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Alec Thomas Wagner

ABSTRACT

Heterogeneous reactions between gas-phase oxidants and particulate-phase organic compounds
impact many important atmospheric chemical processes. For example, little is known about the 
reaction dynamics of gaseous oxidants with organic compounds found in the atmosphere. The 
first step of the reaction between gaseous ozone and solid pentacene was investigated using 
Reflection Absorption Infrared Spectroscopy (RAIRS).  Ozone was found to add to pentacene 
non-selectively and form a range of products after heavy ozone exposure. The rate limiting step 
had an activation energy of 17 kJ/mol, which is consistent with the findings of previous ozone 
oxidation studies for the cleavage of a carbon-carbon double bond. Unfortunately the products
could not be used to distinguish between probable reaction mechanisms.

Hydroxyl radicals (·OH) play a major role processing atmospheric hydrocarbons.  Due to their 
short lifetimes, not much is known about the dynamics of the first steps of ·OH reactions. To 
investigate these reactions, a rotational state-selector was constructed to filter a molecular beam 
of ·OH for reaction dynamics investigations with organic surfaces. The rotational state-selector 
was designed to leverage the linear Stark effect to pass only suitable molecules in a particular 
rotational state and block the flow of any other atoms, molecules and ions in a molecular beam.
The state-selector was validated and used to positively deflect molecular beams of methyl iodide 
and D2O via the linear Stark effect. Future studies with the rotational state-selector will 
investigate the initial steps of ·OH reactions with solid organic compounds.
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Chapter 1 Introduction and Motivation

Thesis Statement

This thesis presents results on the reaction dynamics of oxidizing gases found in the 

atmosphere, namely ozone and hydroxyl radicals, with solid phase organic substrates.  This 

chapter will introduce some of the important concepts, reactions and experimental approaches 

used in the research detailed in the following chapters, then introduce you to the goals of this 

research.  Briefly, this research was conducted to:

determine the products formed from the reaction of gas-phase ozone and solid pentacene

determine the mechanism of the reaction between gas-phase ozone and solid pentacene

construct and validate a rotational state-selector using an electrostatic hexapole

Chapter 2 will detail the experiments used to investigate the reaction of ozone with pentacene, 

including product identification, kinetic analysis and mechanism postulation.  Chapter 3 follows 

the story of the construction of the rotational state selector and its validation trials.

1.1 Ozone

1.1.1 Background

Ozone is a reactive allotrope of oxygen composed of three oxygen atoms covalently 

bound to each other.  The molecule is polar and adopts a bent conformation (C2v) as predicted by 

VSEPR theory for a closed-shell species with 18 valence electrons.  Though the ozone molecule 

has a closed valence shell, computing the formal charge on each oxygen atom leads to several 

resonance structures that can have paired positive and negative formal charges on neighboring

oxygen atoms.  These paired charges contribute to the oxidative reactivity of the ozone molecule.  

Ozone is present in the troposphere in low concentrations and the stratosphere in the ozone layer, 

where ~90% of atmospheric ozone is found.1,2 Interestingly, stratospheric ozone is selectively 
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enriched in 17O, 20 – 40% more 17O than predicted based on isotopic ratios.3,4 Stratospheric 

ozone is enriched in 17O because O-O bonds in ozone vibrate at a slightly lower frequency when 

17O is one of the oxygen atoms.  A lower frequency vibration corresponds to a slightly stronger 

bond with isotopes, so 17O enriched ozone is more stable, making it more abundant.

Figure 1.1.  Ozone resonance structures.

1.1.2 Importance

Ozone plays several important roles in our atmosphere that have influenced the way the 

atmosphere moves water and the forms of life that exist on Earth.  In the stratosphere, oxygen in 

its molecular forms (O2 and O3) absorbs large quantities of high energy UV light that would 

otherwise reach Earth’s surface.2 Since the high energy light is absorbed in the upper layers of 

the atmosphere, life has been allowed to flourish on land for the last 300 million years.1,2 High

energy UV light can damage the DNA of land-based life and, specifically in mammals, can cause 

skin cancer.1,2 Ozone, as a strong oxidant, processes certain nonpolar organic compounds and 

aerosols found in air into oxidized, polar forms which can coalesce into larger particles.  Large 

particles can be removed from the atmosphere through dry deposition when they reach a 

sufficiently large size.  Alternately, oxidized particles in the atmosphere can act as cloud 

condensation nuclei and can be removed from the atmosphere through wet deposition processes, 

like rain and snow.1,2
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1.1.3 Formation

Ozone plays several important roles in the oxidative balance of the troposphere.  First, it 

is a strong oxidant, reacting with almost every unsaturated organic molecular species found in 

the atmosphere (see Section 1.1.5).2 Second, ozone is also necessary for the formation of the 

other two of the most important atmospheric oxidants: hydroxyl radicals and nitrate radicals.2

Ozone is produced in large quantities in the atmosphere, mostly in the stratospheric ozone layer, 

by the following photocatalytic pathway by UV light with energy above 5eV and collision with 

an unreactive species, M.1,2 The role of the collision partner, M, is to remove excess vibrational 

energy from the ozone molecule to prevent dissociation.

O2 + h 2 O

O(3P) + O2 O3

Figure 1.2.  Primary ozone formation pathway.

Stratospheric ozone is formed in the tropics in the high troposphere and migrates upward into the 

stratosphere during convective mixing of the troposphere and stratosphere.  Once in the 

stratosphere, ozone travels to the high latitudes by Brewer–Dobson circulation, where it is at its 

most concentrated.1,2

The oxygen atoms produced in Figure 1.2 can both be O(3P) or they can be a mixture of 

O(3P), O(1D) and O(1S), depending on the energy of the light absorbed.1,2 The two types of 

excited singlet oxygen can both decay to the ground state O(3P) by colliding with an inert gas in 

the atmosphere.  The singlet atomic oxygen species usually do not directly form ozone because 

they would form vibrationally hot ozone, which readily dissociates into atomic and molecular 
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oxygen.  In industrial or urban environments, the O(3P) necessary to form ozone can be produced 

through the photolysis of NO2 by light shorter than 420 nm:2

Figure 1.3.  Formation of ozone and other oxidants in a photochemical smog event.

1.1.4 Atmospheric Concentrations

Ozone concentrations in the troposphere vary depending on the concentrations of other 

tropospheric pollutants in an area.  In remote regions, like the high arctic, tropospheric 

concentrations of 30 – 40 ppb are common because ozone can be formed in one location and can 

travel very large distances through the atmosphere without reacting if there are no unsaturated 

species to react with.2 In rural/suburban areas, ozone concentrations are typically between 80 –

150 ppb and can commonly reach or exceed 500 ppb (a flux of ~1013 molecules/(cm2*sec)) in 

highly polluted urban areas.1,2 These high concentrations arise from the formation of ozone in 

photochemical smog events driven by nitrogen oxides coming from car exhaust and other 

combustion sources.  Ozone occurring in the stratospheric ozone layer has a local concentration 

of 2 – 8 ppm ranging from low to high latitudes.1,2

1.1.5 Reactions

Ozone is highly reactive toward alkenes.  As evidenced in Table 1.1, the tropospheric 

lifetime of a representative alkene in the presence of ozone is extremely short, indicating the high 

reactivity of ozone with alkene double bonds.  The ozone oxidation begins with ozone attacking 
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both carbons involved in the alkene double bond, converting the carbon – carbon double bond 

into a single bond and forming two carbon – oxygen single bonds in a structure known as a 

primary ozonide, or molozonide, which has a 1,2,3–trioxolane structure.5,6 This reaction is a 

between the HOMO of the alkene and the LUMO of ozone.6-8 Primary ozonides are extremely 

unstable species and decompose into a neutral ketone or aldehyde and a carbonyl oxide species, 

known as a Criegee intermediate, via a “cycloreversion reaction”6,9 unless cooled to cryogenic 

temperatures.

Organic Compound ·OH Oxidation
(0.1 ppt ·OH)

O3 Oxidation
(100 ppb O3)

n-Butane 5 days
trans-2-Butene 4.3 hours 36 minutes

Acetylene 14 days
Toluene 2 days

Formaldehyde 1.2 days

Table 1.1.  Estimated tropospheric lifetimes of representative organics.
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Figure 1.4.  Ozone oxidation of a generic alkene and decomposition of the primary ozonide into 

a carbonyl product and the Criegee intermediate.

