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ABSTRACT

Laser desorption mass spectrometry was used in the production and analysis of gas phase
metal sulfur clusters. Clusters of gas phase aluminum, gallium, and indium sulfur were produced
and analyzed using a time-of-flight mass spectrometer. Also, carbon nano-onions produced by
an arc between graphite electrodes in water and the annealing of nanodiamonds were analyzed.
The sulfur experiments were done by mixing metal powders with sulfur and vaporizing the
mixture with a laser. The mass spectra reveal that certain gas phase clusters are stable when they
satisty electron counting rules. This gas phase correspondence in stability to condensed phase
studies suggests that well-developed structure and bonding ideas can be applicable for
understanding the stability and structure of gas phase clusters. Furthermore, we measured the
first known mass spectrum of carbon nano-onions. Production methods and “peeling” reactions

with these species are compared based on the mass of the nano-onions.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW



1.1 HISTORY

An ancient question in chemistry has been, “How much can you divide a substance and
its properties remain the same?” The famous scientist James Clerk-Maxwell believed this
ancient question was answered when he published his paper on water molecules.' For example,
if you take a drop of water and divide it in half, the result is two portions of the same substance
that are the equivalent to the original substance except for their size. Continue this division
process until you can go no further and the final result is an atom or molecule. According to
Maxwell, molecules are the smallest indivisible particles that retain the properties of the bulk.'
However, the fields of nanoscience and clusters have challenged these long held theories.
Generally, clusters are aggregations of less than 100 atoms while nanoparticles are aggregations
of atoms about a nanometer in size. Typically, aggregations of more than 100 atoms are referred
to as nanoparticles. These clusters and nanoparticles are extremely interesting for study because
their size contributes to distinctive chemical, physical, optical, and magnetic properties.””
Elements gain totally different properties at small sizes because their bonding must
fundamentally change to satisfy unfilled valence shells. In fact, cluster and nanoscience research
is finding many cases where the properties of just a few atoms are radically different from the
properties of moles of atoms. A peculiar part of nanoscience is that man has unknowingly been
using small nano-sized materials for hundreds of years.

There are many examples of clusters used before their sizes were known. The cluster
calomel, Hg,Cl,, was known in India in the 12" century and was used medicinally as a
disinfectant. Solutions of gold colloid particles less than 100 nm in size were used to produce
the bright red in the stained-glass windows of cathedrals as shown in Figure 1.1. In 1857, the

famous scientist Michael Faraday surmised that the bright red color of colloidal gold was due to



the extremely small size of the gold particles, although he lacked the experimental means
necessary to confirm his hypothesis.” Furthermore, brightly colored nanometer-sized colloidal
particles were used in cave paintings made by ancient humans thousands of years ago in
Lascaux, France. These small particles were made by hydrophobically stabilizing mixtures of
minerals to create brightly colored particles with diameters of 100 nm or less.” Thus, the
properties of nanoparticles were used long before the actual science existed.
1.2 BIOLOGICAL METAL SULFUR CLUSTERS

Particles that are smaller than nanoparticles and consist of fewer than 100 atoms are
called clusters. Clusters are extremely important in biology because the active sites of many
enzymes are composed of metal sulfur clusters. For example, iron-sulfur clusters are present at
the active site of electron transport proteins such as ferredoxin.*” They function as capacitors
that receive, store, and disburse charge in the mitochondrial membrane. Thus, although they are
tiny compared to the protein, iron-sulfur proteins affect the function of the entire protein due to
their unique properties. Another critical enzyme with metal sulfur clusters in biology is
nitrogenase. Nitrogenases are a family of enzymes that have molybdenum-iron-sulfur clusters at
their active site and are crucial for nitrogen fixation; nitrogenase uses molybdenum-iron-sulfur

811 Without these

clusters to break the extremely strong triple bond of N; and form ammonia.
clusters, the enzyme would not function, and nitrogen needed for amino acid and protein
production would be unavailable. NADH dehydrogenase also has iron-sulfur clusters. It has
eight iron-sulfur clusters among its 45 separate polypeptide chains. It catalyzes the oxidation of

NADH and reduction of coenzyme Q in the electron transport chain for ATP synthesis. Thus,

metal-sulfur clusters are extremely important in biology for their role in mitochondrial electron



transport, ATP formation, and nitrogen fixation, as well as photosynthetic electron transport,
pyruvate metabolism, and hydrogen uptake.lz’ 13
1.3 INORGANIC CLUSTERS AND NANOSCIENCE

Advances in clusters and nanoscience have revolutionized the field of inorganic
chemistry. A brave new “small” world now characterizes many fields of inorganic materials
research. Scientists are looking at old materials in new ways where “size matters.” In several
cases, scientists considered many of these materials to have little chemical reactivity or
relevance. Groundbreaking research in areas such as the study of gold nanoparticles,
semiconductor quantum dots, and fullerene chemistry is transforming the field of science,
providing new materials, and showing that nanoscience has broad and profound implications.

Metal clusters exhibit trends in their stoichiometries and bonding. The clusters of alkali
and alkaline earth metals often form Jellium clusters, where their extra electrons form
"superatom" valence shells. Clusters of transition metals generally exist in statistical
distributions, while main group metals may exist as Wade's rules clusters, clusters that have
increased stability from 3D aromaticity. These bonding models have been used to explain the
size distributions of many cluster systems.
1.3.1 GOLD NANOPARTICLES

Gold is unreactive in the bulk. It forms few compounds, is not easily ionized, and has
been considered the most noble of all metals.'* ' As a result of its unreactivity, attractive yellow

color, rarity, and luster, it is often used in jewelry. However, at small sizes, its reactivity,w'24

color, % and other optical properties*®=*

completely change.
Methods for the production of gold nanoparticles are varied and diverse. Colloidal gold

nanoparticles can be prepared by reduction of chloroauric acid with



tetrakis(hydroxymethyl)phosphonium chloride in an alkaline solution.”” Over a four month time
period that the particles were in solution, they were observed to grow larger as time passed.”
Other methods of gold nanoparticle production are coprecipitation or deposition precipitation of
Au(OH)s, grafting of organo-gold complexes such as dimethyl-Au(Ill)-acetylacetonate, mixing
of colloidal Au particles, and vacuum deposition.'® For many applications, these nanoparticles
must be deposited on support materials. Metal oxide and carbon surfaces are commonly used for
this purpose, and the support material may change the nanoparticles properties. '

The “most noble of all metals”"

actually becomes an extremely reactive catalyst in
particles consisting of less than 10-20 atoms."” When deposited on metal oxide surfaces, gold is
active in catalysis of the combustion of CO and saturated hydrocarbons™; the oxidation-
decomposition of amines and organic halogenated compounds®'; the partial oxidation of
hydrocarbons®’; the hydrogenation of carbonyl compounds, alkynes and alkadienes™; and the
reduction of nitrogen oxides.”

The color of gold colloid nanoparticles is size-dependent. They can be bright red or

purple based on their dimensions.>*’

These bright colors are caused by surface plasmon
resonances (SPR).* SPR occurs when a fraction of the light energy incident upon a surface
interacts with the delocalized electrons in the metal and, as a result, resonant colors of light are
absorbed. The structure and size of the gold particle affect the delocalized electron resonances;
thus, by manipulating the size of the colloidal gold particles, the color of the particles can be
altered.

Moreover, gold nanoparticles are currently being investigated as a cancer treatment.

Their derivatives exhibit size-dependent selectivity for binding to cancer cell biomarkers.

Selectivity is a requirement because the treatment must focus on killing the cancer cells, not the



entire body. Then, because of the unique optical properties of gold nanoparticles, they could be

26-28
The cancer cells can be

exploited in cancer photodiagnostics and photothermal therapy.
found based on where the gold is concentrated in the body. Since the body is transparent to
certain wavelengths of infrared light and gold nanoparticles in cancer cells would absorb this
wavelength, the cancer can be treated by shining a laser on the tumor.

Other unreactive jewelry metals like platinum, palladium, and silver can also be produced
as nanoparticles and studied in similar ways.”* Like gold nanoparticles, they are being studied
for their catalytic value.®* Since they are so new, many other potential applications have not yet

99 6

been discovered. Hence, even “unreactive,” “uninteresting” elements can be chemically,
physically, and medicinally significant on the nanoscale.
1.3.2 QUANTUM DOTS

The study of quantum dots is another exciting area in the fields of inorganic chemistry
and nanotechnology. Quantum dots typically consist of semiconductor elements, are on the
order of a nanometer in size, and have distinctive size-dependent optical properties.”> Because
these particles are so small, the electrons within them are confined to a volume that is about the
size of the particle, which is also about the size of the deBroglie wavelength of an electron.
Therefore, quantum dots can be modeled by a particle-in-a-box approach that generates discrete
energy levels that are spaced based on the size of the box.”> While the elements that constitute
the quantum dots play a role in the spacing of the energy levels, size is the primary factor. The
energy levels of small quantum dots are farther apart than the energy levels of large quantum
dots. Electronic transitions between energy levels cause fluorescence at specific wavelengths

based on their spacing. Consequently, small quantum dots emit bluer light while large quantum

dots emit redder light.”



