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(ABSTRACT) 

 

 

 Acquiring in depth knowledge of the ozone oxidation of surface-bound fullerenes 

advances the understanding of fullerene fate in the environment, as well as the reactivity of 

ozone with carbonaceous nanomaterials. Recent ultrahigh vacuum studies of the reaction of gas-

phase ozone with surface-bound fullerenes have made it possible to observe the formation and 

subsequent thermal decomposition of the primary ozonide (PO). As the use of nanomaterials, 

such as C60, continues to increase, the exposure of these molecules to humans and the 

environment is of growing concern, especially if they can be chemically altered by common 

pollutants. These experiments are made possible by combining ultrahigh vacuum surface 

analysis techniques with precision dosing using an O3 gas source. The experimental setup also 

provides the capability of monitoring surface-bound reactants and products in situ with 

reflection-absorption IR spectroscopy, while gas-phase products are detected with a mass 

spectrometer. Our results indicate that ozone adds across a 6/6 bond on the C60 cage, forming an 

unstable intermediate, the primary ozonide. The observed initial reaction probability for the PO 

is  = 4.1 x 10
-3

. Energies of activation for the formation and decomposition of the PO were 

obtained via temperature-dependent studies. After formation, the primary ozonide thermally 

decomposes into the Criegee Intermediate which can rearrange or, upon further exposure to 

ozone, react with another ozone molecule to form a variety of products such as carbonyls, 

anhydrides, esters, ethers, and ketenes. Larger fullerenes (C70, C76, C78, and C84) were also 

exposed to gas-phase ozone, in order to observe the reaction rate for ozonolysis and to propose 

an initial mechanism for ozone exposure. The results indicate that the structure of the fullerenes 

has little to no impact on the rate of oxidation via ozone. Lastly, Terbium endohedral were 

exposed to ozone, in an effort to determine whether ozone was capable of oxidizing both the 

outer fullerene cage, as well as the Tb atom sequestered inside. The preliminary XPS data 

suggests ozone oxidizes both within an hour of continuous exposure. Understanding this 

atmospherically-relevant reaction from both a mechanistic and kinetic standpoint will help 

predict the environmental fate of fullerenes and their oxides. 
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Chapter 1 

 

Introduction and Motivation 

 

 

Thesis Statement 

 The objective of this research is to develop a fundamental understanding of the 

mechanism and kinetics of the gas-surface reaction between gas-phase ozone and surface-bound 

fullerenes. Once the primary knowledge of the system is obtained, factors such as fullerene 

structure or functionalization will be considered to determine the impact on the overall 

mechanism and kinetics. 

1.1 Background  

Understanding gas-surface interactions is essential to comprehending the chemistry 

occurring in the atmosphere. Hydrocarbons, many containing double bonds, are a prevalent 

species in both the stratosphere and the troposphere. Natural alkenes are a notably reactive 

component of the atmosphere, as well. Some studies report that natural alkenes can affect the 

circulation of ozone throughout the atmosphere.
1
 Other studies have shown that the reaction of 

NO2, another prominent atmospheric pollutant, with olefins in the atmosphere produces a variety 

of hazardous materials.
2
 In an attempt to understand the gas-surface reactions between oxidizing 

gases and fullerenes (a very olefinic family of molecules) the research will focus on three 

objectives: 

1. Determine a full mechanism for the oxidation of C60 – the most common fullerene 

2. Create a kinetic model for the oxidation of C60 

3. Determine the effect of fullerene structure (i.e. cage size) on the oxidation  
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The experiments will be performed in an ultrahigh vacuum system (UHV), using reflection-

absorption infrared spectroscopy (RAIRS), mass spectroscopy (MS), temperature programmed 

desorption (TPD), and x-ray photoelectron spectroscopy (XPS) as the analysis techniques. 

Utilizing a UHV system and surface analysis techniques will provide important data that will be 

essential to developing a complete understanding of the gas-surface reaction mechanisms.  

1.1.1  Carbon Nanomaterials in the Troposphere 

 With nanotechnology producing increasing quantities of nanomaterials every year and 

pollution continuing to add harmful molecules into the environment, it is important to investigate 

the outcome of nanomaterial/pollutant reactions, and whether the resulting products will be 

harmful to humans and the environment. The fate of carbonaceous nanomaterials in the 

troposphere is an area of study without an abundance of knowledge. Nanomaterials, themselves, 

have been intensely investigated since the eruption of nanotechnology. Nanotechnology was 

born in the early 1980s, in response to the dawning of cluster science and the creation of the 

scanning tunneling microscope (STM). In general, nanotechnology is the study of the ability to 

control the size of matter on an atomic and molecular scale. This field typically deals with matter 

ranging in size between 1 nm to 100 nm, in at least one dimension. Within this diverse area of 

study, much focus has encompassed nanomaterials that have nanoscale morphological features. 

The nanoscale features impart unique properties on the materials; in other words, the nanoscale 

structure can affect the behavior of the material in many systems.  

Carbonaceous nanomaterials include molecules such as carbon nanotubes, nanohorns, 

nano-onions and, of course, fullerenes. Carbon nanomaterials are used in a variety of research 

areas: field emission displays,
3
 advanced acoustic devices,

4
 biomedical applications,

5
 and various 

types of coatings.
6
 With their broad range of applications, carbon nanomaterials are being 
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produced by the tons every year.
7
 Scientists have recently begun to study the environmental and 

health implications of the final nanomaterial products being produced. Researchers are 

considering what happens to these molecules when they enter the air, water, and soil, as well as 

their impact on animals and humans upon exposure. Several studies in 2008 have likened 

inhalation effects of carbon nanotubes (CNTs) to that of asbestos.
8
 Asbestos particles’ needle-

like fiber shape allows them to lodge in the mesothelial lining of the lungs which causes 

inflammation and eventually mesothelioma, a rare type of cancer. Since carbon nanotubes have a 

similar shape, see Figure 1.1, concern was raised that these nanomaterials may have the same 

effect on the mesothelium. In the study performed by Poland et al., CNTs, specifically multi- 

walled nanotubes (MWNTs), were injected into the peritoneal cavity of mice to assess the effect 

of these molecules on the mesothelial lining. They observed that the long MWNTs ( > ~20µm) 

caused inflammation, foreign-body giant cells (FBGCs), and granulomas which were 

qualitatively and quantitatively comparable to the response caused by long asbestos.
8a

 A similar 

study was carried out by Jun Kanno and colleagues at the Tokyo Metropolitan Institute of Public 

Health, also in 2008. These researchers used the same MWNTs as Poland, injected them into the 

Figure 1.1: (A) SEM image of carbon nanotubes (Reproduced in courtesy of Prof. Xinwei Wang 

at Iowa State University), (B) SEM image of asbestos particles (Credit: U.S. Geological Survey). 
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abdominal cavity of mice; however, an important difference between the two studies was the 

type of mice used for testing. In Kanno’s study she tested p53+/- heterozygous mice – a common 

genetically engineered mouse that rapidly develops malignant mesothelioma following repeated 

exposure to asbestos fibers. Upon exposing the p53 mice to MWNTs, 88% developed 

mesothelioma tumors, while only 79% of the mice developed tumors upon exposure to 

crocidolite, a particularly potent form of asbestos.
9
 Along with the potential health risks, CNTs 

effects on the environment are also of concern. CNTs chemical and physical properties make 

them one of the most widely manufactured and commercialized nanomaterials. Often, it is 

because of these very properties that the nanotubes are deliberately modified, structurally 

manipulated, or even incidentally altered by natural environmental processes once they enter the 

air, water, and soil. Scientists have yet to fully understand how CNTs interact with toxic 

contaminants and pollutants or how they move through environmental media. CNTs are just one 

of the many types of carbonaceous nanomaterials, all of which are not completely well 

understood in terms of their health implications and environmental fate. To better understand 

these popular molecules and how they will influence the earth as a whole, fundamental studies 

must be performed. Information obtained from these studies can be used to improve models, 

applications, and current processes. The data could also help predict how these molecules may 

react in more complicated scenarios, e.g. in the body, in polluted waterways, and in the 

atmosphere. 

 In terms of complicated scenarios, the atmosphere is one of the most complex systems on 

the planet, specifically the troposphere. The troposphere, shown in Figure 1.2, is the lowest layer 

of the earth’s atmosphere, and also the smallest, only extending 7.5 miles above the ground. This 

small layer contains ~ 75% of the total mass of the atmosphere, as well as 99% of the aerosols 
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and water vapor. Besides water and aerosol particles, 

the troposphere is home to many other molecules, a 

growing number of them pollutants. Known as a 

secondary pollutant, ozone is also one of the most 

important oxidizers in the atmosphere. It is known to 

react readily with aerosol particles and other organic 

species in the air.
10

 Ozone is especially reactive with 

species containing unsaturated sites, or double bonds. 

Many carbonaceous nanomaterials are comprised of 

fused hexagonal and pentagonal rings, containing 

numerous reactive sites for ozone to attack. Researchers have begun to investigate how ozone 

reacts with these nanomaterials in the gas, aqueous and even solid phases,
11

 but the gas-surface 

interface has yet to be explored. With respect to the atmosphere, gas-surface chemistry is an 

extremely relevant system to study. There are many surfaces in the atmosphere, from aerosols 

and dust particles, to the faces of buildings, cars, and even vegetation. In the atmosphere, the 

most likely way molecules will interact with these surfaces will be through gas-surface 

collisions. The chemistry of this particular type of interaction can vary greatly from that seen in 

other systems, like the solution phase for example. In solution-phase chemistry, solvation and 

solvent effects can have a significant impact on the reactions. When reactions are observed at the 

gas-surface interface, solvation is no longer a factor. Instead, other factors must be considered, 

such as the possible effects of restricted geometries and the competition between rates of 

desorption and rates of reaction. Even if a reaction is well understood in the solution phase, it 

Figure 1.2: Diagram of the four 

separate layers of the earth’s 

atmosphere. 
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must be reconsidered at the gas-surface interface because the chemistry could be completely 

different. 

 Fullerenes are grouped with CNTs as some of the most widely studied and utilized 

carbon nanomaterials in the industry. While the bulk of fullerene production comes from man-

made sources, fullerenes are also present naturally in the environment as a result of volcanic 

eruptions, forest fires, and the combustion of carbon-based materials. These unique cage 

molecules have even been discovered in space.  

In the present studies, the focus is the reaction between surface-bound fullerenes and gas-

phase ozone. The goal is to obtain a detailed mechanistic picture as well as a comprehensive 

kinetic model for this atmospherically prominent system. The rest of this chapter is dedicated to 

the properties of these two molecules as well as a discussion of important literature pertaining to 

this reaction. 

1.1.2  Fullerenes 

1.1.2.1 The History of Fullerenes 

The structure of the regular truncated icosahedron has been known since the 1500s. A 

sketch, supposedly drawn by Leonardo da Vinci, of the truncated icosahedron exists in the 1509 

publication, “De Divina Proportione”.
12

 Another representation of this unique structure was 

drawn by Renaissance painter, Albrecht Dürer. His depiction could reproduce the cage structure 

by folding up a sheet of cardboard along the hexagons and pentagons, see Figure 1.3.
13

 Even 

though intellectual thinkers had envisioned this structure for hundreds of years, fullerenes, 

specifically C60, weren’t actually discovered until 1985 by scientists at Rice University.
14

 The 

experiments, performed by Kroto et al., were originally aimed at determining the mechanisms by 
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which long-chain carbon molecules are formed in interstellar space. 

Upon detecting a stable cluster of 60 carbon atoms, the researchers 

concluded the most likely structure to be a truncated icosahedron. 

Twenty five years later, fullerenes are defined as any molecule that is 

entirely composed of carbon atoms, in the form of a hollow sphere, 

ellipsoid, or tube.  

 

 

 

 

1.1.2.2 Fullerene Structure  

Fullerenes, an allotropic form of carbon, can exist in different shapes; spheres, ellipsoids, 

and tubes, although the tubes are known as carbon nanotubes. Fullerenes generally refer to the 

family of cage molecules, of which C60 is the most well-known. Fullerenes are similar in 

structure to graphite, the major difference being the pentagonal rings included in the fullerene 

structure. Looking again at Figure 1.3, notice the gaps of space surrounding the pentagons and 

hexagons when C60 is shown in a planar 

orientation. Observing the molecule in this 

manner helps show, first that the pentagons 

impart curvature upon the structure, and second, 

that these five-membered rings are required to 

close the cage. Buckminsterfullerene, also 

known as C60, is the most prominent fullerene in 

Figure 1.4: 
13

C NMR of gas-phase C60.
15

 

Reprinted with permission from Kroto et al. 

Chem. Rev. 1991, 91, 1213-1235. Copyright 

1991 American Chemical Society. 

Figure 1.3: A. Dürer’s 

illustration of truncated 

icosahedron. 
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existence. Its 60 carbon atoms are equivalent and form a truncated icosahedron structure. The 

equality of the carbon atoms has been confirmed with 
13

C NMR, shown in Figure 1.4.
15

 

Fullerenes are comprised of fused hexagonal and pentagonal rings. The inclusion of the 

pentagonal rings is essential to close the cage structure of these molecules. While the exact 

pathway for the formation of fullerenes is still up for debate (graphene-to-fullerene 

transformation, pentagon road or Limacon model, ring stacking, or the fullerene road), it is 

known that the presence of pentagons within the cage structure is what adds curvature and 

eventually allows the cage to close. Using Euler’s theorem for the properties of polyhedra,  

f +υ =e +2      (1.1) 

where f, υ, and e are the number of faces, vertices, and edges,
13

 one reaches the conclusion that 

for fullerenes, which only contain hexagons and pentagons, the molecules must contain 12 

pentagonal rings within its cage structure. Applying Euler’s theorem to various sizes of fullerene 

molecules, one also sees that the number of hexagonal rings is completely arbitrary. It then 

follows that theoretically the smallest fullerene, based on Euler’s theorem, is C20. C20 would be a 

dodecahedron, consisting only of 12 pentagons and no hexagons. In the dodecahedron, the 

pentagon rings are fused together, a configuration that brings up the issue of stability. The 

inclusion of the pentagon rings induces curvature, but it also imparts a certain degree of strain 

upon the cage. Therefore, the more pentagons, and more importantly, the more pentagons 

sharing edges with one another, the greater the strain inherent in the molecule. Another important 

requirement for the formation and stability of these cage molecules is that the structure conforms 

to the Isolated Pentagon Rule (IPR). The Isolated Pentagon Rule states that for a fullerene 

molecule to be thermodynamically stable, the 12 pentagon rings must be surrounded on all sides 

by hexagons, therefore isolating them from other pentagons. The IPR can be used to predict 
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which fullerenes are most likely to occur naturally as well as which fullerenes can be expected 

using man-made methods of production.  

 The easiest fullerene to manufacture is C60. It is the fullerene produced in the greatest 

abundance, regardless of the type of method, whether it is man-made or natural formation. As 

stated earlier, C60 is composed of 60 equivalent carbon atoms arranged in pentagons and 

hexagons. Each carbon atom is trigonally bonded to three other carbon atoms with a sp
2
 bonding 

configuration. However, since these bonds exist on a curved surface, there is some sp
3
 

(tetrahedral) character mixed in with the trigonal bonds. In general, though, all of C60’s carbon 

atoms are referred to as having sp
2
 hybridization. While the carbon atoms may all be 

fundamentally the same, C60 does have two different types of bonds. The two bond types are 

commonly denoted as 5/6 bonds and 6/6 bonds. The 5/6 bond is an edge between a pentagon ring 

and a hexagon ring. The 6/6 bond is an edge between two hexagons. Though the bonds differ 

only by 0.06Å (5/6 bond = 1.46 Å, 6/6 bond = 1.40 Å), the shorter bond is designated a double 

bond. This means that the C60 cage has essentially 30 double bonds. The unique structure of this 

family of molecules gives rise to their equally unique chemical properties.  

1.1.2.3  Fullerene Properties 

 Fullerenes have a distinctive and varied range of chemical properties, which is what 

makes them so popular in so many different fields of study. While only a few of these properties 

will be discussed in detail in this document, there are many more, such as optical properties, 

transport and thermal properties, superconductivity, and magnetic resonance. The aromaticity of 

fullerenes is actually not as one might have expected. Using C60 as an example, with so many 

double bonds on the molecule’s surface, one might expect the molecule to possess 

“superaromaticity”. Superaromaticity, a result of aromaticity that is spread over a number of 
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fused or conjugated rings, is not seen in the C60 molecule. The electrons of this molecule do not 

delocalize over the entire cage. The reason the electrons do not delocalize in C60, or other 

fullerene molecules, is because of the curvature of the molecule, a result of the included 

pentagons. The pentagons are comprised of single bonds, which prevent the movement of the 

electrons and hold the double bonds in certain positions or locations (i.e. along the edges of two 

hexagon rings). The electron localization helps to stabilize the molecule, but does not make it 

entirely unreactive. In fact, because of the large number of reaction sites on one cage (C60 has 30 

reaction sites or double bonds) there are many possible chemical combinations. Figure 1.5 shows 

many of the different chemical reactions which can be used to functionalize fullerene 

molecules.
16

 By functionalizing these molecules, or attaching new chemical groups to the 

surface, the researcher has the ability to alter the chemical and physical properties of the 

fullerenes. Functionalization can also occur by adding atoms or molecules inside the fullerene 

cage. Internal modification of the fullerene cage is known as endofunctionalization. The most 

common type of fullerene reaction is an electrophilic addition. Electrophilic addition occurs at 

the 6/6 bonds, which reduces angle strain and changes the sp
2
 hybridization to a sp

3
 

configuration. Often times, by adding molecules to the outside or inside of the fullerene, the 

overall stability of the cage is improved. The cycloaddition reaction of fullerenes results in a 

four-, five-, or six-membered ring fused to the outside of the fullerene cage. One side of the ring 

is part of the cage structure. The attachment is generally across a 6/6 bond, or reaction site, and 

the produced ring connects two pentagon rings to one another.  

 Keeping the electrophilic and cycloaddition reactions in mind, it is important to point out 

that ozone is an electrophile known to react with double bonds through cycloaddition. The result 

of ozone’s addition to a double bond is a five-membered ring known as the primary ozonide. 
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Figure 1.5: A summary of the many different types of reactions fullerenes can undergo along with the 

resulting products.
16

 Reproduced from Taylor et al. Nature 1993, 363, 685-693. 
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1.1.3 Ozone 

1.1.3.1 Ozone’s History 

 For centuries, man has been detecting ozone, even if only by smell. Homer mentions the 

smell of lightning and thunder in both The Illiad and The Odyssey, “When beneath the blast of 

father Zeus an oak falleth uprooted, and a dread reek of brimstone ariseth therefrom,—then 

verily courage no longer possesseth him that looketh thereon. . .” (The Odyssey) and, “Zeus 

thundered and hurled his bolt upon the ship, and she quivered from stem to stern, smitten by the 

bolt of Zeus, and was filled with sulphurous smoke.” (The Illiad) In 1785 a Dutch scientist by the 

name of Martin van Marum noted what he classified as an “electrical odor” while passing an 

electrical spark through diatomic oxygen.
17

 Regardless of these earlier observations of ozone, the 

discovery of this molecule would be credited to Christian Friedrich Schönbein in 1840. 

Schönbein had been studying the electrolysis of water when he noticed a new odor in his 

laboratory. The new odor indicated a new product in his reaction. He named the new product 

“ozone”, derived from the greek word “ozein”, meaning “to smell”.
17

 Quickly after its official 

discovery, the study and production of ozone grew rapidly, with the development of the first 

industrial generator in 1857 by Ernst Werner von Siemens.
17

 But it would not be until fifteen 

years later that the actual structure of ozone was determined by Jacques-Louis Soret.
18

 

1.1.3.2  Ozone’s Properties 

 Ozone is an extremely reactive allotrope of oxygen consisting of three oxygen atoms. It is 

less stable than O2, another allotrope of oxygen. The molecule has four resonance structures, 

shown in Figure 1.6. The bond lengths in the ozone molecule are 1.278Å, with a bond angle of 

~116°. In any given resonance structure, the middle oxygen atom always has at least one lone  



13 

 

Figure 1.6: Depiction of the four separate resonance structures of ozone. 

pair on it giving it sp
2
 hybridization, as well as making the molecule bent.

19
 Ozone’s unstable 

structure makes it challenging to work with. At room temperature, it is a slightly pale blue gas, 

but if the temperature is lowered to ~ -112°C, ozone becomes a liquid with a dark blue color. 

Upon further cooling, below -193°C, ozone becomes a dark violet-black solid. When working 

with ozone in the liquid or gas-phase forms it is important to pay close attention to the 

temperature because at high enough concentrations these substances will readily detonate!
20

 

Ozone also reacts violently with organics, so care should be given to the introduction of organic 

material to pure ozone. 

Ozone is found naturally in small concentrations in the stratosphere, the upper layer of 

the Earth’s atmosphere. Ozone is also found in the troposphere, the lowest layer of the 

atmosphere, where it is a powerful oxidizer and a lung damaging substance. It exists in this layer 

as a man-made product. Ozone is a result of air pollution from such things as automobile exhaust 

and industrial emissions. The ozone in the stratosphere is often termed “good” ozone, while the 

amount existing in the troposphere is referred to as “bad” ozone. In the stratosphere, ozone helps 

protect Earth from harmful ultraviolet radiation. In the troposphere, where the molecule is 

considered a pollutant, it can react with aerosols, the surfaces of buildings, plants, and 

human/animal lungs. Understanding how this highly oxidizing atmospheric pollutant reacts with 

species present in the air is a particular motivation for this research. 
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1.1.3.3 Reactions of Ozone and Organics 

 The reaction of ozone with olefins has been studied in great detail. A highly unstable 

initial ozone-olefin adduct was first identified in 1959 by Criegee and Schröder. The ozone-

olefin adduct, now commonly known as the “primary ozonide” was presumed to decompose in 

two different ways. In the solution phase, one reaction pathway produces ketones and/or 

aldehydes and hydrogen peroxide. The other decomposition pathway yields an aldehyde, or 

ketone, and the carbonyl oxide zwitterion.
21

 When the primary ozonide splits into an aldehyde 

and the carbonyl oxide zwitterion, the products can react separately or together. If the products 

react with one another, the Criegee ozonide is formed.
22

 The carbonyl oxide zwitterion can also 

react with water to form hydroxy hydroperoxide. Hydroxy hydroperoxide, a species that is 

metastable in aqueous solutions, hydrolyzes to hydrogen peroxide and an aldehyde. In a study 

Figure 1.7: Energy diagram for the Primary Ozonide – modified from Wadt Study.
24 Adapted 

with permission from Wadt et al. JACS 1975, 97(11), 3004-3021. Copyright 1975 American 

Chemical Society. 
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performed by Pryor et al., the rate at which the carbonyl oxide zwitterion reacts with water is 

significantly faster than the rate at which it would react with an aldehyde.
22

 Several other studies 

support Pryor’s conclusion, having utilized aprotic solvents; the studies identified the Criegee 

ozonide as the major product.
21, 23

 The energy diagram in Figure 1.7 shows the heats of 

formation for the primary ozonide and various intermediates as well as the Criegee ozonide, as 

presented in a study performed by Wadt and Goddard.
24

 The diagram indicates that, when the 

primary ozonide is formed, there is a measurable energy barrier that must be overcome to allow 

for the formation of the Criegee ozonide. 

 Gas phase reactions, rather than condensed phase reactions, are undoubtedly the 

dominant reactions in the atmosphere. Ozone is an indirect product of the photochemical 

decomposition of nitrogen dioxide in air; it reacts in the atmosphere with various hydrocarbons 

and other pollutants to produce smog, eye irritants, and plant toxicants.
25

 The first gas phase 

ozonolysis was performed by Schönbein in 1868.
26

 Since then, numerous studies have been 

performed that focus on this system. Wadia et al. report the mechanism shown in Figure 1.8 as a 

summary of the O3-alkene reactions in the gas and solution phases.
27

 In the gas phase, the 

Criegee zwitterion is referred to as the Criegee intermediate, its corresponding diradical, 

H2ĊOO·. Diradicals are known to contain an excess of internal energy which prompts internal 

rearrangement, usually resulting in decomposition.
28

 It is apparent from Figure 1.8 that more 

reaction pathways are possible for the Criegee intermediate in the gas phase. 

 With more reaction pathways available in the gas phase, studying ozone’s course (i.e. 

decomposition, reaction, intermediate and product formation) through a reaction becomes more 

challenging. A 1995 study performed by Atkinson et al. observed the products of the gas-phase 

reactions of ozone with alkenes.
29

 The experiments were carried out under atmospheric  
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Figure 1.8: Summary of O3-alkene reactions in the gas and solution phases – modified from Wadia Study.
27

 

Adapted with permission from Wadia et al. Langmuir 2000, 16, 9321-9330. Copyright 2000 American 

Chemical Society. 

conditions. OH radical scavengers, cyclohexane and n-octane were utilized. Radical scavengers 

are beneficial because OH radicals produced in alkene-ozone reactions continue to react with 

alkenes, complicating the determination of the products created from the ozone reaction. The 

results of the investigation were quantified by gas chromatography (GC) and FTIR absorption 

spectroscopy. GC analyses indicated the presence of cyclohexanone and cyclohexanol from all 

the alkene species reacted with ozone. Cyclohexanone and cyclohexanol are both products 

resulting from the interaction of cyclohexane with an OH radical. The researchers also detected 

the existence of two carbonyl species formed from the reaction of ozone with alkenes. All alkene 

species used in the study produced two carbonyls. The sum of the yields for the two carbonyls 
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are approximately equal to unity.
29

 Atkinson et al. attribute the formation of products to the 

reactions shown in Figure 1.9. 

 

 

 

 

 

 

 

Figure 1.9: Formation of Carbonyls and Products – modified from Atkinson study.
29

 Adapted with 

permission from Atkinson et al. ES& T 1995, 29(7), 1860-1866. Copyright 1995 American Chemical Society. 

 

In another report, by Feltham et al., the researchers attempted to identify secondary ozonides 

from the gas phase reactions of ozone and numerous alkenes. The researchers also monitored the 

reaction products, in an effort to obtain a better understanding of the mechanisms of 

ozonolysis.
30

 One alkene focused on in the study was ethene. The researchers mixed O3/O2 and 

ethene/argon for one hour, then deposited the mixture onto a CsI window for IR analysis. The 

spectrum taken after mixing the gases contained a number of bands not observed in spectra for 

either starting materials.
30

 To determine which bands were due to ozonides, the condensate was 

subjected to broad-band UV-vis photolysis. Ozonides are known to decompose with photolysis; 

therefore any peaks due to an ozonide species would be expected to decrease. Figure 1.10 shows 

the IR spectrum of the ethene/ozone mixture before and after 20 minutes of broad-band UV-vis  
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Figure 1.10: The region 1250-900 cm
-1

 of the transmission IR spectrum of a matrix initially containing 

products of the gas phase reaction of ethene and ozone: (a) after mixtures of ethene (1%) in argon and ozone 

(5%) in oxygen had been allowed to mix for 1 hr. and the resulting mixture deposited onto a CsI window held 

at 12 K; (b) after the condensate had been subjected to 20 min. broad-band UV-vis photolysis.
30

 Reprinted 

from ES&T, 56, Reactions of alkenes with ozone in the gas phase: a matrix-isolation study of secondary 

ozonides and carbonyl-containing products, 2605-2616, Copyright 2000, with permission from Elsevier. 

photolysis. Upon comparing the two spectra, the bands assigned to the secondary ozonide had 

decreased noticeably. Further analysis of the products of the ozone-ethene reaction showed the 

duration of mixing time affected the amount of formaldehyde versus acetaldehyde. 

Formaldehyde, the primary product, is dominated by acetaldehyde, the secondary product, after 

longer periods of mixing. The researchers concluded the results show an increased importance of 

secondary reactions at longer reaction times.
30

 

 

 

A B 
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1.1.3.4 Reactions of Ozone with Organics at the Gas-Surface Interface 

While little work has been done on gas-surface reactions with ozone, compared to the 

amount of literature available on gas and condensed phase reactions, gas-surface research may 

display an entirely different type of reaction chemistry. The modeling of surface reactions is 

important, and relevant to the chemistry 

occurring in the troposphere. To 

conduct gas-surface experiments, many 

research groups have begun to utilize 

self-assembled monolayers (SAMs). 

Fiegland et al. investigated the reaction 

of ozone with undec-10-ene-1-thiol 

SAMs on Au using reflection-

absorption infrared spectroscopy 

(RAIRS).
31

 The experiments were 

carried out in an ultra-high vacuum 

system (UHV). Figure 1.11 shows the IR 

spectrum of the undec-10-ene-1-thiol SAM before and after ozone exposure. The spectra show 

that the peaks due to the double bond are gone after exposure to ozone; also, three new peaks are 

present. The peaks shown at 1821 and 1750 cm
-1

 are attributed to the in-phase and out-of-phase 

stretching of an interchain carboxylic anhydride group.
32

 The peak at 1040 cm
-1

 is assigned to a 

C–O stretch. Fiegland presents time- resolved data suggesting the formation of a carboxylic acid 

intermediate. With increasing exposure, the acid intermediate becomes a carboxylic anhydride 

group. The mechanism assigned to the reaction includes the formation of the primary ozonide, 

Figure 1.11: IR spectrum of C=C terminated SAM on 

Au: (A) before exposure to ozone; (B) after exposure to 

~1000L of ozone.
31

 Reprinted with permission from 

Fiegland et al. Langmuir, 2005, 21, 2660-2661. Copyright 

2005 American Chemical Society. 



20 

 

which decomposes to a diradical intermediate. The diradical intermediate rearranges to form the 

carboxylic acid group. Upon elimination of water, the anhydride remains.
31, 33

  

Examining ozone reactions at atmospheric pressures is just as important for developing a 

complete understanding of the molecule’s reactivity, as carrying out studies in a vacuum 

environment. McIntire and Finlayson-Pitts performed a study using vinyl-terminated 3- and 8-

carbon SAMs on silicon substrates, reacted with ~1ppm gaseous O3. The group reported the first 

observation of large organic aggregates on the surface. The experiments were carried out in a 

Teflon reaction chamber at room temperature and utilized atomic force microscopy (AFM), 

scanning electron microscopy (SEM), Auger electron spectroscopy (AES), and time-of-flight 

secondary ion mass spectrometry (TOF-SIMS) to study the surface composition and morphology 

after ozone exposure.
33

 Results showed that ozone oxidation of the vinyl-terminated SAMs 

created surface organic aggregates. While no accurate determination has been made, the group 

hypothesizes the aggregates may be composed of organic polymers. The possibility of small 

organic oxidation products nucleating and growing into the aggregates is also mentioned; 

however, the idea is not as seriously considered. A nucleation mechanism would be expected to 

create spherical “droplets” on the surface of the substrate, rather than the porous material 

observed by the researchers. Figure 1.12 shows the possible reactions pathways which may lead 

to the formation of the surface aggregates. It is well known that the decomposition of the Criegee 

Intermediate can produce OH radicals
34

, which may commence polymerization. McIntire et al. 

assert the data gives evidence for an unrecognized mechanism for the oxidation of alkene SAMs 

on silica surfaces.
33

 They also state that the presence of water could possibly increase the 

formation of aggregates, but upon experiment the opposite effect was observed. Other work has 

promoted the idea that ozone oxidation may convert a hydrophobic coating to a hydrophilic 
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one,
35

 but McIntire et al. find no difference in water uptake before and after the ozone oxidation 

of both the C3 and the C8 vinyl-terminated SAMs.
33

 The study is important because it reveals a 

new pathway for the behavior of organics in the atmosphere. The data suggests that vinyl-

terminated SAMs may be readily oxidized in environments where even trace amounts of ozone 

are present. 

 

Figure 1.12: Overall scheme for ozone oxidation of unsaturated SAMs on a silica surface. For simplicity, the 

excited and stabilized Criegee intermediates (CI) have not been shown separately.
33

 Reproduced by 

permission of the PCCP Owner Societies. http://pubs.rsc.org/en/content/articlelanding/2005/cp/b508147e 

 

 

 

 

 

http://pubs.rsc.org/en/content/articlelanding/2005/cp/b508147e
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1.2 Reactivity of Ozone with C60 

Current literature indicates that organic material with even one unsaturated site is readily 

oxidized by ozone. C60 has essentially 30 unsaturated sites and therefore, is expected to be at 

least as reactive towards this important pollutant. 