After this decomposition, the neutral carbonyl species and the Criegee intermediate can 

go through a number of complex reaction pathways, leading to a number of other intermediates 

and products.6 In the case of unhindered alkenes, after the Criegee intermediate and the neutral 

carbonyl species are formed, they can recombine to form a secondary ozonide species, which has 

a characteristic 1,2,4–trioxolane structure.6 Secondary ozonides are remarkably stable compared 

to primary ozonides and are one of a range of products of ozone oxidation that are routinely 

detected.6,10-14

Figure 1.5.  Formation of a secondary ozonide.
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Studying the reactions of alkenes with ozone has led to several important insights into 

atmospheric chemical and physical processes.  Fiegland and coworkers15 found that vinyl 

terminated self-assembled monolayers react with ozone to rapidly form highly oxidized carbonyl 

species at the gas – surface interface.  Fiegland theorized that through continued exposure to 

ozone, the vinyl groups were oxidized to carboxylic acids and finally dehydrated to form acid 

anhydride groups, which link two alkanethiol chains together.  Highly oxidized species like 

carboxylic acids can coalesce and act as cloud condensation nuclei.  Under the right conditions, 

ozone oxidizes alkenes into polar species which coalesce into small particulates and can act as 

cloud condensation nuclei.11,12,16 Two researchers, Leather and Stokes, and their coworkers have 

found that changing the structure of the alkene leads to predictable changes in both the reaction 

kinetics and the intermediates formed.17-19 However, both studies found that different 

diastereomers of the same compound have drastically different reaction kinetics17-19 and that an 

isomer which leads to a thermally stable Criegee Intermediate will lead to particulate 

formation.13,16

1.2 Hydroxyl Radicals

1.2.1 Background

Hydroxyl radicals are highly reactive gas-phase oxidants that can be found throughout the 

atmosphere.  Atmospheric hydroxyl radicals are mainly found in the troposphere and have very 

short lifetimes, on the order of one second, due to their high reactivity.2 These radicals play an 

important role in mediating the concentrations and geographical distributions of both 

atmospheric pollutants and greenhouse gases.1 All partially and fully reduced gases are oxidized 

to their most oxidized forms, like carbon dioxide, by successive oxidations with hydroxyl 

radicals.  Some gases, like methane and chlorofluorocarbon refrigerants can only be decomposed 
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in the atmosphere by free radicals because they are extremely resistant to oxidation.  For 

example, methane has an atmospheric lifetime of approximately 5 years for oxidation by 

hydroxyl radicals because the hydrogen abstraction reaction is thermodynamically unfavorable.20

1.2.2 Formation

Hydroxyl radicals can be formed through a variety of reactions, although the major 

sources are due to the photolysis of a number of atmospheric species, most importantly 

molecular oxygen.  Because they are produced primarily through photolysis, the majority of 

hydroxyl radicals are produced during daylight hours.  The largest photolytic source of hydroxyl 

radicals in the troposphere is from the photolysis of ozone in the following series of reactions 

(Figure 1.6) by UV light shorter than 336 nm:1,2

O3 + h O2 + O(1D)

O(1D) + H2O 2 ·OH

HONO + h ·OH + NO

H2O2 + h 2 ·OH

Figure 1.6.  Photochemical production of hydroxyl radicals.

Not all O(1D) atoms are converted to hydroxyl radicals in the atmosphere because of an 

electronic deactivation pathway to O(3P) that can occur upon collision with an inert gas-phase 

species.  In fact, only about 10% of the O(1D) produced is converted to hydroxyl radicals at 

ground level.2 Two other pathways that produce hydroxyl radicals in industrial and urban areas 

are the photolytic decompositions of nitrous acid and hydrogen peroxide by UV light shorter 

than 370 nm (see Figure 1.6 above).1,2 Finally, hydroxyl radicals can be produced through 
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chemical pathways involving other atmospheric oxidants like nitrate radicals and ozone.21,22

These pathways lead to a very small concentration of non – photolytically derived hydroxyl 

radicals found in the atmosphere at night.

1.2.3 Atmospheric Concentrations

Average hydroxyl radical concentrations are on the order of 106 molecules/cm3 (~10-4

ppb) during the day (based on absorption spectroscopy)2, when the photolytic sources of the 

radicals are active.  During the night, when non – photolytic sources of hydroxyl radicals are 

dominant, the concentrations are typically 5% or less of the concentrations during the daytime.2

Hydroxyl radical concentrations vary based on the local sources of pollutants and organic 

compounds that react with hydroxyl radicals, which can significantly change their 

concentration.1,2 During a smog episode in the Los Angeles basin, the hydroxyl radical 

concentrations can vary by two or three orders of magnitude depending on the time of day.2 In 

the morning, hydroxyl radical concentrations decrease as the radicals react with volatile organics 

emitted from engine exhaust.  Over the course of the afternoon hydroxyl radical concentrations 

rise dramatically because volatile organic (as alkenes) and ozone concentrations peak, then 

decrease as they react with each other to generate hydroxyl radicals.

1.2.4 Reactions

Hydroxyl radicals in the atmosphere can initiate a wide variety of reactions with just 

about any other molecule they encounter.  The simplest of these reactions is a hydrogen atom 

abstraction from any organic compound to form water and an alkyl free radical.

Figure 1.7.  Butane oxidation by a hydroxyl radical.
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Hydrogen atom abstraction is the only appreciable pathway for decomposition of 

alkanes23-26 and partially hydrogenated halocarbons27-29 available in the troposphere.  Hydroxyl 

radicals are the most efficient and widespread oxidant to perform this reaction and lead to 

relatively the short atmospheric lifetimes for tropospheric alkanes for reaction with hydroxyl 

radicals compared to reaction with ozone (see Table 1.1).  Hydrogen atom abstractions have 

extremely low reaction barriers, on the order of 5 J/mol.27,30 The products of hydrogen atom 

abstractions are favored because the alkyl radical is more stable than the hydroxyl radical due to 

resonance and because forming water as a product is very thermodynamically favorable.31 One 

final note on the hydroxyl radical – alkane reactions: as the alkane chain length increases, the 

tropospheric lifetime of the alkane decreases because the alkyl radical stability increases with the 

increase in chain length, due to bonding to other organics and subsequent deposition.32

Hydroxyl radicals can react very rapidly with another class of important tropospheric 

hydrocarbons, alkenes, through their carbon – carbon double bonds, in addition to abstracting a 

hydrogen atom.33,34 The hydroxyl radicals attack one of the carbon atoms in the double bond and 

form a carbon – oxygen single bond, while simultaneously breaking the carbon – carbon double 

bond.32,35,36 Once the double bond breaks, the other formerly double bonded carbon atom is left 

with an unpaired electron, making it an alkyl radical.  The alkyl radical can undergo 

rearrangement and hydrogen atom transfer to form the most thermodynamically stable organic 

radical.35 The newly formed alkyl radical can go on to remove other organic compounds from 

the troposphere by oxidizing them.  The same relationship between chain length and alkyl radical 

stability shown for alkanes also applies to alkenes.32
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Figure 1.8.  Trans-2-butene oxidation by a hydroxyl radical.

1.3 PAHs and Carbon Nanomaterials

1.3.1 Background

Polycyclic aromatic hydrocarbons (PAHs) are organic compounds made up of two or 

more aromatic rings fused together in a planar geometry.  The aromatic rings contain a number 

of unsaturated sites that are susceptible to attack by oxidizing compounds.  PAHs tend to be 

nonpolar, unless heteroatoms have been incorporated into their structure.  Their planar structures 

allow PAHs to stack on top of each other efficiently and form large aggregates in polar solutions 

and in air.  Another important property of PAHs is that their vapor pressures vary linearly with 

the number of rings in the compound.  For example, at conditions found in the troposphere, small 

PAHs like naphthalene and anthracene have appreciable vapor pressures and can be dispersed 

homogeneously in air.2 However, large PAHs like coronene and pentacene have very low vapor 

pressures and, rather than being dispersed in air, are deposited on existing particles or coalesce 

into carbonaceous aggregates.1
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Figure 1.9.  Structures of PAHs commonly found in the troposphere.

1.3.2 Formation

PAHs and other carbonaceous materials are produced through a variety of anthropogenic 

and natural processes, including fossil fuel combustion, forest fires, lightning strikes and 

volcanic eruptions.  Their main source is the incomplete combustion of organic materials, where 

the largest culprits are fossil fuel burning and forest fires.1,2 The common thread linking all of 

these emission sources is that they create the high temperatures necessary to burn carbonaceous 

material, but lack enough oxygen to produce carbon monoxide or carbon dioxide.  The PAHs 

emitted from incomplete combustion processes emerge in a broad distribution of sizes ranging 
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from naphthalene and anthracene up to huge graphene-like sheets consisting of several hundred 

aromatic rings, fullerenes or carbon nanotubes.  PAHs and carbon nanomaterials of all shapes 

and sizes are toxic, carcinogenic and/or mutagenic to humans.  The extreme toxicity of PAHs 

comes from a structural motif, called a bay, which can accommodate multiple oxygenated 

functional groups and allow the oxidized PAH to bind to DNA.  The most notable and studied 

PAH with a bay motif is benzo[a]pyrene and its oxidized analogue 9,10 –

tetrahydrobenzo[a]pyrene.37 Long carbon nanotubes have been shown in animal studies to be at 

least as carcinogenic as asbestos fibers.38

Figure 1.10.  Benzo[a]pyrene conversion to 9,10 –

by mammalian enzymes.

1.3.3 Atmospheric Concentrations

Atmospheric PAH concentrations are typically quantified by their mass in a volume of air 

(e.g. 50 ng/m3).  The concentrations are dependent on local sources of the PAHs, like coal or oil 

power plants and engine exhaust.  The lightest PAHs, like naphthalene, are the most likely to be 

emitted due to their small size and simple structure and these PAHs make up the vast majority of 

PAHs found in the atmosphere.  Light PAHs also have the highest vapor pressures and can be 



14

found as free gas-phase molecules in the atmosphere.  A few heavier PAHs are emitted in 

significant quantities due to their inherent structural stability and are mainly found adsorbed to 

particulates suspended in the atmosphere.  A typical distribution of PAH concentrations from the 

Los Angeles basin during a smog episode is shown in Table 1.2.

Compound Molecular 
Weight (Da)

Total 
Concentration 

(ng/m3)

Gas-Phase 
Concentration 

(ng/m3)

Adsorbed-Phase 
Concentration 

(ng/m3)
Naphthalene 128 6000 6000 0
Fluorene 166 29.8 29.8 0
Phenanthrene 178 50.3 50.3 0
Anthracene 178 3.04 3.04 0
Fluoranthene 202 9.85 9.78105 0.06895
Pyrene 202 7.3 7.227 0.073
Chrysene 228 0.78 0.4368 0.3432
Benzo[a]pyrene 252 0.14 0 0.14

Table 1.2.  Concentrations of PAHs during a smog episode in the Los Angeles basin in 1993. 