A number of the first examples of semiconductor quantum dots were produced in the
1980s. Gallium arsenide and aluminum gallium arsenide were produced by Reed and
coworkers.® Then, Brus and coworkers found that the absorbance of CdSe quantum dots could

be manipulated by changing their size.”’** Now, many production techniques exist including

39,40 41-43

electron beam lithography, reactive ion etching,'™* pyrolytic processes,*** colloidal

37:46:47 and heating followed by crystallization.**° Colloidal synthesis is considered

suspensions,
the cheapest, easiest (benchtop method), and least toxic wet chemistry method of preparing
quantum dots. In this process, precipitation reactions yield dilute suspensions of quasi
monodispersed particles. Monodisperse particles, particles that are the same size, are desired
because properties are size-dependent. Precipitation is often catalyzed by seeds of very small
particles for the subsequent growth of larger ones. Colloidal nanoparticle synthesis by
precipitation begins with adding together two separate dilute aqueous solutions containing salts
of the desired quantum dot elements. Precipitation starts on the seed crystals and the dots
continue growing. Since the precipitation is an equilibrium process in a dilute solution,
crystallized particles may redissolve. Because of their greater surface area, smaller particles are
much more likely to redissolve in the dynamic equilibrium. The redissolved particles may then
add onto the larger particles, causing them to grow further (Ostwald ripening).”’ Larger particles
are grown by allowing the reaction to occur for a greater amount of time. Once the desired
time/size is reached, organic surfactants are added as a capping agent to prevent further growth
or reactions. This method can be used to produce nanocrystalline materials.”® If smaller
particles are desired, then organic solvents such as acetonitrile or hexane may be used or organic

substances such as styrene/maleic anhydride copolymer may be added to the aqueous solution.

This method produces particles between 34 and 43 A, respectively.*’ Cubic ZnS and CdS



nanocrystallites were synthesized in aqueous and methanol solutions. In this manner, specific-
sized quantum dot nanoparticles can be synthesized.”

Since quantum dots have an enormous variety of properties, they are currently being
considered for numerous applications. Because of their optical properties, quantum dots may be
used in diode lasers, biological sensors, photovoltaic cells,”® and light-emitting diodes.>* **
Furthermore, their electronic properties make them useful as semiconductors. Linked quantum
dots may provide a means for quantum computing where calculations are performed at many
times the current rate.® The applications of quantum dots may vary as much as their size range
as new mass production and refining methods are made available.

1.3.3 FULLERENES, CARBON NANOTUBES, AND CARBON ONIONS

The study of fullerenes is an important area in nanoparticle research. The production and
observation of Cg in a molecular beam mass spectrometer by Curl, Kroto, and Smalley was a
serendipitous discovery.”” They had been planning to investigate long-chain hydrocarbons in red
giant stars by mimicking their environment in a laser plasma, but instead they found a new
allotrope of carbon, which they named buckminsterfullerene.”® They suggested that it had a
spherical shape, truncated icosahedral symmetry, and carbon atoms arranged in pentagons and
hexagons much like a soccer ball.”” Each molecule has 32 interlocking rings (20 hexagons and
12 pentagons). Its atomic geometry suggested a three-dimensional network of sp® hybridized
atoms where each carbon is attached to three nearest neighbors through o orbitals. The
remaining p orbital would form a partially shared = bond with its neighbors.”” However, despite

the rationale for its existence, Cgp remained a curiosity until it was produced in the condensed

phase.”



In 1990, Kratschmer and Huffman produced Cg in the condensed phase. They used an
arc between graphite electrodes in 13 kPa helium.®! They found that Ce is 10% of the soot
product and that it is soluble in benzene, dicloromethane, chloroform, and many other organic

2%.60.92 Then, they verified the anticipated structure using IR spectroscopy and X-ray

solvents.
diffraction.®’ In the IR spectrum, only four lines were observed- those at 1429, 1183, 577, and
528 cm™. This confirmed the icosahedral structure.”® It was also purified using chromatography
in an alumina column with hexane as the solvent.® Thus, Cey became readily available for
widespread investigation.

As aresult of Cg's availability, many new properties and potential applications were
discovered. Because fullerenes are essentially hollow cages, they can be adapted to make
materials never before known. For example, metal atoms can fit inside the cage and form
endohedral structures.®® In fact, endohedral potassium atoms of the form M;Cg exhibit high
temperature superconductivity, and this property was found to apply to cesium, rubidium,
sodium, and lithium endohedral structures as well.8 6 Additionally, in the structure of Cgo, the
five membered rings avoid double bond character because this reduces strain and prevents the
molecule from being antiaromatic. Therefore, these sites lack electron density and are
electrophilic. When a nucleophile is present, nucleophilic additions usually occur at the
pentagonal carbons.® Thus, Ce) can be functionalized for use in polymers, catalysis, and drug
delivery systems.”® Cg is even being considered for the treatment of AIDS. An important
enzyme for AIDS virus replication has a nonpolar pocket where functionalized Cep can bind. In

this way, a Ce derivative could inhibit the AIDS virus.®® The discovery of Cg is another

important example of how basic research on small nanomaterials can be extremely valuable.
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Ceo's discovery led to the search for other new allotropes. Carbon nanotubes were the
next structure to be found.”” ®" They are essentially Cgo expanded like graphite in one
dimension. They can be produced via an arc discharge in liquid nitrogen,” in the gas phase (1
nm diameter single walled carbon nanotubes),” by condensation of a laser-vaporized carbon-
nickel-cobalt mixture,” and by the catalytic chemical vapor deposition of methane.”' Nanotubes
have the largest known Young’s modulus and tensile strength, so they could be used as super-
strong construction materials.” Also, they have tunable mechanical, electrical, and magnetic

properties based on their diameter.” * 7> 73

Researchers are particularly excited about the
electrical properties of nanowires because they could be used to build nanocircuits for electronic
devices.” Crossed nanowires have even demonstrated logic functions!”>” Computers in the
future could have nanowire structures to perform calculations. These awesome properties have
led to very enthusiastic scientific research.

Later, carbon nano-onions, the fifth allotrope of carbon, were discovered.”® Carbon
onions consist of spheres of carbon nested inside each other like Russian dolls. Generally,
carbon onions have Cgy molecules at their core, and larger spheres such as Cy49 and Cssp compose
the outer layers. Carbon onions form because small graphene sheets have dangling bonds on
their edges, so the sheets bend in a circle to bond their unbound edges together. When several
adjacent sheets do this, large multi-shelled fullerenes form. Carbon onions can be produced by
electron beam irradiation of amorphous carbon in a transmission electron microscope, ®”® by the
annealing of nanodiamonds at 1500-1700°C,” implantation of 120 keV carbon ions into silver
resulting in the precipitation of carbon onions,* by radio-frequency plasma-enhanced chemical

vapor deposition,®’ and by using an arc between graphitic electrodes in water.* In the arc

method of production, Sano and coworkers observed that carbon onions float! This was
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surprising because the density of carbon onions is greater than water. They suggested that this
occurs because of the carbon onions' hydrophobicity.®* However, Rettenbacher and coworkers
found that carbon onions were also present in the bottom of the water container.” Currently, the
two primary carbon onion production methods are 1) the annealing of nanodiamonds and 2) an
arc discharge in water. These methods supposedly produce different size carbon onions with
different proper‘[ies.84 While much work has been done on Cg, carbon nanotubes, and carbon
onions, no mass spectrometry measurements have been made. The only size verification
experiments that have been done so far are electron microscopy. These cannot accurately verify
their sizes or their distribution.
1.3.4 THE POLYHEDRAL SKELETAL ELECTRON PAIR THEORY

The polyhedral skeletal electron pair theory, also known as “Wade’s rules,” predicts
structure and stability for certain kinds of electron deficient clusters.”> They were first found to
apply to borane,*> *® carborane,*’” and metal carbonyl clusters.®® BgHe> was the first system

. 2- . 13,86
discovered, and other B,H,,”" species followed soon after. ™

The carborane species are similar in
that an isoelectronic CH group replaces a BH group."? Thus, carboranes of this form typically exist
as neutral B, ,C,H,. These systems have been prepared from n=6 to 10."* These systems are called
closo because shared electron density is "closed" inside a polyhedron whose vertices are atoms.
Since not enough electrons are available for bonding in these clusters, they share p electrons at the
center of the structure in a type of 3D aromaticity.”” Clusters having these structures were found to
be more stable than most other clusters with slight variations. However, some clusters with slight
variations were found to be stable as well. These came to be known as nido and arachno species.