1.2.1 Reactions of Ozone with C60 in Solution 

The most significant amount of research on the ozonolysis of C60 has been performed in 

the solution phase. While C60 is not soluble in aqueous solutions, without forming nC60, a large 

aggregate of C60 molecules, it is readily soluble in many non-polar solvent such as toluene, 

carbon disulfide, and methylene 

chloride. In 2000, a study was 

performed by Heymann et al. on 

the ozonolysis of C60 in toluene 

solutions. The C60/toluene solutions 

were mildly ozonated by bubbling a 

mixture of O2/O3 through them. 

After ozonation, the samples were 

run through an HPLC with a cooled 

column to slow down the reaction, 

in hopes of observing any 

intermediates.
36

 Ozone is 

hypothesized to react with C60 in much the same way it reacts with other alkenes, i.e. through the 

formation of the primary ozonide.
36

 In this study, Heymann reported the detection and isolation 

Figure 1.13: HPLC chromatograms of three samples taken from 

an ozonated C60/toluene solution. The times indicated on the 

chromatograms are the amount of time the solution had been 

exposed to ozone.
36

 Reprinted with permission from Heymann et 

al. Journal of the American Chemical Society 2000, 122(46), 

11473-11479. Copyright 2000 American Chemical Society. 
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of an unstable intermediate resulting from the exposure of ozone to C60 solutions. In Figure 1.13, 

Heymann has shown three separate samples taken from an ozonated C60/toluene solution. The 

solution was held at a temperature of 0.4°C while being exposed to ozone. Figure 1.13 indicates 

the amount of time each sample solution was exposed to ozone. At 0 minutes of ozone exposure, 

the peak denoted C60X is significantly larger than the peak for the epoxide product, C60O. 

However, as time progresses it is obvious that the C60X peak represents an intermediate species, 

one that is converting to the epoxide product. The authors also report the production of molecular 

oxygen during the reaction. The C60X species is assigned to the primary ozonide of C60, C60O3. 

Figure 1.14 shows the proposed mechanism for the oxygenation of fullerenes, where O3 adds 

across a 6/6 bond forming a five-membered ring which includes two of C60’s carbon atoms in 

this unstable intermediate. The ring quickly decomposes to the epoxide and releases O2. This 

study provides the first evidence for support of the theory that ozone should react with fullerenes 

in the same manner as with alkenes. Another study carried out by Cataldo and Heymann that 

same year, focuses on the extensive oxidation of C60 and C70 solutions upon exposure to ozone. 

The fullerenes were dissolved in toluene and methylene chloride, and then exposed to an 

ozonized stream of oxygen (~ 1% ozone by weight).
11f

 The researchers utilized FT-IR 

+ 

Figure 1.14: Proposed mechanism for the initial reaction of O3 and C60. 
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spectroscopy in this study to observe the frequency changes associated with ozonolysis. Figure 

1.15 shows transmittance spectra from three separate C60 solution samples. It is important to 

point out several peaks present in spectrum A, that spectrum being most closely comparable to 

data presented later in Chapter 4 of this document. Extensive oxidation of the fullerenes in 

solution is evidenced by the carbonyl region in spectrum A. The peaks at 1740 and 1780 cm
-1

 are 

representative of, not only carbonyl functional groups but, anhydride groups -C(=O)-O-C(=O)-

.
11f

 Cataldo also states that the strong bands at 1200 and 1090 cm
-1

 can be assigned to ether 

groups and ozonide species. It is important to 

note that Cataldo and Heymann do not provide 

justification for their assignment of the peak at 

1090 cm
-1

 to the primary ozonide of C60. They 

go on to discuss the formation of an 

“ozopolymer” after extensive exposure to 

ozone. The ozopolymer supposedly forms as a 

result of rearrangement constraints of the cage 

molecule. In a typical ozonolysis experiment, 

once the primary ozonide decomposes to the 

Criegee intermediate and a carbonyl species, 

these two can recombine to form the secondary 

ozonide, see Figure 1.16. However, for a 

Figure 1.15: FT-IR spectra of ozonated C60 solutions. 

(A) C60 ozopolymer formed from the ozonolysis of a 

C60/CH2Cl2 solution. (B) C60 ozopolymer heated to 

300°C under N2. (C) C60 ozopolymer treated with 

aqueous KI solution.
11f

 Reprinted from Polymer 

Degradation and Stability, 70(2), 237-243, Copyright 

2000, with permission from Elsevier. 
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secondary ozonide to be formed on the fullerene cage, one oxygen atom must be incorporated 

into the actual cage structure.
11f

 During the initial stages of ozonolysis, a C60 secondary ozonide 

would cause excessive strain on the cage, and therefore its formation is extremely unlikely. 

However, as the fullerenes undergo extensive oxidation, ozone creates holes in the molecules 

and breaks down the closed cage structure. It is possible that secondary ozonides can form 

among the ruptured sections of the fullerenes; which most likely flatten out, resembling a 

corannulene or graphite-like structure. An alternative to the formation of the secondary ozonide, 

is the possibly of the Criegee intermediate reacting with another 6/6 bond on a neighboring 

fullerene cage. This pathway, shown below in Figure 1.16, suggests the formation of 

intermolecular anhydride linkages, as well as potential formation of intermolecular secondary 

ozonides. 

 

 

Figure 1.16: Top 

equation depicts the 

first initial steps of 

ozone’s interaction 

with C60. Bottom three 

equations show possible 

structures of the 

ozopolymer product of 

extensive ozonolysis.
11f

 

Reprinted from 

Polymer Degradation 

and Stability, 70(2), 237-

243, Copyright 2000, 

with permission from 

Elsevier. 



26 

 

Intermolecular bonding may lead to the formation of the species Cataldo and Heymann 

have labeled the ozopolymer, as shown in Figure 1.16. Two years later, Cataldo released another 

publication discussing the ozonolysis of C60 in CCl4. Using FT-IR spectroscopy again; he reports 

the presence of IR peaks similar to those seen in the previous study.
11a

 There is still no 

explanation for why specific peaks are assigned to the ozonide species. The ozopolymer is also 

observed in a CCl4 solution, showing that the formation of this oxidation product is independent 

of the solvent used. 

 

1.2.2 Reactions of Ozone with C60 in the Solid Phase 

 The exposure of ozone to solid C60 is the most comparable data to the research presented 

later in this document. However, there is very little ozonolysis work on these types of samples. 

In 2007, Cataldo produced a paper on the reaction between solid C60 and C70 with ozone. The 

results were very similar to what he observed in the solution phase. Large peaks in the carbonyl 

region supported the formation of carbonyl species and anhydride linkages.
11c, d

 Cataldo also 

reports kinetic values for the ozonolysis of solid C60. He determined that the reaction follows 

pseudo first order kinetics with kC60 = 2.0 x 10
-4

 s
-1

 and reported a value for the activation energy 

of 84.9 kJ/mol for the decomposition of the primary ozonide of C60. Cataldo also noticed that 

after ~1000 s the reaction slows down. He theorizes that this slowing down of the reaction is 

most likely due to a decrease in available reaction sites.
11c, d

 Based on his experiment, the ozone 

only reacted with the molecules on the outer surface, and once all of the available sites have been 

consumed by ozone, the rest of the sample was unavailable for further oxidation.  

1.2.3  Computational Studies of Reactions of Ozone with C60 

 The use of computational studies to support experimental data is an invaluable tool for 

chemists and many other researchers. A handful of computational studies have been carried out 
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on the reaction of C60 with ozone. 

Later, calculations performed in the 

course of these studies will be 

presented in support of the 

experimental research. Probably one 

of the very first theoretical studies of 

C60 and O3 was done in 2000, by a 

group at Nankai University in China. The group, led by Xuezhuang Zhao, used semiempirical 

molecular orbital calculations to determine the most likely approach and bonding position of O3 

on the C60 cage. They wanted to develop theoretical support for the assumption that ozone would 

attack the 6/6 bonds on the fullerene molecule.
37

 Using the Austin Model 1 (AM1) method these 

researchers were able to show that the 6/6 adduct is thermodynamically preferred over the 6/5 

adduct. Their work also demonstrated that the 6/6 adduct was also favored kinetically.
37

 The 

results included a calculation of the activation energy (84.1 kJ/mol) for the addition of ozone to 

the fullerene cage, as well. Figure 1.17 shows the mechanism they developed based on their 

computational results.
37

 The mechanism not only has ozone adding across a double bond (6/6 

bond) to form the five-membered primary ozonide (PO) ring, but also shows the PO 

decomposing into the Criegee intermediate and a carbonyl species. From there the Criegee 

intermediate can rearrange in two ways, either forming the epoxide product (C60O), or a diketone 

species. Zhao’s results also support pathway 1 (P1) as the more favorable route, concluding that 

the epoxide product is the most likely outcome. In more recent years (2008), density functional 

theory (DFT) studies have been performed on the ozone/C60 system. Sabirov et al. approached 

Figure 1.17: The mechanism for the initial reaction of ozone 

and C60.
37

 Reprinted with permission from Shang et al. JPC 

A 2000, 104(9), 1915-1919. Copyright 2000 American 

Chemical Society.  
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this problem with DFT (a method that is more efficient at describing polar molecules and 

products of their addition) and reported similar findings to Zhao.
38

 

 The literature reviewed above has led researchers studying fullerenes to the conclusion 

that ozone reacts with C60 via ozone addition across one of the 6/6 bonds. Experimental results 

supported by prediction from computational methods indicate that the most likely product of this 

reaction is the epoxide species, C60O. Investigations of extensive ozone exposure have detected 

the presence of a product labeled as an “ozopolymer”. The ozopolymer is found to be soluble in 

water and methanol, solvents in which fullerenes do not dissolve. Preliminary kinetics have been 

recorded for solution phase and solid phase studies. Until this time, there have not been any 

reports on the reaction of gas-phase ozone and surface-bound C60. Presented herein is the most 

detailed picture available of the mechanism for the C60/O3 reaction at the gas-surface interface, 

as well as preliminary kinetics. 

1.3  Ultra High Vacuum Experiments 

 The research presented in the remainder of this document was performed in order to 

achieve the following goals: 

1. Determine a mechanism for the oxidation of C60 – the most common fullerene. 

2. Create a kinetic model for the oxidation of C60. 

3. Determine the effect of fullerene structure (i.e. cage size) on the oxidation. 

 

The current research has been able to determine that ozone readily oxidizes C60. It is known that 

ozone adds across the 6/6 bonds of the fullerene cage to form the primary ozonide. The most 

likely product of the decomposition of the primary ozonide is C60O, an epoxide species. While 

some of the literature does report the observance of peaks due to the primary ozonide,
11a, 11d, 11f
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there is not conclusive evidence of its existence, or that of the Criegee Intermediate of C60. With 

the experimental approach described in Chapter 2, these studies have the potential to, not only 

enable observation of the primary ozonide, but also its decomposition, as well as the formation 

of the Criegee Intermediate. Another advantage of these experiments is the isolation of these two 

molecules from any other reactants. By using an ultra-high vacuum (UHV) chamber, with base 

pressures in the 10
-9

 Torr range, there is confidence that the only species involved in the 

reactions are surface-bound fullerenes and gas-phase ozone. Since the chamber is equipped with 

a reflection-absorption infrared spectrometer (RAIRS), the entire reaction process can be 

watched in real time. The mass spectrometer can be used to detect gas-phase products and 

perform temperature-programmed desorption (TPD) analyses. The x-ray photoelectron 

spectrometer (XPS) provides the capability of performing elemental analyses on samples before 

and after ozone exposure. Finally, since the manipulator is fitted with a button heater and a liquid 

nitrogen reservoir, kinetic studies can be undertaken to determine activation energies for the 

species involved in the reaction. This setup will allow for the development of a mechanistic 

picture of this reaction system in addition to kinetics of the gas-surface interface reaction. This 

information will help create models and advance understanding of the way fullerenes interact 

with molecules in the environment.  

1.4 Summary 

 The chemistry of carbonaceous nanomaterials is an important field of study as these 

materials are continuously utilized in new ways. In order to understand the consequences of the 

increased presence of these molecules in the environment, studies must be performed to 

determine their products, mechanisms of reaction, and kinetics. 
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 This research focused on the reaction of a particular type of carbonaceous nanomaterial, 

fullerenes, with an important atmospheric pollutant, ozone. The fullerenes C60, C70, C76, C78, and 

C84 were deposited on an Au surface and exposed to gas-phase ozone. To focus strictly on the 

ozone oxidation of fullerenes, the sample were prepared and oxidized in an UHV chamber, 

eliminating any reactions due to other atmospheric species. Terbium endohedrals (a Tb atom 

inside a C84 cage) were also exposed to ozone. The hypothesis was ozone would rupture the cage 

via oxidation, expose the internal Tb, oxidize the Tb, and finally release the oxidized lanthanide 

in the gas-phase. All experiments were monitored with RAIRS, XPS, and MS to fully 

characterize the sample and reaction. 
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Chapter 2 

Instrumental Modifications and Experimental Approach 

2.1 Vacuum Considerations 

The goal of this research was to develop a fundamental understanding of the gas-surface 

reaction between fullerenes and ozone. In order to achieve this goal, the study monitored the 

reaction of only these two specific species. The approach to this problem was to work in an ultra-

high vacuum (UHV) environment. The UHV setup allowed the sample surface to be studied with 

minimal exposure to unwanted adsorbates. In other words, once the fullerene surface was formed 

and placed in the vacuum chamber, it experienced negligible recontamination. The degree of 

vacuum reached by the UHV chamber increases the amount of time the surface remains clean. 

For example, if the goal is to observe a reaction at atmospheric pressure, assuming a sticking 

probability of one (S=1), the surface would only remain clean for ~ 10
-9

 s, before it is covered 

with a monolayer of atmospheric gases. At pressures in the 10
-3

 Torr range, pressures typically 

achieved using a mechanical pump; a monolayer of coverage would be obtained after 10
-3

 s. A 

pressure of 10
-6

 Torr allows one second before monolayer formation is complete, and finally at 

UHV pressures (~10
-10

 Torr) the experimenter has 10
4
 s (or ~3 hrs) before a full monolayer 

sticks to the surface. It is obvious that the lower the pressure, the longer the sample will stay 

clean, helping to ensure that the only species reacting with the gas of interest are those present on 

the surface. 

The pressures that characterize UHV are typically 10
-9

 Torr and below. At pressures 

within this range, the mean free path (MFP) of a molecule, defined as the average distance a 

molecule travels between collisions with other molecules, is maximized. To help extend the 
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MFP, UHV chambers should contain minimal amounts of water and other trace gases, providing 

the cleanest environment possible for fundamental studies. 

Finally, the last important aspect of the UHV chamber is the analysis techniques that can 

be employed. Systems such as reflection-absorption infrared spectroscopy (RAIRS), x-ray 

photoelectron spectroscopy (XPS), and mass spectrometry (MS) are best operated in a vacuum 

environment and were essential to these unique studies. 

 The ultra-high vacuum chamber utilized in these experiments was designed and built by 

my predecessor.
1
 The chamber was created with the objective of performing in depth studies at 

the gas-surface interface. This experimental setup allows for extensive surface characterization, 

precision dosing, and in situ monitoring of reactions.
39

 

2.2 Experimental Approach 

 The following section describes the experimental procedure from start to finish in full 

detail. To perform an ozone exposure of fullerene films deposited in vacuum, the first task 

required is preparation of gas-phase ozone.  

2.2.1 Ozone Generation, Purification, and Storage 

 Warning: Ozone is a VERY TOXIC, DANGEROUSLY REACTIVE, OXIDIZING gas!
40

 

Special precautions should be made when working with this chemical! 

 The generation of ozone ([O3]g > 75%) for this project was achieved by using a 

commercial ozone generator (Ozone Solutions, model: SR-32). The generator uses a corona 

discharge and produces ~2.0% ozone from a 10 L/min flow of research grade oxygen (Airgas 

Specialty Gases). 
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 In order to work with high concentrations of ozone on a regular basis, the ability to create 

and store large quantities for extended periods of time was required. Ozone has a very short 

lifetime at room temperature, and as a result, the production and storage were carried out at 

temperatures well below 25°C. At a temperature of -112°C, ozone 

becomes a dark blue liquid, and at -193°C a violet-black solid is 

formed.
40

 In all three phases, (solid, liquid and gas) ozone is 

capable of detonation. In order to improve the stability of the 

produced ozone, a trapping and storage method that utilized high 

surface area silica gel (Sigma-Aldrich, grade 03, >8 mesh) was 

implemented.
41

 The silica gel was placed inside a custom-made, 

all-glass trap, as illustrated in Figure 2.1.
39

 The silica gel was 

sandwiched between two coarse sintered-glass frits,
42

 shown in 

Figure 2.1 as gray disks. The frits were necessary during pressurization of the apparatus, or 

experiments requiring large amounts of gas flow as they prevented the silica gel from leaving the 

trap and migrating/blocking narrow parts of the apparatus. The entire ozone apparatus was 

comprised of either glass or Teflon tubing. Only these two materials were utilized because of 

ozone’s catalytic decomposition on metal surfaces. A full depiction of the ozone apparatus, 

which was designed and built by L.R. Fiegland, is shown in figure 2.2.
39

 

Figure 2.1: Drawing of the 

custom, all-glass ozone trap. 
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An important component of the system was the specific type of valve used. Swagelok
®
 stainless 

steel Bellows-Sealed Valves (model: SS-4H) were employed at all junctions within the 

apparatus. The advantage of the bellows-sealed valves (also referred to as needle valves) was the 

lack of a sealing o-ring, which was advantageous because ozone is highly reactive, especially 

with materials such as rubber. In the past, ¼ turn valves from Swagelok
®
 were used; valves that 

contain rubber o-rings. After minimal exposure to high concentrations of ozone the valves were 

extremely difficult to open and close; an undesirable condition when working with explosive 

chemicals.  

The procedure for trapping ozone is as follows: First, the entire apparatus was evacuated 

to pressures below 2 Torr, using a mechanical pump (opening valve 5 and closing valves 1, 2, 4, 

and 6). With the system open to the pump, the trap was baked out overnight (at ~150°C) to 

remove any water and other contaminants from the silica gel. After bake out, the apparatus was 

Figure 2.2: A schematic of the ozone trapping and storage apparatus. Objects with the same coloring are 

identical, unless otherwise noted. Reproduced from the dissertation of L. R. Fiegland.
39

 

To CAD  
(into UHV  
chamber) 

1 
2 

3 
4 5 

6 7 

To fume 
hood To pump 

8 



35 

 

pressurized to ~700 Torr using UHP N2, by closing valve 5 and opening valve 2. After 

pressurization to ~700 Torr, valve 4 was opened to vent the system to the fume hood. The system 

was pressurized to values close to atmosphere before opening valve 4 to ensure there was no 

backstreaming and therefore preventing any recontamination of the silica gel. The pressure of the 

apparatus was monitored using a compact capacitance gauge (Pfeiffer Vacuum, Inc., model: 

CMR 261). The capacitance gauge was utilized because it accurately reports pressures from 

~1000 Torr to values in the 10
-3

 Torr range.  

Next, the ozone trap was inserted into a coil of copper tubing, and then a Dewar was 

placed around the ozone trap and coils. At this point, it was imperative that the Dewar 

surrounding the ozone trap was filled with enough dry ice and acetone to maintain a constant 

temperature of -80°C. The temperature of the bath was monitored with a K-type thermocouple. 

The copper coils surrounding the trap were connected to a solenoid valve from ASCO Valve, 

Inc. (model: 8210LT). Both the solenoid valve and the thermocouple were wired to a 

proportional-integral-derivative (PID) controller (Omega Engineering, model: CN-2041). Once a 

positive flow of N2 was achieved through the system into the fume hood, and the ozone trap 

temperature was at -80°C, oxygen was flowed through the system by opening valve 1, and the 

nitrogen was closed (closed valve 2). The final step was to turn on the ozone generator. 

Depending upon the desired amount of ozone, trapping was performed for as little as 1 hour, or 

as long as 12 hours.  

 Once trapping was complete and the ozone was needed, the newly trapped gas was 

purified and warmed up. The first step in purifying the ozone was to shut off the generator and 

start flowing UHP N2 through the system, by opening valve 2. As soon as the N2 flow was 

started, the oxygen tank was closed (closed valve 1). UHP N2 was flowed through the system for 
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10 minutes to remove any atomic or molecular oxygen that lingered in the trap. After flushing 

the system with N2, the valves to the fume hood (valve 4) and the nitrogen tank (valve 2) were 

closed, and the valve to the mechanical pump was opened (valve 5).  

It is important to mention that while mechanical pumps were utilized in these ozone 

experiments, every precaution was taken to prevent any interaction between the ozone gas and 

the oil of the mechanical pump, a potentially explosive combination. First, the mechanical pumps 

were filled with Fomblin
®
 oil. Fomblin

®
 oil is inert vacuum pump oil specially designed for use 

in high oxygen or corrosive environments. Second, a foreline trap was placed on the mechanical 

pump. A foreline trap helps prevent oil vapor from backstreaming along the foreline. The insert 

in the foreline trap was a copper wool filter, which was very advantageous as ozone is known to 

readily break down on copper surfaces. Therefore, any ozone that might have made it to the 

foreline trap was likely broken down before it entered the pump. The final and most important 

precaution for pumping large quantities of high concentrations of ozone was to place a liquid 

nitrogen trap in-line before the mechanical pump. A liquid nitrogen trap is used to trap volatile 

materials, preventing them from entering the mechanical pump, and it can also trap oil vapors 

from the pump to prevent them from entering a chamber. The liquid nitrogen trap, in this system, 

was where the majority of the ozone was first trapped, to be pumped away in a more controlled 

manner. With all of the precautions in mind, the mechanical pump may be used to evacuate the 

headspace of the apparatus after trapping.  

Once the ozone apparatus was flushed with nitrogen and pumped out with the mechanical 

pump, the ozone was warmed to start desorbing it from the silica gel. To warm up the ozone, the 

dry ice was removed from the Dewar; this required removing the entire Dewar from the ozone 

trap. THIS IS THE MOST DANGEROUS STEP IN THE ENTIRE PROCEDURE! When the 
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Dewar was removed from the trap the source of stabilization for the trap was gone and if the trap 

warmed up too much the ozone could have spontaneously detonated. To prevent detonation, a 

PID controller was used. The PID controller, in this instance, was used to control the temperature 

of the trap. A set point was entered in the controller (here the set point was -55°C) and if the 

temperature measured by the thermocouple read warmer than the set point, the PID would open 

the solenoid valve (valve 8) and flow nitrogen through the copper coils. The copper tubing 

possesses two sections of coils, the first set rests inside a large metal container filled with liquid 

nitrogen, and the second were wrapped around the ozone trap. After valve 8 opens, the nitrogen 

gas flows through the liquid nitrogen cooled coils then around the trap coils. As long as the PID 

measured a temperature above the set point the solenoid valve (valve 8), the valve stayed open; 

liquid nitrogen cooled N2(g) was constantly flowed around the trap, until the temperature was ≤ 

the set point. Once the set point temperature was reached the solenoid valve closed, cutting off 

the flow of nitrogen. With the use of the PID controller and the liquid nitrogen cooling system, 

the Dewar was safely removed and the dry ice discarded.  

After the dry ice was removed from the acetone bath, the Dewar was replaced around the 

ozone trap and filled with room temperature acetone. Before the room temperature acetone was 

added, a stirrer inside the Dewar was turned on to help quickly equilibrate the bath temperature. 

The room temperature acetone raised the overall temperature of the trap to -55°C, the 

temperature at which ozone desorbs from silica gel. The system was continuously pumped on 

while the trap was filled with acetone, but as soon as the set point temperature was reached, the 

valve 5 was closed to isolate the mechanical pump. This last step ensured a minimal amount of 

ozone was removed from the trapped volume. Acetone was added until the solvent level reached 

the height of the silica gel inside the trap. By carefully controlling the temperature of the trap, the 
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experimenter can vary flux of ozone into the chamber. When the trap was full of acetone and an 

equilibrium temperature of -55°C was reached, the ozone was ready to be introduced into the 

chamber.  

2.2.2 Sample Preparation 

 All fullerene films were deposited onto polycrystalline Au slides. The slides, purchased 

from EMF Corportion, were 1” x 1” x 0.062”, with a glass substrate, a Chromium adhesion 

layer, and a coating of 1000Å of gold. To prepare the slides for vacuum introduction, they were 

cleaned in Piranha solution (70% concentrated sulfuric acid, 30% hydrogen peroxide (30%)) for 

45 minutes to remove adsorbed organics from the surface. After the slide was removed from the 

Piranha solution, it was rinsed thoroughly with deionized water and then dried completely with 

UHP N2. Once dry, the sample was placed on the sample holder, see Figure 2.3. The sample is 

attached to the sample holder 

with two screw mounted 

tabs. The tabs can be 

tightened to secure the 

sample in place for transfer 

and experimentation. After 

the sample is placed onto the 

sample holder, it is attached 

to the transfer arm, via the 

transfer key, inside the load 

lock. Before the load lock is 

Figure 2.3: A drawing of the sample holder. The image on the top left is 

a side view of the sample holder and shows the screw tabs as well as the 

threads used to attach the sample holder to the sample mount on the 

manipulator. Modified from the dissertation of L. R. Fiegland.
39
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Figure 2.4: Crucible Style Evaporator used for 

the high vacuum deposition of fullerene films. 

pumped back down for sample introduction, the crucible evaporator, used to deposited fullerenes 

in vacuum, is loaded with new fullerene powder. 

The objective of this research is to study the fundamental reaction between gas-phase 

ozone and surface-bound fullerenes. In order to achieve this goal, the ability to deposit fullerenes 

in a vacuum environment was required. If 

films can be made in vacuum, the likelihood 

of contaminants on the surface significantly 

decreases. The instrument used to make the 

vapor-deposited fullerene films is a crucible 

style evaporator from McAllister Technical 

Services (model: EVAP-B). The crucible 

evaporator (CE), shown in Figure 2.4, is equipped with a water-cooled jacket and has 

attachments for a thermocouple and power supply. The CE mounts on a 2 ¾” conflat flange, 

allowing the instrument to be installed on an available flange on the load lock chamber. The 

crucible, itself, is made of 98% Al2O3, and is situated within the filament block, which can be 

easily removed to replace or change the evaporative material (www.mcallister.com). Therefore, 

before each experiment, more fullerene powder was added to the crucible to ensure an adequate 

film was deposited onto the surface for investigation.  

Once the crucible was loaded, the load lock was evacuated for sample introduction. 

When the pressure was low enough (≤ 3 x 10
-7

 Torr), the Au slide was transferred immediately 

into the main chamber and attached to the sample mount on the end of the manipulator, see 

Figure 2.5. The sample mount has several capabilities; with a resistive heater nestled inside the 
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mount and a liquid nitrogen reservoir attached to the back, experiments can be performed over a 

wide range of temperatures. The temperature can be monitored during heating and cooling as 

well, with the thermocouple attached to the sample mount.  

 The sample was transferred immediately into the main chamber for additional cleaning 

with gas-phase ozone. Even though Piranha solution was used to clean the Au slide initially, any 

exposure to atmosphere resulted in the readsorption of contaminants, such as hydrocarbons. To 

further ensure a minimum amount of contaminants were present on the surface, ozone was used 

to clean the Au slide for an hour inside the main vacuum chamber. As soon as the ozone cleaning 

Figure 2.5: A drawing of the sample mount configuration. The sample mount is equipped with a button 

heater and a LN2 reservoir. The heater and reservoir allow the sample temperature to be varied over a 

significant range (77 – 800 K). Modified from the dissertation of L. R. Fiegland.
39 
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was complete the surface was transferred back into the load lock to deposit the fullerene of 

choice.  

The load lock doubled as the fullerene deposition chamber once the CE was attached. 

Another linear translator was installed on the load lock, this one at a 90° angle to the CE, see 

Figure 2.6. The inclusion of the second transfer arm allowed for fullerene samples to be made 

entirely in vacuum. Once the Au slide was returned to the load lock chamber, it was transferred 

from the horizontal transfer arm onto the vertical one. The vertical transfer arm is able to rotate 

360°, so the slide was positioned directly in front of the CE. The power supply and water chiller 

attached to the CE were then turned on and the voltage and current were ramped over 

approximately 30-45 minutes. The specifics of the deposition (voltage, current, time, and 

temperature) vary depending upon the fullerene being deposited. C60, for example, took ~35 

minutes to deposit, with the maximum voltage and current being 4V and 4 Amps. When the 

Figure 2.6: A drawing of the load lock/deposition chamber. The addition of the vertical transfer arm and 

the crucible evaporator allow for in vacu fullerene deposition. 
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deposition was complete the sample was transferred back onto the horizontal transfer arm and 

then transferred into the main chamber for the exposure experiment.  

2.2.3 Main Chamber and Analytical Instrumentation 

 The characterization and ozone exposures were performed in a 304L stainless steel ultra-

high vacuum chamber. The main analysis chamber was a 23 L dome with numerous ports to 

accommodate the variety of instruments utilized in these studies. When the sample was 

introduced into the main chamber after deposition, it was, again, attached to the sample mount at 

the end of the manipulator, shown in Figure 2.5. The manipulator was bolted to the flange 

directly on top of the main chamber (McAllister Technical Services, model: MA1002). This 

component allowed for precise alignment of the sample in the x, y, and z planes, and was 

necessary for the rapid transfer of samples and accurate positioning for RAIRS, dosing 

Figure 2.7: A basic schematic of the UHV chamber. Items highlighted in red were utilized in every 

experiment discussed in this document. 
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experiments, XPS, and MS. 

 

 

The schematic shown in Figure 2.7 highlights the components and instruments specific to 

these experiments; while Figure 2.8 shows an AutoCAD drawing depicting a more realistic 

image of the chamber. After the sample was attached to the sample mount, it was aligned for 

reflection-absorption infrared spectroscopy (RAIRS). RAIRS was the main technique of analysis 

used in these experiments. As a specialized type of infrared spectroscopy, specifically utilized to 

observe the chemistry of surfaces, it was ideal for the experiments performed in these studies. 

The technique is non-destructive, permitting further analysis of samples once the initial 

experiment was complete and also allowed sampling of the entire surface; from molecules laying 

exactly at the gas-surface interface to those in contact with the gold. RAIRS can be performed in 
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Figure 2.8: An AutoCAD drawing of the main components of the UHV chamber. 
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real-time, so the reaction can be monitored as it progresses. As with other forms of spectroscopy, 

every chemical functionality has a specific absorbance in the RAIR spectrum but, unlike 

traditional IR, RAIRS can also give information about the orientation and chemical environment 

of the molecules on the surface.
43

 For all of these reasons, RAIRS was employed to develop a 

mechanistic and kinetic picture of the ozone oxidation of surface-bound fullerenes. 

 Reflection-absorption infrared spectroscopy has many similarities to traditional FT-IR 

spectroscopy. RAIRS utilizes a spectrometer equipped with a Michelson interferometer, allowing 

the experimenter to observe all the frequencies of the desired infrared region at one point in time. 

The output of the interferometer is an 

interferogram, which is acquired in the 

time domain, then Fourier-transformed 

into the frequency domain. After 

transformation, the end result is a 

spectrum which plots absorbance vs. 

wavenumber (cm
-1

). The most important 

difference between RAIRS and traditional IR techniques is that which is implied in its name: the 

exploitation of reflection.  

 The act of reflecting light off of a surface, instead of transmitting it through, imparts 

certain rules upon the interpretation of the data.
43a

 First of all, the electric field of light is made of 

up two components (shown in Figure 2.9): an S-component (ES) and a P-component (EP). The S-

component of light is perpendicular to the plane of incidence (shown as the white rectangle in 

Figure 2.9) and parallel to the surface. The P-component is parallel to the plane of incidence. 

When light is reflected off a surface it undergoes a phase change. There are two things that 

Figure 2.9: A schematic depicting the two components 

of the electric field of light: ES and EP. 
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determine the magnitude of the phase change upon reflection: 1) the angle of incidence, and 2) 

the polarization of the incident light. Figure 2.10 shows the degree of phase change upon 

reflection of the S- and P-components of light as a function of the incident angle of the light.
43a

 

Figure 2.10 shows that upon 

reflection the S-component of light 

will undergo a phase shift of 

approximately 180° at all angles of 

incidence. If the S-component 

experiences a phase change of 180° 

it will be essentially cancelled out 

due to destructive interference. The 

P-component, however, 

experiences the opposite effect. At 

higher angles of incidence, the phase change for the P-component increases until it too 

undergoes a 180° change. The important fact to take away from Figure 2.10 is that there is a 

specific angle of incidence that induces a phase change of ~90° for the P-component of light. 