1.3.4 Reactions

Directly after emission, PAHs are almost exclusively nonpolar compounds, but during 

their journey through the atmosphere they are increasingly oxidized by compounds like free 

radicals, ozone and nitrogen oxides.  After oxidation begins in the atmosphere, the newly formed 

polar groups interact with polar gases and with each other forming water droplets and 

carbonaceous aerosols.39 Large particles made up of oxidized PAHs and polar gases are 

removed from the troposphere through both dry and wet deposition processes.2

1.3.4.1 Ozone Reactions with PAHs

For reactions of ozone with aromatic compounds, the initial steps are the same as shown 

in Figure 1.4 above:  ozone adds across a double bond to form the primary ozonide, then 
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undergoes thermal decomposition into a carbonyl species and a Criegee Intermediate.  Unlike the 

general alkene mechanism discussed above (Section 1.1.5), the rigid structures of aromatic 

organics limit the next reaction steps because the neutral carbonyl and Criegee Intermediate 

cannot diffuse away from each other.  These next steps involve the emission of oxygen species 

from the Criegee Intermediate or Criegee Intermediate rearrangement to form another neutral 

carbonyl species or an ether or epoxide moiety.

Figure 1.11.  Possible oxygenated species formed by decomposition of the primary ozonide 

derived from a PAH.
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Ozone oxidation of PAHs of all sizes and shapes have been carried out to determine the 

reaction kinetics, thermodynamics and mechanisms.  The easiest class of PAH oxidation 

reactions to investigate are those that take place in solution.  PAH – ozone oxidation reactions 

yield a wide range of carbonyl compounds,14,40-42 especially aldehydes, ketones and carboxylic 

acids.  Due to solvent collisions in solution, primary ozonides can decompose into epoxides 

without forming the Criegee Intermediate by emitting molecular oxygen.41 The products of PAH 

– ozone oxidation in solution can be readily separated and identified by chromatographic 

methods14,41 and the destruction of the PAH can be followed by UV – Vis spectroscopy.40-42

As mentioned above, most PAHs have sufficiently low vapor pressures that they will 

spontaneously form aggregates or deposit themselves on the surface of an atmospheric particle or 

aerosol.  With this information in mind, direct investigations of the reaction of PAHs with ozone 

must take place using gaseous ozone and the PAH supported on a solid surface.  Several groups 

have investigated the reactions of anthracene43-46, pyrene43,46-49 and benzo[a]pyrene43,48,50 and 

found common product types for all of the PAHs.  Anthracene oxidations by ozone yield 9,10 –

anthraquinone and its precursors as the major and minor products, respectively.44 Oxidation of 

pyrene leads to the formation of a variety of carbonylated  and hydroxylated pyrenes as expected, 

but two of the studies found that an unexpected cyclic ester formed.43,49 Benzo[a]pyrene 

oxidation studies are important because determining whether 9,10 –

tetrahydrobenzo[a]pyrene is produced in the atmosphere can save lives in smoggy areas.  9,10 –

a highly mutagenic and carcinogenic37 product 

of benzo[a]pyrene oxidative processing in mammals.  Studying where this mutagen is distributed 

in the atmosphere could radically change our outlook on particulate emission and save lives.  
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Reactions of benzo[a]pyrene with ozone forms epoxide products, which could easily lead to the 

mutagenic product in mammalian lungs.43,48,50

Some of the most intense study of ozone reactions has been the oxidation of fullerenes, 

carbon nanotubes and graphene mimics because of their high electrical conductivity.  Fullerene 

oxidation has been studied for almost two decades51,52 and is still an active field.53,54 C60 has 

drawn the most attention, but C70 and a few of the larger fullerenes have also been studied.  

Cataldo55-58 and Heymann59-62 have performed an exhaustive amount of work on the oxidation of 

C60, both in solution and with gas-phase ozone.  They have found that the C60 primary ozonide 

will release molecular oxygen to leave C60O, present as a wide range of epoxides and ethers.  

Continuing to expose the C60O products to ozone leads to polymeric products with enormous 

molecular weights and significant amounts of oxygen which Cataldo has dubbed 

“ozopolymer”.54,55,57 C70
53,56-59,63-65 and higher fullerenes54 have been exposed to ozone and 

similar products have been found.  Similar experiments performed with carbon nanotubes66-68

find that the initial steps of ozone oxidation lead to epoxides and ethers.  However, carbon 

nanotubes do not form a similar ozopolymer under prolonged ozone oxidation because they 

fragment upon extensive oxidation.

1.3.4.2 Hydroxyl Radical Reactions with PAHs

Unlike ozone, hydroxyl radicals can react with PAHs and other aromatic carbonaceous 

nanomaterials through two reaction pathways that deplete atmospheric PAHs very rapidly.  

However, as seen in Table 1.1, aromatic organics tend to have much longer lifetimes in the 

troposphere than basic alkenes, even though the final products are similar.  Aromatic organics 

tend to be extremely stable because of the delocalized pi electrons in the aromatic ring.  The 

organic free radical that results is not as thermodynamically stable as the initial aromatic organic 
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compound and can revert back to the original PAH by emitting ·OH.2 PAHs tend to have their 

hydrogen atoms removed by hydroxyl radicals to form water and aromatic radicals in the 

atmosphere.  These aromatic radicals can react with other organics to propagate a chain 

oxidation reaction in the atmosphere or remove a hydrogen atom from another organic 

compound to revert back to the initial PAH.2

Figure 1.12.  Oxidation pathways of naphthalene by hydroxyl radical(s).

Experimental studies determining the reaction mechanism and kinetics for reactions of 

PAHs with hydroxyl radicals can be considerably more complicated than the simple processes 

mentioned above.  Depending on the available reaction sites on the molecule, the oxidation can 

proceed through either of the pathways seen above in Figure 1.12.  For naphthalene, all of the 

peripheral reaction sites look the same and the resulting organic radical can undergo any of the 
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reactions described in this section.69 However, in these experiments the organic radical could 

also react with other hydroxyl radicals and components of the synthetic air mixture and formed 

highly oxidized, toxic products like 1,2 – naphthoquinone, 1,4 – naphthoquinone and phthalic 

anhydride.  Oxidizing benzene with hydroxyl radicals leads mainly to products consistent with 

the naphthalene reactions: phenol and benzene diols and some ketones, even at low 

temperature.70,71

1.4 Experimental Objectives

The research presented in this document is focused on fundamental studies of reaction 

mechanisms and reaction kinetics under well controlled conditions.  The reactions are oxidation 

reactions between atmospherically important oxidizing gases and the surfaces of ordered organic 

solids.  Fundamental studies let one learn how small changes in the properties of the surface or 

gas affect the overall chemistry.  Learning how the reactions change when changing the 

translational energy of the gas, for example, allows one to probe phenomena like the reaction 

barrier height or changes in the reaction mechanism.  Investigations were conducted on two 

distinct systems: gas-phase ozone oxidizing solid pentacene and hydroxyl radicals oxidizing self-

assembled monolayers.  The most effective way to carry out these investigations is to use an 

ultrahigh vacuum system coupled to molecular beam gas sources.

The investigation of the heterogeneous reaction between gaseous ozone and solid 

pentacene had three overarching objectives.  First, the products of the heterogeneous reaction 

were characterized spectroscopically to determine the structure and range of products.  Second, 

the products were monitored over time to determine the kinetics of the oxidation reaction and the 

reactions were performed at several temperatures to determine the activation energy.  Third, the 
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product identities and their kinetic profiles were used to determine the reaction mechanism for 

gas-phase ozone and solid pentacene under several different conditions.

The investigation of hydroxyl radicals oxidizing self-assembled monolayers had three 

main objectives, although only the first two were completed.  The first work on this project was 

fabricating and assembling a source of hydroxyl radicals seeded in a molecular beam and a 

rotational state-selector to purify the gaseous hydroxyl radicals.  After construction and 

assembly, the new components must be aligned to allow the hydroxyl radical molecular beam to 

pass through the rotational state-selector and into the experimental chamber to be analyzed.  

Finally, once the new components are aligned and validated, a hydroxyl radical molecular beam 

was used to introduce hydroxyl radicals into the experimental chamber where they will react 

with a self-assembled monolayer and the reaction will be monitored by spectroscopic techniques.

1.5 Experimental Approach

The Morris research group investigates the reaction dynamics of a variety of systems 

including rare gas – surface collisions, ozone oxidation reactions and the decomposition of 

organic compounds on metal oxide surfaces.  These studies are performed under high to 

ultrahigh vacuum (UHV) conditions, employ molecular beam techniques to introduce gases in a 

uniform manner and utilize several analytical techniques to characterize species in both the gas 

and solid phases.  These experimental considerations remove unnecessary gas-phase 

contamination and side reactions from the collected data and allow investigation of the reaction 

in question both kinetically and thermodynamically.  The analytical techniques are used to 

characterize the reactants before the experiment begins, any long lived intermediates and final 

products over the length of the experiment.
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Performing experiments that probe fundamental reaction dynamics without worrying 

about side reactions is a tricky proposition, but is feasible with the correct experimental 

approach.  Two of the main concerns can be prevented by performing the experiments in UHV 

conditions.  Under UHV conditions, gas molecules collide with each other very rarely, greatly 

reducing the amount of side reactions.  Employing molecular beam techniques to introduce the 

oxidizing gas ensures only the reaction of interest takes place.  Utilizing samples that are well 

characterized makes identifying products and following their growth spectroscopically a simple 

and reproducible endeavor.
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Chapter 2 Reactions of Surface-Bound Pentacene with Effusive Beams of Gas-Phase 

Ozone

2.1 Background

2.1.1 PAHs

PAHs are becoming important substrates to the materials science industry.  PAHs 

are being investigated as replacements for amorphous silicon semiconductors in a wide range of 

applications because they have greater mechanical flexibility and lower processing temperatures 

than a single silicon crystal, while maintaining a high charge mobility, similar to amorphous 

silicon.  Pentacene (see Figure 2.2) is the most promising PAH in these applications because it 

has a charge mobility of ~1.3 cm2·V-1·s-1, which falls between amorphous silicon, <0.5 cm2·V-

1·s-1, and crystalline silicon, ~500 cm2·V-1·s-1.1-4 When prepared in a highly ordered crystalline 

state, pentacene functions as a semiconductor.