B,C,H,; is an example of a nidocarborane. Nido clusters have an open face and arachno clusters

have two open faces. Arachnoborane species are more rare, although other metal clusters have this
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geometry.” Electron counting showed that these clusters are stable when they have a numerical
relationship between the number of atoms on the vertices of a polyhedron, N, and the number of
skeletal electrons. Closo clusters have 2N+2 electrons, nido clusters have 2N+4 electrons, and

13.8991 \fetal clusters have also been found to follow these

arachno clusters have 2N+6 electrons.
rules. Some of the first examples of these are now known as "Zintl" ions after their discoverer. He
observed that clusters of Sns>, Pbs>, Pb94', Biy", and Geo" form when these metals are dissolved in
liquid ammonia.”> While these clusters were known to be stable, it was initially not known why. It
was discovered much later that these clusters satisfied Wade's rules.”**
1.3.5 THE JELLIUM MODEL

While electron poor species may form Wade's rules clusters, electron rich species may form
spherical Jellium clusters. Jellium species were first observed by Knight and coworkers in mass
spectrometry experiments of sodium clusters.” They observed magic numbers at
8, 20, 40, 58, and 92 atoms of sodium. They attributed this nonstatistical distribution to "a one-
electron shell model in which independent delocalized atomic 3s electrons are bound in a
spherically symmetric potential well.”" In other words, they suggested that the sodium nuclei and
closed shells collapse together in a sort of superatom, while the extra 3s electrons are located in
superatom orbitals similar to the orbitals in atoms. Since experiments with other elements with
different numbers of electrons confirmed these distributions, observed valence shell closings at 8,

d.”>®® These made sense in terms of the orbitals listed in

20, 40, 58, etc., electrons were suggeste
Table 1.1. Like normal atoms, superatoms are most stable when they have a closed shell of
electrons in this new counting scheme. Therefore, superatoms with more electrons than a full shell
lose that electron very easily, like an alkali or alkaline metal, while superatoms with more than a full

shell of electrons should have a large electron affinity, like a halogen.””**
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1.3.6 GAS PHASE CLUSTERS

A prerequisite for many types of industrial applications is stability. Metal carbide, oxide,
and sulfide systems have high bond energies and high stability relative to metal atom clusters.
Thus, these systems are expected to be more relevant for applications than metal atom clusters.
Furthermore, their higher bond energies make them much more likely to be isolated in the
condensed phase. However, condensed phase cluster and nanoparticle studies often require
unique step-by-step production methods. Because of this, gas phase metal compound clusters of
these elements have been investigated intensely.

Gas phase production methods offer several advantages over wet chemistry methods. For
many electronic applications, impurities in semiconductors can be catastrophic. Solution phase
methods commonly introduce impurities while gas phase methods do not. Gas phase methods have
another advantage in that they are continuous and can produce more uniform products than solution
methods. Gas phase production procedures do not have the "batch problem" of condensed phase
methods. In general, solution phase methods are quantitatively better, while gas phase methods are
qualitatively better.”” Therefore, as was the case with Cg, gas phase methods of production and
study may be done before the particle has been isolated in the condensed phase. While many
nanoparticles and clusters are being studied in the gas phase, metal main-group compounds such as
metal carbides, oxides, and sulfides are some of the systems that are of particular interest to our
group.

In 1992, Castleman and coworkers introduced a “new class of molecular clusters” by
reporting the magic number in titanium carbide clusters at TigC, 2+.100 These clusters were named
metallocarbohedrenes, or “met-cars” for short, and proposals concerning their structure commenced

shortly after their discovery. Met-car clusters with other metals (V, Zr, Hf) also followed,lo1 and a
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cage structure with dodecahedral symmetry was suggested, although it is not yet confirmed.'*

Soon after, another magic number at Ti;4C;3" was reported and magic numbers of this stoichiometry
with other metals (Cr, Mo, Fe) were also found.'”"'® When magic numbers such as Ti;4C 3" and
TigC)," exist in mass spectra, they can be the result of special stability caused by structural,
electronic, or other factors. In fact, the stability of the Ti;4C13" cluster is believed to be due to its
structure; it has a face centered cubic lattice with a 3x3x3 (27 atoms) arrangement comparable to
NaCl.'® Also, the Ti;4C,3 cluster is one atom different from the NaCl stoichiometry. Thus, it can
be considered a cubic fragment of the larger lattice. Larger structures were also found (e.g. 4x4x4,

5x5x5, etc) and thus, these clusters are known as nanocrystals. IR spectroscopy was performed on

103, 106

these clusters using a free electron laser for infrared experiments, and infrared resonance

enhanced multiphoton ionization (IR-REMPI) measurements confirmed their structure.
Incidentally, the nanocrystal spectra matched beautifully with both a solid-state rock salt TiC
surface and with infrared emissions from post asymptotic giant branch (AGB) stars.'’> '’ Thus, in
an unlikely combination of experiments, titanium carbide nanocrystals were found to be

components of star dust. Because they are found in the center of meteorites, they appear to be one

107

of the first things to coalesce in the hot plasma environment of aging post AGB stars.”" Therefore,

these clusters have astronomical importance in addition to their catalytic properties.'®®

Metal oxide clusters are another type of metal compound cluster that may have unique

properties and that can be easily studied in the gas phase. Metal oxide clusters are known for

109-112

applications in catalysis, electronics, and ceramics. Many studies of metal oxides have been

113-121

done, and gas phase metal oxide clusters do not exhibit a statistical distribution; rather, they

exhibit only a limited number of stoichiometries. The number of oxygen atoms is typically greater

122

than the number of metal atoms in these experiments. ““ Photodissociation experiments on these
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clusters suggest that these clusters exist as a stable, strongly bonded core with extra oxides on the
surface; oxygen atoms are eliminated until the stable core is reached. Also, mass spectra of many
metal oxides have been studied, including Zr, Ti, Mg, Al, In, and Ga oxides. '8 119123124 1 the
mass spectra, Al, In, and Ga oxide clusters are observed in nonstatistical distributions of the form
MO"(M503),. 2% These studies observed that the prevalence of certain ions in the metal oxide
mass spectra was not merely a statistical fluctuation; the structure and electronic arrangement of the
ions determine their stability.

Gas phase cluster studies can offer significant advantages over condensed phase studies
because of their ability to differentiate between very similar particles, to synthesize these particles in
a pure environment, and to analyze them quickly. In fact, the met-car species have not yet been
isolated in the condensed phase, yet much experimental data has already been collected for this
species. While condensed phase production methods are good because they produce nanoparticles
for study in large quantities, gas phase measurements are efficient and effective means of

investigating many nanoparticles.
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Table 1.1. This shows the number of electrons in different shells of the spherical Jellium model

Energy Levels Number of Electrons
Is 2
Ip 6
1d 10
2s 2
If 14
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FIGURES

Figure 1.1. Rose window in the cathedral of Notre Dame. The bright red color is the result of

surface plasmon resonances in colloidal gold nanoparticles.

Figure 1.2. Cave paintings in Lascaux, France. The bright colors result from colloidal gold

nanoparticles.
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2.1 LASER DESORPTION APPARATUS

The laser desorption time-of-flight mass spectrometer (TOF-MS) used in these
experiments has been described previously.' It has the capability for high acceleration fields (up
to 30 kV) and delayed pulsed extraction for improved resolution.” A diagram of the instrument
is presented in Figure 2.1. A 4.8 mm stainless steel probe is employed for the mounting of
samples. Samples can be prepared by mixing powders with a mortar and pestle or a spatula and
then pressing them onto the probe tip; by putting the sample in a solvent to make a slurry and
adding the slurry dropwise to the probe tip; or by packing the sample into a hollow probe tip.
Sodium and potassium are present as impurities resulting from the handling of samples.
However, these can aid in the assignment of spectra by providing regular, known, reference
masses. Smooth sample surfaces are essential to obtain the best results in these laser desorption
experiments. Once prepared, the samples are inserted into the mass spectrometer for analysis.
The laser may vaporize atoms in the sample where they collide and grow in the plasma or desorb
molecules or compounds directly into the gas phase.