With a phase change of 90° the P-component of light will interfere constructively with itself, 

thereby intensifying. Understanding what happens to light upon reflection is an important part of 

grasping the RAIRS technique, however, the most essential concept to comprehend is the 

probability of a transition (T) for a molecule on the surface. Equation 2.1 expresses the  

 2222
cos  α  T EE 


   (2.1) 

probability for a transition as it depends on the angle between the transition dipole moment and 

the incident light. Just like in traditional IR spectroscopy, RAIRS uses infrared radiation to excite 

Figure 2.10: The degree of phase change of light as a function of 

the incident angle of the light. Figure acquired from the study 

done by Greenler et al. in 1966.
43a
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molecular vibrations. Equation 2.1 refers to the probability of a transition from the ground state 

of a particular vibration to its excited state. The most likely situation for this transition to occur 

in is when the transition dipole moment (µ) of the molecule is perpendicular to the surface, and 

so aligned with the P-polarized light (E). Using equation 2.1, theta (Θ) is the angle between µ 

and E; if the transition dipole moment of a molecule is exactly perpendicular to the surface, Θ = 

0 therefore cos
2
Θ = 1. When Θ = 0, the probability of transition is most favorable and so this 

molecule will be observable with RAIRS. If Θ = 90° therefore cos
2
Θ = 0, in this instance, the 

transition dipole moment is parallel to the surface and the molecule is not observable via RAIRS. 

This rule, a consequence of the molecule’s orientation upon the surface, is known as the surface 

selection rule. The surface selection rule is what allows experimenters to determine surface 

characteristics like the degree of order of a surface and molecules’ particular orientation. One 

RAIR spectrum can reveal an overwhelming magnitude of information about a surface. 

 The IR spectrometer utilized in these studies was a Bruker IFS 66v/S model. The source 

of infrared radiation in the spectrometer was a SiC globar. The first mirror  the IR light reflected 

from was a gold coated parabolic mirror (focal length 180 mm), see Figure 2.11. The reflected 

light was focused through a slit (0.9 x 4 mm) on a rotatable aperture wheel. The slit aperture 

Figure 2.11: A simple schematic of the IR path through the spectrometer, optic boxes, chamber, and 

detector box. 
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was the most favorable opening for the Au slide samples because it maximized the spot size on 

the sample surface (i.e. the largest amplitudes are observed when using the slit aperture). After 

passing through the aperture wheel the IR beam entered the Michelson interferometer. Upon 

exiting the interferometer the beam was either directed into an internal sample compartment or 

an external sample compartment by way of a moveable mirror (2). The typical setup was to 

direct the beam into the external sample compartment, which contained a parabolic mirror (3) 

with a focal length of 250 mm. This parabolic mirror focused the light through the KBr window 

attached to port 2 on the main chamber. Once focused through the KBr window the IR beam hit 

the sample surface in the middle of the UHV chamber. The optimum incident angle for the IR 

beam was ~86°. The beam reflected off the surface and exited the UHV chamber via another 

KBr window, attached to port 1, and then entered the IR detector (IRD) box. Inside the IRD box 

there were three mirrors: a parabolic mirror (f = 250 mm) (4), a flat mirror (5), and another 

parabolic mirror (f = 43 mm) (6). These three mirrors focused the beam into a mid-range (750-

4000 cm
-1

) mercury cadmium telluride (MCT) detector. The settings used for the spectra 

presented herein were as follows: 1) each spectrum was an average of 100 scans collected over a 

90 second time period, 2) resolution was set at 2 cm
-1

, 3) the scanner velocity was set at 20.0 

kHz. 

 The UHV chamber was designed with the intention of employing several different 

analytical techniques simultaneously. When the sample was positioned for RAIRS, it was also 

correctly positioned for dosing with the gas(es) of interest and monitoring gas-phase 

reactants/products with the Extrel Mass Spectrometer. The chamber possesses two gas dosers, 

one was used explicitly for ozone, the other was used for a variety of other gases, such as NH3, 

D2O, and CO. 
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 The ozone doser, also known as the capillary array doser (CAD), was designed by L. R. 

Fiegland.
39

 His design was based on studies by Zhukov et al.
44

 and John T. Yates Jr.
41

 For a 

thorough description of the capillary array doser (CAD), shown in Figure 2.12, please see L. R. 

Fiegland’s dissertation.
39

  

 

 

 

 

 

 

 

 

 

 

 

 The ozone exposure of surface-bound fullerenes required a slight modification of the 

CAD. The inner diameter of the Pyrex capillary was increased from 0.08 mm to 0.50 mm. This 

increase was carried out to decrease the amount of time needed to oxidize a surface, i.e. provide 

a higher flux of ozone molecules upon the sample surface.  

 The other doser included in the experimental setup was a stainless steel doser, designed 

and built in the process of these studies. The second doser was used for product confirmation 
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Figure 2.12: The top image shows the entire CAD with an emphasis on the vacuum side of the doser, while 

the bottom image shows the detail inside the atmospheric side of the doser. The small tube represents the 

Pyrex capillary. 
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experiments, but also allows co-dosing or humidity impact studies. The doser was comprised 

entirely of stainless steel and all connections were VCR. The 7” focal length (from the knife 

edge of the conflat flange to the sample surface) aimed the gas directly at the sample, without 

obstructing any of the instrumentation or the CAD. 

 One of the goals of this research is to develop a full mechanistic picture for the reaction 

between gas-phase ozone and surface-bound C60. To achieve this goal, the ability to not only 

monitor the surface-bound products, but also to detect any gas-phase products that may result 

from the interaction was necessary. Along with the possibility of detecting gas-phase products, a 

sensitive mass spectrometer would allow for Temperature Programmed Desorption (TPD) 

studies. TPD is a widely used surface analysis technique that involves heating a sample enough 

to desorb any surface species. While the sample is being heated, the researcher simultaneously 

detects any residual gases using a mass spectrometer. There are two methods of thermal 

evaporation, one being flash desorption, and the other known as TPD. In these experiments, the 

TPD technique was utilized. The method consists of raising the temperature of the sample more 

slowly than flash desorption (between 15 seconds to a couple of minutes, as opposed to ~0.5 

seconds). When the temperature rises, surface species will gather enough energy to escape from 

the surface. The result of the species desorbing is a rise in pressure for specific masses. Each 

chemical species will desorb from particular surfaces at their own unique temperatures (i.e. 

specific energies). The last statement means that measuring the temperature where a certain 

mass’ pressure peaks, can tell us something about the binding energy for that species on that 

particular surface. With TPD experiments being the main function of the mass spectrometer, a 

MS system that would be extremely sensitive to the low quantities of chemicals used (monolayer 

and submonolayer amounts) was employed. Extrel mass spectrometers are capable of detecting 
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partial pressures of ~10
-16

 mbar with the added ability to monitor an unlimited number of masses. 

To accommodate the Extrel MS (ABB Extrel, model: MEXM 1000), a detector chamber was 

designed in house, built by Kurt J. Lesker Company, and attached to the main chamber on flange 

6, see Figure 2.1. The detector chamber is a doubly-differentially pumped chamber, with the 

second differential stage housing the actual quadrupole mass spectrometer. Differential pumping 

is required for the use of the mass spectrometer during dosing experiments because the pressures 

at which dosing was performed were much higher than allowed by the internal set points of the 

mass spectrometer. Differential pumping is achieved by placing apertures between chambers to 

significantly reduce the gas load between chambers, or pumps. The aperture between the main 

chamber and the first differential stage is 4.3 mm in diameter, and the aperture between the first 

and second differential stages is 4.7 mm in diameter. This particular Extrel model has a mass 

range of 2-1000 amu, and an impressive 1 amu resolution. A large, 220 L s
-1

, ion pump (Varian 

Vacuum Products, model: 912-7014) is used to pump down the second differential stage, while a 

180 L s
-1

 turbomolecular pump (Pfeiffer Vacuum, model: TMU 200M P) evacuates the first 

differential stage. The turbomolecular pump is backed by a scroll pump from ULVAC KIKO, 

Inc. (model: DIS-250). The pressure in the second differential stage of the detector chamber is 

monitored using a compact cold cathode gauge from Pfeiffer Vacuum, Inc. (model: IKR 270). 

Another surface sensitive technique employed in the experiments was X-ray 

Photoelectron Spectroscopy (XPS). XPS allows for elemental analysis of the surface before, 

during, and after ozone exposures. An elemental analysis of the surface will not only inform 

researchers what species are on the surface, but also what kind of bonding environments in 

which the molecules exist. XPS, also known as Electron Spectroscopy for Chemical Analysis 

(ESCA), was developed in the mid-1960s by K. Seigbahn and his research group.
45

 The 
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technique utilizes Einstein’s Photoelectric Effect. The photoelectric effect says that 

electromagnetic radiation falling upon a surface can cause the ejection of electrons from the 

surface. The ejection of these electrons occurs because energy contained within the incident light 

is absorbed by the electrons in the surface. The absorption of energy gives the electrons 

sufficient energy to escape the bulk of the surface, and the escaping electrons are known as 

photoelectrons. The key concept is the fact that the photoelectrons must escape from the bulk. In 

a solid material the atoms are densely packed. For an ejecting electron, the deeper the atom exists 

within the bulk the more difficult it will be for that electron to escape the material; a result of the  

 

 

Figure 2.13: A depiction of the ejection of a core level electron after illumination with x-rays. The energy of 

the ejected photoelectron is directly related to the core level from which it was removed. 

 

Inelastic Mean Free Path (IMFP). The IMFP is a measure of the average distance travelled by an 

electron through a solid before it is inelastically scattered. It is logical that the deeper the atom is 

situated within the material the smaller the inelastic mean free path. Atoms located at the surface 
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of the bulk have the largest IMFPs. It is because of this inherent quality that XPS is known as a 

“surface” technique. In an effort to lengthen the IMFP of every sample, XPS is performed in 

high vacuum environments. The high vacuum environments not only remove molecules from the 

air, which could deflect ejected photoelectrons from their path to the detector, but it also helps to 

keep contaminants from adsorbing to the surface of the sample, increasing the IMFP of the atoms 

at the surface of the bulk. The ejected photoelectrons are actually from the core levels of the 

atoms in the material. Figure 2.13 shows the one electron process that takes place during an XPS 

experiment, as opposed to the two-electron process of Auger Electron Spectroscopy (AES). In 

XPS, a photoelectron is expelled upon irradiation of the sample with x-rays. The energy range of 

the x-rays is between 200-2000 eV; x-rays within this eV range will impart enough energy on the 

surface to eject core level electrons. The x-rays are generated through processes known as 

Bremsstrahlung radiation and X-ray fluorescence.
46

 While the details of these two processes will 

be spared in this particular document, the most important fact about x-rays and XPS is that the 

resulting spectrum is completely characteristic of the x-ray source anode material. The two most 

commonly used x-ray sources are magnesium (Mg, hν = 1253.6 eV) and aluminum (Al, hν = 

1486.6 eV). Regardless of the source used, it is possible to determine both the kinetic energy of 

the ejected photoelectron, as well as its binding energy. Equation 2.2 relates the binding energy 

(EB) to the energy of the incident radiation (hν), the kinetic energy of the photoelectrons (EK), 

and the work function of the spectrometer (φ). 

                                       EB = hν – EK – φ          (2.2) 

The work function of the XPS spectrometer is the minimum amount of energy needed to remove 

an electron from the bulk of a solid to a point immediately outside the solid surface. The value of 

the work function is dependent upon the material being studied. It is for this reason that the work 
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function should be recalibrated every time an XPS experiment is performed. In these 

experiments, the work function was calibrated with the Au 4f peak, which should be positioned 

at approximately 83.8 eV. Gold is a perfect peak for calibration, for these purposes, because of 

the sheer amount of solid unoxidized Au present on the sample slide. The unoxidized quality is 

relevant because XPS is capable of revealing not only the elements present in the surface, but 

also details about their bonding environment. For instance, later in this text, the significant C 1s 

peak due to the fullerenes on the surface will be discussed, as well as the effect of ozone 

oxidation on the peak because of the C-O and C=O bonds present on the surface. The bonding 

situation of the elements affects their oxidation state; these changes in the oxidation state can be 

detected using the XPS. 

 In these studies, two different XPS instruments were employed. The first instrument was 

installed on the UHV chamber. The UHV XPS, purchased from SPECS, was equipped with a 

dual-anode (Mg and Al) x-ray source (model: XR-50). The source was typically operated at 250 

W (12.5 kV and 20 mA). To detect the photoelectrons, a 16.5” hemispherical energy analyzer 

(model: Phoibos 100), with a single channel electron multiplier, was used. The second 

instrument was located ex situ, in the Surface Science lab in the Chemistry Department at 

Virginia Tech. The instrument was made by Perkin Elmer (model: PHI-5600 ESCA) and 

included both Mg and Al anodes. 

2.2.4 Reactant Calibration 

 The determination of kinetics for a reactive system requires knowledge of the 

concentration of the reactants. According to collision theory, molecules must collide in order to 

react, so increasing the concentration of reactants will directly affect the number of collisions 
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and therefore the rate of the reaction. The concentrations of both reactants involved in these 

studies were measured to accurately calculate the rates of reaction.  

 The concentration of gas-phase ozone was measured prior to entering the CAD and 

chamber using a UV-Vis Spectrometer. Two Teflon valves must be opened to introduce ozone 

into the main chamber. Between these two Teflon valves was the UV-Vis spectrometer 

(StellerNet, Inc., model: EPP200C with deuterium light source). Ozone was monitored at 254 nm 

and the measured absorbance value was used to calculate the flux of ozone above the surface. 

The other variables needed to correctly determine flux were the backing pressure of ozone 

(measured in the ozone apparatus with the capacitance gauge), the conductance of the capillary 

array doser (1.60 cm
3
 s

-1
), the path length of the UV-Vis flow cell (1 cm), and the extinction 

coefficient of ozone (3036 L/mol·cm). With all the values, Beer’s Law (Equation 2.3) was used 

to calculate the ozone concentration every 90 seconds throughout the entire exposure. 

A = εbC      (2.3) 

Where A is the absorbance measured with the UV-Vis, ε is the extinction coefficient, b is the 

path length of the flow cell, and C is the concentration.  

 In order to know the surface coverage of fullerenes at the start of an experiment a 

calibration curve for film thickness was created. To develop the calibration curve, a Bell Jar 

Evaporator (BJE) equipped with a Quartz Crystal Microbalance (QCM) was employed. The BJE 

is a thermal evaporator that uses an electric resistance heater to melt the deposition material, 

raising its vapor pressure into a useful range. This type of evaporator is a vacuum evaporator, 

functioning in the 10
-6

 – 10
-7

 Torr range. A vacuum environment is necessary so the vaporized 

material can be transferred to the surface with a decreased chance of interaction with other gas-
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phase particles. The lower the vacuum of the evaporator, the cleaner the deposited film. The BJE 

used to create the calibration curve is owned by the Physics Department of Virginia Tech; who 

purchased it from Ladd Research. While the BJE’s method of vapor deposition is almost 

identical to the in situ method using the CE, the advantage of the BJE is its inline QCM. A QCM 

is an instrument that measures the change in mass per unit area by measuring the change in the 

resonance frequency of a quartz crystal. Quartz is one of a number of crystals that experiences 

the piezoelectric effect – that being the internal generation of an electric field resulting from an 

applied mechanical force. In these experiments, the Au-coated quartz crystal has a specific 

resonance frequency when there is nothing deposited on the Au slide. After deposition the 

resonance frequency is altered. This change in frequency corresponds to a change in mass (i.e. 

corresponds to the mass deposited on the surface of the Au slide). The mass deposited on the 

slide can be determined from the change in frequency using the Sauerbrey equation, Equation 

2.4. 
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The Sauerbrey equation was developed in 1959 by G. Sauerbrey specifically for the purpose of 

determining the mass deposited on a piezoelectric crystal. The equation relates the change in 

frequency (∆f) to the resonant frequency (f0), the area of the crystal (A), the density of the quartz 

(ρq), the shear modulus of the quartz (μq), and of course the change in mass (∆m). Sauerbrey was 

able to derive the equation by treating the mass deposited as an extension of the quartz crystal. 

With use of the QCM, which was calibrated for C60, and the knowledge of C60 packing 

dimensions (C60 centroid-centroid distance = 10.08 nm,
47

 distance between C60 layers = 0.33 

nm
48

), the thickness of the deposited fullerene films was determined. The surfaces, with known 
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film thicknesses, were then transferred into the UHV chamber and scanned with RAIRS. By 

integrating the fullerene IR modes, specific film thicknesses were associated with certain IR 

intensities, creating a calibration curve. The procedure helps give validity to the measured kinetic 

rates for the ozone oxidation of fullerene surfaces. 

2.2.5 Electronic Structure Calculations 

 While a kinetic picture of the system of interest was one of the desired goals, it was also 

important to gather a detailed description of the actual mechanisms of these reactions. To further 

support the mechanistic data Density Functional Theory (DFT) calculations were carried out on 

not only the fullerenes, but also several oxidized species of fullerenes. DFT is a quantum 

mechanical modeling method that can be used to study many different qualities of a molecule. 

For these purposes, DFT was used as a support for IR peak assignments.  

2.3  Summary 

 Since the end goal is to understand the reaction between gas-phase ozone and surface-

bound fullerenes on a very fundamental level, specific techniques for analysis were employed. 

The analysis is not only important for the actual reaction, but also for the characterization of the 

gas of interest, and the surface before and after exposure. To develop an accurate picture of the 

system, it is important to know the state of the surface before and after exposure to ozone. The 

UHV chamber, equipped with the aforementioned instruments, provides the capability to 

accurately characterize the ozone and the fullerene surfaces, as well as ensure they remain 

uncompromised before, during, and after exposure. 
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Chapter 3 

Vibrational Spectra of Surface-Bound Fullerenes: C60, C70, C76, C78, C84 

3.1 Introduction 

 A molecule’s infrared spectrum is analogous to a person’s fingerprint and, for 

identification purposes, can be utilized in the same way. Different molecules have their own 

specific energies, or vibrational frequencies. Infrared spectroscopy (IR) can be employed to 

measure the vibrational frequencies. IR can even be used to determine the phase (solid, liquid, or 

gas) of the material under study. By observing the particular combination of frequencies, as well 

as their peak shape, a great deal of information can be gained. In this chapter, the vibrational 

spectra of surface-bound fullerenes were analyzed in order to characterize these molecules on a 

polycrystalline Au surface. 

 Infrared spectroscopy has been used to study fullerenes since their initial discovery in 

1985. While numerous reports exist in the literature, describing the IR spectra for fullerenes in 

the gas, solution, and even a few on the solid phase, there is very little work detailing the infrared 

spectra of fullerenes on surfaces. Wang et al. performed a study of vapor-deposited solid C60 

films (4 μm thick) in 1993 and found 102 observable IR frequencies.
49

 Besides the four first-

order-allowed modes, at 526.6, 575.8, 1182.9, and 1428.2 cm
-1

, at least 98 additional peaks were 

present. They assigned the extra lines to combination modes and isotopically induced modes. A 

later study by Lyon and Andrews, focused on the IR spectra of C60 in argon, deposited onto a CsI 

window.
50

 They reported the four main IR peaks of C60 at 529.6, 579.0, 1184.5, and 1432.1 cm
-1

. 

A simple change in surface formation technique results in a shift in the peak frequencies and the 

additional peaks seen in the Wang study are a functional of the C60 film thickness.  
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 C70 has also been studied in depth via experiment and calculations. Based on the reports, 

there appears to be less variation in the peak positions, regardless of gas, solution, or solid 

sample under study.
51

 However, the C70 film has yet to be well characterized. It is likely that 

additional modes will be observed, similar to C60, due to the intermolecular interactions of the 

film. 

 As the fullerenes increase in size, the extent of knowledge decreases, simply because 

there are fewer investigations of the larger Cn molecules. The only study reporting an IR 

spectrum of C76 in toluene was performed in 1991 by Etti et al. A number of peaks were 

observed, a result of lower symmetry, with the strongest ones at 660, 747, 1035, 1127, and 1434 

cm
-1

.
 52

 In 1996, two different isomers of C78 in toluene were characterized with Raman and IR. 

Each isomer possessed its own unique spectrum.
 53

 Finally, C84 was studied in 1997, displaying a 

very complex spectrum, which led the authors to conclude that individual isomers could not be 

distinguished by way of IR spectroscopy.
 54

 It is clear from a review of the existing literature that 

a detailed characterization of surface-bound fullerenes is needed. This study aimed to fill this gap 

in knowledge with a detailed study of C60, C70, C76, C78, and C84 deposited on an Au surface. 

 The goal of Chapter 3’s research was to create a detailed characterization of Cn molecules 

on a surface by analyzing their vibrational spectra. Comparison of the IR data to Electronic 

Structure Calculations helped support the observations and conclusions. The information 

presented herein will help to explain how the spectra of these molecules change as they increase 

in size. 
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3.2 Experimental Details 

3.2.1 Materials 

 All chemicals were used as received without further purification unless otherwise noted. 

Fullerenes (C60, C70, C76, C78, and C84) were purchased from Bucky USA. Research grade 

ultrahigh purity nitrogen and liquid nitrogen were purchased from Airgas Specialty Gases. 

Polycrystalline gold substrates were received from Evaporated Metal Films. 

3.2.2 Formation of Cn Surfaces 

 Fullerenes were deposited on polycrystalline gold slides. The slides were purchased from 

Evaporated Metal Films, Inc. They are made by first depositing a 50 Å thick layer of chromium 

onto a glass slide, then depositing ~1000 Å of Au. The dimensions of the slides are 1” x 1” x 

0.062”. To clean the Au slides before introduction into the UHV chamber, they are submersed in 

a solution of 70% sulfuric acid and 30% hydrogen peroxide (30%), also known as piranha 

solution, for ~45 minutes. Warning: Piranha solution is an oxidizing agent which reacts 

violently with organics! Extreme caution should be taken when using this solution! The piranha 

solution was used to remove the majority of the hydrocarbons which adsorb to the surface from 

exposure to air. Once the Au slide was removed from the piranha, it was rinsed thoroughly with 

deionized water (Millipore Purification Systems, 18.2 MΩ), and then dried completely with UHP 

nitrogen. After drying, the slide was placed into the UHV chamber. Immediately after the Au 

slide was placed into the load lock chamber, the crucible evaporator was detached from the load 

lock, any remaining fullerene from the previous experiment was taken out, the crucible was 

cleaned, and then new fullerene powder was placed in the crucible.  After transferring into the 

UHV main chamber, the Au slide was then cleaned with ozone for one hour. Ozone was used to 
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remove any remaining hydrocarbons from the surface before fullerene deposition. Two 

advantages of cleaning the surface with gas-phase ozone in UHV were: 1) the actual removal of 

the hydrocarbons was monitored using RAIRS and 2) the surface remained clean until deposition 

because the fullerenes were also deposited in vacuum. After one hour of ozone cleaning, a 

spectrum of the freshly cleaned Au slide was recorded with the IR. The spectrum was saved to be 

used later as a background. The Au slide was transferred into the load lock to deposit the 

fullerene of choice. As stated in Chapter 2, the voltage and current required to deposit fullerenes 

on the Au slide varied depending upon the fullerene. For C60 and C70, total time for film 

deposition was 35 minutes, with the maximum voltage and current of 4.5 V and 4.5 A. The 

maximum temperature during C70 deposition was 772 K. C76 deposition required 5 V and 5 A, 

resulting in a maximum deposition temperature of 984 K. C78 and C84 deposition lasted 45 

minutes, was achieved with 7 V and 7 A, and reached a maximum temperature of 1299 K. 

3.2.3 RAIRS Data Acquistion 

 The infrared spectra of surface-bound fullerenes were collected with a Bruker IFS 66v/S 

spectrometer. The spectrometer is equipped with a SiC globar source, which produces an IR 

beam. The IR beam is focused onto the Au surface in the middle of the UHV chamber at an 

incident angle of ~86° relative to the surface normal. The detector used with the Bruker 

spectrometer is a mid-range MCT detector (750 - 4000 cm
-1

), that requires cooling with liquid 

nitrogen. Every spectrum shown in this dissertation was produced by the co-addition of 100 

scans acquired over 90 seconds. The resolution was set at 2 cm
-1

 and the scanner velocity was 

held at 20 kHz. 
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3.2.4 Electronic Structure Calculations 

 Electronic structure calculations were performed on each fullerene molecule, in its 

unoxidized form. The calculations are an important addition to the experimental data because 

they were used to help assign the numerous peaks that were observed in the IR spectra. The 

modeling method used was density functional theory (DFT). Specifically, the exchange-

correlation hybrid functional B3LYP with a small 3-21G
*
 basis. This particular method has been 

employed by other researchers and found to predict the geometry and electronic structure of 

fullerenes with unusual success.
55

 

3.3 Results 

3.3.1 Surface-Bound C60 

The C60 films were characterized immediately after formation. Figure 3.1 shows the 

RAIR spectrum of a C60 film deposited in high vacuum. The spectrum is absorbance versus 

wavenumber (cm
-1

). The spectrum recorded for the unoxidized C60 surface contains a 

considerable amount of information about the fullerene film. First of all, while gas-phase C60 

possesses 174 intramolecular vibrational modes, only four of those modes are IR active: 527, 

577, 1182, and 1428 cm
-1

.
49

 Each IR active mode corresponds to an F1u symmetry mode.
49

 In 

Figure 3.1, only two of the modes for the isolated gas-phase C60 are observed. The reason all four 

are not present is a limitation of the detector employed; the MCT’s observable range is from 750 

to 4000 cm
-1

. Regardless of the fact that C60 only has four IR active modes, every other peak in 

the spectrum can be assigned to a mode of the C60 fullerene cage. Most of the peaks are 

identified as second-order combination modes, while the remaining few are due to isotopically-
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induced modes.
49

 Specifically, two IR active modes (1182 and 1428 cm
-1

), 4 isotopically-

induced modes, and ~60 combination modes were observed in the spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A table with all observed frequencies and their corresponding assignments can be found in the 

Appendix – Section 8.2. 

The peaks in the spectrum have very narrow line widths. This characteristic reveals 

important information about the film. In the early 1990s, researchers used several different 

techniques, like nuclear magnetic resonance (NMR) spectroscopy, x-ray powder diffraction 

(XRD), and Raman spectroscopy, to show that C60 molecules rapidly rotate and move within the 

film.
56

 The reorientation time was calculated to be 9.1 picoseconds at room temperature.
56b

 At 

Figure 3.1: RAIR spectrum of a C60 film deposited on Au slide in high vacuum. The two intense 

peaks are IR active modes, while the rest of the peaks can assigned to combination, isotopically-

induced, and higher order IR modes. 
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temperatures below 260 K, the motion transitions from a free rotation to a jump rotation, or 

“ratchet motion”. The narrowness of the peaks is therefore due in part to vibration-rotation 

coupling of the individual freely rotating molecule.
57

 This also means that, while it is known that 

the C60 molecules strongly physisorb to the Au surface, there are minimal solid-state 

intermolecular interactions within the C60 film.  

 The final, and most important, feature of the spectrum of the unoxidized C60 film is the 

height of the two peaks assigned to the IR active modes of C60 (1182 and 1428 cm
-1

). The height 

of these peaks is directly proportional to the film thickness, and therefore number of C60 

molecules present on the surface. These peaks are used later in Chapter 4 to create a calibration 

curve, in order to reasonably determine surface coverage, a necessity for the kinetic 

measurements.  

 X-ray photoelectron spectroscopy (XPS) was used to confirm and support the RAIRS 

data. Since XPS is a quantitative 

spectroscopic technique capable of 

detecting as little as 0.1 At% (atomic 

percent) of an element, it is an ideal 

method to verify the process by which 

C60 surfaces are formed. XPS was 

used to follow each step of the 

procedure and ensure the end result 

was indeed a surface covered with 

unoxidized C60 molecules. The 

binding energy values of each 

Figure 3.2: XPS data of the Au 4f7/2 and Au 4f5/2 peaks. 

The Au 4f5/2 peak was used to adjust the work function 

thereby calibrating the rest of the elemental regions 

observed. 
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observed data region were calibrated using the Au 4f5/2 peak centered at 83.8 eV, shown in 

Figure 3.2. The position of the Au 4f5/2 peak can be adjusted by changing the value of the 

spectrometer’s work function, a variable that shifts depending upon the material under 

investigation. The Au slide, before fullerene film deposition, was monitored with XPS before 

ozone cleaning, after ozone cleaning, and finally, after C60 deposition. 

 Figure 3.3 shows the C 1s region and the O 1s region of the Au slide before any ozone 

cleaning. The graph on the left contains the data from the C 1s region, and depicts a peak 

centered at 284 eV. The presence of this peak indicates the existence of carbon species, 

specifically –C-C–, on the surface of the Au slide. The most likely source of these species is 

from atmospheric hydrocarbons that have physisorbed to the surface during sample transfer from 

the piranha solution into the chamber. The graph on the right represents the O 1s region. It is 

clear from this graph that, before ozone cleaning, there are no oxygen species on the surface, 

within the signal to noise. 

Figure 3.3: XPS data of the C 1s region (left) and the O 1s region (right) of an Au slide removed from 

piranha solution and introduced into the main chamber. The data indicates the presence of adsorbed 

hydrocarbons on the surface. 

534 532 530 528 526

 

 

In
te

n
s
it
y
 (

c
p
s
)

Binding Energy (eV)

400

290 288 286 284 282 280

 

 

In
te

n
s
it
y
 (

c
p
s
)

Binding Energy (eV)

200
284 eV



65 

 

  Figure 3.4 shows the C 1s region and O 1s region after cleaning the Au surface for one 

hour with ozone. Again, the C 1s region is shown in the graph on the left and the O 1s region is 

portrayed in the graph on the right. When C 1s data collected after ozone cleaning is compared to 

that collected before, the conclusion can be drawn that ozone has removed the majority of the 

adsorbed hydrocarbons, leaving the surface free of significant organics and other contaminants 

and ready for fullerene deposition. The O 1s region appears to have a small peak after the ozone 

cleaning, which is most likely due to a negligible amount of oxidized gold.
58

 

The final figure in this section, Figure 3.5, shows the C 1s and O 1s regions after C60 has 

been deposited in high vacuum. The C 1s clearly shows a prominent peak centered around 284.2 

eV, with no shoulders or neighboring peaks. This peak represents the C60 film that has been 

deposited on the surface of the Au slide. The lack of shoulders or neighboring peaks at higher 

binding energies means there is only one oxidation state of carbon present within the film. The 

observed oxidation state is characteristic of –C-C– bonding, which would be expected in the 

Figure 3.4: XPS data of the Au slide after cleaning with ozone for one hour. The peak previously seen in 

the C 1s region is gone and a small peak in the O 1s region is most likely due to gold oxide species. 
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XPS data of C60 molecules. There is no indication of carbon-oxygen bonds within the data, 

signifying an unoxidized fullerene film. 

 The Extrel mass spectrometer was used to further characterize the C60 film present on the 

surface. The adsorption of multiple layers upon any surface is a common occurrence when 

vapor-deposition is employed as a technique for making thin films. Temperature-programmed 

desorption (TPD) experiments can be utilized to characterize the thin film. 

 After the C60 film was deposited on an ozone-cleaned Au slide, the surface was heated to 

500°C, to drive the fullerenes from the surface. Two masses were monitored with the mass 

spectrometer: 720 amu – the molecular weight of C60, and 360 amu – the major crack detected 

for C60. In this TPD experiment, the temperature of the sample was increased by stepping up the 

current on a power supply attached to the surface heater. The current was not set above 5.5 

amperes because of limitations of the button heater. Figure 3.6 shows the TPD profile for C60, 

recorded at a mass of 360 amu. The TPD graph on the left shows the entire experiment. There 

are two obvious peaks present, the first appears at 154°C and the second at 230°C. The first peak 

Figure 3.5: XPS data of a C60 film deposited on an ozone-cleaned Au slide. The peak centered at 

284.2 eV represents the C-C bonds of the fullerene molecules and the lack of a detectable oxygen 

species implies an unoxidized film is present on the surface. 
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is most likely due to an incomplete monolayer existing directly at the gas-surface interface. The 

second and most intense peak is assigned to the bulk of the C60 film and perhaps implies that the 

majority of the film possesses similar binding energies.  