The high charge carrier mobility seen in PAHs is due to overlap of pi–orbitals of adjacent 

molecules in a PAH crystal and the overall alignment of the PAH crystals.1 Organic 

semiconductors will replace the current of inorganic semiconductors in a new generation of thin, 

flexible displays because thin film organic semiconductors can perform all of the same functions, 

but using much less material.  Using less material allows devices utilizing thin film 

semiconductors to be lightweight, portable and flexible without losing the desired properties of 

inorganic semiconductors.5

The biggest drawback to using organic semiconductors is their oxidative reactivity.6,7

PAHs can be oxidized in air at the unsaturated double bonds that give them their planar 

geometry.  Oxidation can be initiated by strong oxidants like ozone, hydroxyl radicals and nitrate 
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radicals  or by molecular oxygen when the PAH is in an excited electronic state, as after 

absorbing a photon.  Oxidation disrupts the conjugated pi–electron systems in a PAH and, if the 

oxidant is present in large enough concentrations, can completely convert PAHs into a variety of 

oxidized materials that can no longer conduct electrons (See Figure 2.1).6,7

Figure 2.1.  Products of PAH oxidations.

The final products of PAH oxidation range from lightly oxidized carbonyl, epoxide and 

alcohol species that are not transported in the gas-phase to fully oxidized carbon as gaseous 

carbon dioxide and solid carbonate salts.  Once oxidation begins, the conjugated pi–electron 

network is broken and electrons cannot move long distances through the molecule.  As stated 

previously, the mobility of electrons through the molecule is what gives PAHs their high charge 

carrier mobility, so stopping the electrons from moving across the molecule greatly reduces the 

PAH's efficiency as a semiconductor.  Preventing oxidation of the semiconductors is extremely 

important, so thin film organic semiconductors are coated with a layer of transparent (to the 

colors of light used in the device), non-reactive molecules.8
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PAHs are emitted into the atmosphere from a variety of sources, discussed in Section 

1.3.2, and influence atmospheric phenomena once they encounter oxidizing gases.  The lightest 

PAHs, like naphthalene, are the most likely to be emitted due to their small size and simple 

structure and these PAHs make up the vast majority of PAHs found in the atmosphere.  Light 

PAHs also have the highest vapor pressures and can be found as free gas-phase molecules in the 

atmosphere.  A few heavier PAHs are emitted in significant quantities due to their inherent 

structural stability and are mainly found adsorbed to particulates suspended in the atmosphere.

Directly after emission, PAHs are almost exclusively nonpolar compounds, but during their 

journey through the atmosphere they are increasingly oxidized by compounds like free radicals, 

ozone and nitrogen oxides.9,10 After oxidation begins in the atmosphere, the newly formed polar 

groups interact with polar gases and with each other forming water droplets and carbonaceous 

aerosols.11 Large particles made up of oxidized PAHs and polar gases are removed from the 

troposphere through both dry and wet deposition processes.10

2.1.2 Pentacene

As stated before, pentacene is an excellent candidate for organic semiconductor materials 

because it has high charge carrier mobility along the length of the molecule.1
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Figure 2.2.  Pentacene molecular parameters.

Pentacene forms long, needle-like crystals that mirror the shape of the molecule, leading to a 

very oriented crystalline form.12 The pentacene molecules in the crystals pack in a herringbone 

structure, shown in Figure 2.3, due to van der Waals interactions and pi–orbital stacking.  If 

pentacene films can be created to take advantage of their oriented nature, they should retain their 

excellent charge transport properties and make an excellent semiconductor.  Vapor deposition of 

pentacene gives the most control over the crystal properties, and is the main method used to 

grow pentacene films when crystal orientation is necessary.

Figure 2.3.  Pentacene herringbone crystal structure.
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One way of representing PAH molecules is by drawing them with alternating single and 

double carbon-carbon bonds, showing conjugation in the aromatic rings.  This representation 

shows all of the bonds as equivalent and makes it difficult to distinguish between all of the 

possible reactive sites in the molecule, the carbon-carbon double bonds.  Another representation 

uses a method developed by Eric Clar to distinguish between the possible reactive sites.13 Clar’s 

rule says that the resonance structure with the greatest number of isolated aromatic sextets (sets 

of six pi-electrons) contributes the most to the reactivity and other experimental properties.  

Isolated aromatic sextets provide PAHs with localized stability, but leave other parts of the 

molecule with more reactive non-aromatic carbon-carbon double bonds.  In pentacene, there can 

only be one Clar sextet, although there are five different and equally probable positions to find it.  

Averaging these five resonance structures shows that there is only a 1 in 5 chance that the Clar 

sextet will be in the central ring, so the central ring will have the least aromatic character and be 

the most reactive.  Experimentally, the central ring is determined to have the most labile 

hydrogen atoms for substitution, so it is the most reactive towards a variety of compounds.14,15

Figure 2.4. Clar sextet resonance structures of pentacene.
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2.1.3 Film Morphology

2.1.3.1 Pentacene on Metals

The material upon which pentacene films are deposited has a profound effect on 

pentacene's molecular orientation and crystal growth.5,16-22 When pentacene is deposited on a 

metal surface, like gold5, silver16 or copper21, the molecules initially adopt a flat orientation 

directly on top of the metal atoms (Figure 2.5).

Figure 2.5.  Diagram of pentacene on gold metal.

This orientation is due to orbital interactions between the filled pi–orbitals of pentacene 

with the empty d–orbitals of the metal atoms at the metal surface.23 After the first one to two 

layers of pentacene molecules lying flat on the metal surface, any new pentacene molecules 

adopt the herringbone structure characteristic to crystalline pentacene (Figure 2.6). For thick 

pentacene films on metallic substrates, the pentacene crystals become randomized as they move 

further from the surface, with small crystalline regions pointing in different directions.12,17,24
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Figure 2.6.  Pentacene thin film on gold metal.

2.1.3.2 Pentacene on Nonmetals

When pentacene is deposited on a nonmetallic surface like tin(IV) sulfide or silicon 

dioxide, the molecules are oriented standing up with their long axes perpendicular to the surface

(Figure 2.7).17,22 A vertical orientation maximizes the van der Waals and pi–stacking 

interactions between pentacene molecules, while minimizing the interactions between the neutral 

pentacene molecules and the polar semiconductor surface.
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Figure 2.7.  Orientation of pentacene thin films on a silicon dioxide semiconductor surface.

2.1.4 Previous Oxidation Studies

Because PAHs like pentacene are so potentially useful in industry, their stability and 

reactivity must be studied to predict their working lifetime in transistors and solar cells.  A few 

groups have worked to understand the oxidation mechanism of pentacene, and its 3 ring analog 

anthracene, with gas-phase oxidants.  Anthracene formed a variety of products when oxidized by 

ozone in a flow tube reactor with high ozone concentrations, between 1 and 100 ppm.25 The 

most interesting product in this study is 9,10 – anthraquinone because it was the dominant 

product in solution phase ozone oxidations, but it was a minor product in the heterogeneous 

ozone oxidation study.  It appears that 9,10 – anthraquinone was an intermediate of solid 

anthracene oxidation by gaseous ozone and the final products were small carboxylic acids, 

ketones and epoxides.25
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Two studies looked at pentacene oxidation by ozone gas streams: a mass spectroscopic 

study that characterized the products and an infrared/ultraviolet photoelectron spectroscopy study 

investigated the kinetics and extent of the oxidation.6,7 De Angelis, et. al. prepared pentacene 

films on thermally oxidized silicon wafers and exposed the films to several wavelengths of 

visible light and air at room temperature for between 1 and 15 days (see Figure 2.8).7 Oxidation 

started with the formation of a pentacene diradical species by UV excitation. Molecular oxygen 

then reacted with the pentacene diradical and formed oxidized products. The products were 

characterized in a laser desorption ionization time-of-flight mass spectrometer.  A consistent set 

of products, shown in Figure 2.8, was formed in all of the oxidation reactions, indicating that the 

oxidations proceeded through the same steps.  Vollmer, et. al. found that oxidations of pentacene 

thin films on SiO2 by a mixture of O(3P), O(1D), O2(1
g) and ozone resulted exclusively in small, 

volatile, highly oxidized products.6
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Figure 2.8.  Photooxidation products of pentacene films in air.

2.1.5 Experimental Motivation

The experimental studies above were interested in finding the final products of pentacene 

oxidations by extremely harsh oxidation environments, but not determining the individual steps 

in the oxidation. Finding the initial steps in an ozone oxidation mechanism allows an organic 

semiconductor to be protected from oxidation damage by preventing or repairing initial oxidative 

damage. By preventing continued oxidation, pentacene solar cells, for example, could repair the 

initial oxidative damage before the damage rendered the cell useless.  The other main motivation 

is the prediction and identification of oxidation products in the atmosphere. Once the oxidation 



35

products are identified they can be tracked, their future movements predicted and warnings for 

phenomena like smog episodes can be issued, saving lives.

2.1.6 Experimental Objectives

The heterogeneous oxidation of a pentacene film by gas-phase ozone was examined with 

three goals in mind.  First, the products of the reaction between gas-phase ozone and solid 

pentacene needed to be characterized.  Second, the ozone-pentacene reaction kinetics were 

monitored.  Finally, the initial steps of the ozone-pentacene reaction mechanism were proposed.

