2DZ). 
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The calculation on the complex product ions revealed that the plane of the initial 

core-ion in each complex forms different angles with the absorbed benzene molecular 

plane(s) and such angles are important in stabilizing the complex products. 

202 



4. 7 References 

(1) Suzuki, S.; Torisu, H.; Kubota, H.; Wakabayashi, T.; Shiromaru, H.; Achiba, Y. 

Jnt. J. Mass Spectrom. Jon Proc. 1994, 138,297. 

(2) Clemmer, D. E.; Jarrold, M. F. Proc. SPIE-lnt. Soc. Opt. Eng. 1994, 2124, 400. 

(3) Clemmer, D. E.; Shelimov, K. B.; Jarrold, M. F. Nature 1994, 367, 718. 

(4) Eller, K.; Schwarz, H. Chem. Rev. 1991, 91, 1121. 

(5) Schroeder, D.; Schwarz, H. Angew. Chem., Jnt. Ed Engl. 1995, 34, 1973. 

(6) Eller, K.; Schwarz, H. Ber. Bunsenges. Phys. Chem. 1990, 94, 1339. 

(7) Freiser, B. S. Organometallic Jon Chemistry (Understanding Chemical 

Reactivity, Vol. 15) Ed Freiser, B. S. (Kluwer Academic) 1996, 1. 

(8) Leary, J. A.; Armentrout, P. B. lnt. J. Mass Spectrom. Ion Proc. 2001, 204, 1. 

(9) Schwarz, H. Chem. Unserer Zeit 1991, 25,268. 

(10) Schwarz, H.; Schroeder, D. Proc. 38'h Robert A. Welch Found Conf Chem. Res. 

1994, 287. 

(11) Schwarz, H.; Schroder, D. Pure Appl. Chem. 2000, 72, 2319. 

(12) Eller, K.; Zummack, W.; Schwarz, H.J. Am. Chem. Soc. 1990, 112,621. 

(13) Eller, K.; Karrass, S.; Schwarz, H. Ber. Bunsen-Ges. Phys. Chem. 1990, 94, 

1201. 

(14) Smalley, R. E.; Hafner, J. H.; Colbert, D. T.; Smith, K. PCT lnt. Appl. 2000, 33. 

(15) Grobert, N.; Terrones, M.; Trasobares, S.; Kordatos, K.; Terrones, H.; Olivares, 

J.; Zhang, J. P.; Redlich, P.; Hsu, W. K.; Reeves, C. L.; Wallis, D. J.; Zhu, Y. 

Q.; Hare, J. P.; Pidduck, A. J.; Kroto, H. W.; Walton, D. R. M. Appl. Phys. A: 

Mater. Sci. Proc. 2000, 70, 175. 

(16) Nikolaev, P.; Bronikowski, M. J.; Bradley, R. K.; Rohmund, F.; Colbert, D. T.; 

Smith, K. A.; Smalley, R. E. Chem. Phys. Lett. 1999, 313, 91. 

203 



(17) Dai, H.; Rinzler, A. G.; Nikolaev, P.; Thess, A.; Colbert, D. T.; Smalley, R. E. 

Chem. Phys. Lett. 1996, 260,471. 

(18) Bronikowski, M. J.; Willis, P.A.; Colbert, D. T.; Smith, K. A.; Smalley, R. E. J 

Vac. Sci. Technol., A 2001, 19, 1800. 

(19) El-Nakat, J. H.; Dance, I. G.; Fisher, K. J.; Willett, G. D. Polyhedron 1993, 12, 

2477. 

(20) El-Nakat, J. H.; Dance, I. G.; Fisher, K. J.; Willett, G. D. Polyhedron 1994, 13, 

409. 

(21) Huang, Y.; Hill, Y. D.; Sodupe, M.; C. W. Bauschlicher, J.; Freiser, B. S. Inorg. 

Chem. 1991, 30, 3822. 

(22) Seemeyer, K.; Schroeder, D.; Kempf, M.; Lettau, O.; Mueller, J.; Schwarz, H. 

Organometallics 1995, 14, 4465. 

(23) Kurikawa, T.; Takeda, H.; Nakajima, A.; Kaya, K. Z. Phys. D 1997, 40, 65. 

(24) Yasuike, T.; Nakajima, A.; Yabushita, S.; Kaya, K. J Phys. Chem. 1997, JOI, 

5360. 

(25) Berg, C.; Beyer, M.; Schindler, T.; Niedner-Schatteburg, G.; Bondybey, V. E. J 

Chem. Phys. 1996, 104, 7940. 

(26) Ayuela, A.; Seifert, G.; Schmidt, R. Z. Phys. D. 1997, 41, 69. 

(27) Jackson, P.; Fisher, K. J.; Willett, G. D. J Chem. Phys. 2000, 262, 179. 

(28) Oiestad, A. M. L.; Uggerud, E. J Chem. Phys. 2000, 262, 169. 

(29) Guo, B. C.; Kerns, K. P.; Castleman, A. W., Jr. J Phys. Chem. 1992, 96, 4879. 

(30) Blum, O.; Stockigt, D.; Schroder, D.; Schwarz, H. Angew. Chem. Jnt. Ed. Engl. 

1992, 31,603. 

(31) Karrass, S.; Pruesse, T.; Eller, K.; Schwarz, H. J Am. Chem. Soc. 1989, 111, 

9018. 

204 



(32) Wise, M. B.; Jacobson, D. B.; Freiser, B. S. J Am. Chem. Soc. 1985, 107, 1590. 

(33) Weil, D. A.; Wilkins, C. L. J Am. Chem. Soc. 1985, 107, 7316. 

(34) Azzaro, M.; Decouzon, B. M.; Geribaldi, S. lnt. J MAss Spectrom. Jon Proc. 

1993, 128, I. 

(35) Raghavachari, K.; Binkley, J. S. J Chem. Phys. 1987, 87, 2191. 

(36) Martin, J. M. L.; Francois, J. P.; Gijbels, R. J Chem. Phys. 1990, 93, 8850. 

(37) Gaussian 98 Revision A.7, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; 

Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Zahrzewski, V. G.; 

Montgomery, J. A.; Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; 

Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J. Barone, V.; 

Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; 

Ochterski, J.; Petersson, A. G.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. 

K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. 

V.; Stafanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.; Gomperts, 

R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; 

Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. 

G.; Chen, W.; Wang, M. W.; Andres, J. L.; Head-Gordon, M. Replogle, E. S.; 

Pople, J. A. Gaussian, Inc., Pittsburgh PA, 1998. 

(38) Dunning Jr. T. H.; Hay, P. J. "Modem Theoretical Chemistry", Ed. Schaefer, III 

(Plenum, New York) 1976, 3, 1. 