 

 

 

The graph on the right, in Figure 3.6, is an expanded view of the high temperature region of the 

experimental data. At this point in the experiment, the rate at which the temperature was 

increasing had slowed significantly, a function of this particular ramping method. If the 

temperature ramp had been held constant the resolution of these three peaks would be greatly 

improved. The three peaks in the graph on the right have been assigned to the final layers of C60 

on the Au surface. While a quantitative conclusion cannot be determined from this single 

experiment, it gives a general idea of the basic binding energies of the monolayers within the C60 

films deposited on the Au slides.  

 Gaussian 09
59

 was used to perform electronic structure calculations on the C60 molecule. 

The program used B3LYP 3-21G*, a density functional theory (DFT) method, to optimize the 

Figure 3.6: TPD data recorded at m/z 360. The graph on the left displays the entire TPD experiment. 

The graph on the right shows the three small peaks, assigned to the final monolayers on the Au slide. 
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geometry of the molecule and then complete a frequency analysis. The resulting frequencies 

were compared to the experimental ones obtained with the RAIR spectrometer. It is important to 

point out that the calculations are run on a single C60 molecule and those results are compared to 

measurements of a C60 film. Figure 3.7 shows the calculated frequencies, represented by red 

lines, overlaid on the experimentally acquired C60 IR spectrum. While there seem to be several 

similarities in peak position, the main interest is the prediction of C60’s IR active modes. 

Ensuring the unoxidized cage can be accurately modeled will give validity to the calculations run 

on the C60 molecules with oxygen species added to the cage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7: A RAIR spectrum of an unoxidized C60 film (shown in black). The red lines represent the 

calculated frequencies of a C60 molecule. Calculations were performed using B3LYP/3-21G*. 
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3.3.2 Surface-Bound C70 

 The C70 films were characterized immediately after deposition. Figure 3.8 shows the 

RAIR spectrum of a C70 film deposited in high vacuum. The spectrum is a plot of IR absorbance 

versus wavenumber (cm
-1

). Based 

on the IR data collected with this 

instrument and the current 

information available in the 

literature,
11d, 11f, 38, 60

 the presence of 

a film of C70 fullerene molecules on 

the Au slide was confirmed. C70 

follows C60, ranking as the second 

most stable fullerene in existence. 

This slightly larger fullerene has D5h 

symmetry and resembles an 

elliptical or “rugby ball” shape. The difference in structure between C60 and C70 is created by the 

addition of 10 carbon atoms located along the molecule’s equator. C70 can be thought of as a 

band of hexagons capped with halves of a C60 molecule. The C70 cage possesses 5 types of 

inequivalent carbon atoms, unlike C60 where all the carbon atoms are identical. The addition of 

the 10 carbon atoms makes C70’s long axis (pole to pole) ~ 2 nm in length, while the short axis is 

almost the same as C60’s cross-sectional diameter. C70 experiences 122 intramolecular vibrational 

modes, with 31 of those modes IR-active.
61

 Because the symmetry of C70 is lower than that of 

C60, there should be more observable IR-active modes. The most intense IR-active modes 

detected in this work appear at 794, 1134, and 1431 cm
-1

. Each of these peaks corresponds to an 

Figure 3.8: A RAIR spectrum of an unoxidized film of C70 on an 

Au slide. The peaks at 794, 1134, and 1431 cm
-1

 are 

characteristic of the C70 molecule. 
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E’1 symmetry mode.
51b-d

 Every other peak in the spectrum can also be assigned to the C70 cage, 

see Table 3.1. As with C60, the charge transfer from the Au surface to the C70 cage makes some 

of the Raman-active modes visible in the IR spectrum.
50

 The low intensity peaks seen in Figure 

3.8 are attributed to the C70 film (i.e. intermolecular interactions) and have been observed in 

other experimental results.
61

 A number of studies have shown that, like C60, the C70 molecules 

undergo constant reorientation and molecular motion within solid films.
62

 Cheng and Klein used 

molecular dynamics simulations to study the structure and orientational ordering of solid C70. 

They found that under ambient conditions the C70 molecules rotate around the long axis and as 

the temperature rises (> 300 K) the molecules begin to tumble (rotating about the short axis).
62a

 

After Cheng and Klein’s study, several other researchers used 
13

C NMR to observe the 

anisotropic rotation of the C70 molecules.
62b, 63

 Motion of the C70 molecules within the films is 

evidenced by the narrow bands observed in the IR spectra and indicates that the C70 molecules 

experience little intermolecular interaction within the unoxidized film. Because of the minimal 

interactions between cages, and the constant rotation of the molecules, the spectrum resembles 

one recorded for gas-phase C70, as opposed to a solid film. This characteristic is particularly 

advantageous for the computational work, which was performed on the isolated gas-phase 

molecule. 

 Similar to existing reports of C70, not all the IR active modes were observed in the 

experimental data.
61, 64

 One of the main reasons all are not reported here is because of the 

limitations of the MCT detector. The detector used in these studies has an observational range of 

4000-750 cm
-1

. At least six intense IR active modes are located between 750-450 cm
-1

.
61
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Table 3.1: C70 peaks observed in this work, with the corresponding symmetry modes. These peaks are 

compared to the existing literature values. 

Peak (cm
-1

) – this work Literature Value (cm
-1

)
51a, b

 Symmetry Mode 

795 795 – IR E′1 

993 980 – Raman (calc.) E′2 

1086 1086 – IR A″2 

1133 1134 – IR E′1 

1164 1165 – Raman A′1 

1182 1182 – Raman E′2 , E″1 

1204 1203 – Raman (calc.) E′2 

1222 1227 – Raman E′2 , E″1 

1251 1252 – IR E′1 

1291 1292 – IR A″2 

1321 1321 – IR E′1 

1415 1414 – IR E′1 

1431 1430 – IR E′1 

1460 1460 – IR A″2 

1488 1493 – Raman E″1 

1511 1515 - Raman E″1 , E′2 

1535 1540 – Raman (calc.) E″1 

1561 1562 - IR E′1 

1585 1585 – Raman (calc.) A′1 
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In order to support the assignments for the frequencies observed in the experimental data, 

electronic structure calculations were performed on a C70 molecule. Previous computational 

studies have attempted to calculate frequencies for solid C70, however, the results deviate 

significantly from those observed experimentally.
61, 64-65

 Shinohara et al. used MNDO and PM3 

methods to calculate the 

infrared absorption intensity 

of a C70 molecule. The 

methods produced molecular 

vibration frequencies that 

differed from the 

experimental values by 100-

200 cm
-1

.
64

 More recently, 

Zandler and D’Souza found 

that the B3LYP functional 

with a 3-21G* basis set is 

much more appropriate for generating accurate frequency values.
55

 The calculations included 

herein, executed with the same method as Zandler and D’Souza, have produced values within 10 

wavenumbers from the experimentally observed IR peaks. In addition, similar intensities were 

predicted, see Figure 3.9. Most importantly, both ESC and IR data support the theory that the C70 

molecules are rotating freely in the solid film. The narrow character of the IR peaks indicates 

that there is little interaction between fullerenes within the solid film. If the molecules did 

interact, the peaks observed in the spectra would be broad. Also, because of the strong agreement 

between experimental and calculated values, the calculations also support fullerenes within the 

Figure 3.9: Comparison of an experimentally obtained 

spectrum of C70 (black trace) with calculated frequencies (blue 

lines). 
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film experiencing gas-phase motions. The calculations were performed on a single C70 molecule, 

expected to produce frequencies similar to those observable for gas-phase species. A rapidly 

rotating molecule, even within a solid film, would be expected to produce a gas-phase IR 

spectrum. The data showed that both the C60 and C70 molecules experienced significant rotation 

within the solid film.  

 

Expt. Peak (cm
-1

) – this work Calc. Peak (cm
-1

) – this work 

795 779 

993 999 

1086 1094 

1133 1143 

1164 1162 

1182 1189 

1204 1193 

1222 1239 

1251 1252 

1291 1290 

1321 1323 

1415 1412 

1431 1441 

1460 1453 

1488 1485 

1511 1518 

1535 1531 

1561 1539 

1585 1590 

 

 

 

 

 

 

 

Table 3.2: Comparison of experimentally observed and calculated frequencies for the C70 molecule. 



74 

 

3.3.3 Surface-Bound C76 

 Although the C70 films provided well-resolved high resolution IR spectra, the coverage 

for the C76 film appeared to be much lower than any other system studied. Like the other surfaces 

made, the C76 film was characterized immediately after formation. Figure 3.10 shows the RAIR 

spectrum of a C76 film 

deposited in high vacuum. The 

spectrum is a plot of absorbance 

versus wavenumber (cm
-1

). The 

spectrum recorded for the 

unoxidized C76 surface 

possesses less intense peaks 

than those observed for vapor-

deposited C60 and C70. For 

reasons, which have remained 

undetermined, formation of the 

C76 film was not as simple as the other depositions. While the data implies that C76 molecules 

were deposited onto the Au slide, it is unclear as to why the peak intensities for this particular 

fullerene film were significantly less than every other fullerene studied. The observed peaks at 

1363, 1440, and 1517 cm
-1

 correspond with existing literature data (1371, 1441, and 1513 cm
-1

 – 

solid phase study).
66

 Lack of intense peaks in the spectra is most likely a result of low surface 

coverage. A possible explanation for the difficulty in film production is the existence of 

contaminates within the C76 powder. Shown in Figure 3.10, a broad peak appears in the carbonyl 

region, potentially indicative of some oxidized C76. To further understand this system and 

Figure 3.10: RAIR spectrum of C76 film on Au surface. Peaks at 1363, 

1440, and 1517 cm
-1

 are characteristic of C76 molecule.  
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properly characterize the deposited films, NMR should have been performed on the starting 

powder used for deposition. The C76 powder, obtained from Bucky USA, was received and 

marked as > 99.9% pure, however, this should have been confirmed. Further experiments, such 

as XPS or TPD, could have been performed to detect the presence of impurities. 

 Regardless of the poor IR spectrum collected for C76, the main peaks for the C76 film can 

still be correlated with frequencies from the electronic structure calculations at the B3LYP/3-

21G* level. Figure 3.11 shows the experimentally observed peaks at 1363, 1440, and 1517 cm
-1

 

and their corresponding calculated peaks at 1393, 1445, and 1534 cm
-1

. The spectrum also agrees 

quite well with that collected by Michel et al. in 1994.
66
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Figure 3.11: RAIR spectrum collected for a C76 film made in high 

vacuum (black trace), compared with calculated frequencies 

(blue lines). 
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3.3.4 Surface-Bound C78 

 The C76 fullerene was difficult not only to deposit, but also to observe and study, while 

the C78 molecule, larger by only two carbon atoms, was easily observable. Figure 3.12 shows the 

RAIR spectrum of a C78 film deposited in high vacuum. The spectrum is a plot of IR intensity 

versus Wavenumber (cm
-1

). The spectrum recorded for the unoxidized C78 looks very different 

than the ones observed earlier for smaller fullerenes. The most obvious contrast is the peak 

shape. In spectra of the smaller 

fullerenes (e.g. C60 and C70) the 

peaks are very narrow and sharp. In 

the C78 spectrum, the peaks are very 

broad, most likely encompassing 

several peaks within one intense 

absorbance band. There are several 

plausible reasons for this change in 

the spectrum. One possible 

explanation for the different peak 

shape is the existence of multiple C78 

isomers within the film.  

As the fullerene cages increase in size, the number of possible structural isomers 

increases as well. For example, C70 has only one isomer, C76 has two, and C78 has 5. The isomers 

differ in the location of the pentagon rings within the cage structure.
67

 Current literature shows 

that each isomer possesses its own, unique IR spectrum.
53

 With the possibility of several 

different isomers existing within the film, it is likely that the resulting IR spectrum would be a 

Figure 3.12: A RAIR spectrum of a C78 film deposited in high 

vacuum. The intense peak at 1440 cm
-1

 is characteristic of C78 

molecule. 
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combination of the individual isomers’ IR spectra. Regardless of the isomers present, the most 

intense peak in the spectrum, at 1440 cm
-1

, appears in all reported C78 isomer spectra. Another 

reason for the absence of well-defined narrow peaks is the position of the fullerenes on the 

surface. Many studies have shown that C70 molecules can exist in two orientations on the 

surface: laying down or standing up.
62a, 68

 It is likely that the C78 molecules are randomly 

oriented, leading to broader peaks. The C78 molecule may have more than two surface 

orientations, which could also explain the peak shape in the spectra. Additionally, as the 

fullerene molecules increase in size the likelihood of their rotation within the film also 

decreases.
69

 The loss of molecular rotation within the film makes the molecule’s orientation a 

factor in the resulting peak shape. Different orientations will result in transition dipole moments 

in various positions, some well aligned, therefore absorbing intensely, and others poorly aligned, 

but still observable, leading to weak absorbance. The combination of a variety of alignments for 

a particular transition dipole moment will broad the peak associated with that mode. The final 

explanation for the peak characteristics is the continuation of Stone-Wales transformations, after 

deposition is complete. The Stone-Wales, or pyracylene, transformation (SWT) is a 90° bond 

rotation within the plane of a sp
2
-carbon network. The SWT allows pentagons and hexagons to 

migrate over a fullerene cage surface.
70

 Hawkins et al. found that C76 and C84 are 

configurationally stable up to 600-700 °C; however, at higher temperatures the pyracylene units 

readily rearrange, migrating pentagons in order to equilibrate the cage.
71

 Since the higher 

fullerenes had to be deposited at temperatures above 600 °C, it is a valid assumption that there 

were some SWTs within the fullerene film. Even after deposition is complete the transformations 

will continue for some time as the surface cools to temperatures below 600-700 °C. With all of 
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these potential explanations for the broad peaks in the spectrum, it was even more necessary to 

perform calculations.  

Since C78 has 5 different isomers, calculations on the two of the isomeric structures (C2v, 

D3) were completed in an effort to characterize the films and support the IR assignments. Figure 

3.13 overlays the experimental IR 

data with two calculated spectra. 

The experimental spectrum shows 

broad peaks in the 1350 – 1700   

cm
-1

 region. The computational 

results also produce a number of 

peaks in this region for both the C2v 

and D3 isomers. The calculations do 

show several larger peaks around 

1200 cm
-1

 that are not observed in 

the experimental spectrum. Steric 

restrictions imposed upon the 

individual molecules, hindering them from experiencing all of the possible molecular vibrations, 

may result in fewer observed IR peaks. It is also possible that the surface contained more of a 

different isomer, perhaps the C2v′. Regardless of the particular isomers present within the 

fullerene film, the absence of expected vibrational modes is an unexplained phenomenon which 

has been seen in experiments of C76, C78, and C84.
53-54, 66

  

The vibrational spectra of larger fullerenes (Cn) are expected to become more complex as 

the size of the molecules increase. The C60 and C70 molecules possess only a few IR active 

Figure 3.13: RAIR spectrum of C78 film deposited on an Au 

surface (black trace). Calculated spectra of the C2v isomer (blue 

trace) and the D3 isomer of C78 are overlaid on the experimental 

spectrum for comparison. 
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modes as a result of their high symmetry. In fact, out of the 174 intramolecular vibrations that 

C60 possesses, only 4 are IR-active. C70 is only slightly less symmetric, with 31 of its 122 

vibration modes IR-active. Unlike C60 and C70, spectra of the larger fullerenes have been 

recorded in numerous instances and always display fewer frequencies than group theory predicts. 

Michel et al. collected IR spectra of purified C76 in 1994, and among the 165 expected modes, 

only 39 were observed. The researchers attributed the absence of predicted peaks to some 

centrosymmetric characteristic of the molecule. They did acknowledge the fact that C76 has no 

center of symmetry but suggest that because of its near spherical shape, the molecule may still 

experience this phenomenon.
66

 Another study, performed by Benz et al., of C78, which possesses 

five structural isomers, reported 59 observable peaks out of as many as 173 predicted 

frequencies.
53

 Benz cites the experiments by Michel et al. and gives no explanation as to why the 

C78 fullerene has so few peaks in the IR spectrum. He goes on to discuss the broadening of the IR 

peaks at higher wavenumbers and ascribes the trend to interactions between the vibrational mode 

fundamentals and multiple-quantum dark states. The study does not discuss this theory in detail, 

but suggests that further research must be done to determine the relationship between the density 

of states and the resulting line widths.
53

 Finally, Avent et al. carried out an IR study of the minor 

isomers of C84, a fullerene with 24 different structural isomers. The 1997 study was the first to 

publish an experimental IR spectrum of this larger fullerene. Avent found that even MNDO 

theory was unable to adequately predict an IR spectrum for C84.
54
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3.3.5 Surface-Bound C84 

 The C84 film was characterized immediately after formation. Figure 3.14 shows the RAIR 

spectrum of a C84 film deposited in high vacuum. The spectrum is a plot of IR absorbance versus 

Wavenumber (cm
-1

). Similar in peak shape to the spectrum of C78, the C84 film also displays 

broad peaks. The likelihood that different isomers are contributing to the IR spectrum is even 

more probable with a C84 film because this large fullerene has 24 isomers. Another explanation 

for the lack of narrow peaks is the hindrance of molecular rotation within the C84 film. An STM 

study performed by Li et al. reports the high-resolution imaging of C84 molecules on cleaved 

GaAs(110).
69

 The researchers concluded that they are able to image the large fullerene because 

its decreased symmetry and stronger van der Waals surface interactions lead to steric hindrance 

of rotation. The inability of C84 to rotate freely within the film, as its smaller counterparts do, 

could explain the difference in 

peak shape. In Figure 3.14, the 

main band of the C84 film 

appears at 1342 cm
-1

, a position 

that is in agreement with the 

existing literature.
54

 

 

 

 

 

 

Figure 3.14: RAIR spectrum of a C84 film deposited on an Au 

slide. The intense band at 1342 cm
-1

 is indicative of a C84 film. 
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IR frequency analyses were performed on the D2 and D2d isomers of C84 using B3LYP/3-

21G*; the resulting spectra are shown in Figure 3.15. The most intense peak in the D2d spectrum does 

not line up with the major peak in the experimental spectrum. As with C78, the presence of multiple 

isomers within the film (each with their own distinct IR spectrum) can account for the difference 

between calculated spectra and those experimentally observed. This fact is even more prominent with 

C84 because this larger fullerene possesses 24 different isomers. As stated earlier, the individual C84 

molecules, when within a film, are hindered from rotating freely.69 The steric hindrance of the 

molecules would have an effect on the resulting IR spectra. The calculations were performed on an 

individual C84 molecule, so the resulting spectrum will be most comparable with a gas-phase IR 

spectrum. This may be another reason for the poor agreement between calculated spectra and the 

experimental data collected.  

 

 

 

 

 

 

 

 

 

Figure 3.15: The black trace represents the experimentally-

obtained RAIR spectrum of a C84 film deposited in high 

vacuum. The blue trace is the calculated IR spectrum for the D2d 

isomer of C84 and the red trace belongs to the D2 isomer of C84. 
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3.4 Summary 

 Surface-bound fullerenes, C60, C70, C76, C78, and C84 were characterized with reflection-

absorption infrared spectroscopy and density functional theory calculations. While some 

literature does exist reporting the IR frequencies for each of these molecules, in most cases, it 

was recorded for gas or solution phase samples. IR frequencies can shift based on the nature of 

the sample, therefore it was necessary to characterize each of these molecules as films on Au 

surfaces. The IR spectra for C60 and C70 agreed well with current reports and the calculations 

produced similar frequencies and intensities. For the three larger fullerenes, while there are some 

similarities between the experimental and computational data, and existing studies, more 

research is required to definitively assign the IR spectra.  

 With the fullerene films characterized, the next goal was to expose the surfaces to ozone 

and determine how the molecules were affected. RAIRS and DFT were utilized again, along with 

MS and XPS.  
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Chapter 4 

The Reaction of Ozone with Surface-Bound C60: Mechanism and Kinetics 

 

4.1  Introduction 

 The overall state of the environment, including the fertility of the soil, the cleanliness of 

the water, and the breathability of the air is affected by many factors. The fact is, everything that 

occurs on this planet (e.g. volcanic eruptions, chemical reactions on stratospheric ice crystals), 

and some events – off the planet (e.g. solar flares), has an effect on the environment. Admittedly, 

some factors impact the planet more than others; regardless, before the environmental effect can 

be properly characterized, fundamental information must be acquired. In this instance, the 

influential reaction is that between ozone, a significant pollutant, and fullerenes, unique 

molecules with many uses and applications. It must be determined whether or not the ozone 

oxidation of fullerenes alters the molecules in such a way that they begin to interact with the 

environment in a different, more harmful manner. In their unoxidized form, fullerenes are 

hydrophobic and do not have any known negative effects for humans and animals. Upon 

oxidation, however, the molecules may become hydrophilic, allowing them to be easily 

transported through water, soil, air, and the human body.  

The research presented in this chapter was conducted in an effort to address two of the 

three main experimental goals of this work. First, the goal was to determine a mechanism for the 

oxidation of C60. Second, the intention was to gain initial insight of the oxidation of C60. 

4.1.1 C60 Surfaces 

 Fullerenes have been used in a number of fields, such as organometallic 

chemistry,
72

 superconductor development,
73

 medicine,
74

 and surface science.
75

 As discussed in 
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Chapter 1, there are numerous sizes of fullerenes, each possessing unique properties. Films of 

C60, in particular, are used to make organic field effect transistors,
76

 anodes for lithium secondary 

batteries,
77

 and thin-film solar cells,
78

 just to name a few applications. Since these molecules are 

used in a wide variety of scientific studies, it is important to understand and sufficiently 

characterize the structure and properties of fullerene films. 

Researchers began studying the properties of C60 films on various metal surfaces shortly 

after the molecule was discovered in 1985.
79

 Only five years after the discovery of C60, members 

of the IBM Research Division in San Jose, California obtained Scanning Tunneling Microscopy 

(STM) images of C60 clusters on an Au(111) crystal.
80

 The fullerenes were sublimed onto a piece 

of gold foil, and then transferred to the Au crystal by placing the fullerene-coated foil 3 cm away 

from the crystal and flash heating the foil to 800°C. The STM images revealed roughly spherical 

features on the surface. The features formed mobile hexagonal arrays with an intercluster spacing 

of 11.0 Å.
80

 The ability to form films of C60 molecules on a metal surface opened the door for 

further investigation into the properties of these organic thin films. Studies showed that films of 

C60 could be used to create transistors because of their significant charge carrier mobility.
81

 They 

can also be super solid lubricants as a result of the film’s ability to reduce friction and 

adhesion.
82

 Numerous groups went on to study C60 films on a variety of different metal 

surfaces,
79

 each metal surface having its own effect on the fullerene film. For the purposes of this 

document, the following section will only focus on the studies of C60 films on Au surfaces. 

 Solid C60, although considered a van der Waals solid,
83

 experiences some interactions 

with Au surfaces upon the formation of thin films.
79

 A study performed by Ohno et al. focused 

on the interaction of C60 with a few different metal surfaces, including Au. The results showed 

that, regardless of the variation in work-functions, the C60 energy levels aligned to the Fermi 
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level for all of the metals investigated.
84

 C60’s unique ability to mix the lowest unoccupied 

molecular orbital (LUMO) with states of the metal substrate explains why charge transfer from 

the Au surface to the fullerene cages can be observed. Another study by Hunt et al. quantifies the 

charge transfer from the Au surface to be ~ (1±1) electrons per cage. This significant charge 

transfer results in a strong binding of fullerenes to the Au surface; a value for the binding energy 

of approximately 1.3 to 2.6 eV has been measured and determined by a number of experimental 

and theoretical studies.
79d

 So even with no chemical bonding present, the manner in which 

fullerenes associate and situate themselves on a surface is dependent upon the specific surface. 

Extensive experiments have been performed to determine the structure of C60 films on Au 

surfaces,
79b, 84-85

 which turns out to be a very complex topic. Studies show that when C60 is 

deposited on a gold surface, whether by vapor deposition, sublimation, or drop-casting 

techniques, the fullerene monolayer begins to form at step edges, Au atom vacancy islands, and 

other defects in the Au surface.
79b, 85b, 86 

Fullerene nucleation at these types of sites first forms 

short chains of molecules that grow into small compact C60 islands. As deposition continues, the 

islands grow into domains; the domains enlarge and eventually grow together, imparting 

characteristics within the film like point defects, domain boundaries, and surface faceting. 

Research shows that there are at least 3 different lattice packings observable in C60 monolayers 

on Au(111). The most common structures of the C60 films on Au are 2√3 x 2√3R30° and 7 x7 

R0°. The 2√3 x 2√3R30° structure is considered the ground state arrangement. Understanding the 

structure and configuration of C60 films is important, but a more relevant consideration for the 

included studies is the stability of the C60 films, especially in a vacuum environment. 
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4.1.2  Fullerene Surface Stability  

The ability to make a stable, reproducible fullerene surface is imperative to these studies. 

Previous research provides a detailed picture of fullerene films on a variety of different metals, 

especially gold. A valuable observation of the structural studies of fullerene films is the  

Figure 4.1: STM images of C60 grown on a Au(111) surface. The image on the left shows the surface after 

0.175 ML of C60 have been deposited. The image on the right shows the same surface, without further 

deposition, 10 hours later.
85b

 Reprinted from Surface Science, 604, 1310-1314, Copyright 2010, with 

permission from Elsevier. 

 

significant mobility of the fullerenes on the Au surface. Figure 4.1 shows two STM images from 

a study performed by Tang et al.
85b

 The images were obtained from the same area of one sample. 

The only difference between the two images is the amount of time that elapsed between image 

collection. The image on the left shows 0.175 monolayers (ML) of C60 on the Au. The image on 

the right is the same sample shown on the left, only after 10 hours in a  room temperature, UHV 

environment.
85b

 Since there were no additional fullerenes added to the surface in the time 

between imaging, it is apparent that the C60 molecules diffused from other sites on the surface. 

This same study also observed the reorganization of the fullerene layers over time. Figure 4.2 

shows the change in lattice structure after the sample was aged in vacuum for 10 hours.
85b

 In the 

top panel of Figure 4.2, A and B denote areas with the R0° orientation, nestled next to a large 

domain with R30° structure. After 10 hours, the bottom panel of Figure 4.2, shows the entire 

region rearranged to the R30° structure. It is apparent from these images that the first monolayer 
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of C60 on Au is very mobile and can rearrange to 

the most favorable structure if given enough time. 

Tang’s study indicated that all of the observed film 

structures were stable in UHV for prolonged time 

periods. It is important to point out that Tang’s 

study only investigates the structure of films 

comprised of < 5 layers of C60 molecules. The 

possibility of hindering the molecules’ 

migration/rearrangement on the surface must be 

considered if thicker films (> 10 nm) are deposited. 

The result of hindering surface migration may be a 

large variety of lattice packing within the film. The 

literature also shows that the C60 molecules 

experience significant rotation in solid films and on 

surfaces.
56

 Free rotation of the molecules can have 

an impact on the collected spectroscopy data as 

well as their reaction with other species. 

 

4.1.3 Ozone 

 The other reactant in the system is the highly oxidizing pollutant, ozone. Ozone is a 

reactive and extremely unstable molecule. Ozone is found naturally in small concentrations in the 

stratosphere, the upper layer of the Earth’s atmosphere, as well as in the troposphere, the lowest layer of 

the atmosphere. Ozone, in the troposphere, is a product of air pollution from a number of different 

Figure 4.2: STM images from a study 

performed by Tang et al. The top panel shows 

two different lattice packing structures. The 

bottom panel is an image of the same area 

shown in the top panel. The bottom image was 

taken 10 hours after the top one. Obvious 

rearrangement of the film has taken place, 

resulting in the entire area having a R30° 

orientation.
85b

 Reprinted from Surface 

Science, 604, 1310-1314, Copyright 2010, with 

permission from Elsevier. 
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sources, such as automobile exhaust and industrial emissions. The molecule reacts readily with 

unsaturated hydrocarbons, making C60 a prime candidate for ozone oxidation.  

4.1.3.1 Reactions of Ozone and C60 

 The solution phase reaction of ozone and C60 has been studied in much detail.
11a, 11d, 11f, g, 36, 60a-d, 87

 

Research shows that ozone reacts with C60 in the same manner as other alkenes; via a 1,3 dipole addition 

to the double bond. In 2000, Heymann et al. were able to detect and isolate the primary ozonide of C60 

(C60O3).
36

 They were also able to determine the reaction site on the C60 cage was a 6,6 bond (double 

bond), as opposed to a 5,6 bond. Figure 4.3, structure A, shows the proposed structure of the 6,6 closed 

adduct C60O3. Based on Criegee’s 

mechanism for the ozonolysis of 

alkenes, once the primary ozonide 

forms, it should decompose into the 

Criegee Intermediate, an unstable 

diradical species, Figure 4.3, 

structure B. The Criegee 

Intermediate can then rearrange to 

form a secondary ozonide or react 

with other species to form a wide 

variety of products.
88

 A strong motivation for this research is the fact that neither the primary ozonide nor 

the Criegee Intermediate of C60 have been observed at the gas-surface interface. 

4.1.4 Objectives 

 The objectives of the research described herein were to develop a detailed description of 

the reaction mechanism between C60 and ozone. The intended goals were to observe any and all 

intermediates and products formed as a result of ozone exposure, as well as determine which 

pathways must be followed to lead to the observed species. From a kinetic view, the initial 

Figure 4.3: Structure A is the proposed configuration of C60O3. 

Structure B is the proposed configuration of the Criegee 

Intermediate of C60O3. 

A B 
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reaction probability () was measured. Along with the initial reaction probability, the rates of 

formation and decomposition for the various intermediates and products were determined. 

Intermediates and products were associated with one another based on similar rates. The 

correlation was used to propose reaction pathways and a mechanism. Finally, activation energies 

for various species were calculated to describe the kinetics. These objectives were met by 

exposing C60 surfaces, made in high vacuum, to high concentrations of gas-phase ozone. Since 

the C60 surfaces were made by vapor-deposition of fullerenes onto clean Au slides, RAIRS was 

utilized to observe the surface changes in real-time. Support for the IR assignments was provided 

by XPS and Electronic Structure Calculations (ESC). By obtaining a detailed understanding of 

this reaction, the environmental fate of fullerenes after their reaction with prominent pollutants, 

such as ozone, can be predicted. 

4.2  Experimental Details 

4.2.1  Materials 

 All chemicals were used as received without further purification unless otherwise noted. 

The C60 fullerene powder was obtained from BuckyUSA (BU-604, > 99.9%). Methylene 

Chloride (HPLC grade), NH3 gas (> 99.9%), and silica gel (grade 03) were obtained from Sigma-

Aldrich, Inc. Research grade oxygen, ultrahigh purity nitrogen, liquid nitrogen, and dry ice were 

purchased from Airgas Specialty Gases. Isotopically labeled oxygen (
18

O2, 97%) was obtained 

from Cambridge Isotope Laboratories. Polycrystalline gold substrates were received from 

Evaporated Metal Films. Reagent grade acetone was obtained from Pharmco-Aaper and 

Commercial Alcohols. 
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4.2.2  Ozone Synthesis and Storage 

Caution: Ozone is a VERY TOXIC, DANGEROUSLY REACTIVE, OXIDIZING gas.
40

  

 Special precautions should be made when working with this chemical. 

The full details of the synthesis and storage of ozone is described in Chapter 2. A 

shortened account is contained here. Ozone was produced using a commercial generator from 

Ozone Solutions (model: SR-32). The generator uses research grade oxygen and a corona 

discharge setup to create a mixture of O2/O3. The O2/O3 mixture, which only contains ~2% O3, 

was flowed through a custom-made glass trap. The trap was filled with high surface area silica 

gel (Sigma-Aldrich, grade 03, >8 mesh), and held at a constant temperature of -79°C. Silica gel 

with a high concentration of ozone 

adsorbed to its surface takes on a violet 

color, see Figure 4.4. It took approximately 

eight hours to fill the entire trap with 

ozone. To warm up the ozone for use, the 

dry ice was removed from the Dewar. After 

removing the dry ice, room temperature 

acetone was added to the Dewar until the 

bath height completely covered the silica 

gel in the trap. While acetone was added to 

the Dewar, the trap was pumped on with a 

mechanical pump. The pump was used 

until the temperature of the bath reached     

-55°C; pumping until that temperature was 

Figure 4.4: Ozone trap filled with high surface area 

silica gel. The silica gel is purple because it has 

ozone adsorbed to its surface. 