2.2 Experimental Approach

2.2.1 Experimental Requirements

Ozone was used as the oxidant because it is one of the most important gas-phase oxidants

and accounts for a large fraction of the oxidation of unsaturated hydrocarbons in the atmosphere.  

However, the initial steps and reaction intermediates of ozone oxidation of atmospheric species 

are not well known due to their transient nature.  To investigate these important first steps, 

special considerations must be taken in the experimental setup.  First, only the reaction of 

interest, the oxidation of some unsaturated hydrocarbon species, should be observed.  Second, 

detailed accounts of the changes occurring are necessary to ensure that all reaction steps and 

intermediates are observed, allowing a reaction mechanism to be proposed.

To accommodate the above considerations, the experiments must be conducted in a high 

vacuum to ultrahigh vacuum environment with an extremely pure source of ozone and a well 

characterized hydrocarbon sample.  A high to ultrahigh vacuum environment contains between 

ten billion and one trillion times less background gas, respectively, to interfere with the 

experiment.  The ozone source, described in Sections 2.2.5 and 2.2.6, introduced a flux of >96% 
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pure ozone into the reaction chamber.  High purity ozone ensured that the only reactions taking 

place were between ozone and the hydrocarbon sample of interest.  Hydrocarbon samples were

prepared in a fashion that made it sufficiently pure, ensuring that only the reaction of interest was

tracked through the course of the experiment.  This procedure is described in Section 2.2.4.

2.2.2 Experimental Setup and Instrumentation

The experiments were conducted inside of a custom built ultrahigh vacuum chamber, 

shown in Figure 2.9.  The UHV instrument26,27 has a base pressure of ~10-9 torr due to a 2000 l/s 

magnetically levitated turbomolecular pump (Osaka Vacuum, LTD, model: TG2003M) attached 

directly to the hemispherical dome chamber’s base.  The chamber is equipped with a doubly 

differentially pumped quadrupole mass spectrometer (ABB Extrel, model: MEXM 1000), an X-

ray photoelectron spectrometer (SPECS, model: XR-50) and potassium bromide windows to 

allow a Fourier transform infrared (FTIR) spectrometer (Bruker IFS 66v/s) to be coupled to the 

instrument.  The mass spectrometer sampled gas before, during and after experiments to 

characterize any gas-phase species produced over the course of an experiment.  The FTIR 

characterized and monitored changes in the solid hydrocarbon sample.
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Figure 2.9.  Ozone reaction chamber schematic with components in position to perform an 

oxidation experiment.

The FTIR was used to monitor changes in the sample in situ during an experiment.  

Infrared (IR) spectra were taken by focusing the IR beam onto the sample (on top of a reflective 

gold coated slide) and detecting the reflected IR light on the other side of the main chamber with

a mercury-cadmium-telluride detector (InfraRed Associates, Inc., model: D313/6).  The IR beam 

was introduced at a grazing angle (~86°) to the slide surface, and the absorbance of the IR active 

species was measured.  This technique is called Reflection Absorption Infrared Spectroscopy 

(RAIRS) and is extremely sensitive to small changes that occur on the surface of the sample.

Small changes in an IR spectrum can be hard to distinguish from IR active modes of the 

sample species that are always present (Figure 2.10).  To alleviate this problem, a spectrum of 
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the sample is recorded before each experiment and subtracted from all of the subsequent spectra 

recorded over the course of an experiment.  This results in spectra that only showed the 

difference between the two spectra, or difference spectra.  Difference spectra are extremely 

useful because they illustrate the changes that have occurred and make small changes very 

apparent in an IR spectrum (Figure 2.11). Using difference spectra, it becomes possible to 

accurately detect changes on the order of 0.0002 absorbance units in an IR spectrum.  In the 

RAIRS setup described here, this corresponds to ~10% of a monolayer in a self-assembled 

monolayer or ~1013 molecules/cm2.

Figure 2.10.  RAIR difference spectra of pentacene on gold after (A) oxidation and before (B) 

using a clean gold RAIR spectrum as the background.

0.002 AU

A

B
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Figure 2.11.  RAIR difference spectra of pentacene on gold after (A) and before (B) oxidation 

using the initial pentacene RAIR spectrum as the background.

2.2.3 Gold Substrate Preparation

Samples were introduced into the chamber through a load-lock system separated from the 

main chamber by a manually operated gate valve.  The manual gate valve allowed the gold 

coated glass slide (EMF Corp., 1”x1”x0.062” slide) that the hydrocarbon sample was deposited 

on to be loaded onto a transfer arm at atmospheric pressure. Once the gold coated slide was in 

the load-lock chamber, the load-lock was sealed and evacuated by a cryogenic sorption pump to 

~10-4 torr in about 30 minutes, then into the high vacuum regime by a turbomolecular pump.  

Then the substrate was introduced into the main chamber via a horizontal magnetically coupled 

transfer arm (MDC Vacuum Products), after opening the manual gate valve.

0.0001 AU

A

B
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The gold coated slide was cleaned twice before use in an experiment.  First, the slide was

cleaned in piranha solution, a 7:3 mixture by volume of 18M sulfuric acid and 30 – 32 wt.% 

hydrogen peroxide (CAUTION piranha solution is extremely corrosive!) to remove any adsorbed 

hydrocarbons.  The slide was removed from the piranha solution, rinsed with deionized water 

and dried in a stream of Ultra High Purity (UHP) nitrogen.  The slide was introduced into the 

load-lock chamber, which was sealed and evacuated to ~10-6 torr via a cryogenic sorption pump 

and a 250 l/s turbo pump (Varian, Inc., model: 969-9908).  Once the pressure in the load-lock 

chamber stabilized, the substrate was transferred into the main chamber via the magnetically 

coupled transfer arm and cleaned using a stream of pure ozone for 30 minutes.

2.2.4 Sample Deposition

After cleaning with ozone, the substrate was transferred back into the load-lock chamber 

for sample deposition.  The substrate was moved from the long horizontal transfer arm to a short 

vertical transfer arm while still under vacuum and rotated 90° to face a crucible evaporator 

(McAllister Technical Services, Coeur d’Alene, Idaho).  The crucible evaporator is resistively 

heated to reach temperatures up to ~600°C and is water cooled by an external chiller unit to 

stabilize the temperature (see Figure 2.12).  The sample of interest is loaded into the crucible 

prior to load-lock evacuation.  Once the substrate is facing the crucible, current is applied and the 

crucible heats up, vaporizing the contents.  The vaporized sample is expelled from the crucible 

and deposits onto the clean gold surface of the substrate.  The crucible and sample are allowed to 

cool for 30 minutes and then the sample is moved back to the horizontal transfer arm and 

introduced into the main chamber to begin an experiment.
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Figure 2.12.  McAllister Technical Services crucible evaporator.

http://www.mcallister.com/graphics/evapb-crucible.jpg

Once the sample was inside the main chamber, it was positioned so that RAIR spectra 

can be recorded.  A RAIR spectrum was recorded and examined to ensure that a layer of sample 

was deposited and that the sample was not contaminated.  This spectrum was set as a background 

and the IR software (OPUS, Bruker Optics Corp.) subtracts that background spectrum from all 

subsequent spectra to give difference spectra.

2.2.5 Ozone Trapping

Ozone was trapped in a custom built glass storage vessel, based on a design from the 

John Yates, Jr. group, filled with silica (Sigma-Aldrich, grade 03, >8 mesh) ~0.5 cm in 

diameter.28 This procedure was described in detail elsewhere, but a brief procedure follows.26,27

The ozone trapping setup is diagrammed in Figure 2.13. The ozone trap was purged with UHP 

nitrogen gas (Airgas Specialty Gases), followed by research grade oxygen gas (Airgas Specialty 

Gases) and cooled to 78°C in a bath of acetone by a heat exchanger system that runs cold 

nitrogen gas though a copper coil inside the acetone bath.  The nitrogen gas was cooled by 

flowing through another copper coil submerged in liquid nitrogen.  The flow of cold nitrogen gas 

was controlled by a Partial Integral Derivative (PID) controller (Omega Engineering, model: 
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CN-2041) which uses a thermocouple to measure the temperature in the acetone bath and 

compare to a manual temperature set point.  If the temperature measured by the thermocouple 

was above the set point, the PID opened a solenoid valve (ASCO Valve, Inc. model: 8210LT), 

allowing cold nitrogen gas to flow through the copper coil around the ozone trap, cooling the 

acetone bath.

Figure 2.13.  Ozone trapping and purification system.

Once the ozone trap was cold (-78°C) and UHP oxygen has been flowing through the trap 

for ~10 minutes, a commercial ozone generator (Ozone Solutions, model: SR-32) was turned on 

and the ozone produced adsorbed to the cold silica, while the unreacted oxygen flowed through 

the silica without sticking.  The ozone generator was allowed to run for 1-2 hours, and then was

turned off while UHP oxygen continues to flow through the trap for another ~10 minutes.  The 
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entire ozone trap system was evacuated to ~2 torr using a direct drive mechanical pump 

(Edwards RV-8) lubricated with Fomblin® (Solvay Solexis, series 25/6 oil), a perfluorocarbon oil 

resistant to oxidation, and the ozone flowed out to the gas delivery system for use in an 

experiment.  The pressure in the ozone trapping system was monitored with a compact 

capacitance gauge (Pfeiffer Vacuum, Inc., model: CMR 261)

2.2.6 Ozone Dosing

Before an experiment began, the ozone trap was warmed to -55°C causing ozone 

desorption from the silica gel and the purified ozone was introduced into the main chamber 

through a capillary array doser shown in Figure 2.14.  The ozone flowed through the doser, 

directed perpendicular to the sample slide, into the main chamber and immediately began

reacting with the hydrocarbon sample.  The oxidation reaction was monitored in situ via RAIRS.  