(39) Hay, P. J,; Wadt, W. R. J Chem. Phys. 1985, 82, 270. 

(40) Wadt, W.R.; Hay, P. J. J Chem. Phys. 1985, 82, 284. 

(41) Hay, P. J,; Wadt, W.R. J Chem. Phys. 1985, 82, 299. 

(42) Fuentealba, P.; Preuss, H.; Stroll, H.; Szentpaly, L. v. Chem. Phys. Lett. 1989, 89, 

418. 

205 



(43) Szentpaly, L. v.; Fuentealba, P.; Preuss, H.; Stroll, H.; Chem. Phys. Lett. 1982, 

93, 555. 

(44) Fuentealba, P.; Stroll, H.; Szentpaly, L. v.; Schwerdtfeger, P.; Preuss, H. J Phys. 

B 1983, 16, 1323. 

(45) Stroll, H.; Fuentealba, P.; Schwerdtfeger, P.; Flad, J.; Szentpaly, L. v.; Preuss, H. 

J Chem. Phys. 1984, 81, 2732. 

(46) Fuentealba, P.; Szentpaly, L. v.; Preuss, H.; Stroll, H.; J Phys. B 1985, 18, 1287. 

(47) Wedig, U.; Doig, M.; Stroll, H.; Preuss, H. "Quantum Chemistry: The Challenge 

of Transition Metals and Coordination Chemistry" Ed. Veillard, A., (Reidel and 

Dodrecht) 1986, 79. 

(48) Doig, M.; Wedig, U.; Stroll, H.; Preuss, H. J Chem. Phys. 1987, 86, 866. 

(49) Igel-Mann, G.; Stroll, H.; Preuss, H. Mo/. Phys. 1988, 65, 1321. 

(50) Doig, M.; Stroll, H.; Preuss, H. J Chem. Phys. 1989, 90, 1730. 

(51) Schwerdtfeger, P.; Doig, M.; Schwarz, W. H. E.; Bowmaker, G. A.; Boyd, P. D. 

W. J Chem. Phys. 1989, 91, 1762. 

(52) Doig, M.; Stroll, H.; Savin, A.; Preuss, H. Theor. Chim. Acta 1989, 75, 173. 

(53) Andrae, D.; Haeussermann, U.; Doig, M.; Stroll, H.; Preuss, H. Theor. Chim. 

Acta 1990, 77, 123. 

(54) Kaupp, W.; Schleyer, P. v. R.; Stroll, H.; Preuss, H. J Chem. Phys. 1991, 94, 

1360. 

(55) Kuechle, W.; Doig, M.; Stroll, H.; Preuss, H. Mo/. Phys. 1991, 74, 1245. 

(56) Doig, M.; Fulde, P.; Kuechle, W.; Neumann, C. -S.; Stroll, H. J Chem. Phys. 

1991, 94, 3011. 

(57) Doig, M.; Stroll, H.; Flad, H. -J.; Preuss, H. J Chem. Phys. 1992, 97, 1162. 

206 



(58) Bergner, A.; Dolg, M.; Kuechle, W.; Stroll, H.; Preuss, H. Mo/. Phys. 1993, 80, 

1431. 

(59) Dolg, M.; Stroll, H.; Preuss, H. Theor. Chim. Acta 1993, 85, 441. 

(60) Dolg, M.; Stroll, H.; Preuss, H.; Pitzer, R. M. J Chem. Phys. 1993, 97, 5852. 

(61) Haeussermann, U.; Dolg, M.; Stroll, H.; Preuss, H. Mo/. Phys. 1993, 78, 1211. 

(62) Kuechle, W.; Dolg, M.; Stroll, H.; Preuss, H. J Chem. Phys. 1994, JOO, 7535. 

(63) Nicklass, A.; Dolg, M.; Stroll, H.; Preuss, H. J Chem. Phys. 1995, 102, 8942. 

(64) Leininger, T.; Nicklass, A.; Stroll, H.; Dolg, M.; Schwerdtfeger, P. J Chem. 

Phys. 1996, 105, 1052. 

(65) Roszak, S.; Balasubramanian, K. J Chem. Phys. 1997, 106, 158. 

(66) Strout, D. L.; Hall, M. B. J Phys. Chem. 1996, JOO, 18007. 

(67) Jackson, P.; Gadd, G. E.; Mackey, D. W.; Van der Wall, H.; Willett, G. D. J 

Phys. Chem. A 1998, 102, 8941. 

207 



Chapter Five 

ESI-FTICR-MS Studies of Fullerene Derivatives 

5.1 Introduction 

Fullerenes are highly unsaturated carbon molecules that behave like electron­

deficient poly-alkenes in chemical reactions. Fullerene derivatizations are prepared 

mostly through addition reactions including cycloaddition, 1-3 nucleophilic addition,4-6 

radical addition, 7-9 transition metal complex formation, 10-12 hydrogenation13-15 and 

hal • 16-20 ogenahon. Many functionalized fullerene derivatives possess interesting 

properties such as biological activity21-23 and some may be used as intermolecular 

electron-transfer devices. 24 

Many fullerene derivatives are non-volatile and chemically labile compounds. The 

mass spectrometry studies of these compounds therefore require an ionization method, 

which can transfer ionized molecules into the gas phase with minimal fragmentation. 

For this reason, ESI mass spectrometry has been regarded as a promising method for 

fullerene derivative studies because of the soft-ionization nature of this method. Several 

types of fullerene derivatives have been investigated by ESI mass spectrometry using 

different organic solvents including toluene,25 toluene/methanoi26-30 and anhydrous 

CH2C)z.31 Wilson and Wu have studied methoxide addition to C60/C7026 and polyamines 

derived from C60 using a single quadrupole instrument;32 Khairallah and Peel observed 

cyano-adduct anions of fullerene C60 and C70 using a triple-quadrupole system;28-30 

Grayson and co-workers studied malonic acid fullerene derivatives by a sector and ion 

trap mass spectrometry.33 Among the fullerene derivatives, malonic acid fullerene 

derivatives are important fullerene compounds and they have been used in several 
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biological activity studies.21 •34 Also, a water-soluble fullerene malonic acid derivative 

was found to be a competitive inhibitor of HIV- I protease. 35•36 

In this chapter, the ESI-FTICR mass spectrometry study of several types offullerene 

derivatives will be presented. These fullerene derivatives include a malonic acid 

fullerene derivative, several amino acid fullerene derivatives, cyano-fullerenes and 

fluorinated fullerenes. The electrospray ionization method combined with FTICR mass 

spectrometry is used in the study of these fullerene derivatives. In many cases, ESI can 

produce both cationic and anionic ions of fullerene derivatives or their related species, 

and the high resolution of FTICR mass spectrometry provides unambiguous mass 

assignment for various ions produced. The high resolution of the FTICR method is 

especially useful in distinguish ions with close m/z values. 