91 

 

reached helped to remove any O· and O2 impurities and purify the ozone. When the acetone bath 

reached -55°C (the temperature at which ozone desorbs from silica gel), the valve between the 

trap and the mechanical pump was closed and the ozone was directed through a UV-Vis flow cell 

and into the capillary array doser (CAD). The UV-Vis flow cell was positioned directly behind 

the CAD, so the ozone concentration was monitored immediately before it entered the chamber. 

Typically, the acetone bath was held at -55°C, however, the temperature could be changed to 

alter the amount of ozone desorbing from the silica gel and therefore adjust the flux of ozone 

onto the surface. The average dosing pressure of ozone was ~25 Torr.  

To determine the concentration of ozone, the absorbance value (measured at 254.04 nm) 

was recorded from the UV-Vis spectrometer (StellarNet, Inc., model: EPP2000). The ozone 

absorbance was used with Beer’s Law, shown in equation 4.1, 

                                          A = εbC                                                        (4.1) 

where A is the absorbance, ε is the molar absorptivity, b is the path length, and C is the 

concentration.  

4.2.3  Formation of C60 Surfaces 

 Fullerenes were deposited on polycrystalline gold slides. The slides were purchased from 

Evaporated Metal Films, Inc. They were made by first depositing a 50 Å thick layer of chromium 

onto a glass slide, then depositing ~1000 Å of Au. The dimensions of the slides are 1” x 1” x 

0.062”. The Au slides were cleaned before introduction into the UHV chamber, by submersion 

into a solution of 70% sulfuric acid and 30% hydrogen peroxide (30%), also known as piranha 

solution, for ~45 minutes. Warning: Piranha solution is an oxidizing agent which reacts 

violently with organics! Extreme caution should be taken when using this solution! Once the Au 

slides were removed from the piranha, they were rinsed thoroughly with deionized water 
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(Millipore Purification Systems, 18.2 MΩ), and then dried completely with UHP nitrogen. After 

drying, the slide was placed into the UHV chamber, and then cleaned with ozone for one hour. 

The piranha solution was used to remove the majority of the hydrocarbons that adsorb to the 

surface from exposure to air. When the surface was mounted in the UHV chamber, ozone was 

used to remove any remaining hydrocarbons. After one hour of ozone exposure, the cleaned Au 

slide was scanned with the IR spectrometer; this scan is called a background scan. The 

background is saved and the Au slide is transferred into the load lock to deposit C60. Full details 

of the actual deposition procedure can be found in Chapter 2.  

4.2.4  Surface Exposure 

 After the fullerenes were deposited onto the Au slide, the slide was transferred back into 

the main chamber. Once the slide was positioned as close as possible to the original position (IR 

position before C60 deposition), it was exposed to mid-infrared radiation (MIR). Since difference 

spectra were acquired, it was very beneficial to position the slide in the same location before and 

after deposition. Optimal positioning ensured the baseline was as flat as possible and resulted in 

less noise in the spectra. This practice is made easier by remembering to record the coordinates 

(X, Y, and rotation) on the manipulator before transferring into the load lock for deposition. 

Upon proper realignment of the sample, the fullerene surface was scanned to obtain a spectrum 

of the sample before ozone exposure. With an initial spectrum recorded, then saved as a 

background, the first spectrum before opening the ozone doser should be a perfectly flat line 

positioned exactly at 0 on the intensity scale (y-axis). The ozone was then introduced into the 

main chamber via the CAD. 

 

 



93 

 

4.2.5  Reflection-Absorption Infrared Spectroscopic Measurements 

 The reaction of gas-phase ozone with surface-bound C60 was followed in real-time with a 

Bruker IFS 66v/S spectrometer. The spectrometer was equipped with a SiC globar source, which 

produces a beam of MIR. The IR beam was focused onto the Au surface in the middle of the 

UHV chamber at an incident angle of ~86° relative to the surface normal. The detector used with 

the Bruker spectrometer was a mid-range MCT detector (750 - 4000 cm
-1

), that required cooling 

with liquid nitrogen. Every spectrum shown in this dissertation was produced by the average of 

100 scans acquired over 90 seconds. The resolution was set at 2 cm
-1

 and the scanner velocity 

was held at 20 kHz.  

4.2.6  Infrared Spectral Analysis 

 RAIRS is a surface-sensitive technique used to observe the decomposition of original 

surface species and the formation of surface intermediates and final products. The characteristics 

of the actual RAIR peaks can also tell the researcher a great deal about the orientation of 

molecules on the surface. While this chapter will discuss, in detail, all of the peaks observed, a 

great deal of focus will be on three main peaks. The first two are well-known IR active modes 

for C60: 1182 and 1428 cm
-1

. The other peak is representative of an intermediate species and is 

easily followed because of its significant IR activity. All reactant, intermediate, and product 

peaks were integrated and analyzed using two programs: OPUS
®
 software (same software used 

to record the IR data during ozone exposures) and Origin Software. Individual macros were 

written to integrate the area under the curve of each peak (both positive and negative) during the 

reaction. These macros allow for data analysis to be performed in a reasonable amount of time 

for large quantities of data. 
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4.2.7  X-ray Photoelectron Spectroscopic Measurements 

 The C60 surfaces were characterized before and after ozone exposure using a X-ray 

photoelectron spectrometer (XPS), which is described detail in Chapter 2. Since the XPS was 

incorporated into the chamber setup, data was collected without removing the surface from 

vacuum. This configuration was beneficial because some species formed during ozone exposure 

may not be stable in air, so scanning the surface directly after dosing made it possible to observe 

species that might be elusive outside of a vacuum environment. To perform XPS analysis in the 

main chamber, the sample was rotated into position using the 360° rotatable manipulator. The 

sample is positioned relative to the hemispherical analyzer (HA), to the desired angle of 

detection. If the sample is situated in front of the HA so that the HA is normal to the surface, the 

position is optimum for sampling below the surface interface; detecting photoelectrons from the 

deepest elements accessible to the instrument. If the surface is aligned at a 15° angle with respect 

to the HA, it is known as a grazing angle, which is ideal for studying molecules at the surface of 

the sample. Once the sample was positioned, a Mg Kα (1253.6 eV) x-ray source was used at 250 

W (12.5 kV and 20 mA). The impinging x-rays produced photoelectrons, that were subsequently 

detected with the HA. A survey scan was collected first to get a general idea of the elemental 

composition of the surface. After the survey scan was inspected, high resolution scans of 

observed elements were taken using more selective pass energies.  

4.2.8  Temperature Programmed Desorption Measurements 

 The Extrel mass spectrometer was used to perform temperature programmed desorption 

(TPD) measurements. TPD is a method for observing the controlled desorption of molecules 

from a surface. Once the C60 surface was attached to the manipulator, it was heated in order to 

desorb the fullerene molecules. The molecules were then detected with the Extrel mass 
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spectrometer. This technique can be used to determine the heat of adsorption, gather information 

about the coverage, and obtain kinetic information about the desorption process. 

4.3  Results and Discussion 

4.3.1 Ozone Exposure of Surface-Bound C60 

 The RAIR spectra for the reaction between gas-phase ozone and surface-bound fullerenes 

are shown in Figure 4.5. More specifically, Figure 4.5 displays difference spectra recorded 

during the gas-surface reaction. Difference spectra are created by subtracting the original 

spectrum from the new one. The result of this subtraction is any negative peaks that appear in a 

spectrum represent species on the surface that are consumed, or reacted; positive peaks 

Figure 4.5: Difference spectra recorded during a 3.5 hour ozone exposure of a C60 surface. The 

amount of ozone exposure is indicated in Langmuirs (L) above the specific spectrum. In less than a 

minute (100 L), ozone has begun to react with the fullerenes and form new IR active species on the 

surface. After 90 seconds (400 L), six intermediate peaks appear. As exposure continues, the initial 

six peaks disappear and new peaks arise in the carbonyl region and around 2150 cm
-1

.  
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correspond to new features. In this instance, the difference spectra were created by saving the 

spectrum of an unoxidized C60 surface (Figure 3.1) as a background (or original spectrum) and 

then subtracting that background from each new scan. 

In the first 90 seconds (~400 Langmuirs (L); L = 10
-6

 Torr·s) of ozone exposure, the IR 

active modes of the C60 molecules (1428 and 1182 cm
-1

) decreased. The decrease was due to 

reaction on the fullerene molecules. The reaction altered the symmetry of the molecule, and 

changed the observable IR active 

modes, therefore resulting in a decrease 

in the peaks at 1428 and 1182 cm
-1

. 

While the peaks due to the fullerenes 

decreased, there was a simultaneous 

growth of several new peaks. Figure 4.6 

shows the six peaks that developed 

immediately upon ozone exposure. 

Based on Criegee’s mechanism for 

ozonolysis of olefins,
88

 ozone reacts 

with a double bond to form the primary 

ozonide (PO). The PO, a very unstable species, thermally decomposes to form the Criegee 

Intermediate (CI) and a carbonyl species. 

Electronic structure calculations were used to help assign vibrational modes that 

developed during O3 exposure. The close agreement (5 and 6 cm
-1

) between the frequencies 

calculated for the unoxidized C60 molecule (see Chapter 3, pg. 68) and the experimentally 

Figure 4.6: Enlarged view of a RAIR spectrum recorded 

after only 90 seconds of ozone exposure. The six peaks 

present all exhibit intermediate behavior. 
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obtained values suggested acceptable frequencies for the oxidized fullerene would also be 

calculated.  

The first calculations performed were a geometry optimization and frequency analysis of 

the proposed structure for the primary ozonide of C60. Based on existing literature, the most 

likely reaction site on the C60 cage is the 6,6 (or double) bond.
37-38, 87h, 89

 The 6,6 bond is defined 

as a border between two hexagonal rings and, of the two types of 

bonds in the molecule, possesses slightly more double bond 

character than the 5,6 bond (found between a pentagon ring and 

hexagon ring).
1
 The structure used for modeling was setup with the 

ozone molecule addition across one of the 6,6 bonds. One of the 

resulting vibrational modes (shown in Figure 4.7) was found to 

correspond with the symmetric stretch of the ozonide ring. The 

possibility that the peak at 977 cm
-1

 represented the symmetric 

stretch of the ozonide was considered, however a conclusion 

cannot be drawn based solely on calculations. 

While this is the first UHV surface science study of the 

reaction between C60 and ozone, there have been extensive studies performed on this system in 

the liquid phase.
11a, 11f, g, 60a, 60c, d, 87c, d, 90

 Cataldo studied C60 in numerous solvents,
11a, 11f

 reported 

products formed, rates of product formation, and the observation of the PO of C60 in an 

investigation carried out with several other researchers.
36

 The PO was observed in a C60/toluene 

solution after an oxygen/ozone mixture was bubbled through at 0°C. The C60O3 intermediate 

thermally dissociated into the epoxide, C60O, and liberated O2.
36

 

937 cm
-1

 
Figure 4.7: Vibrational modes 

of the primary ozonide of C60 

(C60O3) calculated with 

B3LYP/3-21G*. 
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With precedence in the literature, the preliminary assignment of 977 cm
-1

 to the PO of 

C60 seems reasonable. The final set of experiments performed to confirm the assignment were 

exposures with isotopically-labeled ozone. The C60 surface was dosed with 
18

O labeled ozone. 

Based on equation 4.2, Hooke’s Law, the intermediate and product peaks were expected to red-

shift due to the presence of 
18

O3. In Hooke’s Law, ν represents the natural frequency, k is the 

spring constant, and μ is the reduced mass of the atoms involved in the vibrational mode of 

interest. 




k

2

1
      (4.2) 

Figure 4.8 compares the PO peak for an 
16

O3 exposure and an 
18

O3 exposure. As 

predicted using Hooke’s Law, the peak at 977 cm
-1

 has red-shifted as a result of dosing with 
18

O 

labeled ozone; specifically, the 

peak shifts 9 cm
-1

, to 968 cm
-1

. 

To help identify the species 

associated with the peak at 977 

cm
-1

, additional calculations were 

completed. The calculations 

should produce frequencies that 

exhibit the same change in 

frequency, or shift, as that 

observed in the experimental 

data. However, one important 

aspect must be taken into 

Figure 4.8: RAIR spectra from two different ozone exposures 

of C60 surfaces. The black trace is a spectrum from an 

experiment where a C60 surface was exposed to 
16

O3. The red 

trace is from an experiment where a C60 surface was exposed 

to 
18

O3. 
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consideration first: the likelihood of at least five different combinations of 
18

O and 
16

O to form 

ozone (e.g. 
18

O-
18

O-
18

O, 
18

O-
18

O-
16

O,
 18

O-
16

O-
18

O, 
18

O-
16

O-
16

O, 
16

O-
18

O-
16

O). Each different 

grouping of the oxygen atoms results in an altered shift in peak position. In order to simplify the 

calculations required, the ozone was characterized during dosing with the mass spectrometer. 

Figure 4.9 shows the signal for 
18

O3 and 
16

O3 during the exposure. The masses for all other 

combinations of 
18

O and 
16

O ozone were also monitored. The only mass detected was that for 

18
O3. With the determination that 

all of the ozone formed was 
18

O3, a 

geometry optimization and IR 

frequency analysis were performed 

on C60
18

O3.  

Upon comparing the 
18

O3 

and 
16

O3 calculations, the 

frequency due to the symmetric 

stretch of the ozonide ring shifts to 

908 cm
-1

. While the shift is to lower 

frequencies, the change in 

frequency is too large (difference of 29 cm
-1

, instead of 9 cm
-1

). Because the amount in which the 

peaks shifted was not the same between experiment and calculation, it is probable that the peak 

at 977 cm
-1

 is not due to the symmetric stretch of the primary ozonide. All other calculated 

frequencies were animated to determine which motion experienced a 9 cm
-1

 peak shift with 

inclusion of heavy ozone. The only frequency that underwent a similar shift was due to the 

stretching of the C-O bonds of the ozonide ring. The C-O bonds stretch in opposite directions, 
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Figure 4.9: The mass spectra for 
18

O3 and 
16

O3 recorded during 

the isotopically-labeled exposure of C60. The data implies that 

the surface was exposed to 
18

O3. 
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shown in Figure 4.10, and with 
16

O3 the calculated frequency was 924 cm
-1

. When the 

calculation was performed with 
18

O3, the resulting frequency was 913 cm
-1

. The difference of 11 

cm
-1

 is the only observed peak shift that is comparable to the experimental value. Based on these 

results, the peak at 977 cm
-1

 is assigned to the C-O stretches of the primary ozonide ring. 

To determine whether any of the other early peaks are due 

to the PO, experiments in which the flux of ozone was reduced 

significantly were performed in an effort to reduce the rate of the 

initial reaction. The goal of these experiments was to stagger the 

appearance of the peaks. The peaks that come in first should, in 

principle, be due to the PO and the peaks that appear later, 

representative of the Criegee Intermediate. The low flux 

exposures resulted in the appearance of only one peak, at 977   

cm
-1

, shown in Figure 4.11. When the peak at 977 cm
-1

 was 

monitored throughout the rest of the exposure, behavior indicative 

of transient species (i.e. intermediates) was observed, depicted in Figure 4.12. Figure 4.12 shows 

the integrated change in area of the peak at 977 cm
-1

 as a function of the total flux of ozone. 

Upon ozone exposure, a finite number of primary ozonides were formed, which resulted in a 

maximum intensity of the peak at 977 cm
-1

. The primary ozonide, a short-lived species, 

decomposed; the PO decomposition caused the peak at 977 cm
-1

 to decay, until it completely 

disappeared (~3.5 hrs. after ozone exposure began). The data continued to support the hypothesis 

that the peak at 977 cm
-1

 represented the PO. When the other five peaks shown in Figure 4.6 

were monitored, the changes in peak intensity over time were consistent with intermediate 

species. The other intermediate peaks could be attributed to either the PO or the CI as well. 

924 cm
-1

 

Figure 4.10: The calculated 

frequency for the C-O 

stretching of the PO. 
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A number of experiments were performed to further confirm the hypothesis that the peak 

at 977 cm
-1

 was in fact due to the primary ozonide. The first task was to determine if the peak 

was due to an intermediate or instead, an ozonolysis product that reacted with a second ozone 

molecule forming a new product. To establish whether the peak represented an intermediate or a 

product, the fullerene surface was exposed to ozone for a predetermined amount of time; long 

enough for the peak at 977 cm
-1

 to grow to maximum intensity. After dosing for the set amount 

of time, the ozone beam was closed and the peak was monitored for the following 4 hours. If the 

peak corresponded to a product that reacted with a second ozone molecule to form another 

product, the peak would be expected to remain once ozone was removed from the system. If the 

peak represented the primary ozonide, it would have started to decay regardless of the presence 

of ozone. The experiment showed that with and without exposure to ozone, the peak at 977 cm
-1

 

Figure 4.12: The change in integrated area of the 

peak at 977cm
-1

 versus the total flux of ozone. The 

profile suggests that the species represented by the 

peak at 977cm
-1

 is an intermediate. 

Figure 4.11: RAIR spectra from the first 30 

minutes of a low flux ozone exposure. The 

peak at 977 cm
-1

 was the only evidence of a 

species exhibiting intermediate behavior 

during initial dosing. 
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was not stable, even in ultra-high 

vacuum. Figure 4.13 displays the data 

from the experiment, and more 

importantly, it shows that the rate of 

decay was the same even when ozone 

was not present. The conclusion from 

the experiment is that the peak at 977   

cm
-1

 is an intermediate species that 

thermally decomposes. The results 

support the hypothesis that the 977 

cm
-1

 peak is due to the PO. Using the 

graph in Figure 4.13, a lifetime (τ) 

was calculated for the primary 

ozonide of C60 at the gas-surface interface. The lifetime was obtained by dividing 1 by the rate 

constant for PO decay (1/k = τ). The lifetime of the PO in UHV was calculated as ~46.5 min. 

While this value may seem high, it is dwarfed in comparison to the C70O3 solution-phase lifetime 

of 650 min. reported by Heymann et al.
91

 

Considering all the data collected during these experiments, and the overwhelming 

support for the assignment of the PO, there is confidence that the primary ozonide of C60 has 

been detected at room temperature, in real-time; this is the first observation of the PO of C60 at 

the gas-surface interface. 

 

 

Figure 4.13: The integrated change in absorbance of 

977 cm
-1

 over time with and without ozone exposure. 

The black squares represent data from an experiment 

where the C60 surface was continuously exposed to 

ozone. The red circles represent data from an 

experiment where the surface was only exposed to 

ozone for 7 min. 
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945 cm
-1

 

4.3.2 Intermediates 

Although the peak at 977 cm
-1

 was the most intense, five other peaks were observed in 

the first few minutes of ozone exposure. The other peaks, shown in Figure 4.6, appear at 769, 

930, 945, 1140, and 1156 cm
-1

. In order to assign these peaks, the electronic structure 

calculations and isotopically-labeled data were further 

reviewed. After exposure to heavy ozone, the peak at 769 cm
-1

 

shifted approximately 1 cm
-1

, to 768 cm
-1

. Comparison of the 

18
O3 and 

16
O3 calculations revealed only one peak in this 

region was seen with a shift of 1 cm
-1

, suggesting the peak at 

769 cm
-1

 is due to a breathing motion of the molecule which 

induces some movement of the ozonide ring, see Figure 4.14. 

The peak at 945 cm
-1

 shifted 2 cm
-1

 in the spectra recorded 

during the 
18

O3 exposure. The calculations showed a 

frequency, with a 3 cm
-1

 

shift, representative of a 

breathing mode that induces an asymmetric stretch of the 

oxygens and the carbons in the ozonide ring. With similar 

peak shifts, the peak at 945 cm
-1

 has been assigned to this 

particular breathing mode, see Figure 4.15. Unfortunately, the 

peak at 930 cm
-1

, which experienced a 5 cm
-1

 shift with 

isotopically-labeled ozone, did not match any of the 

frequencies predicted with the calculations. The final two 

peaks, at 1140 and 1156 cm
-1

, are preliminarily assigned to 

769 cm-1 
Figure 4.14: Motion of the 

molecules in the ozonide ring 

that produces a peak at 769 cm
-1.

 

Figure 4.15: The motions that 

produce a peak at 945 cm
-1

. 
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specific motions of the ozonide ring. Both of these peaks only shift ~ 1-2 cm
-1

, and the 

calculations predicted numerous frequencies in this region which undergo similar shifts. The 

proposed assignment of these peaks, therefore, is also based on the fact that the predicted 

intensities for the motions, shown in Figure 4.16, have the highest values. More in depth isotopic 

studies are required to conclusively assign the species associated with 1140 and 1156 cm
-1

. 

Using the IR data, plots can be created to display the kinetics of the peaks. From the 

plots, the decay rates for the associated species were determined. All five species showed rate 

constants between (2.5 – 3.0) x 10
-5

 s
-1

. The similar decay rates imply that all five peaks may 

stem from the same intermediate. This comparison of the peak profiles, support the preliminary 

conclusion that all five peaks represent different motions of the primary ozonide of C60. 

The results provided from the electronic structure calculations require one final point of 

discussion. Before the isotopically-labeled experiments were carried out, the peak at 977 cm
-1

 

was initially assigned to the asymmetric stretch of the primary ozonide ring. The initial 

assignment was based on the significant intensity predicted by the calculations. Upon 

1156 cm
-1

 1140 cm
-1

 

Figure 4.16: Preliminary assignments for the motions which produce peaks at 1140 and 1156 cm
-1

. 
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recalculation using 
18

O3, the calculated peak with that same intensity experienced a much larger 

shift than that seen in the experiments. Because the shifts did not match, a different assignment 

of 977 cm
-1

 was made (shown above in Figure 4.10), a motion still associated with the PO, 

however, the final assigned mode was much lower in intensity. It is possible that the peak at 977 

cm
-1

 is due to the asymmetric stretch of the PO because the calculation methods used Hooke’s 

Law, therefore assuming the molecule is a harmonic oscillator. C60 is far from a harmonic 

oscillator, especially after an ozone molecule is bonded to the cage. This inability to account for 

C60O3’s anharmonicity means the mode assignment of 977 cm
-1

 is still preliminary. Nevertheless, 

it can be said with confidence that the peak is representative of a motion of the primary ozonide, 

a conclusion reached by the substantial agreement between the rate of decay of C60 and the rate 

of formation of the PO. 
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4.3.3 Products of Ozonolysis 

Ozone exposure to a C60 surface causes immediate reaction. This reaction is characterized 

in RAIRS by the appearance of negative peaks at 1182 and 1428 cm
-1

, and the simultaneous 

development of six separate intermediate peaks. While these two features alone can provide 

significant information 

about this unexplored gas-

surface reaction, there are 

several more peaks to 

consider. As illustrated in 

Figure 4.17, there are 

several other peaks that 

appear almost as quickly 

as the intermediates peaks. 

A study by Brosset et al. 

gives support to the 

possibility that the small 

peaks at 1052 and 1078 

cm
-1

are a result of the initial adsorption of gas-phase ozone on the fullerene surface.
92

 In 

Brosset’s study the ν3 asymmetric stretching mode of ozone was observed at 1037 cm
-1

 and the 

ν1 symmetric mode was recorded at 1108 cm
-1

. The peaks at 1052 and 1078 cm
-1

 are just seen in 

the beginning of the exposure, and only intermittently. These peaks were also shifted in the 

isotopically labeled experiments, indicating that they were associated with ozone. Their identity 

was not accurately determined in these tests; therefore the assignment of physisorbed ozone is 

Figure 4.17: RAIR spectra collected during the first 9 minutes of 

ozone exposure. The peaks at 1052 and 1078 cm
-1

 are due to ozone 

adsorbed to the surface, and those present at 1464 and 1490 cm
-1

 

represent the mono-epoxide of C60 (C60O). 
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only a proposal and requires further exploration. The peaks at 1464 and 1490 cm
-1

 are due to the 

formation of the mono-epoxide of C60.
93

 As the exposure continues, these peaks become less 

prominent, and in some scans, non-existent. The reason for the change in observable signal will 

be discussed in detail in Section 4.3.4. A number of other product peaks also grow in, starting 

almost immediately after the intermediates are formed. The appearance of product peaks in the 

carbonyl region can be seen in both Figure 4.5 and Figure 4.17. The final peak count at the end 

of the experiment (3.5 hours of ozone dosing) is: 6 intermediate peaks and 14 product peaks. A 

peak is considered significant as long as its intensity is three times that of the peak-to-peak noise 

in an adjacent region. If this intensity requirement is met, the peak is above the limit of detection 

(LOD) and subject to evaluation. The peaks were initially assigned using existing pertinent 

literature. Table 4.1 lists all of the observed peaks, the description, and the assignment. 
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Table 4.1: List of all peaks observed during the gas-surface reaction of Ozone and C60 

Peak Position (cm
-1

) Peak Description Peak Assignment 

1182 Reactant – surface species IR-active fullerene mode 

1428 Reactant – surface species IR-active fullerene mode 

769 Intermediate PO 

930 Intermediate PO  

945 Intermediate PO 

977 Intermediate PO 

1140 Intermediate PO 

1156 Intermediate PO 

774 Product Ether 

797 Product Epoxide 

1052 Reactant – adsorbed gas  Ozone 

1078 Reactant – adsorbed gas  Ozone 

1354 Product Epoxide 

1374 Product Ether 

1464 Product Epoxide 

1490 Product Epoxide 

1568 Product Enhancement of aromatic –C-C– stretch 

due to the addition of polar groups 

1760 Product Carbonyl functionalities 

1800 Product Anhydride 

1825 Product Anhydride 

1862 Product Anhydride 

2151 Product Ketene 

   

 

 In an effort to assign other peaks present in the IR spectra, and better describe the 

mechanism for ozonolysis, the rates of formation of the product peaks were compared. Plots of 

the integrated change in area of the peaks as a function of ozone exposure were used to 

determine the rate constants. The values measured were k774 = 4.9 x 10
-5

 s
-1

, k1354 = 2.8 x 10
-5

 s
-1

, 

and k1374 = 3.2 x 10
-5

 s
-1

. Preliminary calculations of a single epoxide and ether functionality on 

the C60 structure suggest the peaks may represent these species. Extensive calculations are 

required to correctly assign the product peaks, the assigned listed herein are based on existing 

literature. 
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A broad product peak was observed at 1568 cm
-1

 after minimal ozone exposure. This 

peak was also seen in a number of other relevant studies and has been attributed to the 

enhancement of an aromatic C-

C stretch of the C60 cages.
94

 The 

stretch is enhanced by the 

addition of polar functional 

groups to the fullerene cage. The 

remaining product peaks appear 

in the carbonyl region (4 peaks – 

see Figure 4.18) and at 2151  

cm
-1

. The carbonyl region 

includes four separate product 

peaks; the first, at 1760 cm
-1

 is 

recognized as ketones and the remaining three are assigned to anhydride groups.
11a, 11f

 Figure 

4.18 shows how the individual peaks change with time, or increasing ozone exposure 

(underlying black curves). The rates of 

formation for each peak in the carbonyl 

region were determined by plotting the 

integrated change in absorbance versus total 

exposure, shown in Figure 4.19. The rate of 

Figure 4.18: Expanded view of the carbonyl region from the final 

RAIR spectrum recorded after 3.5 hours of dosing a C60 surface 

with ozone. 

Figure 4.19: The rates of formation for the 

four peaks in the carbonyl region. The 

data indicates that the ketones form faster 

than the anhydrides. 
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formation for the ketone groups is 9.8 x 10
-6

 s
-1

 and the anhydrides all form with an approximate 

rate of 1.9 x 10
-5

   s
-1

.  

 To help support and confirm the IR assignment of the peaks, X-ray photoelectron 

spectroscopy (XPS) was employed. The first figure in this section (Figure 4.20) displays the C 1s 

and O 1s regions with a comparison of the data before the surface was exposed to ozone and  

 
 Figure 4.20: XPS data collected before and after ozone exposure. The graph on the left is of the C 1s region. 

The upper trace (before ozone) shows only one oxidation state of carbon, the lower trace (after ozone) shows 

three different bonding environments for the carbon atoms. The graph on the left shows the O 1s region and 

it is apparent that after ozone exposure there is a significant amount of oxygen present on the surface (lower 

trace). 

 

after ozone exposure. In both graphs, the upper trace was recorded before ozone exposure and 

the lower trace was recorded after ozone exposure. The graph on the left shows data from the C 

1s region. It is obvious from the before and after comparison of this region that the carbon atoms 

of the C60 molecules were significantly oxidized by the impinging ozone molecules. However, 

regardless of the extensive oxidation, the total amount of carbon on the surface remained 

constant. After oxidation, the main carbon peak (representing C-C, C=C bonding) was still the 

most prominent species, two new peaks developed during exposure. The first peak, at 285.7 eV, 

is attributed to C-O bonds within the surface, and the second peak, at 286.8 eV is representative 
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of C=O bonds. The second graph (on the right) depicts the O 1s region. The initial (upper trace) 

shows no discernable peaks, however, after ozone exposure, a prominent peak appeared at 531 

eV. No other peaks were observed in the XPS data, indicating that the surface is only comprised 

of C60 molecules before exposure, and oxidized C60 molecules after exposure. 

The final product peak, appearing at 2151 cm
-1

, may represent a ketene functionality, 

based on peak position. The ketene functional group, having the form RR’C=C=O, is highly 

reactive and therefore quite short lived under atmospheric conditions. The observation of this 

particular functional group has not been specifically reported for any reaction between ozone and 

C60. The peak at 2151 cm
-1

 was found to be stable in UHV for multiple days but if the surface 

was removed from the chamber, even for only a few seconds, then immediately replaced, the 

peak was no longer observable. With the proposal that this peak represented a ketene, 

confirmation of the assignment was obtained by dosing with gas-phase ammonia. Amines are 

well known to react with ketenes to form amide groups, an IR active species.
95

 Therefore, an 

ammonia exposure was used to test for the presence of ketenes. The mechanism shown in Figure 

4.21 is an example of how the enol amide might form on the highly oxidized C60 surface. The 

enol amide is most likely formed from the reaction of NH3 with the highly oxidized fullerene 

surface, supported by the observed IR peaks and their assignments: 1437 cm-1: C-N stretch 

(~1400 cm-1), 1594 cm
-1

: NH2 deformation (1620 – 1590 cm
-1

), 1709 cm
-1 

: C=O stretch (1730 – 

Figure 4.21: The proposed mechanism for the formation of enol amides on an oxidized C60 surface. 
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1680 cm
-1

), 1778 cm
-1

 : C=O stretch (1800 – 1740 cm
-1

), 3250 cm
-1 

: N-H stretch (3357 – 3250 

cm
-1

).
96

 Based on the results, shown in Figure 4.22, the observations are consistent with the 

hypothesis that ketene functionalities are one of the products of the ozone oxidation of C60 

surfaces. 
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Figure 4.22: RAIR spectra from the NH3 exposure of an oxidized C60 

surface. The data shows a decrease of the peak attributed to the 

ketene and the appearance of several peaks indicative of an enol 

amide. 
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The x-ray photoelectron spectrometer was also used as a secondary confirmation for the 

presence of ketene groups on the surface. Evidence of nitrogen on the surface after exposure to 

NH3 supported the conclusion that the ketene functionalities had converted to enol amides. 

Figure 4.23 shows a shallow peak in the N 1s region. The low intensity of this peak is most 

likely due to several factors. One, the 

equipment (i.e. doser) used to expose the 

surface to NH3 did not introduce the gas 

as close to the sample as the equipment 

used to expose the surface to ozone. The 

distance between the source of gas and 

the surface is important because flux 

decreases by a factor of two over 

distance; therefore, the concentration of 

impinging NH3 was less than the amount 

of ozone. Lowering the amount of NH3 hitting the surface also lowers the reaction probability. 

Secondly, the amount of ketene functionalities on the surface was not as high as the number of 

other products which form from ozone exposure. Consequently, the number of enol amides 

formed upon NH3 exposure will also be relatively low. That said the small peak detected in the N 

1s region helps to corroborate our assignment of the ketene product peak. 

4.3.4 Mechanistic Details 

 One of the main objectives of this research was to develop a detailed picture of the 

mechanism by which ozone oxidizes surface-bound fullerenes. While this problem is complex, 

studying how ozone reacts with a fullerene surface is significantly easier than trying to 

Figure 4.23: XPS data of the N 1s region. Oxidized C60 

surface was scanned after exposure to NH3. 
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comprehend the reaction when there are other species involved (e.g. H2O, NO2, OH·). Using the 

RAIRS, XPS, and electronic structure calculation (ESC) data, the first few steps in the reaction 

have been determined. The impinging ozone molecule adds across a 6/6 bond on the C60 cage to 

form the primary ozonide; see Chapter 1, pg. 23. After the formation of the primary ozonide, the 

IR and ESC data suggest that the –C-C– and one of the –O-O– bonds rupture to create the 

Criegee Intermediate. The process clearly follows the well-known Criegee mechanism for the 

ozonolysis of much simpler alkenes.
88

 From the data collected, a number of other final products 

that form on the C60 surface have been identified.  