The flux of pure ozone into the main chamber caused the pressure inside the main chamber to 

rise to between 1 x 10-5 and 5 x 10-5 torr.  The gas-phase concentration of ozone was monitored 

by an in-line UV-Vis spectrometer (StellarNet, Inc., model: EPP200C with deuterium light 

source) that measured absorbance at 254 nm, characteristic of ozone.  The UV-Vis spectrometer 

was previously calibrated for ozone by passing known amounts of ozone through the inline 

absorption cell.
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Figure 2.14.  Capillary array doser schematic with enlarged view of end plate.

2.2.7 Kinetic Theory of Gases

Before continuing on to a description of the physics of an effusive molecular beam, 

some background in general gas-phase physics is necessary.  The Kinetic Theory of Gases is an 

excellent, and elegant, foundation for looking at the physical processes that can occur under 

UHV conditions.  UHV conditions allow many gases to behave ideally because there are so few 

other molecules around with which to interact. However, the assumptions are simplifications of 

the actual physical processes that take place and do not apply to all gases found in a UHV 

instrument, especially water. The Kinetic Theory of Gases as a physical model is based on three 

simple assumptions about the gases themselves:

1. The gas consists of some number of gas molecules, n, with mass, m, in constant random 

motion.
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2. The size of the molecules is negligible (their diameter is much smaller than the average 

distance they travel between collisions).

3. There are no intermolecular interactions, except for elastic collisions.

As these gas molecules collide with each other during their random motions, their 

velocities change but their overall energy is conserved over the course of the elastic collisions.  

The colliding gas molecules can have any molecular velocity, but the probability that a molecule 

has an extremely large or small velocity is small.  The statistical distribution of molecular 

velocities can be calculated with:29

N is the number of molecules, v is the molecular velocity, m is the molecular mass, kB is the 

Boltzmann constant and T is the temperature in Kelvin.  This velocity distribution is illustrated 

below in two figures depicting its dependence on temperature (Figure 2.15) and on molecular

mass (Figure 2.16).
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Figure 2.15. Temperature dependence of Maxwell-Boltzmann distribution of molecular speeds 

for N2.

Figure 2.16. Mass dependence of Maxwell-Boltzmann distribution of molecular speeds at 300K.

Contained in the distribution of molecular speeds for a molecule are three important, 

characteristic speeds known as the most probable speed, vmp, the average speed, vavg, and the root 



47

mean square speed, vrms.  These characteristic speeds are mathematically derived from the 

Maxwell – Boltzmann distribution of speeds.  The most probable speed corresponds to the peak 

in the Maxwell – Boltzmann distribution, the average speed is the weighted average of all 

probabilities and the root mean square speed is the square root of the average speed squared.

The three characteristic speeds are shown superimposed on a Maxwell – Boltzmann distribution 

of speeds in Figure 2.17.

Figure 2.17.  Maxwell – Boltzmann distribution of speeds for N2 at 300K showing vmp, vavg and 

vrms.

Maxwell and Boltzmann derived an expression for the distribution of kinetic energies for 

a group of particles based on the same assumptions as their velocity distribution:29

vmp vavg vrms
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This energy distribution will be very important when dealing with the dynamics of molecular 

beams, discussed in Sections 2.2.8 and 3.1.2.

As discussed above, the molecules are constantly moving with randomized three 

dimensional trajectories.  Since there are assumed to be no intermolecular interactions, the 

molecules can be assumed to move in straight lines and each will travel a different distance in a 

given time, based on the distribution of velocities above.  As a molecule moves, it sweeps out a 

cylindrical volume with a diameter twice that of the molecular diameter and a length equal to the 

distance travelled by the molecule in a given amount of time, shown in Figure 2.18.30

Figure 2.18.  Volume swept out as a molecule travels.  The molecules at the top of the figure will 

collide with the indicated molecule, while the molecule at the bottom of the figure will not.
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As the molecule moves through this cylindrical volume, it collides with any other 

molecule whose center of mass falls within the cylinder.  The number of these collisions that 

occur every second in known as the collision frequency, Z:31

The inverse of the collision frequency gives the average time between collisions.  Taking the 

average time between collisions and multiplying by the average particle velocity gives the 

average distance each molecule travels between elastic molecular collisions.  This average 

distance is also known as the mean free path and it takes the form:31

Gas molecules can also collide with the walls of whatever container they inhabit.  The 

number of these wall collisions can be calculated as the flux of molecules striking a wall section 

of a given area from one side and is proportional to the molecular number density and the 

average molecular velocity.31

Molecules strike the walls of the container can either elastically rebound from the wall 

and move away or the molecules can stick to available surface sites.  These surface sites can be 
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rough defects on a smooth surface or any other type of chemically active site.  If the gas 

molecules hit the wall and stick to available surface sites, the wall will eventually become 

covered with gas molecules.  Assuming that each molecule that sticks to the wall takes up an 

area equal to its molecular diameter squared (d0
2), the entire wall will be covered in a time 

inversely proportional to the flux of molecules hitting the wall.

The pressure measured at a point on the surface of a wall is related directly to the number density 

of gas molecules striking the wall:

A table summarizing some useful values for the quantities discussed previously is given here as a 

reference.

Pressure 
Regime

Pressure 
(torr)

Number 
Density (cm-3)

Collision 
Frequency 
(sec-1)

Mean 
Free Path 
(cm)

Flux
(cm-2 sec-1)

Monolayer 
Formation 
Time (s)

One Atm. 760 2.7x1019 5x109 9.26x10-6 3.18x1023 3.5x10-9

Rough 
Vacuum

10-3 3.5x1013 6.6x103 7.15 4.12x1017 2.7x10-3

High 
Vacuum

10-6 3.5x1010 6.6 7.15x103 4.12x1014 2.7

Ultrahigh 
Vacuum

10-9 3.5x107 6.6x10-3 7.15x106 4.12x1011 2.7x103

Extreme 
Vacuum

10-12 3.5x104 6.6x10-6 7.15x109 4.12x108 2.7x106

Table 2.1.  Calculated numerical values for some physical properties of N2 at 293K.
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2.2.8 Effusive Beam Physics

Gases were supplied to the capillary array doser during experiments at low pressures, 

between 1 and 30 torr.  Using low initial pressures ensured that the gases emerging from the final 

set of apertures in the doser do not raise the main chamber pressure above 1x10-4 torr, allowing 

the vacuum pumps to function efficiently throughout an experiment.  As the gas passed through 

the apertures in the glass plate on the end of the doser, it was in a state of free molecular flow 

and its motions were governed by the Kinetic Theory of Gases.  The gas was in thermal 

equilibrium with the glass plate and had a range of kinetic energies governed by a Maxwell –

Boltzmann energy distribution based on the temperature of the glass plate.  The gas molecules 

inside the doser have an average kinetic energy of ~2.5 kJ/mol at room temperature.  In order to 

pass through the aperture plate, the gas molecules had velocity vectors with the proper 

orientation to allow them to pass through the apertures.   Since the gas molecules were moving 

through the set of apertures in one direction, into the main chamber, their instantaneous average 

energy was double their average kinetic energy, ~5 kJ/mol.

2.3 Results and Discussion

2.3.1 Pentacene Film Thickness

The methods used to form the pentacene films used to investigate their oxidation reaction 

dynamics with ozone were adapted from previous methods used in the Morris research group, 

described in Sections 2.2.3 – 2.2.6.27 Before creating samples for experiments, the analyte’s

evaporation characteristics in the sample deposition system were recorded experimentally.  The 

gas pressure in the deposition chamber was used to indicate when the sample began to evaporate, 

migrate out of the crucible and deposit on the gold slide.  Sample reproducibility was achieved 
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by recording the deposition chamber pressure while heating the crucible to a predetermined 

temperature.  When the deposition chamber pressure began to rise, the temperature ramp was 

slowed until a predetermined “deposition pressure” was reached, typically ~2x10-7 torr, and the 

corresponding “deposition temperature” was recorded.  In order to get rough control over the 

deposition process, once the deposition temperature was reached, the crucible evaporator was 

held at that temperature for a set amount of time, somewhere between 1-2 minutes depending on 

the sample.

It is theoretically possible to remove portions of a vapor deposited film by heating the 

film to drive off the top, weakly bound layers.  In the ozone chamber, there is a button heater 

mounted in the sample manipulator inside of the main UHV chamber.  This heater is mounted 

directly behind the sample holder and allows us to heat the sample up to ~500°C and perform 

temperature programmed desorption (TPD) experiments.  We monitored the changes in the 

sample via RAIRS and any gas-phase species with the Extrel Quadrupole Mass Spectrometer.  

While heating a sample for a TPD experiment, the mass spectrometer data showed two distinct 

regions of analyte signal corresponding to the desorption of the multilayer portion of a film and 

the desorption of the monolayer portion of a film (see Figure 2.19 for a generic example).  

Heating a pentacene sample with the button heater removed portions of the film from the sample, 

but there was not a baseline temperature separation between multilayer desorption and 

monolayer desorption.  Without a baseline separation between peaks in a TPD experiment, 

removal of only the polycrystalline multilayer portion of the film was not possible using TPD.
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Figure 2.19. Generic mass spectrum recorded during a TPD experiment showing distinct 

multilayer and monolayer desorption regions. This data is not for pentacene film desorption.