5.2 ESI-FTICR Mass Spectrometry Experimental Conditions 

Prior to the mass analysis of the fullerene derivatives, the FTICR mass spectrometer 

was mass-calibrated using sodium iodide cluster ions formed by ESI from a sodium 

iodide methanol solution at a concentration of 6. 7x 10-4 M (0.1 mg/ml). In the positive­

ion mode, ions over the mass range of m/z 173.7993 (Nal)Na+ to m/z 2974.8956 

(Nal) 19Na+ were assigned to within 2.8 ppm (average) of their correct value. In the 

negative-ion mode, ions over the mass range of m/z 277.7993 (Nal)r to m/z 2870.9805 

(Nal) 19I- were assigned to within 3.3 ppm (average) of their correct value. In favorable 

circumstances sodium iodide solutions can produce clusters ions that cover the mass 

region up to 4369.9229 Da [(Nal)29Na+] and 4473.8387 Da [(Nal)29r]. 

For the ESI-FTICR mass spectrometry experiments, the fullerene derivative samples 

were either directly dissolved in methanol, or first dissolved in the dichloromethane and 

then mixed with over 95 % (by volume) of methanol. 
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5.2.1 Fullerene Derivative I 

5.2.1.1 Sample Preparation 

A malonic acid fullerene derivative ( 1,6-

methano[ 60]fullerene-61,6 l -dicarboxy lic acid ) and 

two amino acid type of fullerene derivatives (Structures 

I ~ Ill) were synthesized by the method of Lamparth 

and Hirsch. 37 

COOH 

Structure I 

The synthesis work was undertaken by Prof. Liangbing Gan's group from Peking 

University. Details of the synthesis and the chemical characterization can be found 

elsewhere. 7'38'39 

5.2.1.2 ESI-FTICR Mass Spectrometry Studies of Fullerene Derivative I 

Although attempts were made to observe positive ions arising from the 1,6-

methano[ 60]fullerene-61,6 l-dicarboxylic acid none were found. Only negative-ion 

species were observed for this compound. The ESI spray solution was also modified by 

adding a few drops of acetic acid methanol solution (concentration of l.4x10-3 M), or 

sodium iodide methanol solution (concentration of 6.7xl04 M), but no proton or 

sodium adduct ions were observed. For comparison, two other dicarboxylic acids, 

malonic acid CH2(COOH)2 and succinic acid C2Hi(COOH)2 in methanol solution were 

studied under the same condition. The results for these compounds show that only 

positive ions were observed and, for such ions, no monomolecular adduct cation 

[M+Nat was observed for either of dicarboxylic acids. A significant difference in the 

behavior of these acids as compared to that of the dicarboxylic methano[60]fullerene, 

was that sodiated cluster cations were formed from both malonic acid and succinic acid 

with the general formula of [Mn+Nat (n = 2-3) where Mis the dicarboxylic molecule. 
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It is possible that the electron deficiency of fullerene C60 molecule has an effect on 

the attached malonic acid, which increases its acidity. As the result of such a change, 

the anions of this species might expect to be formed, especially the deprotonated 

carboxylic anions. 

The negative-ion species that are formed from 1,6-methano[6O]fullerene-61,61-

dicarboxylic acid were first observed at a capillary/skimmer (C/S) potential difference 

of 45 V. As shown in Figure 5-01, the most abundant ion is that with m/z 820.988. 

This ion is assigned to the deprotonated molecule C6oC(COOH)COO- (8(m/z) ~3 ppm). 

Another major ion observed at m/z 776.988 is assigned to C60CHCoo- (8(m/z) ~5 

ppm). This ion could result from the loss of a COOH group from the molecular anion. 

Ions appearing at m/z 854.994 and 811.004 are possible by-products that can be 

assigned to the dihydroxylated fullerene derivative species, (OH)2C60C(COOH)COO­

and (OH)2C60CHCOO- to within 8(m/z) = 4 ppm and 3 ppm, respectively. 

ESI is a sensitive technique in which the observed ion distributions are very much 

dependent upon the spray conditions. For example, the voltages applied at the exit-end 

of capillary and skimmer has a significant effect on the ion distribution. This is possibly 

because the potential difference between capillary and skimmer determines the 

translational energy of the ions passing out of the capillary. By increasing this potential 

difference, higher energy collisions between ions and neutral molecules may occur, 

thereby leading to increased ion fragmentation. This capillary/skimmer collision­

induced-dissociation (C/S-CID) is an effective way to obtain structural information of 

ions even though ions cannot be individually isolated. 

In this present study, the ion intensity of the deprotonated molecule 

CtioC(COOH)COO- was observed to decrease when the C/S potential difference was 

raised, and correspondingly the fragment ions became more abundant. Figure 5-02 is a 
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Figure 5-01 Negative-ion ESI-FTICR mass spectrum of fullerene derivative / at a 
capillary voltage of 50 V. 
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Figure 5-02 Negative-ion ESI-FTICR mass spectrum of fullerene derivative / at a 
capillary voltage of 150 V. 
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negative-ion ESI-FTICR mass spectrum of 1,6-methano[60]fullerene-61,61-dicarboxylic 

acid at a C/S potential difference of 150 V with an ion accumulation delay in the rf/dc 

hexapole of d1 = 0.5 s. This figure shows that during C/S-CID, the dicarboxylic acid 

groups not only fragment but also possibly rearrange to produce product ions that 

include C6oCHCOO- (observed m/z 776.998), C6oHCOO- (observed m/z 764.998) and 

C60CH- (observed m/z 733.008). With the maximum available C/S potential difference 

applied (400 V), C6oCir (m/z 733.001) became the most abundant ions observed 

(Figure 5-03). 

Since ions can be trapped in the r£'dc hexapole for periods of up to several seconds, 

the collisions between the ions and neutral molecules may also facilitate gas phase 

ion/molecule chemistry. The results of such reactions are shown in Figure 5-04 which 

is a negative-ion ESI-FTICR mass spectrum obtained at a C/S potential difference of 195 

V and ion accumulation delay in the r£'dc hexapole of2 seconds. The three major ionic 

species can be assigned to the cluster ions [C60C(COOH)2]nC60Cir (n = 0 - 2). The 

abundance of these ions is sensitive to the ion accumulation time in the r£'dc hexapole 

ion trap, which indicates that these cluster ions may form in the hexapole ion 

accumulation region by the trapped-ions reacting with neutral molecules. With short 

delay times (d1 < 0.5 s), the abundance of these cluster ions markedly decreased. 