After the first step (i.e. the formation of the PO), there are several potential pathways 

available for the next step of the ozonolysis mechanism. Existing ozonolysis literature suggests 

two possible reaction pathways that can lead to the formation of products: 1) the primary ozonide 

thermally decomposes into the Criegee Intermediate, which rearranges to products, or 2) the 

reaction of the primary ozonide and a second ozone molecule to form other products. In order to 

determine which pathway was followed a set of experiments was performed to observe the 

Figure 4.24: The graph on the left is a comparison of the decay rate of the primary ozonide peak at 

977 cm
-1

 from an experiment with continuous ozone dosing and an experiment where ozone is only 

dosed for 7 minutes. The graph on the right shows the final RAIR spectrum from each of these 

experiments. 
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behavior of the PO in the presence and absence of ozone. The decay rate for the PO peak (977 

cm
-1

) was monitored in an experiment where ozone was continuously dosed for 3.5 hours. That 

decay rate was then compared to one where ozone was only dosed for 7 minutes (long enough to 

let all the POs form), then the beam was closed. The comparison of these two experiments, 

shown in Figure 4.24 (left graph), indicates that the PO undergoes thermal decomposition in both 

cases. However, the RAIR spectra, shown in Figure 4.24 (right graph), show the formation of 

different final products. The top trace is the final spectrum recorded after dosing with gas-phase 

ozone for 3.5 hours. Significant oxidation is apparent in the carbonyl region, as well as a large 

peak around 2151 cm
-1

, assigned to the ketene product. The bottom spectrum is the last spectrum 

obtained from the experiment in which ozone was dosed for only 7 minutes. Both spectra were 

recorded ~3.5 hours after ozone was initially introduced to the surface. There is an obvious 

difference in the carbonyl regions of the two spectra and, more importantly, the 7 minute ozone 

dosing experiment shows no evidence of ketene formation. The data from these two experiments 

can not only be used to determine that the primary ozonide undergoes thermal decomposition, 

but also to assign specific products to particular reaction pathways. The first pathway (7 minute 

exposure), shown in Scheme 1, leads to product formation via rearrangement of the CI. Notice, 

the only products observed in the 7 minute exposure spectrum are assigned to epoxides, ethers, 

ketones, and a very small amount of anhydrides. The other pathway can be seen in the full 3.5 

hour ozone exposure. This pathway, shown in Scheme 2, includes all the products formed in the 

CI rearrangement pathway plus considerably more ketones and anhydrides, and of course, the 

ketene. Since the only difference between these two experiments is the presence of ozone, it is 

proposed that the difference in products is a result of at least one additional ozone molecule 

reacting with the Criegee Intermediate. 
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Scheme 1: One of the proposed mechanisms for the reaction of gas-phase ozone with surface-bound 

fullerenes. In this mechanism the products are formed through the rearrangement of the Criegee 

Intermediate. 
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Scheme 2: One of the proposed mechanisms for the reaction of gas-phase ozone with surface-bound 

fullerenes. In this mechanism the products are formed through the reaction of the Criegee Intermediate with 

a second ozone molecule. 
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The O3 molecule/CI reaction pathway is shown in 

Scheme 2. In reality, the ozone molecule may react 

with any part of the susceptible ring which supports 

the CI. Figure 4.25 shows what the structure of the 

top of the C60/CI cage might look like if the –C-C– 

bond ruptures with one of the –O-O– bonds during 

PO decomposition. The arrows in the figure 

indicate the most likely orientation (based on ESCs) 

of the carbons attached to the oxygen atoms. The “flaring out” of these carbons creates a hole in 

Figure 4.26: Proposed structures for the ozopolymer. Reprinted from Polymer Degradation and Stability, 

70(2), 237-243, Copyright 2000, with permission from Elsevier. 

Figure 4.25: Drawing of the hole created in 

the fullerene cage as a result of the addition 

of one ozone molecule across a 6/6 bond. 
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the top of the cage. An impinging 

ozone molecule could attack a –C-C– 

bond within the ten-membered ring 

(parameter of the hole). Several 

studies have shown that ozone is more 

likely to react with another site on the 

same ring that has already been 

oxidized.
97

 It has also been shown that 

upon heating of the ozopolymer 

product, molecular oxygen is liberated 

and reformation of the fullerene cages 

is observed.
11a, 11c, d, 60d

 If ozone attacks and ruptures another –C-C- bond on the same ring, the 

fullerene cage will continue to open, allowing the oxygen atoms to come into contact with 

neighboring cages (or parts of cages), and perhaps interact intermolecularly. The resulting 

species is known as an ozopolymer and has been observed in numerous studies of fullerenes and 

ozone. The ozopolymer, structures shown in Figure 4.26, is the product of extensive ozonolysis 

of fullerenes. It is specifically characterized by the appearance of several different anhydride 

peaks in the IR spectra (observable at wavenumbers > 1800 cm
-1

). Figure 4.27 displays a plot of 

the integrated change in area of one of the main fullerene peaks (1428 cm
-1

) over an 8 hour 

ozone exposure. It is clear from the data that after the first ~10 minutes the fullerene peaks do not 

decrease much further. Based on the data, it is likely that the initial observed decrease is due to 

the extensive oxidation of the top 20% of the C60 film (i.e. formation of ozopolymer). The 

gradual decline over the next 7.8 hours is most likely a result of the slow diffusion of ozone 

Figure 4.27: Plot of the change in integrated area of 

the C60 peak at 1428 cm
-1

 versus time exposed to 

ozone. 
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through the ozopolymer layer and into the bulk of the film. When the surface is scanned post-

exposure, the majority of the C60 peak intensity remains unperturbed, see Figure 4.28. The lack 

of oxidation in the bulk of the film may be a result of tightly packed C60 molecules within the 

lower layers. The subsurface C60 molecules may be unavailable for oxidation because of ozone’s 

inability to traverse the layers with greater organization. Additional details, such as rate 

constants, kinetic models, and activation energies, can be gathered from the comparison of peak 

profiles and used to improve the mechanistic scheme. 
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4.3.5 Kinetic Measurements 

 Another important objective of this research was the development of an initial kinetic 

understanding of the ozonolysis of surface-bound C60 films. If a detailed kinetic model is 

developed the associated rates of reaction can be incorporated into UHV models and other 

simulations to further predict the behavior of fullerenes in the environment. The first kinetic 

value measured was the initial reaction probability. The initial reaction probability is the 

likelihood that a reaction will occur upon the collision of two particles. The expression for the 

initial reaction probability () is shown in equation 4.3: 

Figure 4.28: RAIR spectra of a C60 surface 

before and after ozone oxidation. The 

spectra show that ozone only oxidizes 

approximately 10-20% of the surface. 
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    (4.3) 

where k is the reaction rate, <v> is the average velocity of an ozone molecule at room 

temperature, [O3] is the concentration of ozone molecules to which the surface is exposed, and L 

represents the number of reactive sites on the surface. – for these calculations k was obtained 

from the fit of the decay curve of 1428 cm
-1

 (fullerene IR-active peak), depicted in Figure 4.29. 

The curve was fit with an exponential decay equation, also known as the integrated first-order 

rate law. The integrated first-order rate law is represented by Equation 4.4: 

           ΔA = Be-kt
    (4.4) 

where A is the signal, in this case, the IR absorbance; B is the frequency factor; k is the reaction 

rate. For the data in Figure 4.29, it is the rate at which the species represented by 1428 cm
-1

 (C60) 

was decomposing; and finally t is time. By fitting the data in Figure 4.29 with Equation 4.4, the 

value for k was obtained. Once k was acquired, the last variable needed for Equation 4.3 was L. 

To determine L, the surface coverage of the sample must be known. 

 The surface coverage of the sample was calculated by constructing a calibration curve of 

the C60 surfaces. A bell jar evaporator, equipped with a quartz crystal microbalance (QCM), was 

used to deposit C60 molecules onto a 1” x 1” Au slide. The QCM was calibrated for C60 

deposition and was used to measure the amount (in nm) of C60 deposited onto the Au slide. After 

the slide was removed from the evaporator it was placed into the UHV chamber and scanned 

with the RAIR spectrometer. By monitoring the fullerene IR-active modes (1182 cm
-1

 and 1428 

cm
-1

), specific film thicknesses were associated with measured IR intensities. The resulting 

calibration curve is shown in Figure 4.30. To determine the degree of oxidation of the C60 film, 
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the IR intensity (1182 cm
-1

) after 

oxidation was plugged into the 

calibration curve for y and the 

equation was solved for film 

thickness, or x. For all of the C60 

films, the use of the calibration curve 

showed that only 10-20% of the films were oxidized by ozone.  

The final consideration in the calculation of L was the number of reaction sites per 

fullerene cage. The literature shows evidence of the addition of up to 29 oxygen atoms on a 

fullerene cage during ozonolysis.
90

 If  is calculated assuming that all thirty double bonds react 

with ozone, the resulting value for the initial reaction probability is 1.4 x 10
-3

. If the initial 

reaction probability is calculated per molecule,  = 4.8 x 10
-5

. The value for  has not been 

reported for the O3/C60 system at the gas-surface interface, therefore the value can only be 

compared to a different, however 

still relevant system. Previous 

studies in the Morris group have 

focused on the oxidation of vinyl-

terminated SAMs with gas-phase 

Figure 4.30: C60 film calibration curve. 

Created using a bell jar evaporator, equipped 

with a QCM, and a RAIR spectrometer. 

Figure 4.29: The initial decay of the 

fullerene peak at 1428 cm
-1

. Fit with an 

exponential decay curve, kobs = 7.2 x 10
-4

 s
-1
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ozone.
39

 The reported value for the initial reaction probability of ozone with vinyl-terminated 

(C=C) SAMs was 1.1 x 10
-5 

s
-1

.
31, 39

 The comparison of these values indicates that the probability 

of ozone reacting with surface-bound C60 upon collision is two orders of magnitude higher than 

its immediate reaction with the terminal double bond of a vinyl-terminated SAM, especially if all 

thirty double bonds on the C60 molecule react with ozone. The difference is most likely due to 

higher reactivity of the fullerene molecule, a result of the pentagons included in the molecule’s 

structure.  

After determining the initial reaction probability, the next goal was to assess the reaction 

rate of the fullerenes and the rate of formation of the primary ozonide of C60. In theory, if ozone 

adds directly to the 6/6 bond of the fullerene cage, immediately forming the primary ozonide, the 

growth of the PO (i.e. increase of the peak at 977 cm
-1

) should be equivalent to the reaction of 

the fullerene cage (i.e. the decrease of peaks 1182 cm
-1

 and 1428 cm
-1

). The graph in Figure 4.31 

shows the fullerene peak decay and the primary ozonide formation. The equivalent rates (kobs) for 

these processes indicate that the fullerenes are directly converted to the primary ozonide of C60.  

  

 

 

 

 

Figure 4.31: Comparison of the 

fullerene decay rate and the primary 

ozonide formation. The fullerene cages 

decompose at the same rate the PO 

forms, indicating a first-order 

dependency. 
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The final objective for the kinetic studies was to perform temperature-dependent 

exposures. The goal of this series of experiments was to determine the activation energies for the 

formation of the primary ozonide, as well as its decomposition. These are the first reported 

values for this species at the gas-surface interface. Ozone exposures were performed with the 

surface temperature held at 273, 278, 283, 288, and 298 K. The Arrhenius plot, seen in Figure 

4.32, shows the data collected for the formation of the primary ozonide on a C60 cage. An 

activation energy (Ea) was not calculated because of the significant spread observed within the 

data. The large degree of scattered exhibited by the data indicates the possibility of a low barrier 

to PO formation. A low barrier to PO formation is also well-supported by the IR data, which 

demonstrates the immediate appearance of the PO upon exposure to ozone, even at lower 

temperatures. Several theoretical studies in the literature have hypothesized about a negligibly 

small or non-existent barrier to form the PO of C60.
98

 A solution phase study performed by 

Anachkov et al. reported an activation energy of 2.4 kcal mol
-1

 (10.0 kJ/mol) for C60 

ozonolysis.
60a

 Based on the data 

collected in these studies, as well as 

comparison to existing literature values, 

the barrier for the formation of the 

primary ozonide is relatively low and 

easily overcome by gas-phase ozone 

from an effusive beam source at all of 

the surface temperatures applied in these 

studies.  

 

Figure 4.32: An Arrhenius plot for the formation of the 

PO of C60 (C60O3). Data was collected over a temperature 

range of 273-298 K. 
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The decomposition of the primary ozonide was also studied. The data collected for this 

species, shown in Figure 4.33, was very scattered; suggesting the rate of decomposition of the 

PO was unaffected throughout this temperature range. It is probable that the energy barrier for 

the decomposition is too small to accurately determine at these temperatures. Due to 

experimental limitations, quantitative values for the activation energy were not recorded. These 

values can be explored with future studies in the Morris group. 

 

 

 

 

 

 

4.4 Summary 

 The reactions of gas-phase ozone and surface-bound fullerenes were studied in depth in a 

UHV chamber equipped with RAIRS, XPS, MS, and UV-Vis. Electronic structure calculations 

with the Gaussian code were also performed on specific species formed throughout the reaction. 

Well-ordered, characterized C60 films were formed in HV, with virtually no contamination. After 

characterization of the fullerene films, they were exposed to gas-phase ozone and monitored in 

real-time. When the reaction was complete, the surface was scanned with an XPS. The 

Figure 4.33: An Arrhenius plot for 

the decomposition of the PO of C60 

(C60O3). Data was collected over a 

temperature range of 273-298 K. 
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combination of RAIRS and XPS enabled the elucidation of a mechanism for ozonolysis. Using 

RAIRS, the formation and subsequent decomposition of the primary ozonide of C60 was detected 

and identified. Upon decomposition the Criegee Intermediate is formed, which can either 

rearrange to form epoxide, ether, or ketone functionalities, or it can react with another impinging 

ozone molecule and form anhydrides and ketenes. The ketene formation was confirmed by 

dosing NH3 and observing predicted products. Extensive oxidation of the fullerene surface leads 

to the formation of an ozopolymer of the top ~10-20% of the overall film. The ozopolymer 

appears to protect the underlying film from further oxidation. Some slow penetration of ozone 

into the bulk of the film is seen with continuous ozone exposure but this happens over hours (~5-

10 hours), as opposed to seconds. XPS showed three different oxidation states of carbon, one 

attributed to the C-C bonds of the fullerene cages, the second a result of the C-O bonds, and the 

third, representing C=O bonds. Isotopically-labeled ozone dosing and electronic structure 

calculations were extremely helpful in 

assigning the primary ozonide. 

The kinetic analysis revealed 

an initial reaction probability of 1.4 x 

10
-3

, if all 30 double bonds of the C60 

cage are consumed, or 4.8 x 10
-5

, if 

only one site is consumed per cage. In 

2009, McCabe and Abbatt published a 

study of the heterogeneous loss of gas-

phase ozone on soot.
99

 They 

calculated values for the initial uptake 

Figure 4.34: The initital uptake coefficient (o) as a function 

of [O3]. The solid black line is a prediction of the Langmuir-

Hinshelwood model for ozone-saturated surfaces.
99 

Reprinted with permission from McCabe et al. JPC C 2010, 

113(6), 2020-2127. Copyright 2010 American Chemical 

Society. 
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coefficient (o), analogous to the initial reaction probability. Their reported o was (8-100) x 10
-5

, 

depending on the specific surface area of the soot sample. McCabe and Abbatt plotted their 

values for  as a function of the concentration of ozone, along with  values for a number of 

different studies, shown in Figure 4.34. The studies were performed on a variety of surfaces; 

from other types of soot, to surfaces containing metal oxide active sites. The solid black line 

represents the predicted behavior for the Langmuir-Hinshelwood model for an ozone-saturated 

surface. The data collected in these studies falls slightly above the L-H model ( = 1.4 x 10
-3

, 

[O3] = 5.8 x 10
12

 molecules cm
-3

); suggesting that C60 is more reactive with ozone than typical 

alkenes. This result is not surprising when the increased reactivity of the molecule, along with 

the number of potential reaction sites (~ 30 double bonds) is taken into consideration. There is 

also an important difference in experimental method that can have an impact on the measured 

reaction probability. The experiments described herein were all performed in UHV. The UHV 

environment allows a surface to be exposed that possesses minimal adsorbed contamination; 

meaning the reactive sites are more easily available to ozone than if the same sample were 

studied under ambient conditions. The exposure of a fullerene surface at atmospheric pressures 

might result in a greater value for the initial reaction probability, indicating that reaction with 

ozone is less likely, only because the reactive sites may be unavailable. The issue with reporting 

an initial reaction probability from atmospheric studies is ozone can potentially react with other 

species present, not solely C60. To eliminate the possibility of these additional reactions, and 

ensure the reaction sites are readily accessible to ozone, these experiments were performed in 

UHV, adding confidence to the measurements reported. Based on the plot in Figure 4.34, 

McCabe and Abbatt suggest a common pathway for the uptake of ozone onto a surface must 

exist, and the rate determining step involves only the ozone molecule, as opposed to features 
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inherent in the surface. The UHV data for C60 ozonolysis at the gas-surface interface supports 

their hypothesis, but it is important to point out that the data also implies C60 is likely a more 

reactive molecule than a typical alkene. 

  The assignment of peak 977 cm
-1

 to the primary ozonide was further supported by 

evaluating the rate of fullerene cage decomposition versus the rate of appearance of 977 cm
-1

. 

Precisely as the cages were reacted, the peak at 977 cm
-1

 was appearing in the spectrum. This 

correlation indicates that these species have a first-order dependency upon one another, as would 

be expected for an alkene and primary ozonide species. Finally, temperature-dependent studies to 

calculate activation energies for the formation and decomposition of the primary ozonide were 

carried out. The activation energy for the formation of the primary ozonide of C60 was not 

quantitatively determined. The scattered in the data suggests a small barrier for the formation of 

the PO. The data for the decomposition of the PO implies a small barrier. Further studies are 

required over a broader temperature range to obtain a quantitative value. These results are an 

important addition, not only to the study of fullerene chemistry, but to the understanding of 

ozone reactivity as well. 
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Chapter 5 

The Ozone Oxidation of Larger Surface-Bound Fullerenes: C70, C76, C78, C84 

5.1 Introduction 

 As fullerenes increase in size, their structures change, and so too do their physical and 

chemical properties. The field of fullerene chemistry has grown into a vast area of research of, 

not only the characteristics of these unique molecules, but their use in many different scientific 

applications.
100

 While C60 is the most common, there are scores of other fullerenes, each with its 

own cage structure and distinctive properties. Just as Chapter 4 focused on the ozonolysis of C60 

for environmental and health concerns, the oxidation studies of larger fullerenes are motivated by 

many of the same reasons. A number of gas-phase computational studies suggest that as the 

number of carbons incorporated into the cage increases, so does the overall stability of the 

molecule.
101

 The first experimental evidence of this hypothesis was presented in 2007 by Rojas 

et al.
102

 Rojas et al. found that as the number of carbon atoms per cage increased the degree of 

strain on the individual carbon atoms decreased. While this conclusion is an important 

confirmation of the above hypothesis, it is not surprising. A significant portion of C60’s reactivity 

is attributed to the high degree of curvature, and therefore strain, imposed by the inclusion of 

pentagonal rings within the cage structure. As the fullerenes grow in size, the number of 

hexagonal rings increases (e.g. C60 has 20 hexagons, C70 has 25), but the number of pentagons 

stays the same (e.g. both C60 and C70 have 12 pentagons). Thus, with fewer pentagons, sections 

of the cage structure begin to resemble a graphene sheet, or a single-walled carbon nanotube, as 

opposed to a sphere. The research presented in this chapter is the result of an investigation 

focused on the ozone oxidation of larger surface-bound fullerenes. If the physical and chemical 
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properties differ for the larger molecules, it is possible that their reactivity with ozone may also 

change. 

 The reactivity of ozone and unsaturated sites is well-established. In fact, the study of 

fullerene oxidation via ozone has been the focus of numerous studies; originally because the 

ozonolysis of larger fullerenes was found to be a useful technique for fullerene modification. The 

details of larger fullerene ozonolysis are however, not fully understood. In 1993, Heymann and 

Chibante performed the simultaneous ozonation of a mixture of C60, C70, C76, C78, and C84 in 

toluene.
60c

 They concluded that C70 was oxidized more slowly than any of the other fullerenes 

and that the rate of oxidation increased in the order C60, C76, C78, and C84, with C84 oxidizing at 

the fastest rate. Heymann and Chibante also assume that the rate of transformation of the 

molozonide (referred to as the primary ozonide in this document) to product is faster than the 

rate of formation of the molozonide. Their data and the data included later in this chapter are the 

only two studies that compare the rates of ozone reaction for this group of fullerenes. Several 

years later, Anachkov et al. studied the effect of temperature on the rate of ozonolysis of C60 and 

C70.
60a

 These researchers reported that C70 reacts more quickly with ozone than the smaller C60 

molecule. Anachkov’s conclusions are well supported by a number of other studies,
60f

 however, 

many researchers in the field turned to theory to better understand the differences in fullerene 

reactivity. 

 Theoretical calculations have been employed for the last few years to investigate the 

initial interaction between ozone and fullerenes, as well as predict the reactivity of larger 

fullerenes. Sabirov’s 2008 DFT study of ozone’s addition to C60 and C70 revealed and confirmed 

many experimental hypotheses. Similar to alkene primary ozonides, the species forms first as a 

pre-reactionary complex that later converts to a primary ozonide. Sabirov et al. were also able to 
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determine the most likely bonding sites for an incoming ozone molecule on both the C60 and C70 

fullerenes. For both molecules, the theoretical predictions correlate well with predictions based 

on experimental data.
36, 91

 With experiment and theory able to complement each other for the 

study of this system, researchers can analyze the reaction from beginning to end: reactants, 

intermediates, and of course, products. The goal of these studies was to determine 1) if the rates 

of reaction at the gas-surface interface are similar to those observed in solution phase, 2) if ozone 

reacts with the larger fullerenes (C76, C78, and C84) via the same initial step (i.e. formation of the 

primary ozonide), and 3) if the products of ozonolysis of larger fullerenes are comparable to 

those observed for C60 and C70. The chemistry at the gas-surface interface is very different than 

that seen in other phases (e.g. gas, solution, solid) because effects such as solvation, are no 

longer present. Therefore, the reaction of gas-phase ozone and surface-bound fullerenes should 

be treated as an unstudied system and explored fully to gain a complete understanding of the 

reaction. 

 Perhaps one of the most interesting abilities of fullerene molecules is their propensity for 

coalescence reactions. Any study that focuses on the extensive ozonolysis of fullerenes reports 

the observation of large carbon clusters or polymeric material.
11a, 11f, 103

 While the appearance of 

such a material is intriguing, the dramatic alteration of its chemical properties is even more so. 

The polymeric material, often referred to as ozopolymer, is hydrophilic and readily soluble in 

water, methanol, and other polar solvents; behavior dissimilar to unoxidized fullerenes. Based on 

the observation of this material, is seems reasonable that ozone may be capable of more than just 

fullerene functionalization. 

 Research into the ozone oxidation of larger fullerenes is scarce. The bulk of the studies 

have been performed on C60 and C70. The work has shown that C70 oxidizes in much the same 
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way as C60, with similar products formed and an end result of ozopolymer formation.
1
 The work 

included in this chapter focuses on the ozonolysis of C70, C76, C78, and C84. This research 

compares the rates of reaction as well as the mechanistic differences which occur as a result of 

the distinct cage structures. Understanding how each fullerene reacts individually will provide 

more information about fullerenes and further expand the community’s knowledge of this 

interesting family of molecules. The ultimate desire is the utilization of the results to aid in the 

prediction of the environmental fate of these carbonaceous nanomaterials. 

5.2 Experimental Details 

5.2.1 Materials 

 All chemicals were used as received without further purification unless otherwise noted. 

Fullerenes (C70, C76, C78, and C84) were purchased from Bucky USA. Research grade oxygen, 

ultrahigh purity nitrogen, liquid nitrogen, and dry ice were purchased from Airgas Specialty 

Gases. Polycrystalline gold substrates were received from Evaporated Metal Films. Reagent 

grade acetone was obtained from Pharmco-Aaper and Commercial Alcohols. The details of 

ozone synthesis and storage are covered in Chapter 2 and Chapter 4. 

5.2.2 Formation of Cn Films 

Fullerenes were deposited on polycrystalline gold surfaces, which provide a highly 

reflective support for the fullerenes thereby enabling the use of reflection-absorption IR in the 

study of their reactivity. The Au substrates were purchased from Evaporated Metal Films, Inc. 

They are made by first depositing a 50 Å thick layer of chromium (used as an adhesive layer) 

onto a glass slide, then depositing ~1000 Å of Au. The dimensions of the slides were 1” x 1” x 

0.062”. To clean an Au slide before introduction into the UHV chamber, it was submersed in a 
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solution of 70% sulfuric acid and 30% hydrogen peroxide (30%), also known as piranha 

solution, for ~45 minutes. Warning: Piranha solution is an oxidizing agent which reacts 

violently with organics! Extreme caution should be taken when using this solution! The piranha 

solution was used to remove the majority of the hydrocarbons which adsorb to the surface from 

exposure to air. Once the Au slide was removed from the piranha, it was rinsed thoroughly with 

deionized water (Millipore Purification Systems, 18.2 MΩ), and then dried completely with UHP 

nitrogen. After drying, the slide was placed into the UHV chamber. Immediately after the Au 

slide was placed into the load lock chamber, the crucible evaporator was detached from the load 

lock, any remaining fullerene from the previous experiment was taken out, the crucible was 

cleaned, and then new fullerene powder was placed in the crucible.  After transferring into the 

UHV main chamber, the Au slide was then cleaned with ozone for one hour. Ozone was used to 

remove any remaining hydrocarbons from the surface before fullerene deposition. Two 

advantages of cleaning the surface with gas-phase ozone in UHV were: 1) the actual removal of 

the hydrocarbons was monitored using RAIRS and 2) the surface remained clean until deposition 

since the fullerenes were deposited in vacuum. After one hour of ozone cleaning, a spectrum of 

the freshly cleaned Au slide was recorded with the IR. The spectrum was saved to be used later 

as a background. The Au slide was transferred into the load lock to deposit the fullerene of 

choice. As stated in Chapter 2, the voltage and current required to deposited fullerenes on the Au 

slide varied depending upon the fullerene. For C70, total time for film deposition was 35 minutes, 

with the maximum voltage and current of 4.5 V and 4.5 A. The maximum temperature during 

C70 deposition was 772 K. C76 deposition, which proved the most difficult, required 5 V and 5 A, 

resulting in a maximum deposition temperature of 984 K. C78 and C84 deposition lasted 45 

minutes, was achieved with 7 V and 7 A, and reached a maximum temperature of 1299 K. 
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5.2.3 Surface Exposure 

 After the fullerenes were deposited onto the Au slide, the slide was transferred back into 

the main chamber. Once the slide was positioned as close as possible to the position occupied 

when the background was recorded, it was scanned with the IR. Utilization of difference spectra 

requires the position of the slide to be the same before and after deposition, to help ensure the 

baseline is as flat as possible in the resulting spectra. In practice, this is achieved by recording 

the coordinates (X, Y, and rotation) on the manipulator before transferring into the load lock for 

deposition. Upon proper realignment of the sample, the fullerene surface is scanned to obtain a 

spectrum of the sample before ozone exposure. With an initial spectrum recorded, then saved as 

a background, the first spectrum before opening the ozone doser should be positioned exactly at 

0 on the intensity scale (y-axis). The ozone is then introduced into the main chamber via the 

capillary array doser (CAD). 

5.2.4 RAIRS Data Acquisition 

 The reaction of gas-phase ozone with surface-bound fullerenes is followed in real time 

with a Bruker IFS 66v/S spectrometer. The spectrometer is equipped with a SiC globar source, 

which produces an IR beam. The IR beam is focused onto the Au surface in the middle of the 

UHV chamber at an incident angle of ~86° relative to the surface normal. The detector used with 

the Bruker spectrometer is a mid-range MCT detector (750 - 4000 cm
-1

), that requires cooling 

with liquid nitrogen. Every spectrum shown in this dissertation is produced by the co-addition of 

100 scans acquired over 90 seconds. The resolution was set at 2 cm
-1

 and the scanner velocity 

was held at 20 kHz. 
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5.2.5 XPS Measurements 

 The fullerene surfaces were characterized before and after ozone exposure using two 

different X-ray photoelectron spectrometers (XPS), which are described detail in Chapter 2. One 

of the spectrometers is incorporated into the chamber setup, allowing for the collection of data 

without removing the surface from vacuum. This configuration is beneficial because some 

species formed during ozone exposure may not be stable in atmosphere, so scanning the surface 

directly after dosing permits observation of species that might unstable in atmospheric studies. 

To perform XPS analysis in the main chamber, the sample is rotated into position using the 360° 

rotatable manipulator. The sample is positioned relative to the hemispherical analyzer (HA), 

depending upon the desired angle of detection. If the sample is situated in front of the HA so that 

the HA is normal to the surface, the position is optimum for sampling elements below the 

surface. If the surface is aligned at a 15° angle with respect to the HA, it is known as a grazing 

angle, which is ideal for studying the surface of the sample. Once the sample is positioned, a Mg 

Kα (1253.6 eV) x-ray source is used at 250 W (12.5 kV and 20 mA). The impinging x-rays 

produce photoelectrons, which are subsequently detected with the HA. A survey scan is collected 

first to obtain an overall representation of the elemental composition of the surface. After the 

survey scan is inspected, individual regions (or elements) are focused on with more selective 

pass energy. The second XPS is located in the Surface Analysis Lab at Virginia Tech. This 

instrument was utilized when the in situ XPS was in need of repair. 

5.2.6 Electronic Structure Calculations 

 Electronic structure calculations were performed on each fullerene molecule in the 

primary ozonide form (e.g. C70O3, C76O3, C78O3, and C84O3). The calculations are an important 

addition to the experimental data because ozone oxidation of these molecules has yet to be 
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studied. If comparable frequencies can be calculated, it will provide support for peak 

assignments and general mechanisms proposed. The modeling method used was density 

functional theory (DFT). Specifically, the exchange-correlation hybrid functional B3LYP with a 

small 3-21G
*
 basis. This particular method has been employed by other researchers and found to 

predict the geometry and electronic structure of fullerenes with reasonable certainty.
55

 

5.3 Ozone Exposure 

5.3.1 Ozone Oxidation of Surface-Bound C70 

 The RAIR spectra for the reaction between gas-phase ozone and surface-bound C70 are 

shown in Figure 5.1. After the surface has been exposed to 350 L of ozone (1L = 10
-6

 Torr·s), the 

IR primary active mode of the C70 molecule (1431 cm
-1

) begins to decrease, indicating a reaction 

on the C70 cages. The disappearance of the C70 modes coincides with the appearance of a peak 

centered around 970 cm
-1

 (967 and 

975 cm
-1

), see Figure 5.2. The C70 

structure has three likely reaction 

sites for the ozone molecule: a,b, c,c, 

and d,e, shown in Figure 5.3. These 

three bonds are the most likely sites 

for reaction because they possess the 

most double bond character, a 

function of the neighboring pentagon 

rings. Calculations have shown that 

two of the three sites (a,b and c,c) are 
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Figure 5.1: RAIR difference spectra of the ozone exposure 

of a C70 film deposited on Au in high vacuum. A peak 

centered at 970 cm
-1

 exhibits intermediate behavior. 
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more favorable and upon reaction with an ozone molecule,  result in the formation of C70O3.
89a

 

The peak observed in this data not only exhibits behavior indicative of an intermediate species 

(see Figure 5.4), similar to that demonstrated in the peak corresponding to the primary ozonide 

of C60 (977 cm
-1

), but also appears to potentially include more than one peak, shown in of Figure 

5.2. The appearance of two intermediate peaks, or two primary ozonide peaks, is expected based 

on existing experimental and computational studies.
38, 91

 Heymann et al. were able to identify 

two different ozonide species on the C70 

molecule after exposure to ozone. In the 

study, ozone was bubbled through 

solutions of C70 in toluene, after which 

aliquots were removed and run through an 

HPLC. Immediately after ozonation, two 

prominent peaks appeared in the 

chromatogram that were later assigned to 

the a,b-C70O3 ozonide adduct and the c,c-

C70O3 ozonide adduct. The spectrum shown 

in figure 5.2, suggests that the C70 

molecules within the film may have formed two isomers of C70O3.  