Laser vaporization techniques for cluster production and analysis have been in use for
some time.”* Vaporization, ionization, and cluster growth are accomplished by focusing the
laser onto the sample in the probe tip inside the mass spectrometer. The fluence of the laser is
adjusted with a variable attenuator prior to focusing in order to optimize production of the
desired clusters. This ensures that energies less than 1 mJ/pulse are employed for most of these
experiments. Unlike molecular beam experiments, a collisional cooling gas is not used for
cluster production. Rather, clusters grow and are ionized due to ion/molecule reactions in the
laser-induced plasma.” While the plasma environment is not well understood, some

characteristics of it are known. It consists of ions, neutral atoms, and electrons interacting and
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colliding with high energy. Three-body collisions may cause clusters to grow in the plasma,
while laser desorption and collisional ionization of clusters already in existence is also possible.
The system determines which trends predominate. Growth of larger clusters is enhanced after
the laser has formed a channel in the sample. Ion/molecule reactions occur better there before
the ions expand into the low pressure source.” While ion/molecular reactions in the plasma grow
clusters, collision-induced dissociation reactions can break down clusters. Larger clusters may
break apart into more stable clusters in these experiments.'*’

The clusters that grow in the plasma have been observed to exhibit nonstatistical
distributions of atoms or “magic numbers.” While it is difficult to unambiguously determine the
basis for these nonstatistical distributions, magic numbers, as in the case of Cgp, may imply
special structural or electronic properties that provide greater stability for the cluster. However,
the dynamics of the experimental apparatus and the method of cluster production and
measurement play an important role in the cluster distribution seen and in the supposed stability
of the clusters. Because clusters must exist as ions to be detected in our experiment, several
complications in terms of stability measurement are introduced. 1) Collisional growth kinetics
and dynamics. Magic numbers seen are the result of collisional cluster growth and the step-by-
step addition of more and more atoms. Highly unstable intermediates to larger stable clusters
could act as a bottleneck in cluster growth; bottlenecks could prevent larger stable clusters from
being formed. 2) lonization energies. To be detected, the cluster formed must be able to be
ionized by the energy introduced by our 532 nm Nd:YAG laser. A stable cluster with an
exceptionally high IP may not be seen as a magic number in our experiments. 3) Cluster
fragmentation. If one atom collided with a larger cluster, several atoms could fragment off if one

of the resulting clusters was extremely stable. This would result in a misleading distribution of
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large cluster stability. Plasma, collisional, ionization, and fragmentation dynamics and kinetics
play large roles in the magic numbers seen. Since all of these processes are not completely
understood, direct stability measurement is difficult.

Once the material vaporizes and possibly reacts in the plasma, the clusters are accelerated
down the flight tube by an electric field generated from a repeller plate. The energy of the
clusters is determined by the voltage on the plates and the kinetic energy theorem as shown by
the equation,

KE = zeV =1/2 mv* (1)
where KE is the kinetic energy, z is the charge of the particle, € is the elementary charge constant
( 1.602*10™" C), V is the electric field strength, m is the mass of the particle and v is the velocity
of the particle. Using v=d/t, this equation can be solved to show that the time of flight of the ion
is proportional to the square root of its mass-to-charge ratio (m/z). After being accelerated, the
ions are focused with an einzel lens before reaching the detector. The flight time is measured
from when the laser fires to when the clusters collide with the detector. Mass to charge ratios are
calibrated using known flight times for reference masses. Mass spectra are collected at 10 Hz,
and 30-300 shots are generally averaged with a digital oscilloscope (LeCroy LT 341) and
transferred to a PC via an IEEE-488 interface for processing.

2.2 BRUKER AUTOFLEX MASS SPECTROMETER

The Bruker Autoflex mass spectrometer is a commercial instrument available through
The University of Georgia's chemical sciences mass spectrometry facility.® It functions similar
to the above apparatus but has several important differences. Rather than one sample being
inserted on a probe tip, multiple samples are introduced using a stainless steel block. Desorption

and ionization is accomplished by focusing a nitrogen laser onto the sample. The fluence of the
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laser is adjusted internally, and energies of 10-20 pJ, which are far less than those from the YAG
laser, are used. Small particles with high IP's are ionized better using a higher-powered laser to
generate a higher-energy plasma. However, the low powered laser is advantageous for large
particles such as carbon onions because it ionizes them without fragmenting them. Another
important difference in the Bruker instrument is that clusters can be post-accelerated just before
they reach the detector using a "turbo" feature so that high mass clusters are detected better. This
feature consists of pulsed acceleration plates that switch from ground to charged after the desired
particles pass them. In this way, they are given more kinetic energy than is possible from just the
repeller plates, which are limited to voltages of less than 30 kV. This dual acceleration system is
advantageous because soft, slow, high mass particles that hit the detector may deform and
inefficiently eject electrons as they collide with the electron multiplier tube (EMT) detector.
High mass particles with greater velocities are detected better. Thus, the Bruker instrument is
better for analysis of high mass particles because it uses a nitrogen laser and a post-acceleration

plate.
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Figure 2.1. A diagram of the Duncan lab laser desorption time-of-flight mass spectrometers used

in these experiments.
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METAL SULFUR CLUSTERS!
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3.1 BACKGROUND

The study of nanoparticles is currently an area of intense interest because they have
applications in areas such as surface science, biology, catalysis, and nanocircuits.'” Like
nanoparticles, metal clusters have optical properties, reactivity, catalytic chemistry, and other
properties that differ significantly from the bulk.” %3 Alloy and metal compound nanoparticles also
have unique chemical and physical properties. Aluminum, gallium, and indium sulfur clusters are
an example of metal compound clusters that may have applications, be similar to metal oxides, and
form clusters that can be modeled by electron counting rules.

Because of their potential applications, numerous studies on metal sulfur clusters have been
performed. Metal sulfur clusters exist at metalloprotein active sites,” and these systems play
important roles in catalysis and as semiconductors.” Despite their importance, only a few gas phase
metal sulfur cluster systems have been previously studied. Transition metal sulfur clusters have
been studied previously, particularly iron sulfur clusters.® Dance and coworkers investigated gas
phase lanthanide sulfur cluster chemistry and they found sequential additions of Sg rings to LaS;"’
Carbon and other sulfur clusters have been investigated and magic numbers noted.'® Other studies
have focused on aluminum sulfide anions in which sequential additions of Al,S; to a base of AlIS
were noted.'"" > Also, aluminum sulfur cations measured with a time of flight mass spectrometer
had mass distributions of AIS"(A1,S;3), where n=1,2,3,...,31 B However, no comparative study of
aluminum, gallium, and indium sulfur clusters has been performed.

Based on oxidation states, metal sulfur clusters are expected to be similar to metal oxide
clusters. Metal oxide clusters, known for their catalytic properties, have been investigated

14-22

previously. The IP's of metal oxide clusters have been determined by charge transfer™;

structures have been determined using density functional theory (B3LYP)**; and photoelectron
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spectra have been measured.”* Also, the mass spectra of Zr, Ti, Mg, and Al oxides have been

d. '-2%2%2% In the mass spectra, aluminum oxide clusters are observed in nonstatistical

measure
distributions of the form AIO"(A1,03),. This is the same pattern observed with aluminum sulfide
clusters!''™" Gallium oxide clusters have also been studied.””*' Mass spectrometry®’ and
theoretical methods?’>° have been used to investigate gallium oxide clusters and determine
structures. Furthermore, indium oxide clusters have been investigated for their potential use as
semiconductors. Their structures were determined using electronic structure calculations,’* and
materials with a larger amount of indium were found to exhibit a more favorable band gap. **
These studies observed that the prevalence of certain ions in the metal oxide mass spectra was
not merely a statistical fluctuation; the structure and electronic arrangement of the ions determine
their stability in the gas phase. Because sulfur is in the same group as oxygen, metal sulfur
clusters are expected to have similar properties and may exhibit nonstatistical combinations in
our experiments.

Aluminum, gallium, and indium sulfur clusters are especially appealing because they may
form clusters that can be modeled by electron counting rules.”* Aluminum, gallium, and indium
sulfides may form Wade's rules clusters if they are electron deficient. The polyhedral skeletal
electron pair theory, known colloquially as “Wade’s rules,” predicts structure and stability for
certain kinds of electron deficient clusters.”> They are famous for predicting the structure and

3637 carborane,” and metal carbonyl clusters.”® For a polyhedron with N atoms,

stability of borane,
increased stability is expected for clusters with 2N+2, 2N+4, and 2N+6 skeletal electrons. These
are denoted closo, nido, and arachno, respectively, for their relevance to cluster shape and structure.