In order to probe the structures of the ionic species that are observed in the ESI 

FTICR mass spectrometry experiments, SORI-CID was carried out with selected ionic 

species. A SORI-CID FTICR mss spectrum shows the dissociation of the deprotonated 

molecule C60C(COOH)COO- (Figure 5-05). This anion is observed to lose up to two 

CO2 groups to produce product ions C60CHCOO- and C60Cir. A trace of C60- is also 

observed in this mass spectrum. The formation of C60CHCOO- from 
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Figure 5-03 Negative-ion ESI-FTICR mass spectrum of fullerene derivative I at a 
capillary voltage of 400 V with 0.2 s of ion accumulation in the hexapole. 
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Figure 5-04 Negative-ion ESI-FTICR mass spectrum of fullerene derivative I at a 
capillary voltage of 195 V and with 2 s of ion accumulation in the hexapole. 

214 



720 740 760 780 
m/z 

800 820 840 

Figure 5-05 SORI-CID-FTICR mass spectrum of deprotonated fullerene derivative I 
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C60C(COOH)COO- involves proton transfer from the carboxylic group to the methano­

carbon on the C60 frame. 

It is worthwhile to note that in Figure 5-05, the isotope pattern of the ions appears 

distorted. This is because in SORI-CID experiments, ion excitation was carried out 

using the correlated sweep pulse program in which the frequency pulse applied for the 

ion excitation is very narrow and it may only cover a single isotope peak region. This 

mass correlation minimizes any off-resonance excitation of the unwanted ions, but it 

also cause distortion of the ion isotope pattern. 

During the SORI process, the average kinetic energy KEav of the ions over long 

periods in the absence of collisions is described by equation 2-03. For the SORI-CID of 

C60C(COOH)COO- experiment, the irradiation is applied with E0 = 44 vm-1 and 

frequency offset was set at 500 Hz. Under such conditions, this ion is calculated to 

obtain an average kinetic energy of 12 eV in the absences of collision gas. Using argon 

as the collision gas, an average centre-of-mass kinetic energy of this ion is about 0.6 eV. 

During the SORI-CID, the excitation pulse was sustained for 0.3 second. 

In another experiment, C6oCHCOO- was also studied by SORI-CID (see Figure 5-

06). It is observed that C6oCHCOO- loses a CO2 group to produce C60Clr. 

Interestingly, the ion C60HCOO-, that was observed in the ESI at the capillary/skimmer 

potential difference of 275 V was not present as a SORI-CID product. C60Cir appears 

to be a very stable ion, even when the C/S potential difference was raised as high as 400 

V, it still remained with high intensity. The apparent stability of C60Cir is probably 

related to increased de localization (aromatic in nature, 4n+2 with n = 0) of the electron 

pair on the cyclopropyl methano-carbon as it interacts with the carbon bonds in the C60. 

A separate CID experiment was performed with C60Cir using the SORI technique. 

Figure 5-07 shows the result of this experiment in which 4 0Cir produces C60Ir/C60-. 
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Figure 5-07 SORI-CID-FTICR mass spectrum of C60Cir. 

217 



5.2.1.3 Semi-Empirical Calculations on Fullerene Derivative I and its Related Species 

Semi-empirical calculations using the AMI approximation with the MOPAC 

program40 were carried out on a few neutral and ionic species that are related to the 

fullerene derivative /, including both monomeric and dimeric examples. With 

increasing molecular size and for radical species MOP AC has difficulties with both SCF 

and geometric convergence. Consequently some species are not included in the results 

presented in Table 5-01. 

The structures obtained for the energetically preferred monomer anion species are 

illustrated in Figure 5-08. Among the species considered C6oCI-r is found to be of C2v 

symmetry with the negative charge delocalized on the cyclopropyl moiety rather than 

being localized on the methano group or on the C6o, which would confer Cs symmetry. 

The C60CHCOO- anion is of the expected Cs symmetry with equivalent oxygen atoms 

aligned symmetrically relative to the C6o sphere. The dicarboxylic acid C60C(COOH)2 

prefers C2 over Cs symmetry by 3 kJ/mol, but its anion C60C(COOH)COO- has no 

symmetry. The energies for deprotonation show the expected trend with the 

dicarboxylic acid being more reactive than the monocarboxylic acid, with the 

methanofullerene[60] showing least reactivity. 

The unusual fragmentation product in the C/S-CID, C60CHOOI-r, is shown to prefer 

the structure with a complete COOH group and the negative charge delocalized into the 

C6o sphere. The other possible structure, the 1,2- di-adduct with H and coo- groups is 

found to be less stable by 47 kJ/mol. Since C60COOI-r has lost its methano carbon, the 

possible mechanism of its formation remains unknown. 

The observed dimeric species [C60CHCOOH][C60CHCOOy- with x =l and 2 are 

likely to comprise a classical --O-H··o hydrogen-bond as their essential structural 

feature. Their neutral progenitor [C60CHCOOHh is expected to show the classical 
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TABLE I. MOP AC I AM I results for selected methanofullerene[ 60] molecules and anions: 

calculated ionization energies, IE ( in eV ) and standard heats of formation, dHf°, with the 

derived deprotonation energies, dHdp O ( in kJ moi-1 ). 

Molecule Symmetry IE Mir° AHdp 0 

c6o lh 9.64 4072 

c6o- lh 3.31 3771 

C60CH2 C2v 9.34 4057 -33 

c 60cH- C2v 3.84 4024 

C60CHCOOH Cs 9.43 3717 -157 

C60CHCOo- Cs 5.74 3559 

C6oCCOoH- Cs 4.65 3601 

C60CCOOHCOOH C2 9.51 3407 -188 
C60CCOOHCOOH Cs 9.52 3410 -190 

C6oCCOOHCOo- C1 6.20 3219 

C60HCOOH Cs 9.39 3571 -241 

C6oCOoH- Cs 4.91 3330 

C60Hcoo- Cs 6.04 3377 
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Figure 5-08 Calculated (MOPAC) structures offullerene derivatives ' anion that are 
observed by ESI-FTICR mass spectrometry. 
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double hydrogen bond with a planar (CHCOOH)2 linkage. This is verified by the 

MOPAC AM 1 calculation as illustrated in Figure 5-09, for which the H··o distances are 

2.110 A and the dimerimtion energy is -27 kJ mor1 (or 13 kJ mor1 for each hydrogen­

bond energy). These relate well to the experimental values for the gas-phase H2O dimer 

of2.019 A and 15 kJ mor1 respectively.41 

Deprotonation of the neutral dimer provides the mono-anion [C60CHCOOH] 

[C6oCHCOOr bound through a single hydrogen bond. The AM1 structure shown in 

Figure 5-09 retains the planar bridging structure. The H··o distances for this structure 

are 1.905 A and 2.459 A respectively, with the shorter distance being smaller than the 

hydrogen-bond lengths in the neutral dimer. Perhaps not surprisingly the calculated 

dimerimtion energy of -53 kJ mor1 is rather higher than that obtained for the neutral 

species. 