There was not a quartz crystal microbalance (QCM) in the ozone chamber vacuum 

system to measure film thickness in situ, so film thickness investigations were carried out in the 

Virginia Tech Physics Department Advanced Physics Lab.  The samples created in a Bell Jar 

Evaporator (Ladd Research) utilizing the QCM to monitor the film thickness were characterized 

via RAIRS and they showed the same vibrational modes as pentacene films deposited in the 

Ozone Chamber’s deposition chamber, although the intensities of the two different sample 

preparations varied because of different film thicknesses (see Figures 2.20 and 2.21). Figures 

2.20 and 2.21 are RAIRS difference spectra taken using a freshly cleaned gold slide as the 

background.
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Figure 2.20.  RAIR difference spectrum of a thick pentacene film prepared in the ozone chamber.

Figure 2.21.  RAIR difference spectrum (low frequency portion) of a thin pentacene film (~10 

nm thick) prepared using the QCM in the VT Advanced Physics Lab.

0.005 AU

0.00025 AU
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The pentacene films prepared in the Physics Lab showed some signs of oxidation in their 

RAIR spectra.  Film oxidation was likely due to preparing the samples in vacuum, then exposing 

them to atmospheric gases and fluorescent lights while moving them from the Physics Lab to the 

Morris Lab before evacuating the sample transfer chamber, a 5 to 10 minute journey.  Because 

the film thickness was so difficult to control in the Ozone Chamber and atmospheric oxidation 

could not be prevented while transferring the samples from the Advanced Physics Lab to the 

Morris Lab, samples were created in the Ozone Chamber.

Rough control over sample deposition was satisfactory for these experiments because the 

pentacene film morphology changes from a very regular, structured monolayer to a randomly 

oriented polycrystalline phase after the addition of 4-5 monolayers of pentacene.5,12 This phase

transition was extremely hard to judge and control, even by processing the film after it was 

deposited to remove the polycrystalline pentacene on top of the monolayer or with the use of 

other instrumentation, like a QCM.

The film thickness was estimated using a spectroscopic method that follows Beer’s Law.  

The RAIRS instrumentation used to monitor the reactions in situ is sensitive to sub-monolayer 

quantities of alkanethiols (used to create self-assembled monolayers) when recording difference 

spectra. RAIR spectra of pentacene on gold were compared to RAIR spectra of a 

hexadecanethiol self-assembled monolayer, which has known thickness and absorbance 

characteristics, and used to estimate the thickness of the thick pentacene films. It was assumed 

here

The hexadecanethiol monolayer had an absorbance of approximately 10-4 absorbance units and a 

thick pentacene film had an absorbance of ~0.0125 absorbance units at 1444 cm-1 (taken from 

Figure 2.20).  The pentacene IR absorbance at 1444 cm-1 was used because it represents a 
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vibrational mode corresponding to an in-plane C-H bend, which should arise due to a crystalline 

pentacene phase above a pentacene monolayer on gold.  Assuming the same sensitivity for the 

pentacene film as for the hexadecanethiol monolayer, the pentacene films were between ~125 

monolayers thick.  The crystalline pentacene phase was probably between about 100 and 150 

monolayers thick.  The crucible was charged with ~30 mg of pentacene at a time and that was 

enough material for 3-4 samples, meaning each sample consisted of about 4-5 mg of pentacene,

after losses to the deposition chamber. 

2.3.2 Pentacene Oxidation by Ozone

Following pentacene film deposition, samples were characterized spectroscopically using 

RAIRS and compared to the active vibrational modes of pentacene on gold.12,32 RAIR sample 

scans were taken versus the previously cleaned gold substrate to obtain RAIR difference spectra 

(see Figure 2.22).  Difference spectra were recorded continuously during an experiment and were 

used to track any changes in the pentacene film in real time.  
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Figure 2.22.  RAIR spectra of a clean gold slide (A) and a pentacene film deposited on the same 

clean gold (B).

After initial film characterization, ozone was introduced into the main vacuum chamber 

through the capillary array doser and the reaction of ozone with pentacene was monitored in real 

time using RAIR difference spectra (see Figure 2.23).  The initial oxidation sites on pentacene 

appear to be the C-H bonds, evidenced by the decrease in the C-H out-of-plane bending mode at 

908 cm-1 occurring by ~1.5 minutes of ozone exposure (spectrum B in Figure 19).  Coincident 

with the decrease in intensity at 908 cm-1 in the first 1.5 minutes is the formation of at least one 

carbonyl species, centered at 1690 cm-1.  After 9 minutes of ozone exposure (spectrum C), the 

intensity of most of the C-H vibration modes was decreasing and several carbonyl stretches 

appeared, along with two bands associated with C-O vibrations at 1457 cm-1 and 1283 cm-1.

0.01 AU

A

B
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It should be noted that even though they are assumed to be present, no vibrational mode 

assignment has been made for the primary ozonide or the Criegee intermediate due to their 

extremely short lifetimes. The cyclic primary ozonide is the first compound to form during an 

ozone oxidation, then one of the O-O bonds breaks forming a vicinal diradical, the Criegee 

intermediate.  The Criegee intermediate is also very unstable and will either rearrange internally 

into a stable product or will react with any surrounding organic molecules.  For almost all 

molecules, both of these decompositions are very rapid at room temperature and cannot be 

monitored spectroscopically.  However, the primary ozonide and Criegee intermediate lead 

directly to a variety of oxidized carbonyl-containing products, many of which were observed in 

the oxidation of pentacene.

Over the next 75 minutes of this experiment (representative spectra D–H displayed at 15 

minute intervals), the pentacene film was oxidized to a range of carbonyl containing products, 

evident through the appearance of several vibrational modes at 1823 cm-1, 1780 cm-1, 1740 cm-1

and 1613 cm-1 (see Figure 2.23, spectrum H).  These products correspond to the formation of 

ketones (which are isomeric with 6-hydroxypentacene, see Figure 2.8), quinones and other 

polyketones, carboxylic acids and carboxylic acid anhydrides.  There are most likely no 

aldehydes remaining due to the lack of aldehyde C-H or C=O stretches.  Aldehydes may be 

formed and immediately oxidized to carboxylic acids by the large flux of gas-phase ozone.
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Figure 2.23. RAIR spectrum of a pentacene film undergoing oxidation over the first 90 minutes 

of an ozone oxidation experiment. The labeled spectra were taken at the following ozone 

exposure times: A at 0 min., B at 1.5 min., C at 9 min., D at 30 min., E at 45 min., F at 60 min., 

G at 75 min. and H at 90 min.

As the oxidation proceeded, the pentacene film showed losses of the C-H stretching 

modes, the in–plane C-H bending modes, and the out–of–plane C-H bending modes, while only 

comparatively small decreases in the C-C aromatic stretches and the C-C ring out–of–plane 

deformation modes.  These changes indicated that the C-H bonds are the main reaction sites and 

that only a small number of C-C bonds were modified during the reaction.  The carbonyl species

(examples shown in Figure 2.24) identified in the RAIR difference spectra progress from ketones 

to quinones, carboxylic acids and carboxylic acid anhydrides as some of the pentacene molecules 

are cleaved into small fragments. This trend can be seen in Figure 2.23 in spectra B – H, where 
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ketones, quinones, carboxylic acids and carboxylic acid anhydrides appeared at 1613 cm-1, 1740 

cm-1, 1780 cm-1 and 1823cm-1 respectively. The C-O stretching modes also increased through 

the course of the reaction, reinforcing that some of the products after long oxidations are 

carboxylic acids and/or esters.

Figure 2.24.  Possible of products formed during oxidation of pentacene by ozone.
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Figure 2.25. Fit and deconvolution into four component peaks of the RAIR spectrum of 

pentacene.  The black trace is the experimental data, the red trace is the overall fit and the green 

traces are Lorentzian fits for individual peaks.

Comparing RAIR spectra before and after oxidation (Figure 2.10) showed that not all of 

the pentacene in the films was oxidized during the reaction.  Even exposing a pentacene film to 

ozone for long times does not result in the oxidation of the entire film, so there was something 

stopping ozone from reaching the unreacted, interior pentacene molecules.  The presence of 

highly oxidized groups indicates that there was a layer of oxidized products formed at the gas-

surface interface that prevented ozone from penetrating past the gas-surface interface.  This layer 

could be formed through the condensation of two adjacent carboxylic acid groups into an acid 

anhydride or by reaction of the Criegee intermediate with an adjacent pentacene molecule in the 

film, crosslinking into an oxidized polymer.  Previous studies into the oxidation of hydrocarbons 

0.0001 AU
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by ozone have shown that under the right conditions, oxidation will effectively stop once some 

of the sample has been oxidized.26,33

A recent example this phenomenon was the oxidation of vinyl-terminated self-assembled 

monolayers by gas-phase ozone under high vacuum conditions performed by Fiegland, et. al.26,33

The researchers found that after the vinyl groups located at the gas-surface interface were 

oxidized to carboxylic acids, the carboxylic acid groups condensed into a layer of carboxylic 

acid anhydrides.  The bulky oxidized layer prevented ozone penetration into the monolayer and 

oxidation of the sulfur atoms anchoring the monolayer to the gold surface.  Another example is 

the solution phase oxidation of the fullerenes C60 and C70 by ozone.34,35 As the fullerenes were 

oxidized, they formed high mass oxidized polymers, referred to as “ozopolymers”, which are 

insoluble in most solvents.  These polymeric oxides were theorized to be made up of adjacent 

fullerene cages bridged by ether, peroxide or carboxylic acid anhydride linkers and were 

probably branched, three dimensional polymers.  Recent work by Davis et. al. indicates that this 

may have occurred during the heterogeneous oxidation of solid fullerenes with gas-phase ozone 

under high vacuum conditions as well.27

The thickness of the oxidized interfacial layer was estimated using RAIR spectra of the 

oxidized sample, as in Section 2.3.1.  Figure 2.26 shows the change in absorbance after ozone 

oxidation at 1444 cm-1 to be approximately 0.00025 absorbance units.  Therefore, the oxidized 

interfacial layer is about 2 to 3 monolayers thick corresponding to a layer that is about as thick as 

those described in the works of Cataldo, et. al. and Fiegland et. al.26,33-35
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Figure 2.26.  Final RAIR difference spectrum (low frequency region) taken after oxidation of a 

pentacene film by a high concentration of ozone for 3 hours. Background was a freshly cleaned 

gold coated glass slide.