The enhanced stability is due to a type of 3D aromaticity; since not enough electrons are available to

satisfy all of the atoms, the p orbitals of the constituent atoms point towards the center of the cluster
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where they share electron density.****

The nido and arachno forms have open faces where the
shared electron density is exposed. These are a potential binding site for other elements. Some
condensed phase clusters similar to metal sulfur clusters that satisfy these rules are the "Zintl" ions.
Zintl found that condensed-phase metal clusters of Sn52', Pb52', Pb94', Bi95+, and Geg4' form when
these metals are dissolved in liquid ammonia.** While these clusters were known to be stable, it
was not initially known why. It was discovered much later that these clusters satisfied Wade's

44,45

rules. Later, heteroatomic clusters of Sn/Bi and Pb/Sb were produced in the gas phase that were

40.41 These multielemental clusters satisfied Wade's

isoelectronic to the condensed phase Zintl ions.
rules. Other multielemental clusters have also been found, including those with group 13
elements.***” The Zintl phases of the group 13 elements Ga, In, and T1 have been studied in the
condensed phase with alkali metals and Bi***’; aluminum, gallium, and indium are generally
electron deficient in binding. Thus, when combined with a limited number of sulfur atoms, they
could form clusters satisfying Wade’s rules. However, the amount of s and p orbital energy
separation is greater in the heavier elements. Aluminum is expected to exhibit different properties
than indium because it can use both its s and p orbitals in bonding. Gallium is expected to be an
intermediate case. Thus, if group 13 element clusters with sulfur are found to be prevalent in mass
spectra and correspond to Wade’s electron counting rules, this can have important implications for
their structure and can suggest enhanced stability in the condensed phase.

While electron poor species may form Wade's rules clusters, electron rich species may form
spherical Jellium clusters. Jellium clusters are "superatoms" that have interacting electrons in a
uniform background of positive charge like blobs of jelly, hence the name. These interacting

electrons are organized into super-atom orbitals similar to the organization of electrons in atoms.

The orbitals are organized into valence shells with observed valence shell closings at 8, 20, 40, and
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50, 51 . : . 51 : 50
*>" This phenomena was first observed with clusters of sodium’" and potassium.

58 electrons.
Like normal atoms, superatoms are most stable when they have a closed shell of electrons in this
new counting scheme. Therefore, superatoms with more electrons than a full shell, like an alkali or
alkaline metal, lose that electron very easily while superatoms with more than a full shell of
electrons, like a halogen, should have a large electron affinity.> > Studies of pure aluminum,
gallium, and indium clusters were found to follow the Jellium model, although gallium was, for the
most part, irregular.>**® Aluminum cluster IP measurements suggest possible shell closings at Als”,
Al;", Alj5, and also at 22 and 66 atoms.>* Indium measurements suggest shell closings at 47, 66,
and 112 atoms™® while gallium suggested a shell closing at Ga;".”’ These values correspond with

58,59

Jellium model predictions. However, Jellium irregularities in clusters of these elements have

> In larger clusters of these

been attributed to crystal field splittings and sp hybridization effects.
elements, a transition to metallic bonding was observed between 15 and 30 atoms as suggested by
IP measurements.”’ Clusters that do not follow the Jellium model or Wade's rules may exhibit
valence bonding or follow some other bonding model.

In this paper, we investigated aluminum, gallium, and indium sulfides. First, we measured
mass spectra using a laser desorption mass spectrometer. Then, we found patterns in the
distributions of clusters and explained these patterns using bonding models.

3.2 EXPERIMENTAL

The laser desorption time-of-flight mass spectrometer (TOF-MS) used in these
experiments has been described previously.®' It has the capability for high acceleration fields (up
to 30 kV) and delayed pulsed extraction for improved resolution.”> A 4.8 mm stainless steel

probe is employed for the mounting of solid samples of aluminum, gallium, and indium powders

mixed with sulfur powder. The sample consists of well mixed Al, Ga, or In powder from Aldrich
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or Alfa Aesar and precipitated sulfur powder, each of purity greater than 99%. The powders are
mixed using a mortar and pestle or a spatula and then pressed onto the probe tip. Sodium and
potassium are present as impurities resulting from the handling of samples. However, these can
aid in the assignment of spectra by providing regular, known, reference masses. Smooth sample
surfaces are essential to obtain the best results in these laser desorption experiments. Once
prepared, the samples are inserted into the mass spectrometer for analysis. The low vapor
pressure of the metals and sulfur allows the sample to reside in a vacuum for an indefinite period
of time without being pumped away. All chemicals are used as received without further
purification.

Vaporization and ionization are accomplished by focusing (20 cm lens) the second
harmonic of an Nd:YAG laser (Continuum Minilite 532 nm) onto the sample in the probe tip
inside the mass spectrometer. The fluence of the laser is adjusted with a variable attenuator prior
to focusing in order to optimize production of the desired clusters. This ensures that energies
less than 1 mJ/pulse are employed for most of these experiments. Once the material is
vaporized, cations are accelerated down the flight tube at an energy of 10 keV and focused with
an einzel lens before reaching the detector. Mass spectra are collected and averaged with a
digital oscilloscope (LeCroy LT 341) and transferred to a PC via an IEEE-488 interface for
processing.

3.3 RESULTS

In Figure 3.1, spectra of aluminum sulfur clusters are presented. These spectra were
difficult to assign because the mass difference between aluminum (27 amu) and sulfur (32 amu)
is only 5 amu and sulfur has an isotope at 34 amu that is 4% abundant. Therefore, as seen in

Table 3.1, several assignments are possible, particularly at high masses. Those deemed most
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probable by comparison with other experiments are labeled in the actual spectra. The largest
clusters form only when the molar sulfur concentration is at least three times greater than the
aluminum concentration as seen in the top graph. When the sulfur concentration is lower, as
seen in the next two parts of the figure, only the smaller clusters form. The lowest mass clusters
are of the form Al;S,,", where m=3-10. The high mass aluminum sulfur clusters are of the form
(1) Al3S," + (1) Sg + (n) Al,S3, where (1) implies that the cluster has only one of that type of
stoichiometry added, and (n) implies the constituent has varying amounts added. In this case, (n)
varies from one to four. The smaller peaks to the left of the larger peaks generally have a mass
difference of five atomic mass units. Since the mass of sulfur and aluminum is five atomic mass
units apart, the smaller peaks have one less sulfur and one more aluminum atom. The lowest
S/Al ratio figure also has a few peaks that are more noticeable than in the other spectra. It has
AL, Aly', AlS; ", ALLS; " (not labeled), ALLS;", and AL;S,".

Figure 3.2 presents two spectra of gallium sulfur clusters that we obtained. The bottom
gallium sulfur mass spectrum shows prominent peaks of Ga3S;", GasS,", and GasS4" for the
experiment where sulfur was introduced in low relative concentration. The GasS;" peak is the
most dominant peak in the spectrum, and its integrated area is greater than that of the Ga3S;"
peak. However, in the higher relative sulfur concentration experiment, the Ga;S;” peak is nearly
equivalent to the GasS," peak. Also in the high concentration experiment, a Ga3Sg', a GasS; ',
and a Ga;Sy' peak have appeared and the sulfur distribution, S,” where n=2-5, is readily visible.

High and low sulfur spectra of indium sulfur clusters were also obtained and are
presented in Figure 3.3. The most prevalent cluster species formed follow several patterns. The
largest indium and indium sulfur peaks in the spectra all have an odd number of atoms. The

prominent indium sulfur peaks are InsS, ", InsS5", InsSs ™, IngS7 and Inj1Sy". All of these have
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two less sulfur atoms (s) than indium atoms (n). So the general stoichiometry for these clusters
is s=n-2. The second most prominent indium sulfur peaks are In3S;", InsS4", InsSe ", IngSg', and
In;;1S1o". They also have one less sulfur atom than indium atoms. So, the general stoichiometry
for these clusters is s=n-1. The preference for the n-2 clusters becomes less and less as the
clusters grow. In fact, the In;;So" cluster is actually slightly higher than the In;;So" cluster.
These are the trends that dominate the high sulfur concentration indium sulfur mass spectrum.

In the low sulfur concentration spectrum, none of the larger clusters are formed. Also
notable in the indium spectrum is that the In;S;” cluster has a significantly greater integrated area
than the In3S," cluster, as in the gallium sulfur spectrum. In addition, no peaks are visible for
In3So". The sulfur distribution is visible in the high sulfur concentration spectrum, and Ins" is
visible in the low concentration spectrum. Mass spectra for sulfur clusters, aluminum clusters,
and indium clusters, are presented in Figures 3.4-3.6. Large metal clusters are not seen in
abundance in these experiments. Few metal oxides are observed in these spectra. They appear
in greater abundance when the metal is mixed with acid. This is of critical importance because
mass coincidences occur between sulfur (32 amu) and oxygen (16 amu).

3.4  DISCUSSION

Each of the spectra produced (Figures 3.1-3.3) has a nonstatistical distribution of clusters.
Thus, factors that could affect the stability of a cluster such as known bonding schemes,
aromaticities, special structures, and electron counting rules can be utilized to try to elucidate the
reasons behind the nonstatistical distributions.