Analogous to the results of C60, when the primary ozonide peak decreases, product peaks 

appear in the spectra, see Figure 5.1. C70 appears to have a similar variety of ozonolysis products 

as its smaller counterpart, C60. Figure 5.5 shows a direct comparison of the C60 and C70 spectra 

following ozone exposure. The product peaks at 1582, 1754, 1795, and 2151 cm
-1

 are assigned to 

the C=C bond enhancement, carbonyl functionalities, anhydrides, and ketenes, respectively.
11a, 11f
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Figure 5.2: Peak that appears when the C70 film is 

exposed to gas-phase ozone. The literature suggests 

that this could potentially be two peaks, both 

possessing behavior suggestive of an intermediate. 
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X-ray photoelectron spectroscopy (XPS) was 

employed to support assignment of the peaks observed 

with RAIRS. The product peaks seen during the 

ozonolysis of C70 were very similar to those detected 

during oxidation of C60. It follows that the C70 data 

obtained with XPS should be analogous to that collected 

for C60. The C 1s region for C70, shown in Figure 5.6, 

indicates that over 70% of the carbon atoms within the 

C70 film are unoxidized (i.e. bonded to other carbon 

atoms). The underivatized carbon is represented by the 

intense peak at 284.6 eV. The peak at 286.5 eV is due to 

a variety of C-O bonds (e.g. esters, ethers, epoxides, 

anhydrides) and the data suggests that there are more C-

O functionalities than C=O (peak at 289.4 eV), another 

observation of the IR data. The data recorded in the O 1s 

region for oxidized C70 tells the same 

story (Figure 5.7). The peak at 533.4 eV 

belongs to C-O moieties, while the one at 

531.7 eV is due to C=O functionalities.  

 

 

 

Figure 5.4: The peak profile for the peak 

shown in Figure 5.2. The profile indicates the 

species responsible for the peak is an 

intermediate, perhaps primary ozonide of 

C70. 

Figure 5.3: Depiction of a section of the 

C70 cage. Within this section, it is 

possible to observe the five different 

types of carbon sites present in the C70 

molecule, as well as the eight types of 

bonds. 
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Figure 5.6: C 1s region collected for the oxidized C70 surface. The data implies that the 

majority of the carbon is unoxidized, with some C-O and C=O bonding present within the 

surface. 
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Figure 5.5: A direct comparison of the final spectra of C60 and C70 after exposure to gas-phase 

ozone. C60 appears to undergo more extensive oxidation and form a larger variety of products. 
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The DFT, specifically B3LYP/3-21G*, was used to model two different primary 

ozonides of C70. The ozone molecule was added across the a,b bond on one and a c,c bond in the 

other. The structures used are shown in Figure 5.8. In the IR spectrum of C70, if two peaks are 

Figure 5.7: O 1s region for the C70 surface after exposure to ozone. The peak contains two 

components, the one at higher binding energies is attributed to C-O groups in the film, while 

the lower component is due to C=O species. 

Figure 5.8: The two C70 structures studied with B3LYP/3-21G*. The structure on the left is a result of the 

ozone addition across a a,b bond, while the structure on the right is formed when ozone addition occurs on 

a c,c bond. 
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considered, the intermediate peaks appear at 967 and 975 cm
-1

, as shown in Figure 5.2. Based on 

the literature, it is likely that there were two intermediate peaks because ozone addition occurred 

across both types of bonds within the C70 film. An IR frequency analysis was performed on both 

of the structures shown in Figure 5.8. The calculations predicted that the primary ozonide of C70, 

when ozone adds across the a,b bond, will produce an IR active peak at 947 cm
-1

. For the ozone 

addition across the c,c bond, the symmetric stretch of the primary ozonide was calculated at a 

frequency of 950 cm
-1

. Both computed values are off by approximately 15 cm
-1

, a minor 

difference when using this low level of theory. With the supporting electronic structure 

calculations, it is reasonable to suggest the peaks exhibiting intermediate behavior in the C70 

spectra are, in fact, a result of two different primary ozonides of the ellipsoidal fullerene 

molecule. To further test this hypothesis, additional studies, perhaps using isotopically-labeled 

18
O3, are required. By performing added experiments more concrete verification of peak 

assignments will be obtained. These experiments will likely be pursued by a future member of 

the Morris Research Group. 

5.3.2 Ozone Oxidation of Surface-Bound C76 

 The RAIR spectra for the reaction between gas-phase ozone and surface-bound C76 are 

shown in Figure 5.9. After the surface has been exposed to only 350 L of ozone, the primary IR 

active mode of the C76 molecule (1440 cm
-1

) begins to decrease, indicating a reaction on the C76 

cage. Unfortunately, any possible intermediate peaks formed during ozonolysis were 

unobservable via RAIRS. Regardless, reactions on the cage structures and subsequent products 

formed as a result of the ozone oxidation were detected. If the ozone oxidized the C76 cage via 

the same pathway as that observed for C60, the most favorable sites for reaction are the α and β 

sites near the “poles” of the molecule, shown in Figure 5.10.
89b

 It is important to note that, also 
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similar to C60, the reactive sites for 

C76 are 6/6 bonds. While the bond 

itself does not belong to a pentagon, 

each carbon in the 6/6 bond is 

incorporated into a pentagonal ring. 

The pentagons induce strain on the 

cage structure, therefore providing a 

more reactive site for ozone to 

attack. Another similarity between 

the ozonolysis of C76 and that of C60 

and C70, is the resulting products. As observed in the ozonolysis of C60 and C70, the IR spectra of 

oxidized C76 indicates an enhancement of the C=C bond, carbonyl functionalities, anhydrides, 

and ketenes. However, there appears to be a new product present in the spectra as well. Based on 

existing literature, the large peak, centered at 1237 cm
-1

, is representative of a C-O bond. Several 

studies of the ozone ox idation of carbon nanotubes have observed peaks located in a similar 
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Figure 5.9: RAIR spectra recorded during the ozone 

exposure of a C76 film created in high vacuum. 

Figure 5.10: The cage structure of a C76 molecule. The most favorable sites for ozone reaction are 

positioned at the “poles” of the molecule; they are denoted as α sites and β sites. 
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position.
104

 Studies report the 

assignment of this peak to an 

ester functionality. 

The detection of a 

different product with RAIRS 

is supported by the intense C-

O peak at 286.5 eV in the C 1s 

region, Figure 5.11. The XPS 

data indicates that a significant 

portion of the oxidation species 

possess C-O moieties (e.g. 

ester, ethers, epoxides, 

anhydrides). However, the 

presence of C=O functional 

groups is also detected (peak at 

288.4 eV). Figure 5.12, 

displays the results of the O1s 

region, and helps corroborate 

the above statement, with 

peaks at 532.8 eV (C-O) and 

531.2 eV (C=O). 

 

Figure 5.11 (above): The fitted C 1s region of an 

oxidized C76 surface.  

Figure 5.12 (below): The fitted O 1s region of an 

oxidized C76 surface. 
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Unfortunately, any peaks displaying intermediate behavior were not observed in the 

C76/O3 data. However, a computational geometry optimization and IR frequency analysis were 

performed on the possible primary ozonide structures of C76. Because the previous calculations 

have produced values that agree very well with experiment, these calculations can be compared 

to more resolved experimental data collected in the future. 

               

The reactive sites for the C76 molecule are denoted α and β sites, and are located on the poles of 

the cage structure. The calculations of each of the above structures, Figure 5.13, found several IR 

active modes for the primary ozonide of C76. A few of the modes are listed in Table 5.1, along 

with their assignment. 

Table 5.1: Calculated IR frequencies for the primary ozonide of C76 and the corresponding assignments. 

Reaction Site Frequency (cm
-1

) Assignment 

C76O3 (α) 796 Asymmetric ozonide stretch 

872 Symmetric stretch for C-C bond within the ozonide ring 

901 Symmetric ozonide stretch 

C76O3 (β) 880 Symmetric stretch for C-C bond within the ozonide ring 

898 Symmetric ozonide stretch 

945 C-O stretch within ozonide ring 

 

α 

β 

Figure 5.13: The two C76 structures studied with B3LYP/3-21G*. The structure on the left is a result of the 

ozone addition across an α bond, while the structure on the right is formed when ozone addition occurs on 

a β bond. 
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5.3.3  Ozone Oxidation of Surface-Bound C78  

 The RAIR spectra for the reaction between gas-phase ozone and surface-bound C78 are 

shown in Figure 5.14. After the surface has been exposed to only 560 L of ozone, the IR active 

modes of the C78 molecules begin to 

decrease, indicating a reaction on the 

C78 cages. As the C78 modes decrease, 

a broad peak in the low wavenumber 

region (780 – 880 cm
-1

), displaying 

intermediate characteristics (shown in 

Figure 5.16), begins to appear, shown 

in Figure 5.15. The peak, which is 

most likely associated with the 

primary ozonide of C78, is extremely 

broad, presumably a result of primary 

ozonides formed on several different reactive sites on the C78 cage. As the peak decreases, 

numerous product peaks begin to appear. The peak positions along with their assignments are 

listed in Table 5.2. Unlike the ozonolysis of C60, the oxidation products of C78 do not include 

anhydrides, evidenced by the lack of peaks in the 1700-1800 cm
-1

 region. The reason for the 

absence of this product will be discussed in a later section. 

 

 

 

Figure 5.14: RAIR difference spectra from the ozone 

exposure of a C78 film created in high vacuum. The broad 

peak in the low wavenumber region (780-880 cm
-1

) exhibits 

behavior indicative of an intermediate species. 
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Figure 5.15: RAIR spectra of a peak with intermediate behavior 

which appears during the ozone oxidation of C78. As ozone 

exposure continues, the peak decreases. By the end of the ozone 

exposure, the peak has completely disappeared. 

Figure 5.16: The peak profile for the peak with intermediate 

behavior, shown in Figure 5.15. This behavior suggests that the 

species associated with the peak  may be the PO of C78 (C78O3). 
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Table 5.2: Observed peaks during the ozone oxidation of surface-bound C78. The peaks have been assigned to 

likely functional groups and compared with existing literature values. 

Peak Position (cm
-1

) Assignment Literature Peak Position (cm
-1

) 

887 Epoxide deformation mode 876
105

 

1125 Ester asymmetric stretch 1127
105

 

1211 Epoxide breathing mode 1211
105

 

1279 Ester (C=O) stretch 1283
105

 

1410 Fullerene modes --- 

1428 Fullerene modes --- 

1454 Fullerene modes --- 

1589 Enhancement of C=C bonds 1581
104a

 

1620 Carbonyls 1617
105

 

1680 Carbonyls 1677
105

 

2168 Ketenes --- 

 

The XPS data, much like the RAIR data, changed drastically as the largest fullerenes 

were studied, beginning with C78. The basic profile of the C 1s region, shown in Figure 5.17, is 

much more complex than previously observed, and contains five peaks, likely associated with 

carbon species. The first peak, centered around 285 eV, includes signal from the sp
2
 hybridized 

carbon within the film, and the sp
3
 hybridized carbon. The carbon atoms within the fullerene 

cage structure are classified as sp
2
 hybridized atoms, but as ozone oxidizes the structure, the 

carbons involved in reactive sites end up with sp
3
 character. As with smaller fullerenes, the 

majority of the film is unoxidized and so the bulk of the carbon maintains its sp
2
 character, 

shown by the peak at 284.9 eV. Approximately 5% of the carbon signal displays sp
3
 

hybridization after ozonolysis (peak at 285.4 eV). The data from thorough experiments with C60 

and O3, indicates that only the top 10-20% of the fullerene film was oxidized during ozone 

exposures. With that fact in mind, it is likely that roughly the same percentage of the larger 

fullerene films was oxidized. However, only about 5-10% oxidation was observed in the C 1s 

region, compared to the smaller fullerene cages.  The second peak shown in the C 1s region was 

a result of extensive oxidation of the “poles” of the C78 molecules. As the fullerene cages get 
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larger, they contain more hexagon rings, while the number of pentagons stays constant. The 

consequence of this structural feature is a decrease in the number of reactive sites for ozone 

addition. This decrease in the number of available reactive sites could explain the observation of 

only ~ 5% sp
3
 carbons, as opposed to 10%. Consistently throughout the oxidation of fullerenes, 

the reactive sites are most often observed as 6/6 bonds between two pentagonal rings. With 

larger fullerene cages, the pentagons are spaced farther apart, the cage becomes reactive in 

specific regions. For C78, the reactive regions are the caps of the molecule, or “poles”, where a 

larger degree of curvature exists (i.e. more pentagon rings in closer proximity to one another). 

Because only part of the molecule is reactive, a transition in the type of ozonolysis products, 

specifically, a lack of anhydrides and more extensive oxidation in smaller regions was observed. 

The more extensive oxidation causes oxide species that are heavily conjugated with C=C or C=O 

bonds; in most cases, combinations of both bond types were noted. These conjugated products 

are represented by the peak centered at 289 eV. 

Figure 5.17: The C 1s region of a 

C78 film after exposure to ozone. 

The peak at lower binding 

energies contains contributions 

from the two types of hybridized 

carbon atoms within the film. The 

peak at higher binding energies is 

a result of extensive oxidation of 

the poles of the C78 molecules. 
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The lower energy peak, at 

289.0 eV, is due to ester 

functionalities, and the higher 

energy peak, at 289.9 eV 

corresponds to carbonate 

species. The final peak in the 

C 1s region lies at 287.2 eV, 

and is assigned to epoxide and 

ether functionalities.  

 

The O 1s region, shown in Figure 5.18, also depicts the trend observed in the C 1s region 

and the IR spectra. A larger amount of C=O moieties is confirmed by the peak at 531.6 eV, while 

the number C-O bonds appears less intense, shown by the peak at 532.8 eV. 

As the fullerene molecules increase in size, the number possible structures also increases. 

C78 has five different structural isomers. To perform the IR frequency analysis on this larger 

fullerene, the most stable structure with D3 symmetry was chosen for the calculations. The 

molecular structure analyzed is shown in Figure 5.19. Two frequencies determined to be 

associated with the primary ozonide of C78 were at 866 and 898 cm
-1

. These frequencies fall 

within the broad peak observed in the RAIR spectra recorded during the ozonolysis of C78. As 

C78 has four other isomers, each with over 20 distinct atoms, there are a number of different 

reactive sites on each individual cage structure. The each combination of a particular isomer and 

reactive site to comprise the C78O3 molecule will have its own unique IR spectrum. The broad 

Figure 5.18: The O 1s region of a C78 film after exposure to ozone. 

The C78 molecules experience a higher degree of oxidation, but in 

more localized regions upon the cage structure. 
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peaks observed in the IR data suggest that not only were different isomers present within the film 

but also ozone reacted at various sites upon the cages. When studying larger fullerenes, a more 

thorough and detailed set of calculations is required to best explain all the features within the IR 

data. 

 

 

 

 

 

 

 

5.3.4  Ozone Oxidation of Surface-Bound C84  

 The RAIR spectra for the reaction between gas-phase ozone and surface-bound C84 are 

shown in Figure 5.20. After the surface has been exposed to only 130 L of ozone, the IR active 

modes of the C84 molecules begin to decrease, indicating a reaction on the C84 cages. As with 

C78, the spectra have the appearance of new oxidation products and a broad peak (780 – 880 cm
-

1
) exhibiting intermediate behavior. The peak, shown in Figure 5.21, is in all likelihood 

associated with the primary ozonide(s) of C84. The decomposition of the primary ozonide, shown 

in Figure 5.22, was accompanied by the formation of a variety of oxidation products; the peak 

Figure 5.19: The structure of C78O3 used for electronic 

structure calculations. The C78 molecule possesses D3 

symmetry. 
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positions are listed in Table 5.3. Again, no anhydrides appear to be present as a result of 

oxidizing C84 with ozone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.20: RAIR difference spectra of the ozonolysis of a C84 film. 

As ozone exposure continues, a larger peak, displaying 

intermediate behavior appears in the low wavenumber region. 

Figure 5.21: RAIR spectra from the ozone exposure of C84. Graph shows the 

peak with intermediate behavior and how it changes with increasing exposure 

to ozone.  
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Table 5.3: Observed peaks during the ozone oxidation of surface-bound C84. The peaks have been assigned to 

likely functional groups and compared with existing literature values. 

Peak Position (cm
-1

) Assignment Literature Peak Position (cm
-1

) 

887 Epoxide deformation mode 876
105

 

1022 Epoxide breathing mode 1013
105

 

1128 Ester asymmetric stretch 1127
105

 

1189 Ester symmetric stretch 1186
105

 

1279 Ester (C=O) stretch 1283
105

 

1407 Fullerene modes --- 

1427 Fullerene modes --- 

1442 Fullerene modes --- 

1559 Enhancement of C=C bonds 1581
104a

 

1589 Enhancement of C=C bonds 1581
104a

 

1612 Carbonyls conjugated with C=C 1617
105

 

1678 Carbonyls conjugated with C=C 1677
105

 

1726 C=O (ketones, esters, lactones) --- 

2168 Ketenes --- 

 

The XPS data for the oxidized C84 film was very similar to that collected for C78. As with 

C78, the profile differs significantly from that seen for C60, C70, and C76. Again, this change in the 

C 1s and O 1s regions, is a result of the substantial difference in cage structure of these larger 

fullerenes. For the C 1s region, shown in Figure 5.23, of the oxidized C84 film, the majority of 

the fullerene film remains unoxidized and is represented by the peak at 284.7 eV. It was not 

Figure 5.22: The profile for the peak 

shown in Figure 5.21. The profile 

shows how the peak changes as a 

function of ozone exposure. This 

behavior suggests the peak may 

represent the primary ozonide of C84 

(C84O3). 
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possible to differentiate between the sp
2
 and sp

3
 carbons in the C84 data. As with C78, the number 

of available oxidation sites decreases with respect to the overall size of the fullerene cage, 

suggesting that less of the carbon atoms lose their sp
2
 character. There is a peak at 286.4 eV, 

assigned to epoxides and ethers, and two peaks at 288.2 and 289.5 eV, due to highly conjugated 

oxide species. The O 1s region confirms the formation of more carbonyl species within the 

oxidized C84 film. Figure 5.24 shows the large O 1s peak, that has been fitted to display both 

components at 532.5 and 531.3 eV, due to the C-O and C=O bonding environments, 

respectively. 
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Figure 5.23: The C 1s region for a C84 film after exposure to ozone. The 

data supports the extensive oxidation of the C84 cages. 
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Figure 5.24: The O 1s region for an oxidized C84 film. The peak 

fitting depicts the contributions from C-O and C=O bonds. 

 

 

  

 

 

 

 

 

 

 

 

The structure of C84 resembles an egg, with an oval-like shape, and large groupings of 

hexagons, uninterrupted by pentagons. With IR data very comparable to C78, similar results were 

expected from the electronic structure calculations of C84. The two structures analyzed are shown 

in Figure 5.25. The C84O3 structure on the left includes a C84 cage with D2 symmetry, while the 

one on the right possesses D2d symmetry. The number of structural isomers increases 

significantly for C84; this cage molecule has 24 possible isomers, making it even more likely that 

the IR data includes signal from many different cage structure/reaction site combinations. The 

calculations yielded primary ozonide frequencies at 858, 866, and 891 cm
-1

 for C84O3 (D2), and 

851 and 858 cm
-1

 for C84O3 (D2d). It is promising that the calculated PO frequencies fall within 
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the observed experimental peak, but additional calculations should be performed on more 

combinations of isomers and reactions sites. 

 

 

 

 

 

 

5.4  Discussion 

5.4.1  Mechanism for the Ozone Exposure of Surface-Bound C70  

 The mechanism for the oxidation of a C70 surface via ozone exposure is similar to that 

observed for the ozonolysis of C60. The reaction proceeds via the addition of an ozone molecule 

across a reactive bond within the C70 cage. The two reactive bond sites on the C70 cage are 

known as a,b and c,c bonds.
38

 The addition of an ozone molecule across one of these reactive 

sites leads to the formation of the primary ozonide. Once the primary ozonide decomposes (a 

feature that has been observed with RAIRS), the formation of products begins. The ozone 

exposure of C70 leads to such products as carbonyls (ketone, diketones, and esters), 

anhydrides,
11a, 11d, 11f, 60a, b

 and ketenes. The ozonolysis of C70 also leads to the formation of the 

“ozopolymer”, a product of extensive oxidation, characterized by anhydride linkages. The 

Figure 5.25: The two C84O3 structures analyzed with B3LYP/3-21G*. The structure on the left includes a 

cage with D2 symmetry, while the one on the right uses a D2d cage. 
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anhydride linkages occur after exposure to significant amounts of ozone, which causes the 

fullerene cages to open and cross-link intermolecularly. 

5.4.2  Kinetics for the Ozone Exposure of Surface-Bound C70 

 Using the IR data and the values calculated for flux of ozone, rates for the oxidation of 

C70 were calculated, as well as the rate of decomposition of the peak associated with the primary 

ozonide. Figure 5.26 shows the decrease of the peak at 1431 cm
-1

 as a function of the total 

exposure of ozone. The decay is best fit by two separate exponentials. The first exponential has 

an observed rate constant (k) of 

1.8 x 10
-4 

(±
 
2.5 x 10

-5
)
 
s

-1
, and 

the second possesses a slower 

rate of 1.5 x 10
-5

 (±
 
1.5 x 10

-6
) 

s
-1

. There are two likely 

explanations for two rates: 1) 

The faster rate is due to the 

oxidation of the fullerenes at 

the gas-surface interface. The 

second rate explains the reaction 

of molecules below the gas-

surface interface. The sub-surface reactions are a result of ozone diffusion into the bulk of the 

C70 film. Because the packing density most likely increases below the gas-surface interface, it is 

logical that more time would be required to form the ozopolymer (i.e. see the tail of the blue 

curve in Figure 5.26). It is also probable, based on the fact that C70 has fewer reaction sites, that 

Figure 5.26: A graph of the change in C70 IR modes as a function 

of time. The curve fitting implies that there are two reaction 

processes occurring. 
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diffusion has a larger impact on this system. With less reaction sites to encounter, an ozone 

molecule may migrate through the bulk for a longer amount of time before it comes across a 

reactive bond. 2) Because there are two possible reaction sites on the C70 molecule, one site may 

be more reactive than the other, therefore the ozone would react at that particular site at a faster 

rate; once those sites are consumed, ozone begins to react at the other reaction site, at a different 

rate. 

The rate of decomposition of the peak associated with the primary ozonide was also 

analyzed. Figure 5.27, shows the full peak profile for the pair of peaks centered at 970 cm
-1

. The 

decay rate for the peak is 2.5 x 10
-5 

(± 2.6 x 10
-6

) s
-1

.  

 

 

 

 

 

 

 

 Finally, the initial decay rate of the C70 molecules and the initial formation rate of the 

peak at 970 cm
-1

 were compared. The comparison of these rates, shown in Figure 5.28, implies 

that the formation of the primary ozonide is first-order with respect to the decomposition of the 

C70 molecules. The close agreement between these two rates, kC70 = 1.8 x 10
-4

 (± 2.5 x 10
-5

) s
-1

 

Figure 5.27: The profile of the peak associated with the 

primary ozonide of C70. The red line shows the fit of the 

decay curve, providing a k of 2.5 x 10
-5 

s
-1

. 
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and kPO = 2.2 x 10
-4

 (± 5.7 x 10
-5

) s
-1

, is a reasonable confirmation that the ozonation of the C70 

film occurs via the formation of the primary ozonide, just like C60. 

  

 

 

 

 

 

 

 

5.4.3  Mechanism for the Ozone exposure of Surface-Bound C76  

 Because the basic structure of all fullerene molecules (i.e. pentagons and hexagons) is the 

same, it is likely that ozone interacts with C76 via the same initial steps as with all the other 

fullerenes included in this study. The reaction proceeds with the addition of an ozone molecule 

across either an α or a β site on the pole of the C76 cage. Once the primary ozonide forms, it 

undergoes immediate decomposition to form various products. The products observed for the 

ozonolysis of C76 are carbonyls (specifically esters), anhydrides, and ketenes. 

 

 

Figure 5.28: A comparison of the decay rate of the C70 molecules and the 

formation of the intermediate peak assigned to the primary ozonide. The 

equivalent rates imply that the two species have a first-order relationship. 
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5.4.4  Kinetics for the Ozone exposure of Surface-Bound C76 

 Unfortunately, the peak associated with the primary ozonide of C76 was not observed in 

these experiments, therefore no rates were determined for the intermediate. However, a decay 

rate for the C76 molecules upon exposure to ozone was calculated. Figure 5.29 shows the decay 

curve for the C76 molecules. The observed rate constant is 1.3 x 10
-4 

(± 1.5 x 10
-5

) s
-1

.  

 

 

 

 

 

 

 

 

5.4.5  Mechanism for the Ozone exposure of Surface-Bound C78 

 The IR data indicates that when a C78 film is exposed to gas-phase ozone, a complex 

reaction takes place. The reaction begins with the formation of the primary ozonide of C78. The 

existence of short-lived intermediates was determined based on the immediate decrease in the 

C78 modes, as well as the simultaneous appearance of a broad peak, which possessed 

intermediate behavior, at low wavenumbers (~800 cm
-1

). Similar to C60, C70, and C76, the 

Figure 5.29: The integrated change in absorbance of 1440 cm
-1

 

(C76 peak) as a function of ozone exposure.  
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mechanism for ozone oxidation begins with the primary ozonide. After that step though, the 

similarities start to decrease. In analyzing the IR spectra and trying to assign products to the 

observed peaks, it was more beneficial to compare the data to literature data on the ozonolysis of 

carbon nanotubes.
11e, 104-106

 The product peaks present in the oxidation of C78 are all comparable 

to product peaks detected in the carbon nanotube studies. This change in experimental products 

and the comparability to CNT data can be explained simply by considering the increasing size of 

the fullerene cage. The C78 cage has large portions of its surface that strongly resemble a carbon 

nanotube surface. The D3 isomer of C78 has an equilateral belt comprised entirely of hexagons 

rings. These “unreactive” sections of the fullerene cages are likened to the walls of a carbon 

nanotube. In the CNT/O3 studies, reports showed that the reactive portions of the carbon 

nanotubes were the end caps. The CNT end caps underwent extensive oxidation, leaving the 

walls of the tube virtually intact. The oxidation of larger fullerenes can be thought of in much the 

same way. The “poles” of the fullerene cages, where a larger number of pentagons are located, 

and therefore reactive sites, are the location for oxidation. Because the oxidation takes place in 

more localized regions of the cage, this may explain the lack of anhydride products (i.e. less 

chance of intermolecular bonding). The anhydrides are a result of the fullerene cage opening up 

and allowing reactive sites to be brought within close proximity of one another. Since the 

molecules do not rupture completely, the overall structure is maintained and consequently, cross-

linking (i.e. anhydride formation) is kept to a minimum. Instead, a significant amount of 

carbonyl products are observed, C=O and C-O functionalities that are heavily conjugated with 

C=C and other C=O bonds, and ketenes. 
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5.4.6  Kinetics for the Ozone exposure of Surface-Bound C78 

  The rate at which the C78 molecules react was determined by plotting the change 

in fullerene peak signal as a function of ozone exposure. The curve, shown in Figure 5.30, was 

fit with an exponential decay 

producing an observed rate 

constant of 6.0 x 10
-4 

(± 3.0 x 

10
-5

) s
-1

. The decay curve for the 

C78 molecules does not seem to 

imply that diffusion is a 

considerable part of this 

interaction. The peak associated 

with the primary ozonide of C78 

was analyzed as well. Initial 

observation of the peak profile, 

Figure 5.31, supports the conclusion that the peak centered at 800 cm
-1

 is related to the PO. The 

peak decomposes with an observed rate constant of 5.2 x 10
-5 

(± 2.1 x 10
-6

)
 
s

-1
. 

 

 

 

 

Figure 5.30: The change in C78 signal as a function of flux-

weighted time. The ozone exposure has been converted to time in 

order to calculate reaction rates. 
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The rate of C78 consumption was compared with the rate of intermediate formation. As 

seen with the other fullerene studies, the rates are dependent upon one another with a first-order 

characteristic. The observance of comparable rates indicates that the depletion of fullerene 

modes is a result of oxidation via ozone; a process that starts with the creation of the PO.  

5.4.7  Mechanism for the Ozone exposure of Surface-Bound C84 

 The mechanism for the ozone oxidation of C84 films is very similar to that observed for 

C78. The first step in both mechanisms is the formation of the primary ozonide, which then 

decomposes to form highly conjugated oxidation products. The C84 data is also comparable to 

the existing carbon nanotube data. The poles of the C84 spheres are oxidized, while the equatorial 

belt stays mostly intact.  

 

 

Figure 5.31: The peak profile for the species 

associated with the primary ozonide of C78 (C78O3). 
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5.4.8  Kinetics for the Ozone exposure of Surface-Bound C84 

 The rate of C84 fullerene decomposition was measured and the observed rate constant was 

determined to be 1.0 x 10
-4

 (± 7.0 x 10
-6

) s
-1

,  as shown in Figure 5.32. The data produces an 

ozonolysis rate constant similar to those observed for the other fullerenes included in this study. 

Further supporting the hypothesis that the ozone molecule limits the rate of reaction, instead of 

features within the exposed surface.  

  

 

 

 

 

 

 

 

 

To determine the rate constant for the decomposition of the primary ozonide, the change 

in peak area versus the total exposure of ozone was plotted, shown in Figure 5.33. The decay 

curve is best fit by the exponential decay equation. The rate constant for the ozonolysis of C84 is 

k = 2.4 x10
-5

 (± 4.1 x 10
-6

) s
-1

. This value indicates the rate at which C84 is oxidized by ozone is 

Figure 5.32: The decay curve for the C84 fullerene film. The 

curve indicates a reaction on the fullerene cages. The ozone 

exposure has been converted to time in order to calculate 

reaction rates. 
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slightly faster than that observed for the smaller fullerenes. However, the results shown for C78 

and C84 are strictly preliminary, until further experiments are performed. Only one ozone 

exposure was performed on these two surfaces because of limited availability of the C78 and C84 

material.  

  

 

 

 

 

 

 

 

Also, the rates of fullerene decomposition and PO formation were compared, giving 

similar values, but not as alike as the values obtained for the other fullerenes studied. While the 

rates do not match exactly, the rates are similar enough to suggest that the ozone interacts with 

C84 via the formation of the primary ozonide species. The observance of an intermediate peak in 

the expected IR region provides reasonable support for this belief. 

 

 

Figure 5.33: The decay curve for the decomposition of the 

primary ozonide of C84. 
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5.5  Rates of Decomposition for C60, C70, C76, C78, C84 

 One of the main objectives of this study was to understand how the rate of ozonolysis is 

affected by the size of the fullerene molecule. By comparing the rate at which C60 is oxidized to 

the rates for all other molecules involved in this investigation, the existence of a trend due to the 

size of the cage can be evaluated. Figure 5.34 shows the rates at which fullerene molecules 

decompose upon exposure to ozone. It is clear from the graph that the fullerenes studied in these 

experiments oxidize at very comparable rates, all having k values within an order of magnitude. 

Interestingly, many other alkenes have been observed to oxidize at similar rates upon exposure to 

ozone; see Chapter 4 for discussion.
99

 This data suggests that the structure of the fullerene is 

irrelevant with respect to the rate of the initial reaction with ozone. 

 

 

 

 

 

 

Figure 5.34: A plot showing 

the ozone oxidation rate of 

fullerenes as a function of 

the cage size. 
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5.6  Summary 

 Chapter 5 covered the study of the larger fullerene molecules, C70, C76, C78, and C84, and 

their reaction with gas-phase ozone. The study found that the ozone oxidation of surface-bound 

C70 occurred in a similar manner as the ozonolysis of C60. A peak exhibiting intermediate 

behavior was observed, most likely due to the primary ozonide of C70. The peak slowly 

decreased throughout the exposure, indicating the species decomposed. With the decrease in this 

peak, product peaks appeared in the spectra. The peaks suggested the formation of ketones, 

anhydrides, and ketenes. The C76 surface reacted readily with ozone as well; the RAIRS spectra 

for this reaction was also consistent with ketone, anhydride, and ketene products. However, 

when C76 was oxidized, a new product peak appeared in the spectra, tentatively assigned to ester 

functionalities. Finally, the ozonolysis of C78 and C84 was more comparable to the ozonolysis of 

carbon nanotubes than that of the smaller fullerenes (C60, C70, C76). No anhydrides were detected, 

presumably because the larger molecules have reactive sites spaced farther apart and they are not 

freely rotating within the film like the smaller fullerenes. 