Since the C60- anion is stable in the gas-phase, the addition of one and two further 

electrons to the mono-anion dimer to give [C60CHCOOH][C60CHCOO]2- and 

[C60CHCOOH][C60CHCOO]3- should simply involve delocalized electron density 

appearing on the respective C60 moieties, without necessarily greatly weakening the 

hydrogen-bond. The optimized AMI geometry for the tri-anion is little different from 

that of the mono-anion with H··o distances calculated as 2.015 A and 2.512 A 

respectively, and a dimerimtion energy of -111 kJ mor1 relative to C60CHCOOH and 

C60CHCoo- as fragments with two free electrons. The Koopmans' ionization energies 

calculated for the two dimeric anions are 6.50 and -0.59 eV respectively, the latter 

suggesting contrary to observation that the tri-anion is not stable towards electron loss 

in the gas-phase. 
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Figure 5-09 Calculated (MOPAC) structures for [C60CHCOOHh dimer and hydrogen­
bond [C6oCHCOOH][C6oCHCOOr anion. 
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5.2.2 ESI-FTICR Mass Spectrometry Studies of Fullerene Derivative II 

The fullerene derivative II has a molecular 

mass of 865 Da. The ESI-FTICR mass 

spectrometry studies of this compound were 

performed in both positive-ion and negative-ion 

mode. 
Structure II 

The positive-ion ESI-FTICR mass spectrum (Figure 5-10) shows the molecule can 

add a sodium cation and several hydroxyl groups. The base peak in this mass spectrum 

is assigned to (OH)4M+Na+, where Mis the neutral fullerene derivative molecule. The 

addition of hydroxyl groups is also observed for 1,6-methano[60]fullerene-61,61-

dicarboxylic acid that has been show above, but in that case, it was observed in the 

negative-ion mode. A possible explanation for this observation is that these two 

compounds present different acidity in the electrospray solution, which leads to the 

addition of hydroxyl groups in different ionization modes. 

Figure 5-11 shows the negative-ion ESI-FTICR mass spectrum of fullerene derivative 

II. A range of oxygen addition products in the form of [OnM-HT (where n = 6 ~ 13; Mis 

the neutral molecule) are observed in this mass spectrum. The major ion in this mass 

spectrum is assigned to [OsM-Hr. The number of these oxygen-attached species that can 

be observed depends on the experimental conditions such as the capillary voltages. It has 

been observed that the composition of the sample solution undergoes dynamic changes 

over a period of time. The mass spectrum of the same sample that was stored for more 

than a week shows many ionic species that are possibly related to the fullerene derivative 

II (Figure 5-12). [OsM-Hr is still in high abundance, with possible dissociation products 

such as C6oo- and C60- that were not observed in the early experiment. 
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Figure 5-10 Positive-ion ESI-FTICR mass spectrwn of fullerene derivative II. 
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Figure S-11 Negative-ion ESI-FTICR mass spectrum of fullerene derivative II. 
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Figure 5-12 Positive-ion ESI-FTICR mass spectrum offullerene derivative II after the 
sample solution stored for a week. 
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5.2.3 ESI-FTICR Mass Spectrometry Studies of Fullerene Derivative Ill 

Fullerene derivative Ill has a molecular mass of 

1,010 Da. Figure 5-13 shows the positive-ion ESI­

FTICR mass spectrum for this compound. The base 

peak in this mass spectrum is assigned to 

[(CO)M+Nat where M is the neutral molecule of 

this compound. 

/COOH 

N 
"-cooH 

Structure III 

A small peak that is assigned to sodium adduct ion [M+Nat is also observed in this 

mass spectrum. Other peaks in this mass spectrum can be assigned to different addition 

ions or dissociation product ions of this compound. 

Figure 5-14 shows the negative-ion ESI-FTICR mass spectrum of fullerene 

derivative Ill. There is a series of breakdown products from this compound with the 

final fragment ion being C60-. The fragmentation was occurred via the loss of several CO2 

groups, with the formation of carboxylic anion in most of the residue products. 

5.2.4 Fullerene Derivative IV~ VI and Ligand Compounds L1 and Li 

5.2.4.1 Sample Preparation 

Fullerene derivatives IV~ VI were supplied by Dr. Paul Keller of Wollongong 

University. Compound IV is a trimethylamine type of fullerene derivative, which was 

used as a precursor compound for the synthesis of many other fullerene derivatives. 

Compound V and VI contain C60 external bridges that are formed by joining two 

diphenylmethylamide glycine molecules with a benzene molecule on the 'para' and 

'meta' position respectively. The respective ligand compounds L1 and Li are also 

studied by ESI-FTICR mass spectrometry. Reports on the synthesis and 

characterization of these compounds can be found elsewhere.42•43 
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Figure 5-13 Positive-ion ESI-FTICR mass spectrum of fullerene derivative III. 
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Figure 5-14 Negative-ion ESI-FTICR mass spectrum of fullerene derivative Ill. 
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5.2.4.2 ESI-FTICR Mass Spectrometry Studies of Fullerene Derivatives IV~ VJ and 

Ligand Compounds L1 and L2 

Unlike the fullerene derivatives / - III, fullerene 

derivative IV has no carboxylic acid groups. Figure 5-

15 shows a positive-ion ESI-FTICR mass spectrum of 

this fullerene derivative. The major ion observed in this 

mass spectrum is [M+Ht. Other minor ions in this 

spectrum are assigned to impurities. 
Structure W 

Figure 5-16 shows the negative-ion ESI-FTICR mass spectrum of fullerene 

derivative IV. The deprotonated anion is shown as the base peak in this mass spectrum. 

Several smaller ions including C6o(OCH3r, C6o0lr, C60lr and C6o- can be observed in 

this mass spectrum. 

Figure 5-17 shows the ORI-CID FTICR mass spectrum of the deprotonated anion. It 

clearly shows that the dissociation process eliminates the whole amine group and the 

hydrogen atom that was attached to the fullerene frame. 

Structure L1 Structure V 

~ 
0 

Structure L2 Structure VI 
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Figure 5-15 Positive-ion ESI-FTICR mass spectrwn of fullerene derivative IV. 
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Figure 5-16 Negative-ion ESI-FTICR mass spectrum of fullerene derivative IV. 
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Figure 5-17 ORI-CID FTICR mass spectrum of deprotonated radical anion offullerene 
derivative IV. 
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For fullerene derivatives V and VI, the ESI-FTICR mass spectrometry studies were 

first carried out with the ligand compounds L1 and L2. Both compounds have a 

molecular weight of 580 Da. The positive-ion ESI-FTICR mass spectrum for L1 is 

shown in Figure 5-18. The sodiated ion [M+Nat is the base peak in the mass spectrum. 