3.4.1 ALUMINUM SULFUR
The aluminum sulfur spectrum can be explained using valence bonding ideas, bulk

stoichiometry logic, and ideas about the collisional growth of clusters in plasmas. Valence
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bonding ideas can explain the Al;S,,” peaks if they are modeled as sulfur rings with an aluminum
atom substitute. This satisfies the valence of sulfur and the charge is located on aluminum.
Previously gas phase sulfur cluster experiments have suggested the importance of Sg rings,
although in the condensed phase, more than 30 other allotropes of sulfur exist including smaller

and larger rings.**®°

Many other unlabeled peaks in the spectra with high sulfur content can also
be explained by valence bonding. The cluster Al;S;" can be explained by valence bonding ideas
if the aluminum atoms are all bonded to the sulfur atom. The p' electrons of the three aluminum

atoms could form bonds with the sulfur; this gives sulfur one more bond than desired and a 1+

charge, which corresponds to the overall charge of the cluster as shown below.

Al

Al:S:

Al

However, this structure is sensible only if the p electrons are considered for aluminum.

Furthermore, it is interesting that the Al;S;" cluster does not have the same intensity
relative to the other peaks when the low and high sulfur concentration spectra are compared.
Since 1) the cluster Al;Sy™ has a very high intensity in the high sulfur concentration spectra, 2) Sg
rings are a stable form of sulfur, and 3) cluster growth occurs in plasmas by three body
collisions, this implies that one growth pathway to the Al;Sy" cluster may be through a collision
between Al;S;", Sg, and another particle. Al;S;” and Sg may bond, and the other particle speeds
away with the extra kinetic energy from the bond formation. Since the Al;S;" cluster has a

positive charge and Sg rings have two lone pairs on every atom and filled d orbitals, the lone pair
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and d orbital electrons may have an electrostatic attraction to the charged cluster. Other
experiments confirm this as a possibility. Dance and coworkers observed Sg ring additions with
lanthanide sulfur cluster cations and lanthanum has the same +3 oxidation state as aluminum.’
This collisional cluster growth model may also apply to other clusters reported. Similar logic
can explain the AlsS;," peak and higher mass peaks. If a three-body collision between a neutral
molecule having the bulk stoichiometry Al,Ss, the AlsSy" cluster, and another particle occurred,
then the AlsS1, " cluster could be formed. Also, differences of M,S; and M,05 have been noted
previously in metal sulfur spectra and metal oxide mass spectra‘”'n’ 31.66.67 However, this is the
first time that both have been noted in a single experiment. Thus, stable clusters seen in mass
spectra may be building blocks for the growth of larger clusters by the subsequent addition of Sg
and Al,S;. It is interesting that previous aluminum sulfur experiments observe a base of AIS" to
which AlL,S; adds.”” One reason for this discrepancy could be that they used a 248 nm laser in
their experiments while we used a 532 nm laser in ours. Since larger clusters are typically easier
to ionize than smaller clusters, the AIS" cluster may not be ionized in our experiments. The AIS"
trend was also not observed when these experiments were performed with a 355 nm laser.
Electron counting rules can be used to explain other peaks in the spectra. Wade's rules
apply to the Al;S;" and AL;S4" clusters as summarized in Table 3.2. Aluminum has 1 p electron
and sulfur has 4 p electrons. Therefore, the Al 1S5" cluster has 12 valence electrons. This
satisfies the 2n+4 nido form of Wade's rules. Thus, the structure for it may be a deltahedron with
an open side. The A1;S4" cluster has 16 valence electrons and satisfies the 2n+6 arachno form of
Wade's rules. Thus, the structure for it may be a deltahedron with two open sides. Also, as

suggested previously, Al;" could be a Jellium cluster. It has eight electrons, which closes the 1p
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Jellium shell, although the Al;" peak is usually much bigger.53’ >4

Thus, all clusters observed can
be explained using condensed phase bonding ideas.
3.43 GALLIUM SULFUR

Like the aluminum case, the prevalence of gallium sulfur clusters can also be explained
using valence bonding ideas, bulk stoichiometry logic, and ideas about the collisional growth of
clusters in plasmas. Since the GasS;" peak is the most dominant peak in the low sulfur
concentration spectrum and it is nearly equivalent to the Ga;S, " peak in the low concentration
spectrum, either less Ga;S;" was produced in the higher sulfur concentration experiment or a
substantial amount of Ga;S;” was preferentially consumed in reactions with other species in the
plasma. Like the aluminum case, the latter is more probable because GasS; " could also react
with an Sg ring to form a structure with three gallium atoms and nine sulfur atoms—precisely
what is observed in the high sulfur concentration mass spectrum but not observed in the low
sulfur concentration spectra. GasS;" could have a similar structure to that suggested for
aluminum sulfur above. In Figure 3.2, however, the results are clearer than the aluminum
spectra because there are less peaks. Other sulfur rings could also add to stable clusters. For
example, if an Ss fragment added to the GasS, " cluster, it would produce GasSq', a peak also
seen in the spectrum. Additionally, if Ga,S; added to GasS,’, it would produce a cluster with a
GasS.', a stoichiometry seen in both spectra. For the Ga,S; cluster, counting p valence electrons
of sulfur and s and p valence electrons of gallium, 18 electrons are added to the system. Other
alternate explanations are also possible. For example, the GasS," stoichiometry satisfies the
closo form of Wade’s rules. This could give the cluster a different structure from one produced
by the reaction of Ga3S; " with Ga,S; The GasS, ™ structure satisfying Wade’s rules would exist

as a tricapped trigonal prism.
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3.4.3 INDIUM SULFUR

While some of the indium sulfur clusters produced can be explained by valence bonding,
none can be explained using bulk logic, and the majority can be explained by Wade's rules.
Simple valence bond models can be drawn for the In3S;" and In3;S;" clusters. Also notable in the
indium spectrum is that that no peaks are visible for In;Se". If Sg does not add to the In3S;"
cluster, then no In;Sy" is formed, no In;S; " is consumed in reaction, and the In;S; " cluster should
be present in larger amounts. This is indeed the case. It has a significantly greater integrated
area than the In3S, " cluster, as in the low sulfur concentration gallium sulfur spectrum. This
implies that as the clusters are composed of heavier and heavier atoms, different trends begin to
predominate. The In;S;" cluster may not have its charge easily accessible for bonding since
indium atoms are larger than aluminum and gallium atoms. In addition, the s-p orbital energy
difference is greatest in indium and least for alumimum. This means that the s and p orbitals will
not mix as easily and that the p orbitals will be more available for binding than the s orbitals.
Therefore, for the In3S; " cluster, it is much more likely than aluminum to have the structure

suggested below where the s electrons do not participate.

In
In: S:
IN

Theory and experimental studies by Schleyer, et al. for the oxide analog of this species, In;O; ",
has shown that the neutral cluster has a very low IP and that In;S,"is a very stable cation.®®

Since sulfides are comparable to oxides, this is likely to be the reason it is observed in such high
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abundance. The In;O;" oxide cluster's calculated structure is very similar to that suggested
above for aluminum. Furthermore, in the indium sulfur spectra, Wade's rule clusters dominate
more than in the aluminum sulfur spectra and the gallium sulfur spectra. Indium sulfur clusters
that satisfy Wade's rules are summarized in Table 3.1. Wade’s rules structures seem to explain
the stoichiometric distributions of many of these clusters. This also makes sense because of the
p orbital spacing. For example, the In;Ss" cluster has 12 total atoms, 26 p electrons, and satisfies
the closo form of Wade’s rules. A 12 atom closo Wade’s rules structure would have an
icosahedral structure. The other cluster structures are derived similarly. However, this evidence
does not prove the structures of these clusters—it only suggests them. IR spectroscopy,
theoretical investigations, and X-ray crystallography could be useful to further investigate their
structures. Additionally, it is interesting that at the point that Wade's rules no longer apply
because of the many sulfur atoms, other peaks become as prevalent as the n-2 and n-1 peaks seen
to dominate the lower mass clusters.
3.44 SUMMARY

Several observations about all systems are also notable. First, metal atoms were present
in the largest quantities with an odd number of atoms. This implies that few or no singly charged
radical species were stable in the experiment. Second, in the low sulfur concentration spectra,
larger metal sulfur clusters are not formed. This implies that sulfur may be needed for the large
clusters to grow. Third, because high mass species do not form in the pure metal cluster
experiments, it is not likely that the clusters exist with a large metal to sulfur ratio. Large
clusters that are difficult to identify in the aluminum sulfur spectra likely do not have
substantially more metal than sulfur. Fourth, oxides are not present in large amounts because

observed metal oxide peaks of AlO+(A1203)n do not occur in the metal sulfur experiments. If
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metal oxides were present, every other metal oxide peak would fall under a possible metal sulfur
peak, but the remainder should not. The other peaks are not visible in these spectra. The pure
metal experiments as shown in Figures 3.4-3.6 do not have large metal oxide peaks. Oxide
contamination is unlikely as well because no low mass aluminum oxide peaks are seen in the
high concentration aluminum sulfur spectrum. If oxides are present in substantial amounts,
peaks would be observed at 70 amu and at 97 amu as in Figure 3.5. These peaks are not
observed in Figure 3.1.
3.5 CONCLUSIONS