 The oxidation rates were calculated for each fullerene and the data indicates that 

fullerenes are oxidized at similar rates to other alkenes upon exposure to gas-phase ozone. The 

conclusion that fullerene structure has no impact on the rate of ozonolysis is important in further 

understanding the reactivity of this pollutant.  
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Chapter 6 

Reactions of the Surface-Bound Terbium Endohedrals and Gas-Phase Ozone 

6.1 Introduction 

 The study of functionalized fullerenes began shortly after the initial discovery of the 

unique cage molecules. As with any new molecule, researchers were just as interested in how 

they could modify and alter the chemical properties, as they were in studying the underivatized 

version. The first endofunctionalized fullerene (i.e. functionalization through addition of atoms 

or molecules inside the fullerene cage), La@C60, was synthesized in 1985 by Heath et al. Since 

that time, scientists have been exploring the many possible atoms and molecules which can be 

inserted into different size cages and the resulting chemical properties, which are unique to each 

individual combination. 

 In particular, fullerenes containing the lanthanide elements, a group including both 

Lanthanum and Terbium, have many uses: contrast agents for MRIs, glass catalysts, phosphors, 

magnets, and optoelectronics, to name a few.
107

 Terbium metallofullerenes are among those with 

unique electronic and physical properties and are produced with significantly higher yields than 

many of the other lanthanide endohedrals. Terbium, itself, is an interesting element. Never found 

as a free element in nature, its most abundant species is the oxide, Tb2O3. In fact, the only way 

single Tb atoms have been isolated is by placement into fullerene molecules.
108

 Terbium 

endohedrals are used as optical materials, with prodigious optical properties, including 

luminescence. While the positives of endohedral research and application seem to outweigh the 

negatives, the reality is the potential negative consequences have not yet been considered. From 

the research previously discussed in this document, it has been stated that the ozonolysis of 

fullerenes results in the rupturing of the cage structure, as well as extensive oxidation of the 
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molecule. Terbium is known to readily oxidize, the reason why it is only observed in its oxide 

forms in the environment. Also, the toxicity of Tb and its oxides is not well known, or even 

investigated in detail. Therefore, the objective of the research discussed in this Chapter is to 

determine what happens to the Tb endohedrals structure upon exposure to ozone. Specifically, 

the goals were to determine 1) whether or not the endohedrals were oxidized by ozone, 2) if 

ozone oxidation exposed the Tb, 3) once exposed, if Tb was oxidized by ozone, and finally 4) if 

the newly oxidized Tb desorbed into the gas phase. If the oxidation and subsequent desorption of 

Tb from the ozonolysis of these endohedrals is observed, this research will identify a potential 

source for the release of toxic heavy metals into the environment. 

6.2 Experimental Details 

6.2.1 Materials 

 All chemicals were used as received without further purification unless otherwise noted. 

The Terbium endohedrals were purchased from Bucky USA. Research grade oxygen, ultrahigh 

purity nitrogen, liquid nitrogen, and dry ice were purchased from Airgas Specialty Gases. 

Polycrystalline gold substrates were received from Evaporated Metal Films. Reagent grade 

acetone was obtained from Pharmco-Aaper and Commercial Alcohols. The details of ozone 

synthesis and storage are covered in Chapter 2 and Chapter 4. 

6.2.2 Formation of Terbium Endohedral Surfaces 

 Fullerenes were deposited onto polycrystalline gold slides. The slides were purchased 

from Evaporated Metal Films, Inc. They were made by first depositing a 50 Å thick layer of 

chromium onto a glass slide, then depositing ~1000 Å of Au. The dimensions of the slides are 1” 

x 1” x 0.062”. To clean the Au slides before introduction into the UHV chamber, they were 

submersed in a solution of 70% sulfuric acid and 30% hydrogen peroxide (30%), also known as 
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piranha solution, for ~45 minutes. Warning: Piranha solution is an oxidizing agent which reacts 

violently with organics! Extreme caution should be taken when using this solution! Once the Au 

slides were removed from the piranha, they were rinsed thoroughly with deionized water 

(Millipore Purification Systems, 18.2 MΩ), and then dried completely with UHP nitrogen. After 

drying, the slide was placed into the rapid-transfer load lock of the UHV chamber. After 

transferring into the UHV main chamber, the Au slide was then cleaned with ozone for one hour. 

The piranha solution was used to remove the majority of the hydrocarbons which adsorb to the 

surface from exposure to air. However, once the slide was removed from the solution and re-

exposed to atmosphere, new hydrocarbons adsorbed to the surface of the Au slide. Ozone is a 

very efficient way to remove the hydrocarbons from the surface before fullerene deposition. 

After one hour of ozone cleaning, a background was taken using the freshly cleaned Au slide. 

The background was saved and the Au slide was transferred into the load lock to deposit the 

fullerene of choice. Because the deposition of larger fullerenes required such high temperatures ( 

≥ 1000°C), it was necessary to make the endohedral films via the drop-casted technique.
109

 To 

form a drop-casted film, the Tb endohedral powder was dissolved in methylene chloride. The 

resulting solution was brown in color. After the Au background was cleaned with ozone and then 

transferred back into the load lock, the load lock was vented with UHP N2(g). Once the load lock 

was vented, the sample holder, with Au slide still attached, was removed from the end of the 

transfer arm and placed face up in the load lock. Then several drops of the Tb 

endohedral/methylene chloride solution were placed onto the Au slide. The solvent was allowed 

to evaporate, and then the sample holder was placed back on the end of the transfer arm. The 

sample was transferred into the main chamber, attached to the mount and realigned for IR and 

dosing. 
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6.2.3 Surface Exposure 

 After the fullerenes were deposited onto the Au slide, the slide is transferred back into the 

main chamber. Once the slide is positioned as close as possible to the position it occupied when 

the background was recorded, it is scanned with the IR. Because difference spectra was utilized, 

it is very beneficial to position the slide in the same location before and after deposition, this will 

ensure the baseline is as flat as possible and produce less noise in the resulting spectra. Upon 

proper realignment of the sample, the fullerene surface is scanned to obtain a spectrum of the 

sample before ozone exposure. With an initial spectrum recorded, then saved as a background, 

the first spectrum before opening the ozone doser should be a perfectly flat line positioned 

exactly at 0 on the intensity scale (y-axis). The gas-phase ozone is then introduced into the main 

chamber via the CAD. 

6.2.4 RAIRS Data Acquistion 

 The reaction of gas-phase ozone with surface-bound Terbium endohedrals is followed in 

real-time with a Bruker IFS 66v/S spectrometer. The spectrometer is equipped with a SiC globar 

source, which produces an IR beam. The IR beam is focused onto the Au surface in the middle of 

the UHV chamber at an incident angle of ~86° relative to the surface normal. The detector used 

with the Bruker spectrometer is a mid-range MCT detector (750 - 4000 cm
-1

), that requires 

cooling with liquid nitrogen. Every spectrum shown in this dissertation is produced by the co-

addition of 100 scans acquired over 90 seconds. The resolution was set at 2 cm
-1

 and the scanner 

velocity was held at 20 kHz.  
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6.2.5 XPS Measurements 

 With X-ray Photoelectron Spectroscopy’s ability to detect less than a monolayer ( ~ 0.01 

monolayer), it was an invaluable technique for this study. The Tb endohedral surfaces were 

analyzed with and without exposure to ozone. The XPS analysis was performed with the 

instrument located in the Surface Science lab at Virginia Tech, in the Department of Chemistry. 

The instrument is described in detail in Chapter 2 of this document. All samples were 

characterized at a grazing angle of 15° relative to the surface normal. The Mg Kα anode (1253.6 

eV) was used for all samples studied. The impinging x-rays produce photoelectrons, which are 

subsequently detected with the HA. A survey scan is collected first to get a general idea of the 

elemental composition of the surface. After the survey scan is inspected, individual regions (or 

elements) are focused on with more selective pass energy. 
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6.3 Results 

6.3.1 Surface Characterization 

6.3.1.1 RAIRS 

 The Tb endohedral films were characterized as soon as possible after deposition. Since 

the films were formed via the drop-casting method,
109

 the load lock had to be pumped down into 

the 10
-7

 Torr range before the sample could be transferred into the main chamber. The pump 

down took ~20 minutes. Once in the main chamber the sample was scanned with the RAIR 

spectrometer. The spectrum 

in Figure 6.1 was collected 

for a drop-casted Tb 

endohedrals film on an Au 

slide. The spectrum is very 

similar to the one obtained 

for surface-bound C60. As 

there is no existing IR data 

for surface-bound Tb 

endohedrals, it is difficult to 

determine whether or not 

these peaks are 

representative of the Tb endohedrals (Tb@C82) or some C60 contamination. A peak at 796 cm
-1

 

appears in the IR spectrum that is not present in the spectra for C60. Without further experiments 

(e.g. NMR to confirm purity of Tb endohedral powder used, electronic structure calculations to 

Figure 6.1: The RAIR spectrum of a drop-casted Tb endohedral film on 

an Au slide. 
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support experimentally observed frequencies), assignment of the peak at 796 cm
-1

 to the Tb 

endohedral is only preliminary.  

6.3.1.2 XPS 

 X-ray photoelectron spectroscopy (XPS) was used to confirm the presence of Tb 

endohedrals on the Au surface. Because XPS is a quantitative spectroscopic technique capable of 

detecting as little as 0.1 at% (atomic percent) of an element, it is an ideal method to verify the 

presence of Tb endohedrals on the Au slide. XPS was also especially important in this set of 

experiments because the chamber in which exposures were performed and the chamber in which 

XPS was collected were not the same. Characterizing the endohedral surfaces before and after 

ozone exposure ensured the only oxidation observed was due to interactions with ozone. The 

binding energy values of each observed data region were calibrated using the Au 4f 5/2 peak 

(83.8 eV). 

 The first spectrum, shown in Figure 6.2, depicting the C 1s region, was collected from a 

Tb@C82 film without any ozone oxidation. The spectrum shows a single peak centered at 284.5  

 
Figure 6.2: XPS data recorded for an unoxidized Tb endohedral surface. The spectrum A is the C 

1s region and spectrum B shows data from the O 1s region. 
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eV. The single peak is indicative of 

unoxidized fullerene cages present on 

the surface. However, when the O 1s 

region is explored, a significant peak 

appears at approximately 531 eV. The 

peak observed in the O 1s region is 

most likely due to some Au oxide 

present after cleaning the surface with 

ozone. The peak in the C 1s region 

implies the presence of only unoxidized carbon, therefore the Au oxide is a reasonable 

explanation for the existence of the oxygen peak. Regardless of the fact that there is a peak in the 

O 1s region before ozone exposure, the most important fact is that the carbon remains 

unoxidized. The last region scanned before ozonolysis was the Tb 4d region. In Figure 6.3, the 

Tb 4d region surprisingly does not appear to possess any signal from the Tb enclosed within the 

fullerene cages. Future studies investigating this system could perform TPD to confirm the 

presence of Tb inside the fullerene cages prior to ozonolysis. 

6.3.2 Ozone Exposure 

6.3.2.1 RAIRS 

 The RAIR spectra for the reaction between gas-phase ozone and surface-bound Tb 

endohedral fullerenes are shown in Figure 6.4. More specifically, Figure 6.4 displays difference 

spectra for this gas-surface reaction. As the surface is exposed to continuous ozone, the modes  

Figure 6.3: XPS data showing the Tb 4d region; no 

significant signal from Tb. 
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associated with the fullerene cages appear as negative features, indicating reactions on the cage 

structure. There also appears to be a weak feature at ~ 975 cm
-1

. The peak at lower wavenumbers 

is attributed to a primary ozonide. Product peaks grow in as well; carbonyls, ketenes, and some 

anhydrides. The presence of anhydride peaks, based on the mechanism proposed for C60 

ozonolysis, are a result of significant oxidation and cage cross-linkage. Since the IR data 

indicates that the endohedral cages have been opened as a result of ozone oxidation, it is 

important to determine whether or not there is evidence of Tb oxidation. Overall, the IR spectra 

following the ozone exposure of Tb@C82 were very similar to the same experiment performed 

with C60. The presence of Tb does not appear to affect the reactivity of the external cage or 

product formation. However, this data does not provide insight into possible oxidation of the Tb 

following cage rupture. 

 

Figure 6.4: RAIR spectra for the ozone oxidation of surface-

bound Tb endohedrals. 
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6.3.2.2 XPS 

 The RAIRS data was able to confirm that the surface was significantly oxidized as a 

result of exposure to gas-phase ozone. However, it did not conclusively show whether or not the 

Tb atoms inside the fullerene cages were also oxidized. To determine the oxidation state of the 

Tb atoms, XPS was employed. The Perkin-Elmer XPS (model: 5300), located in the Surface 

Analysis Lab at Virginia Tech, was used to analyze the drop-casted Tb endohedral surfaces. 

Samples were analyzed before ozone exposure and after 7, 15, 30, and 60 minutes of exposure. 

For all samples, the C 1s, O 1s, and Tb 4d regions were scanned. All regions are shown in Figure 

6.5, on the following page. The XPS data provides a great deal of information about this 

ozonolysis experiment. First, the Tb endohedrals can be characterized solely dependent upon the 

XPS signal. The interaction between the C82 cage and the Tb atom inside is electronic charge 

transferring.
110

 A peak at 152 eV is typically indicative of this charge transfer between the rare 

earth metal and the coordinator. Observance of this peak position suggests the Tb signal detected 

initially is due to the atoms present inside the fullerene molecules. As the XPS is collected over 

time, the overall signal in each region decreases as a function of time (i.e. longer exposure to 

ozone). The possibility that some of the oxidation products continuously desorbed into the gas-

phase during exposure must be considered, because significant product signal was not seen in the 

mass spectrometer. The C 1s region (left column), shows as ozone exposure continues, the 

carbon present in the film (fullerene cages) undergoes extensive oxidation. The oxidation is 

characterized by the appearance of a shoulder at higher wavenumbers (286-290 eV).
90

 The O 1s 

peak shape remains relatively unchanged, and mainly appears to decrease in intensity, similar to 

all other peaks observed. Finally, the Tb 4d region possesses the most interesting, and telling, 

information. As shown in Figure 6.3 before ozone exposure, there is no obvious peak due to Tb. 
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After only 7 minutes of dosing with ozone, a significant Tb peak appears at 152.5 eV. The 

immediate appearance of the Tb 4d peak is most likely a result of the oxidation of the fullerene 

cages (i.e. formation and subsequent decomposition of primary ozonides). At 15 minutes of 

ozone exposure, the peak at 152.5 eV decreases in intensity, and there appears to be some small 

increase in signal at 161 eV. It is only after 30 minutes of ozone dosing that a definite peak at 

161 eV has grown in, representing oxidation of the Tb atoms inside the fullerenes. The last data 

collected, after dosing for one hour, implies that the Tb oxides have desorbed into the gas-phase 

and the small amount of signal remaining at 152.5 eV is due to unoxidized Tb still existing 

within the fullerenes.  
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Figure 6.5: The time-resolved XPS study for the ozone oxidation of surface-bound Tb endohedrals. The C 1s 

region is shown on the left, O 1s region in the middle, and Tb 4d on the right. Each spectrum indicates how long 

the sample was exposed to gas-phase ozone before elemental analysis was performed. 
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6.4 Summary 

 The exposure of Tb endohedral surfaces to gas-phase ozone indicates that the reaction 

begins via the formation of primary ozonides on the endohedral cages. The POs immediately 

decompose forming, first, small holes in the fullerene cage structure, but upon further oxidation, 

larger holes. These larger holes are wide enough for ozone to enter the interior of the fullerene 

cage and oxidize the contained Tb atoms. Extensive ozonolysis even appears to promote Tb 

oxide desorption into the gas-phase. The XPS data shows that the reaction occurs in very distinct 

steps: 1) Primary ozonide formation and decomposition (i.e. small hole formation), 2) further 

oxidation at the small hole defects, allowing them to open into larger holes, 3) ozone entrance 

into the core of the cage, resulting in Tb oxidation, and 4) Tb oxide desorption.  To further probe 

the oxidized Tb endohedral surface, TPD could be performed to determine in what state the Tb 

oxides are present in the surface. One possibility is the aggregation of individual Tb oxides to 

form more stable complexes, such as Tb4O7. However, without knowing more about the mobility 

of Tb oxides over oxidized carbonaceous materials, this is only a hypothesis. Perhaps the larger 

oxides are formed as the fullerenes are extensively oxidized, i.e. the formation of the ozopolymer 

allows Tb oxides to form Tb4O7. The final suggested explanation for the oxidized Tb species is 

the formation of Tb carbonyls. Similar to tungsten hexacarbonyl, which possesses a high vapor 

pressure, perhaps Tb carbonyls are formed and desorb into the gas-phase. The concern with this 

potential product is the harmful nature of such complexes. 

 The data discussed in Chapter 6 raises concerns as to the environmental fate of 

endohedrals. These results demonstrate the need for further studies involving prominent 

pollutants and endohedrals containing heavy metals and other potentially harmful 

atoms/molecules. While the contained species may not be dangerous in their pure form, it is 
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important to know what damage the products of these environmentally relevant reactions may 

cause. 
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Chapter 7 

Summary and Conclusions 

7.1  Summary 

 The main goal of this research was to develop a fundamental understanding of the 

mechanism and kinetics of the gas-surface reaction between gas-phase ozone and surface-bound 

fullerenes. Fullerenes are frequently studied and employed in numerous areas of research and 

industry. Their recurrent utilization requires large-scale manufacturing, which will result in a 

larger abundance of the molecules in the troposphere. Therefore, the reaction of fullerenes with 

molecules common to the troposphere, such as pollutants, requires some attention. 

Understanding the gas-surface reactions between oxidizing gases, such as ozone, and fullerenes 

is crucial to predicting their influence and impact on the environment. 

 In order to investigate this system, fullerene surfaces were formed in a high vacuum 

environment. The load lock chamber was modified with a crucible evaporator and an additional 

transfer arm allowing in vacu cleaning of the Au surface, followed by fullerene deposition, 

subsequent exposure to ozone, and finally analysis. Fullerene film formation in vacuum helped 

to minimize contamination of the system. The surfaces were exposed to gas-phase ozone and 

simultaneously monitored with reflection absorption infrared spectroscopy and mass 

spectrometry. Post-analysis was performed with x-ray photoelectron spectroscopy. 

 Five separate fullerene surfaces, C60, C70, C76, C78, and C84, were studied in these 

experiments. The vibrational spectra of each fullerene were characterized with RAIRS and 

density functional theory calculations. The IR spectra for C60 and C70 agreed well with current 

reports and the calculations produced frequencies and intensities similar to those observed during 

experimentation. The close agreement between collected IR data and the calculated frequencies 

suggests that C60 and C70 exist as freely-rotating molecules within the fullerene films, exhibiting 
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vibrational characteristics of gas-phase molecules. The rotating behavior has been observed in a 

number of other studies, and is well documented in the literature.
56a,b 

The three larger fullerenes, 

while there are some similarities between the experimental and computational data, and existing 

studies, require more research to definitively assign the IR spectra. It is possible that some of the 

difficulty associated with the characterization of the higher fullerenes was due to the 

temperatures required for vapor deposition. Larger fullerenes are particularly susceptible to the 

Stone-Wales Transformation, a stabilization mechanism of fullerenes, especially above 700 

°C.
70-71, 111

 Because the films were characterized immediately after deposition, it is possible that 

these structural rearrangements were still active, adding complexity to the IR spectra. 

Development of a better deposition procedure is suggested.  

 After IR characterization, the fullerenes films were exposed to gas-phase ozone. A great 

detail of focus was given to C60 and ozone. Using RAIRS, the formation and subsequent 

decomposition of the primary ozonide of C60 was detected and identified. A prominent peak, 

exhibiting intermediate behavior, was observed at 977 cm
-1

. It was hypothesized that the peak 

was representative of the primary ozonide. In order to confirm the assignment, isotopically-

labeled experiments were carried out, using 
18

O3. Exposure of the C60 film to 
18

O3 resulted in a 

red shift of the observed peaks. The shift was assessed with electronic structure calculations, also 

performed with 
18

O3. While the calculations did support the hypothesis that 977 cm
-1

 was due to 

the primary ozonide, more conclusive evidence was provided by comparing the rate of formation 

of the peak at 977 cm
-1

 to the rate of decay of C60 (decrease of the peak at 1428 cm
-1

). Therefore, 

with significant confidence, the peak at 977 cm-1 is assigned to the primary ozonide of C60 

(C60O3). Upon decomposition of the PO, the Criegee Intermediate is formed, which can 

rearrange to form epoxide, ether, or ketone functionalities, or it can react with another impinging 
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ozone molecule and form anhydrides and ketenes. The ketene formation was confirmed by 

dosing NH3 and observing predicted products. Extensive oxidation of the fullerene surface leads 

to the formation of an ozopolymer of the top ~10-20% of the overall film. The ozopolymer 

appears to protect the underlying film from further oxidation, a behavior also seen by Cataldo 

while studying the oxidation of solid C60 via ozone.
11d

 Some slow penetration of ozone into the 

bulk of the film is seen with continuous ozone exposure but this happens over hours (~5-10 

hours), as opposed to seconds. XPS showed three different oxidation states of carbon, one 

attributed to the C-C bonds of the fullerene cages, the second a result of the C-O bonds, and the 

third, representing C=O bonds.  

 The kinetic analysis revealed an initial reaction probability of 1.4 x 10
-3

, if all 30 double 

bonds of the C60 cage are consumed, or 4.8 x 10
-5

, if only one site is consumed per cage. The 

assignment of peak 977 cm
-1

 to the primary ozonide was further supported by evaluating the rate 

of fullerene cage decomposition versus the rate of appearance of 977 cm
-1

. Precisely as the cages 

were reacted, the peak at 977 cm
-1

 was appearing in the spectrum. This correlation indicates that 

these species have a first-order dependency upon one another, as would be expected for an 

alkene and primary ozonide species. Finally, temperature-dependent studies to calculate 

activation energies for the formation and decomposition of the primary ozonide were carried out. 

The data implies small barriers to the formation and decomposition of the PO. These results add 

important information to the existing studies of C60 and ozone. Specifically, they confirm the 

hypothesis that ozone reacts with fullerenes in the same manner as with other alkenes; via the 

formation of the primary ozonide. They also provide kinetics for this initial reaction and allow 

for an assessment of the reactivity of C60 and ozone versus other unsaturated organics.  
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 Perhaps the most interesting implications of this work are yet to come. The data reported 

herein was also compared with data collected from the Marr Research Group in the 

Environmental Engineering Department at Virginia Tech. The Marr Group prepared C60 aerosols 

and exposed them to atmospheric concentrations of ozone. The oxidized aerosols were then 

deposited onto Au slides and analyzed in the UHV chamber using RAIRS. Intriguingly, similar 

products, specifically, the monoepoxide (C60O), were observed in both samples. Assessment of 

the UHV and environmental studies in parallel provides a great deal of insight into the 

environmental fate of C60, especially in the atmosphere. The next research effort for this system 

should evaluate the ozonolysis products in regards to health implications. 

 The ozonolysis of larger fullerenes found that the oxidation of surface-bound C70 was 

very similar to the results collected for the ozonolysis of C60. A peak exhibiting intermediate 

behavior was observed, most likely due to the primary ozonide of C70. The peak slowly 

decreased throughout the exposure, indicating the species decomposed. With the decrease in this 

peak, product peaks appeared in the spectra. The peaks suggested the formation of ketones, 

anhydrides, and ketenes. The C76 surface reacted readily with ozone as well; the RAIRS spectra 

for this reaction was also consistent with ketone, anhydride, and ketene products. However, 

when C76 was oxidized, a new product peak appeared in the spectra, preliminarily assigned to 

ester functionalities. Finally, the RAIRS data suggested the ozonolysis of C78 and C84 were more 

comparable to the ozonolysis of carbon nanotubes. No anhydrides were detected, presumably 

because the larger molecules have reactive sites spaced farther apart and they are not freely 

rotating within the film like the smaller fullerenes. 

 Lastly, the ozone oxidation of Terbium endohedrals was studied. This study was 

motivated by the hypothesis that upon exposure to ozone, surface-bound endohedrals would 
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oxidize, resulting in a rupture of the fullerene cage. Once the cage was ruptured the ozone could 

oxidize the Tb inside. The XPS data suggests that this hypothesis is correct. The fullerenes were 

oxidized as a result of exposure to ozone, followed by the oxidation of Tb. The final observation 

in this study was the disappearance of the Tb signal in the XPS data. It is possible that, once 

oxidized, the Tb desorbs into the gas-phase. 

7.2 Environmental Impacts 

 The data presented in this document indicates that the ozone oxidation of fullerenes at the 

gas-surface interface occurs readily. The fullerenes experience extensive oxidation, similar to 

that which has been observed in the solution phase.
11a, 11f

 The eventual product of the oxidation is 

a water-soluble material known as the ozopolymer. The conversion of fullerenes from a 

hydrophobic species to a hydrophilic species is of serious concern, especially since the impacts 

of oxidized fullerenes have not been thoroughly investigated. It is interesting to note that 

comparable products were formed between solution phase experiments and the exposures 

performed in ultrahigh vacuum. This data demonstrates ozone’s affinity for unsaturated sites. 

 One other product observed was the ketene. The ketene is known to be unstable in 

atmosphere, so its formation in the ozonolysis of fullerenes is an important discovery. When the 

reaction occurs at atmosphere, the ketene product can be considered an additional reactive site 

for other numerous species.  

7.3 Future Studies 

 Future studies of these systems will help to develop the story included in this document 

and confirm the proposed assignments and mechanisms. The intermediates of C60 and O3 can be 

conclusively identified with further isotopic studies, including all combinations of 
18

O and 
16

O 
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ozone. The isotopic studies should be supported with detailed calculations. It would be 

interesting to repeat the temperature-dependent studies over a larger temperature range and 

quantitatively determine the activation energies for the formation and decomposition of the 

primary ozonide. If the larger fullerenes are studied further, the surface coverage for each 

fullerene should be determined, so as to calculate an initial reaction probability with ozone. 

Finally, temperature programmed desorption should be carried out on the oxidized Tb 

endohedrals in order to detect any remaining Tb oxides on the surface; a supporting argument for 

the conclusions made in Chapter 6.  

7.4 Conclusions 

 Ultrahigh vacuum studies of the ozone oxidation of surface-bound fullerenes have 

revealed information, not only about this gas-surface reaction, but also the general mechanism 

for ozone’s reaction with fullerenes. These experiments conclude that ozone reacts with 

fullerenes via a cycloaddition reaction in which ozone adds across a double bond on the fullerene 

structure. This data helps further the knowledge of ozone’s reactivity with carbonaceous 

nanomaterials.  
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Appendix 

8.1 IR Assignments for Unoxidized C60 Film 

Identification Lit. Calc. Value
29

  

(cm
-1

) 

Lit. Expt. Value
29

  

(cm
-1

) 

Expt. Value (cm
-1

) 

Hg(2) + Hu(1) 775 774.7 774.3 

Hu(1) + Gg(2) 963.5 961.7 961.9 

Gu(2) + Hg(1) 1033 1036.9 1038.0 

Hg(5) – isotopically-

induced 

1101.0 1099.6 1100.4 

F2u(2) + Hg(2) 1112.5 1114.0 1114.9 

Hg(4) + Hu(1) 1117.5 1114.0 1117.6 

Au(1) – isotopically-

induced 

1143.0 1141.0 1142.2 

F2u(2) + Gg(1) 1166 1164.1 1164.6 

F1u(3) – IR active mode 1182.9 1182.9 1183.0 

Gu(3) + Hg(1) 1197 1196.9 1197.7 

Gg(3) + Gu(1) 1205.5 1203.7 1204.5 

F2g(2) + Hu(1) 1207.5 1213.3 1213.8 

Hg(2) + Hu(4) 1233.5 1234.5 1234.9 

Gu(4) + Hg(1) 1243 1242.2 1241.7 

F2g(3) + Hu(1) 1256.5 1258.6 1259.1 

Gg(1) + Hu(4) 1287 1289.4 1291.5 

F1g(1) + Hu(4) 1303 1306.8 1306.8 

F2g(1) + Gu(2) 1326.5 1329.9 1329.1 

Hg(4) + Hu(2) 1338 1342.5 1343.2 

F1u(4) – IR active mode 1429.2 1429.2 1429.4 

F2u(3) + Hg(2) 1458.5 1462.0 1462.9 

Ag(2) – isotopically-

induced 

1470.0 1468.7 1468.9 

F2g(3) + Hu(2) 1477 1479.3 1479.2 

F2u(2) + Gg(3) 1486 1483.2 1484.4 

Gu(1) + Hg(5) 1500.5 1495.7 1497.1 

F1g(2) + F1u(4) 1502 1501.5 1502.7 

Gg(6) – isotopically-

induced 

1524.5 1523.7 1525.4 

Gu(2) + Hg(4) 1535 1531.4 1533.2 

F1g(2) + Hu(2) 1538.5 1538.1 1538.9 

Gg(2) + Gu(3) 1545 1545.8 1545.8 

Hg(4) + Hu(4) 1576 1570.9 1572.0 

Gg(3) + Hu(4) 1607 1607.5 1609.8 

3F1u(2) 1727.4 - 1724.2 

Gu(4) + Hg(4) 1745 1746.3 1746.8 

F2u(2) + Hg(5) 1781 1779.1 1779.3 
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Identification Lit. Calc. Value
29

 

 (cm
-1

) 

Lit. Expt. Value
29

  

(cm
-1

) 

Expt. Value (cm
-1

) 

F2g(2) + Gu(3) 1789 1789.7 1790.6 

F2u(3) + Hg(4) 1801 1806.1 1807.5 

Hg(2) + Hu(6) 1817.5 1815.7 1816.7 

F1u(2) + Hg(6) 1826.8 1824.4 1828.0 

F2g(3) + Gu(3) 1838 1841.8 1842.1 

F2u(2) + Hg(1) 1849.5 1851.4 1852.7 

Hg(4) + Hu(5) 1892 1890.9 1897.9 

F1g(3) + F1u(2) 1933.3 1934.3 1935.6 

F1u(3) + Hg(4) 1957.9 1957.4 1956.5 

Gu(1) + Hg(8) 1977 1976.7 1977.1 

Hg(7) + Hu(2) 1989.5 1988.3 1989.5 

Ag(2) + F1u(1) 1996.5 1994.1 1995.3 

F2g(1) + Gu(6) 2012.5 2016.2 2013.1 

Gu(5) + Hg(3) 2021 2023.9 2018.2 

Gu(3) + Hg(5) 2025 2023.9 2024.8 

Gu(4) + Hg(5) 2071 2075.0 2076.9 

Gu(5) + Hg(4) 2085 2083.7 2084.8 

Hg(3) + Hu(6) 2096 2097.2 2098.9 

F2g(4) + Gu(2) 2120 2120.3 2121.2 

F1u(4) + Hg(3) 2140.2 2134.8 2136.9 

F2g(4) + Hu(4) 2161 2163.7 2164.9 

Gu(3) + Hg(6) 2175 2174.3 2176.3 

Gg(3) + Hu(6) 2191 2189.7 2191.4 

F1u(4) + Hg(4) 2204.2 2202.2 2204.3 

Hg(7) + Hu(4) 2227.5 2234.1 2225.9 

Hg(8) + Hu(3) 2273.5 2271.7 2273.3 

F2u(5) + Hg(3) 2287.5 2290.0 2290.8 

Gg(5) + Gu(4) 2326 2326.6 2328.4 

Gu(3) + Hg(7) 2350.5 2346.8 2349.0 

Gg(4) + Gu(5) 2385.5 2388.3 2389.6 

F2u(5) + Hg(5) 2677.5 2675.5 2677.0 

Gu(5) + Hg(7) 2736.5 2735.3 2736.6 

Gg(6) + Hu(6) 2909.5 2908.8 2910.1 
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