Other addition ions including [M+H]\ [M+Kt and [M+Cst are also formed. It has 

been observed that the abundance of [M+Ht largely depends on the proton affinity of 

the analyte molecule and the acidity of the solution, whereas the abundance of the 

alkaline metal adduct ions is proportional to the corresponding metal ions concentration 

in the solution. 

Figure 5-19 is the negative-ion ESI-FTICR mass spectrum of L1. The major ion in 

the mass spectrum is the deprotonated anion [M-Hr. The deprotonation is likely to 

occur on the methyl group in between the carboxylic acid group and the amine group. 

This is also the binding site for the fullerene derivative V. 

Both positive-ion and negative-ion ESI-FTICR mass spectra of L2 show ionic species 

that are identical to the compound L1. ORI-CID experiments are carried out with this 

compound. Figure 5-20 and 5-21 shows ORI-CID-FTICR mass spectra of the 

dissociation of sodiated L2 cation and deprotonated L2 anion respectively. As indicated 

in Figure 5-20, the dissociation of sodiated L2 cation yields a single product ion due to 

the C-O bond cleavage in one of the carboxylic groups. The CID result for the 

deprotonated anion [M-Hr shows two fragmented product ions. The first one is formed 

by C-O bond cleavage in one of the carboxylic groups and the second one is C-C bond 

cleavage in the glycine component which yields a radical anion :C=N=CPh2 ~. 

The positive-ion ESI-FTICR mass spectrum of fullerene derivative V is shown in 

Figure 5-22. According to this mass spectrum, [M+Nat is the main species observed in 
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Figure 5-18 Positive-ion ESI-FTICR mass spectrum ofligand compound L 1. 
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Figure 5-19 Negative-ion ESI-FTICR mass spectrum ofligand compound L1• 
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Figure 5-20 ORI-CID-FTICR mass spectrum of sodiated cation of ligand compound L2. 
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Figure 5-21 ORI-CID-FTICR mass spectrum of deprotonated arnon of ligand 
compound Li. 
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Figure 5-22 Positive-ion ESI-FTICR mass spectrum of fullerene derivative V. 
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Figure 5-23 Positive-ion ESI-FTICR mass spectrum of fullerene derivative V. 
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this mass spectrum with a small amount of [M+Kt. The sodiated ion can bind with 

another neutral molecule to form cluster ions of the type of[M+Na+Mt (Figure 5-23). 

The negative-ion ESI-FTICR mass spectrum of fullerene derivative Vis shown in 

Figure 5-24. In this case, the molecular radical anion M·- is observed together with 

several addition products including (CH3O)~ and (CH3O)(CH3OH)n~, where n is 

observed up to four in this mass spectrum. The formation of the molecular radical anion 

M- indicates a charge transfer process is involved. The methoxylated anion is possibly 

formed by the reaction between M·- and solvent methanol molecule or addition ofOMe­

to M. 

In the study of fullerene derivative VI, a drop of Csl solution was added into the 

spray solution. Figure 5-25 shows the positive-ion ESI-FTICR mass spectrum of this 

compound. It shows the caesium ion addition product [M+Cs t is the base peak in this 

mass spectrum with [M+Nat being the other major ion in this mass spectrum. 

Like the fullerene derivative V, The negative-ion ESI-FTICR mass spectrum of 

fullerene derivative VI also shows the molecular radical anion M·- (Figure 5-26). A 

methoxylated anion and with additional methanol molecules attached anions are also 

observed in this mass spectrum. 

Both the molecular radical anion and the methoxylated anion of VI were chosen for 

the CID experiments. Figure 5-27 and Figure 5-28 show the ORI-CID-FTICR mass 

spectra of these two anions respectively. In Figure 5-27, the dissociation of the 

molecular radical anion produce two fragment ions. The first fragment has one side of 

the methano-carbon break away from the fullerene surface with C-O bond cleavage at 

the end of the carboxylic group that left a dangling radical anion group --CH2 -. This 

dissociation channel is different from the one that observed for the ligand L1, where the 

C-O bond cleavage occurred within the carboxylic group. The other fragment from the 
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Figure S-24 Negative-ion ESI-FTICR mass spectrum of fullerene derivative V, where 
A,-, A2- and A3- represent one, two and three methanol addition to (CH3O)~. 
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Figure 5-25 Positive-ion ESI-FTICR mass spectrum of fullerene derivative VI. 
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Figure 5-26 Negative-ion ESI-FTICR mass spectrum of fullerene derivative VI, where 
A,- and A2- represent single and double methanol addition to (CH30)~. 
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Figure 5-27 ORI-CID-FTICR mass spectrum of molecular radical anion of fullerene 
derivative VI. 
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Figure 5-28 ORl-CID-FTICR mass spectrum of methoxylated/deprotonated fullerene 
derivative VI cation. 
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dissociation of VI is C60-. The CID of the methoxylated ion produced three fragment 

ions as indicated in the mass spectrum in Figure 5-28. 

5.2.5 Cyano-Fullerene Derivatives 

5.2.5.1 Sample Preparation 

The cyano-fullerene derivatives were prepared by reacting fullerene C6o with NaCN. 

18 mg of pure fullerene C60 (99.9%, from MER Co. USA) was dissolved in 

chlorobenzene which yields a purple colored solution. 180 mg NaCN was then 

dissolved in dimethylformamide. The two solutions were mixed together and the final 

solution changes in color to dark red. Storing over-night allowed a crystalline material 

to precipitate from the solution. The crystals were separated by filtration and it was 

found that this material was water-soluble. The aqueous solution of this material was 

diluted in the methanol about a hundred times prior to the ESI-FTICR mass 

spectrometry analysis. 

5.2.5.2 ESI-FTICR Mass Spectrometry Studies o/Cyano-Fullerene Derivatives 

The study of cyano-fullerenes was carried out mainly in the negative-ion mode, as 

cationic species are unlikely to be observed for cyano-fullerenes. Figure 5-29 shows a 

negative-ion ESI-FTICR mass spectrum showing a series of cyano-fullerenes. The main 

species in this mass spectrum are assigned to C6o(CN)0-, (where n = 0 - 8), with 

C6o(CN)3- is assigned to the base peak in this mass spectrum. Many minor species are 

assigned to C6oOn- (n < 5), or C6oO(CN)n- type of ions where n is in the same range as 

C60(CN)0-. c60- is observed as the base peak ion in the mass spectrum and since the 

reaction rate for cyano-addition reaction is unknown, it is possible that certain amount 

of unreacted fullerene C60 remained in the spray solution. 