Aluminum, gallium and indium sulfur clusters have similar trends in bonding. However,
gallium sulfur is slightly different than aluminum sulfur, and indium sulfur is slightly different
than gallium sulfur. Sulfur clusters with aluminum appear to be based off of an Al;S;" cluster
that sequentially adds units of one Sg and multiple Al,Ss clusters. Gallium is a combined case of
aluminum and indium, which is reasonable because of its intermediate size, nuclear charge,
electronegativity, and electronic properties. It also has the Ga;S;” unit that satisfies the nido
form of Wade’s electron counting rules and sequentially adds one Sg unit. However, no
sequential additions of Ga,S; were observed to the Ga;So cluster. The GasS4" unit satisfies
Wade’s rules, but could also result from the addition of Ga,Ss to the Ga3S;" unit. The indium
sulfur system has the most clusters that satisfy Wade’s rules, and it does not seem to exhibit the
sequential addition ability of either aluminum or gallium. Wade’s rules can be utilized with
other electron counting rules to explain the intensities of noted peaks. Structural stability gained
through 3D aromaticity can account for the nonstatistical distributions, again showing that

condensed phase electron counting rules can be applicable in the gas phase as well.
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Table 3.1. Possible mass assignments for peaks in the aluminum sulfur spectra.

Mass | Possible Al,S,,~ Assignments

27 (1,0)

65 (0,2)

119 (2.2)

124 (1,3)

127 (0,4)

152 (2,3)

156 (1,4)

160 (0,5)

164 (6,0)*

184 (2,4)

189 (7,0)* (1,5)
192 (0,6)

215 (2,5)

221 (7,1) (1,6) (0,7)
192 (6,1) (0.7)
215 (2,5) (8,0)
221 (7,1) (1,6) (0,7)
225 (6,.2) (0,7)
248 (8,1) (2,6) (1,7)
254 (1,7) (0.,8)
258 (6,3) (0.,8)




276 9.1 (3,5) (2,7)

281 (8,2) (2,7) (1,8)
286 (1,8) (0,9)

292 (6,4) (5,5)

309 (9.2)* (2.8)
314 (8.3) (9,2)

318 (0,10)*

341 (2,9)

352 (13,0)* (6,6 (0,11)*
369 (9.4) (3,9)

401 (10,4) (9,5) (3,10)
462 (4,11) (3,12)
506 (8,9) (1,15)*

522 (11,7) (5,12) (4,13) (3,14)

599 (8,12) (2,17)*
616 (11,10) (10,11) (5,15)
643 (12,10) (11,11) (6,15)

659 | (9,13)(8,14) (3,18) (2,19)*

676 | (13,10) (12,11) (7,15) (6,16)

*These peaks are improbable when compared with the pure element spectra. Clusters of this

many elements of this atom are not observed
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Table 3.2. The distribution of stoichiometries for prominent metal sulfur cations that satisfy
Wade’s rules stoichiometries.

Al.S,"  #pelectrons  # total electrons  Wade's rules

1,3 12 14 nido

1,4 16 18 arachno
GanSm’

5,4 20 30 closo
INySm"

5,4 20 30 closo

7.5 26 40 closo

7,6 30 44 nido

9,7 36 54 nido

9.8 40 58 arachno
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Figure 3.1. Time-of-flight mass spectrum obtained for mixtures of aluminum and sulfur ablated
with 532 nm light. All peaks including smaller ones are assigned to mixed aluminum sulfur

cluster species with varying combinations.
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Figure 3.2. Time-of-flight mass spectrum obtained for different mixtures of gallium and sulfur

ablated with 532 nm light.
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CHAPTER 4

CARBON ONIONS!

1. Ham, P.B.; Ayers, T.M.; Duncan, M.A. To be submitted to International Journal of Mass Spectrometry.
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4.1 BACKGROUND

During an intense workweek in the 1980’s, Curl, Kroto, Smalley, and coworkers
discovered a new allotrope of carbon, buckminster fullerene, in a molecular beam by laser
vaporization of a graphite targe‘[.l'4 They speculated that it consisted of 60 carbon atoms in an
icosahedral structure, the shape of a soccer ball as in Figure 4.1. This news was received with
great enthusiasm because it was the first time in the 20" century that a new allotrope of any
element had been discovered.” Because it was discovered in the gas phase, it remained a
curiosity until it was produced in the condensed phase by Kratschmer and Huffman using
resistively heated carbon rods in a helium atmosphere.® Their method, using an arc discharge in
200 torr helium, has become an efficient way to produce Cyo in gram quantities.”’ It became
readily available, which provided a huge stimulus to the field. Experiments soon proved that Ce
could have endohedral metal atoms® that alter its physical properties so that it is superconductive
at high temperatures.” Cgo’s many interesting properties also sparked enthusiastic investigations
for new allotropes of carbon.

In 1992, Iijima and coworkers discovered that carbon can exist in tubular forms, now

19 They can be produced via an arc discharge in liquid nitrogen,"'

known as carbon nanotubes.
in the gas phase (1 nm diameter single walled carbon nanotubes),'? by condensation of a laser-
vaporized carbon-nickel-cobalt mixture,"* and by the catalytic chemical vapor deposition of
methane.'* Nanotubes are extremely interesting because they have the largest known Young’s
modulus and tensile strength.” In theory, they will have tunable mechanical, electrical, and
magnetic properties based on their diameter.” '* 1>

Later, a fifth allotrope of carbon was discovered by Ugarte and coworkers in 1992."°

They called this form a carbon nano-onion because of its unique structure. It consists of several
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spherical balls of carbon nested inside each other like Russian dolls. At its core is a Ce
molecule, and larger spheres such as Ca49 and Cssp compose its outer layers. They form because
small graphene sheets have dangling bonds on their edges. Therefore, the sheets bend to
stabilize their unbound edges. This results in the formation of large multishelled fullerenes.
Carbon onions can be produced by electron beam irradiation of amorphous carbon in a
transmission electron microscope'®'*; by the annealing of nanodiamonds at 1500-1700°C";
implantation of 120 keV carbon ions into silver resulting in the precipitation of carbon onions’;
by radio-frequency plasma-enhanced chemical vapor deposition”'; and by using an arc between
graphitic electrodes in water.”> Sano and coworkers found that although the density of carbon
onions is greater than water, the particles float! They suggested that the carbon onion particles
float because of their hydrophobicity.” However, Rettenbacher and coworkers found that
carbon onions were also present in the bottom of the water container.

Annealing of nanodiamonds and an arc discharge in water are currently the two primary
means of producing carbon onions. These methods produce different size carbon onions with
different properties. Annealed-nanodiamond carbon onions are typically smaller than carbon
onions produced by an arc discharge.”> They are typically 5-6 nm in diameter and have 6-8
shells.”® Carbon onions produced in an arc discharge are usually larger. They typically have
more than 20 shells and are more than 14-22 nm in diameter.” The carbon onions produced
from the annealing of nanodiamonds are less uniform than those from the arc method as
illustrated by the Raman spectra.”> Graphite has a single sharp peak at 1,575 cm™ that is due to
the vibrations of its sp” hybridized carbons. This peak is present in the Raman spectra of carbon
onions as well and is called the G band. Other carbon materials have a peak at about 1307 cm™.

This is called the D band, and it is due to the vibrations of sp> hybridized carbons. Since sp’
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carbons are considered defects in the carbon onion, the D band represents the lack of uniformity
of the carbon onion. The D/G band ratio is used to compare defects between different carbon

onions. In this case, carbon onions produced from nanodiamonds were less uniform. However,
Ugarte found that carbon onions that were formed by the arc method and subsequently annealed

had the sharpest Raman peaks.”**

X-Ray diffraction data suggested that carbon onions from
nanodiamonds have more uniform spacing between most layers but that they may have more
dangling ends, as evidenced by the larger spacing to the right of the main peak.” In the X-Ray
spectrum, the 0.334 nm spacing between layers is comparable to graphite.” An electron spin
resonance (ESR) spectrum demonstrated that carbon onions from nanodiamonds have unpaired
electrons, which suggests that the carbon onions from nanodiamonds may have more bonding

23,25
defects.”™

This corroborates the dangling bond hypothesis from the X-Ray spectrum.
Therefore, these data suggest that nanodiamond carbon onions are smaller, have more uniform
spacing between layers, and have more dangling bonds than carbon onions produced by arcing.
While much work has been done on carbon onions, no mass spectrometry measurements
have been made. The only size verification experiments that have been done so far are electron
microscopy. These cannot accurately verify the sizes or their distribution. Mass measurements
could confirm the size of these particles; however, carbon onions pose a significant problem to
mass spectrometry because the particles are so large. Carbon onions produced by arcing would
be more than 80,000 amu. A typical quadrupole mass spectrometer can only measure up to 800
amu. However, time of flight mass spectrometers (TOFMS) can measure to more than 800,000

amu. Therefore, it is possible that TOFMS can be used to determine the size of carbon onions.

4.2 EXPERIMENTAL
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The laser desorption time-of-flight mass spectrometer used in these experiments has been
described previously.*® It is a Bruker Autoflex mass spectrometer with the capability for high
acceleration fields (up to 30 kV) and delayed pulsed extraction for improved resolution.”’
Carbon onion powders produced by the annealing of nanodiamonds or a graphite arc in water
were obtained from Amit Palkar and Frederic Melin of Louis Echegoyen's group at Clemson
University. Some powders had been previously treated with a mixture of nitric and sulfuric acid
in equal concentration in order to "peel" the onions by Palkar and Melin.”* The carbon onion
powders are pressed onto a stainless steel block. Smooth sample surfaces are essential to obtain
the best results in these laser desorption experiments. Once prepared, the samples are inserted
into the mass spectrometer for analysis. All chemicals are used as received without further
purification.

Desorption and ionization are accomplished by focusing a nitrogen laser onto the sample
inside the mass spectrometer. The fluence of the laser is adjusted to minimize fragmentation of
the carbon onions; energies of 20-50 pJ/pulse are employed for these experiments. Once the
material is desorbed, cations are accelerated down the flight tube at an energy of 20 keV and
focused with an einzel lens before reaching the detector. Mass spectra are collected, averaged,
and transferred to a PC for processing.

43  RESULTS

Mass spectra were obtained for carbon onions produced in an arc source before treatment
with concentrated acid and after treatment. Figure 4.2 depicts the mass spectra of "unpeeled"
and "peeled" carbon onions. The spectra have similar shapes and there are no magic numbers.
Rather, there is essentially a lognormal distribution of masses from about 10,000 amu to 350,000

amu. However, the major difference is that the peeled curve is shifted to lower mass. The
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maximum in the unpeeled mass distribution occurs at about 115,500 amu while the maximum in
the peeled peak distribution occurs at about 98,400 amu. Therefore, there is a difference of
about 17,100 amu between the maximum peaks. To determine the number of layers in the
carbon onion based on the mass, the number of atoms per layer must be known. The number of
atoms in a layer can be calculated from N=60b” where b is the layer number and N is the number
of atoms.”® Then, the number of atoms in all of the layers can be added and multiplied by the
mass of carbon to get the total mass of the number of layers. The masses of carbon onions from
one layer to 30 layers are tabulated in Table 4.1. According to the table, the maximum peaks of
the carbon onions from the spectra are from carbon onions with about seven layers,
corresponding to a mass of 100,800 amu. The range of masses yields a range of layers from
three layers (10,080 amu) to 11 layers (364,320 amu).
44  DISCUSSION

According to Table 4.1, if carbon onions produced in an arc source have 20-30 layers,
then they should primarily have masses ranging from 2,066,400 amu to 6,807,600 amu.
However, the masses ranged from 10,080 amu to 364,320 amu. This implies that the number of
layers is much less than expected and that carbon onions formed in an arc source may be, on
average, smaller than previously thought. Current knowledge about the size of carbon onions is
primarily based on electron microscopy. However, electron microscopy can have a significant
amount of sampling bias because only a small portion of the sample is seen, the viewed portion
may not represent the entire sample, and most importantly, bigger objects are easier to see.
According to the mass spectra, carbon onions produced in an arc source are smaller than

anticipated. However, another interpretation is that TOFMS does not sample larger onions
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effectively. Larger carbon onions may not desorb as well or ionize as well. The laser could also
be fragmenting the onions.

According to Table 4.1, if a carbon onion has seven layers and loses a layer, its mass
should decrease from 100,800 amu to 65,520 amu, a difference of 35,280 amu. This mass
corresponds to 2,940 carbon atoms. However, the difference in mass between the original seven-
layered sample and the sample that was treated with concentrated acid to remove a layer was
17,100 amu. This mass represents about 1,425 atoms. This implies that while the acid treatment
was successful in removing about half of a layer, it was not successful in removing an entire
layer.

Since there is one large, broad peak with no magic numbers in the mass spectra, it
appears that plus or minus several carbon atoms does not make a large impact on the stability of
the carbon onion. Also, the maximum peak mass lies between the mass for two layers. This
implies that the onions may not have an exact shape of many concentric spheres nested inside
each other. Rather, some layers may be more like ellipsoids that have a larger distance between
the other layers in some areas because they may have other impurities inside. They may have
interstitial atoms such as metals or even graphitic layers that could alter the mass of the onion as
well as the distance between layers and the number of atoms in a layer. Mechanisms have even
been proposed concerning the manner in which deformations occur and how the number of
atoms in a layer changes based on the deformations.” The X-ray diffraction data supports the
idea that the distance between layers may be greater due to ellipsoid shapes or interstitial atoms
as there is a signal 1/4 of the intensity of the graphite 0.334 nm peak for d-spacings greater than
0.334 nm.” Another potential cause of the large lognormal distribution of masses is that the

outside layers of carbon onions may not necessarily be complete. This is the most likely
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explanation for the discrepancies; since only half a layer was removed in the acid treatment, only
half a layer may have been present in the first place. With larger onions, this is possible because
the outer layers become more and more like planar graphite, with less five membered rings for
curvature and more six membered rings. Even in the electron micrographs, some of the onions
do not appear complete, perfectly spherical, or without defects.”
4.5  CONCLUSIONS

Carbon onions produced in an arc source and analyzed using mass spectrometry appear to
have the same number of layers as carbon onions produced from nanodiamonds. The layers of
these carbon onions are not perfect and have defects. Portions of the layers can be removed
using a treatment with concentrated nitric acid. This suggests that with multiple treatments of
acid, potentially more layers of the carbon onion could be removed. However, these experiments
have not yet been done. Therefore, more investigations are necessary to verify the effects of

multiple acid treatments on these interesting nanoparticles.
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Table 4.1. Masses of carbon onions and individual layers from one layer to 30 layers.

Number Number of Mass of atoms Total mass of

of layers atoms in layer in layer carbon onion

1 60 720 720

2 240 2880 3600

3 540 6480 10080
4 960 11520 21600
5 1500 18000 39600
6 2160 25920 65520
7 2940 35280 100800
8 3840 46080 146880
9 4860 58320 205200
10 6000 72000 277200
11 7260 87120 364320
12 8640 103680 468000
13 10140 121680 589680
14 11760 141120 730800
15 13500 162000 892800
16 15360 184320 1077120
17 17340 208080 1285200
18 19440 233280 1518480
19 21660 259920 1778400

20 24000 288000 2066400
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28
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30

26460

29040

31740

34560

37500

40560

43740

47040

50460

54000

317520

348480

380880

414720

450000

486720

524880

564480

605520

648000

2383920

2732400

3113280

3528000

3978000

4464720

4989600

5554080

6159600

6807600
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FIGURES

Figure 4.1. Depiction of a Cgyp molecule.
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Figure 4.2. Mass spectra for peeled and unpeeled carbon onions.
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5 CONCLUSIONS

Gas phase experiments were carried out on metal sulfur and carbon onion systems.
These experiments provided new data about each of these systems. The metal sulfur
experiments demonstrated that the Al;S;” cluster is very stable and may even undergo reactions
with Sg in the plasma to produce AlsSe". AlSo" and larger clusters may undergo a reaction in the
plasma with Al,S; to form even larger clusters. Indium sulfur forms many clusters that satisfy
Wade's electron counting rules. Gallium is a combined case of aluminum and indium. It forms
fewer Wade's rules clusters than indium, and may not add Ga,Ss sequentially. Future
experiments can be done to verify and go beyond these data. Metal sulfur experiments can be
done with photodissociation spectroscopy to determine their structures. Theoretical calculations
can also be performed to elucidate structural information. The clusters determined to be stable
can also be evaluated for their optical, electrical, and physical properties.

Mass spectrometry studies of carbon onions suggest that the onions formed by an arc
discharge in water and by the annealing of nanodiamonds are not monodisperse. Rather, they
exhibit a large distribution of masses and sizes. Also, these experiments suggest that there may
be many defects in the layers of the carbon onions because such a smooth distribution of masses
was observed. There were no magic numbers. Furthermore, the supposedly size-specific
synthesis methods need to be evaluated more carefully to determine if they do indeed
preferentially form certain sized carbon onions. The data also suggest that the experiments to
remove a layer from carbon onions were at least partially successful. More analysis is needed to
determine if multiple reactions can remove an entire layer and more than one layer. If they do
and specific sizes can be isolated, then size-dependent properties of the properties of carbon

onions could be evaluated.