Some reports have shown doubly charged cyano-fullerene anions can be formed by 

ESI process,28•29 Tuinman and Compton have also observed the formation of multiply 
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Figure 5-29 Negative-ion ESI-FTICR mass spectrum of cyano-fullerenes. 

240 



charged ions from fullerene derivatives involving radical anions of the cyano adduct of 

C60.44 They reported that the negative-ion ESI mass spectra of solutions containing C60 

and a 100-fold molar excess of NaCN display numerous polyanionic species of the 

general form (C6o)nCNmx- where n = 1-3, m = 1-7, and x = 1-3. 

In this present study, however, no doubly charged cyano-fullerenes amons are 

observed. As in the ESI-FTICR mass spectrometry experiments, the observation of 

cyano-fullerenes requires some extreme electrospray conditions for which the maximum 

capillary voltage (400 V, exit end) has to be applied. The multiply charged ions may 

not survive after many high-energy collisions. 

5.2.6 Fluorinated Fullerenes 

5.2.6.1 Sample Preparation 

The fluorinated fullerenes were supplied by Dr. Gerry Gadd from the Australian 

Nuclear Science and Technology Organization (ANSTO). The fluorinated fullerenes 

were synthesized by reacting ful1erene C60 with SF6 under high pressure (~ 200 bar). 

The reaction product was a brownish colored powder, which was extracted in methanol. 

By rotary evaporation, the methanol-soluble components yielded a yel1ow colored 

powder. This sample was then investigated by the ESI-FTICR mass spectrometry. 

5.2.6.2 ESI-FTICR Mass Spectrometry Studies of Fluorinated Fullerenes 

The ESI-FTICR mass spectrometry study of fluorinated fullerenes results in the 

observation of a large number of ions. As shown in Figure 5-30, the positive-ion ESI­

FTI CR mass spectrum shows a broad distribution of cationic species that are centered at 

m/z ~ 1,400. The attempt to assign the peaks with a general formula of C60F/ was 

unsuccessful. Closer examination of this mass spectrum shows that peaks are generally 

separated by a unit mass with odd number peaks higher in abundance than the adjacent 

even number peaks. The first three digits after the decimal point of the 1On mass 
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Figure 5-30 Positive-ion ESI-FTICR mass spectrum of fluorinated fullerenes and 
carbons. 
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Figure 5-31 The expanded region (m/z 1529 ~ 1541) of the positive-ion ESI-FTICR 
mass pectrurn showing in Figure 5-30. 
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number ranges between .588 ~ .834 for m/z reg10n of 1,300 ~ 1,650. Such mass 

numbers cannot be assigned to pure carbon or carbon-fluorine species. One possible 

explanation for such mass numbers and the ion distributions is that these species may 

contain various numbers of oxygen atoms. Also, many of these species may not be 

fullerene derivative, but large carbon species that are dissociated from C60. The 

dissociation of fullerene may be caused by the high strain in the fullerene molecule as 

the result of high degree of fluorination. Using a general formula CxOyH/, many peaks 

in this mass spectrum can be assigned to a mass accuracy within a few ppm. For 

example, a peak that measured m/z value is 1,529.827, has been assigned to C60O50H10\ 

to within 2 ppm. 

The expanded mass region ofm/z 1,460 ~ 1,480 of Figure 5-30 is shown in Figure 5-

31. It shows that various combinations of the x, y and z values that causes the ion 

isotope overlapping and ion intensity alternation. 

The negative-ion ESI-FTICR mass spectrum (Figure 5-32) has presented very similar 

ion distributions with more low mass ions (m/z < 1300) observed in this mass spectrum. 

Closer examination of this mass spectrum shows that peaks are also separated by a unit 

mass with odd number peaks higher in abundance than the adjacent even number peaks. 

The first three digits after the decimal point of the ion mass number ranges between 

0.217 ~ 0.334 for m/z region 1,300 ~1,650. Possible formulae including C60Fx-, CxFy-, 

CxFyOz- and CxOyHz- could not be used to successfully assign the peaks. Using a 

general formula CxFyHz-, however, most of the peaks in this mass spectrum can be 

assigned within a few ppm. Figure 5-33 shows an expanded region of m/z 1,400 ~ 

1,450 of the mass spectrum show in Figure 5-32. It shows several examples for such 

mass assignment. The possible combinations of the x. y and z values have indicated a 

high degree of C6o dissociation that may have occurred during the synthesis. 
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Figure 5-32 Negative-ion ESI-FTICR mass spectrum of fluorinated and hydrolyzed 
fullerenes. 
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Figure 5-33 The expanded region (m/z 1448 ~ 1465) of the negative-ion ESI-FTICR 
ma p ctrum hawing in Figure 5-32. 
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As discussed in the Chapter one, fullerene hydrogenation and fluorination have been 

attempted by several research groups,5As-so but full hydrogenation or full fluorination of 

fullerene C60 have not been successful because the high strain that such molecules 

experienced makes them very unstable. The unstable nature of these molecules may 

explain why so many dissociation products are observed in this current ESI-FTICR 

mass spectrometry studies. 

5.3 Conclusions 

The ESI-FTICR mass spectrometry study of fullerene derivatives I - VI, cyano­

fullerenes and fluorinated fullerenes shows that the combination of electrospray 

ionization method and FTICR mass spectrometry is a very informative method for the 

characterization of different types of fullerene derivatives. 

The study of 1,6-methano[6O]fullerene-61,61-dicarboxylic acid (/) in methanol 

shows that gas phase negative-ions are preferentially formed. The ion distributions in 

the mass spectra are dependent on the capillary/skimmer potential difference. The 

deprotonated molecule C60C(COOH)COO- is observed at low capillary/skimmer 

potential differences. C6oC(COOH)COO- progressively fragmented at higher potential 

difference and produced the fragment ions C6oCHCOO-, C6oCOOW, C6oCW and C6o-. 

Gas phase ion-molecule reactions were observed with long ion accumulation delay (d1 = 

2 s) in the rfi'dc hexapole ion trap. In such an experiment the C60CHCOO- anion was 

found to form cluster ions of the type [C60CHCOOH]0[C60CHCOOr (n = 1-2) which 

may contain single-hydrogen-bridge(s). SORI-CID experiments indicate that the 

deprotonated molecule C6oC(COOH)COO- fragments via the loss of two C02 groups to 

form C6oCH- which further dissociates to give C60-/C60W. 

The semi-empirical molecular orbital calculations using the AM 1 approximation for 

the neutral and ionic species reveal that most of ionic species have low symmetry. 
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Exceptions to this result are C6o- and C6oCir that have lh and C2v symmetries 

respectively. A comparison of the calculated energies reveals that the deprotonated 

dicarboxylic acid derivative is more reactive than the monocarboxylic acid derivative, 

with the basic methanofullerene[6O] showing least reactivity. 

The study of fullerene derivative II and Ill revealed that both cationic and anionic 

species are formed in the electrospray process. In the positive-ion mode, proton 

addition and alkaline metal ion addition are the main ion formation mechanism. As 

both compounds contain carboxylic acid groups, the formation of negative-ions was 

mainly via deprotonation. 

Fullerene derivative IV does not contain any acid groups. ESI-FTICR mass spectra 

of this compound show that the cationic species is formed by protonation of the neutral 

molecule, and the anionic species is formed by deprotonation of the neutral molecule. 

The study of fullerene derivatives V and VI show alkaline metal ion addition for the 

positive ions. In the negative-ion mode, molecular radical anions are formed. A 

methoxylated molecular anion is also observed which is possibly the result of the 

reaction between the molecular radical anion and the solvent molecule methanol. 

Further addition of neutral solvent molecules is also observed in the spectra. 

In the study of cyano-fullerenes, a series of cyano-fullerenes are observed with a 

general formula C60(CN)n- with n up to eight. Minor species in the form of C600 0 - (n = 

1 - 4) and C6oO(CN)n- (where n = I - 8) are also observed. 

The ESI-FTICR mass spectrometry study of fluorinated fullerene derivatives shows 

that these compounds are easy to dissociate and produce ionic species of the form of 

CxOyH/ for cations and CxfyHz- for anions. The observation of such dissociation 

indicates the high strain in these fluorinated fullerene molecules. 
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Chapter Six 

Brief Summary and Future Work 

The research work described in this thesis involves several developing areas in 

chemistry including fullerenes, fullerene derivatives, endohedral metallofullerenes, gas­

phase ion chemistry and DFT quantum chemical calculation of gas-phase clusters. It is 

clear that this current study has barely scratched the surface of these fields and further 

investigations are necessary for better understanding of these subjects. Several points 

are summarized here in order to provide a brief guide for future work. 

6.1 Macroscopic Production of Endohedral Metallofullerenes 

As shown in Chapter Three, the laser ablation experiment indicates a promising 

method for macroscopic production of endohedral metallofullerenes. By using 

polycyclic aromatic hydrocarbon precursors, such as those collected from the pyrolysed 

KCT-pitch, fullerenes and endohedral metallofullerenes can be produced at room 

temperature by laser ablation. Further experimental studies are needed if the production 

conditions are to be optimized. Variables including the laser power density; carrier gas 

pressure and metal/carbon ratio are of major concerns for the optimization. Purification 

method for endohedral metallofullerenes also need to improve in order to obtain 

chemically pure material for macroscopic studies. Characterization of endohedral 

metallofullerenes by various analytical techniques including FTICR mass spectrometry 

is a worth for further study, because the chemical and physical properties of these 

molecules are still not fully understood. 

Larger scale production of endohedral metallofullerenes may be achieved by 

redesigning the laser ablation fullerene and endohedral metallofullerenes generator with 

the possibility of using larger size of target and higher energy lasers. Using multiple 
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lasers/multiple targets is another alternative in this aspect. In regard with the carbon 

precursors, it may be possible to use a single P AH with well-defined structure instead of 

a range of P AHs such as the pyrolysed KCT-pitch residue. The advantage of such 

choice is that the laser ablation conditions may be more precisely determined and the 

yield of endohedral metallofullerenes may be improved. A P AH such as C60H2s, which 

is present in the laser desorption FTICR mass spectrum shown in Figure 3-02, would be 

a suitable candidate for such experiment. 

6.2 Further Studies of Gas-Phase Ion Chemistry of Metal-Carbon Clusters 

In pursuing the study of gas-phase ion chemistry of metal-carbon clusters that is 

described in the Chapter Four, metals from different groups in the periodic table need to 

be investigated by the means of ion-molecule reactions. The gas-phase reactions of 

yttrium- and lanthanum-carbon clusters demonstrate characteristic reaction pathways in 

various reactions. As gas-phase reactivity of metal-carbon clusters can reflect their 

electronic structure, the study of the reaction products by the means of collision­

induced-dissociation will provide crucial information on their structures and bonding 

orders. For example, the CID experiment performed with the endohedral 

metallofullerene ion La@C60 + shows the emission of carbon atoms from the fullerene 

cage but not the metal ion. Endohedral metallofullerene ions are also known to be non­

reactive towards to many common gas-phase organic reagents such as methanol or 

benzene while the related small metal-carbon clusters such as yttrium- and lanthanum­

carbon clusters have shown high reactivity towards these reagent molecules. 

6.3 Further Studies of Metal-Carbon Clusters by DFT Calculations 

In pursuing the theoretical studies on the metal-carbon clusters described in the 

Chapter Four, investigation on metal-carbon clusters with larger carbon ligands or with 

other metals needs to be carried out and the outcome of these investigations may 
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provide crucial knowledge on the formation of metal-carbon clusters including 

endohedral metallofullerenes and Metcars. It also provides a better understanding of the 

formation of these clusters which may shine light on how to improve their macroscopic 

production. 

Also, as demonstrated in Chapter Four, the studies of weak covalent-bond 

structures such as La(C6Hi)(C6H6)J + is challenging for theoretical chemical calculations. 

Improved methodology should be adopted in order to achieve a better description of 

such system. The understanding of this type of structures can have major implications 

in biological science since the formation of many biomolecules largely involves non­

covalent interactions such as hydrogen bonding. 

6.4 ESI-FTICR Mass Spectrometry Studies of Fullerene Derivatives 

The ESI-FTICR mass spectrometry studies of fullerene derivatives described in the 

Chapter Five show characteristic behavior of these molecules in the electrospray 

process. The high resolution of FTICR instruments provides unparallel resolving power 

for correct ion mass assignment, which enables precise elemental composition analysis. 

It is still not clear though how the ions, especially fullerene molecules are formed in the 

electrospray process. Understanding the formation of proton or alkaline metal ion 

adducts and molecular ions are very important for many large compounds such as 

biopolymers. The formation of multiply charged species is also of major concern in 

understanding the ESI process. 

On the other hand, the current study has shown that ESI-FTICR mass spectrometry 

is a very informative method in the characterization of fullerene derivatives. The soft 

ionization nature of ESI often enables the observation of the molecular species of these 

chemically labile fullerene derivatives. ESI-FTICR mass spectrometry has also made it 

possible to study fullerene derivatives in both solution phase and gas-phase. 
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