2.3.3 Pentacene Oxidation Kinetics

The heterogeneous ozone-pentacene oxidation reaction proceeded by breaking C-H

bonds in the pentacene molecule and replacing them by a variety of different products containing

C-O and C=O bonds.  Useful information was gleaned from the kinetic profiles of vibrational 

modes monitored during the reactions and used to draw some conclusions about the reaction 

mechanism(s).  All kinetic data shown in this section are not manipulated in any way. Kinetic 

decay profiles for a few representative vibrations of the pentacene films are shown in Figure 

2.27.

0.0001 AU
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Figure 2.27. Kinetic decay profiles for several representative vibrational modes of pentacene 

during oxidation by gas-phase ozone.

One noteworthy observation of the kinetic decay profiles in Figure 2.27 is that modes 

corresponding to the same types of vibrations have the very similar functional forms, e.g. all of 

the in-plane C-H bend decay profiles are very similar in shape and magnitude.  The in-plane C-H

bends at 1164 cm-1 and 1444 cm-1 are associated with the second and fourth rings of the 

pentacene molecule and the in-plane C-H bend at 1538 cm-1 is associated with the central three 

rings.32 The kinetic decays for the three identifiable C-H in-plane vibrations are nearly identical, 

which should not be the case according to the predicted electron density of a pentacene 

molecule: the central ring should be most reactive.13 Ozone reactions at any of the sites 

associated with these vibrations would yield nearly identical products, so the products cannot 

help distinguish between reactions on the central three rings.  The decay of these in-plane 
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vibrational modes are identical, indicating that ozone will attack reactive sites on any ring of a 

pentacene molecule almost indiscriminately. Low reaction site selectivity leads to the formation 

of the large amount of different products, seen previously in Section 2.3.2, like ketones, 

quinones, polyketone species, carboxylic acids and carboxylic acid anhydrides, as well as 

possibly epoxides and alcohol species.

Comparing the degradation rate of the C-H stretching modes to the growth of the C-O

stretch mode at 1285 cm-1 (in Figure 2.28) shows that there was approximately the same amount 

of loss of the C-H stretches as growth of C-O stretches.  These processes may be coupled, e.g.

the loss of a C-H group corresponds to the appearance of a C-O group.  However, there was

significantly more growth of the overall carbonyl region, by a factor of ~20, than for the C-O

stretch at 1285 cm-1.  The actual amount of carbonyl products was likely less than 20 times the 

amount of C-O groups because C=O stretches are much more efficient absorbers of IR radiation 

than C-O stretches.36,37 An excess of carbonyl products indicates that pentacene was oxidized by 

ozone into products containing multiple carbonyl species.  It is worth noting that the carbonyl 

C=O stretch intensity increases almost linearly with continued exposure to ozone, while the 

intensities of the C-O and C-H modes remains nearly constant.  One explanation for this 

behavior is the continued oxidation of pentacene fragments into highly oxidized species like 

dicarboxylic acids and carboxylic anhydrides that contain very little hydrogen.
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Figure 2.28.  Comparison of kinetic decay of the C-H stretching region (3100-2975 cm-1) and 

growth of a C-O mode (1285 cm-1) and C=O stretch modes (2000-1500 cm-1) during pentacene 

oxidation by gas-phase ozone. Panel B is a zoomed in view of the C-H stretch and 1285 cm-1

kinetic plots in Panel A.
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In order to get a better grasp on how the reaction proceeded, kinetic data from oxidation 

experiments performed at several different temperatures was collected.  The data was collected 

in duplicate at four temperatures, while utilizing a liquid nitrogen reservoir to cool the samples 

below room temperature to 293K, 272K, 259K and 244K.  Data were collected below room 

temperature because the button heater for heating the sample while under vacuum was not 

functioning at the time.  After collecting RAIR spectra for all of the experiments, integrating the 

area under the peak at 1164 cm-1 (this mode was used out of practicality: it was consistently 

simple to integrate, was narrow and was not obscured by any other modes) and fitting the peak 

area change as a single exponential, the rate constants were averaged.  The rate constants and 

their corresponding temperatures (in K) were plotted and fit using the Arrhenius Equation

to determine the activation energy of the rate limiting step of the ozone-pentacene reaction.  The 

resulting Arrhenius plot, Figure 2.29, yielded an activation energy of 17±2 kJ/mol for the rate 

limiting step in the reaction.
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Figure 2.29.  Arrhenius plot used to determine the activation energy of the rate limiting step in 

the oxidation of pentacene by ozone.

Previous studies used to determine the activation energy of reactions between ozone and 

organic compounds containing double bonds put this result in perspective.  Leather et. al.

performed and tabulated results of ozonolysis reactions on a wide variety of organic compounds 

to see if there was a structure-reactivity relationship they could exploit in predicting the 

reactivity of atmospheric species.38 They determined that the activation energy of ozonolysis 

reactions falls in a narrow range, between 15 and 22 kJ/mol, for a set of structurally diverse 

compounds.  Two studies performed recently in the Morris group investigated the initial reaction 

probability of ozone with a vinyl-terminated self-assembled monolayer, while modulating the 

translational energy of ozone from 5 kJ/mol up to 70 kJ/mol and the reaction of ozone with 

surface-bound C60.27,39 The first study experimentally probed the reaction barrier for ozonolysis 
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of a C=C bond and found it to be about 20 kJ/mol for ozone impacting the vinyl-terminated 

monolayer in vacuo.  The second study did not conclusively determine an activation energy for 

the reaction of C60 with ozone, but qualitatively determined that the activation energy for one 

C=C bond falls between 10 and 20 kJ/mol.  The activation energy determined for the ozone-

pentacene reaction in this work fits in the range set forth by previous experimental work.

2.3.4 6,13-Pentacenequinone Oxidation and Insights

Even though there was evidence pointing to C=C bonds on the three central rings of the

pentacene molecule as the likely reaction sites, a positive control was necessary to confirm that 

they were the likely reactive sites. Reactions taking place on the ends of the molecule would 

result in a large amount of epoxide species and almost no carbonyl products due to a molecular 

oxygen elimination pathway in the decomposition of the Criegee intermediate. To test this 

hypothesis, a pentacene derivative was chosen to completely eliminate the central ring reaction 

site, which is the most electron rich site in the molecule: 6,13–pentacenequinone.

Figure 2.30.  6,13–pentacenequinone.

Samples of 6,13–pentacenequinone were prepared using the same vapor deposition and 

ozone preparation methods used in the pentacene experiments described in Sections 2.2.3 –

2.2.6.  After sample deposition, the 6,13–pentacenequinone films were characterized by RAIRS
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(sample shown in Figure 2.31) and subjected to effusive fluxes of pure ozone.  Reaction progress 

and product identification were performed in situ under high vacuum conditions by the RAIR 

spectrometer.

Figure 2.31.  Initial RAIR spectrum of a thick 6,13–pentacenequinone film. The background 

was a freshly cleaned gold coated glass slide.

Ozone oxidation of 6,13–pentacenequinone results in products that were very similar to 

those from pentacene oxidation by ozone.  The C-H bending modes of 6,13–pentacenequinone 

were consumed during the reaction and the only clear products of this reaction were other 

carbonyl species evident in Figure 2.32.  These carbonyl species were oxidized to a greater 

degree than 6,13–pentacenequinone and were most likely carboxylic acid and carboxylic acid 

anhydride species.  It was interesting to note that the C=O stretches characteristic of 6,13–

0.01 AU
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pentacenequinone also decay during the reaction.  This was due to cleavage or functionalization 

of the adjacent rings, removing the IR active quinone mode completely or causing a blue shift in 

the vibrational frequency.

Figure 2.32. RAIR spectrum of a 6,13–pentacenequinone film oxidized by ozone for 60 minutes.

The background was a freshly cleaned gold coated glass slide.

2.3.5 Pentacene Oxidation Mechanism

Pentacene was oxidized by ozone through at least three distinct reaction pathways.  All of 

the pathways described in this section are plausible based on the products identified via RAIRS 

(Sections 2.3.2 and 2.3.3 above), kinetic decay and growth profiles and the determination of the 

activation energy of the rate limiting step, corresponding to the cleavage of one C=C bond.  No 

spectroscopic distinction between the different pathways has been made and they are only 

0.002 AU
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distinguished here by using chemical intuition and similar previous studies of ozone oxidation 

reactions as a guide.  The first step in all of the pathways is the addition of ozone to one of the 

unsaturated sites forming a primary ozonide.  The pathway that the reaction follows is based on 

the location of the primary ozonide on the pentacene molecule and its subsequent decomposition.

The first reaction pathway was based on studies previously conducted on anthracene, a 

three ring analogue of pentacene.25 The studies were conducted in an atmospheric pressure flow 

tube reactor in the presence of ozone, oxygen, nitrogen and water vapor to investigate how the 

reaction rates and mechanism changed with changes in relative humidity.  The studies were 

conducted at three different relative humidities: 0% (dry), 48% and 57%.  Results by Kwamena, 

et. al. also showed that anthracene oxidation proceeded through several reaction pathways under 

dry conditions, but one pathway was preferred in the presence of water vapor: the oxidation of 

anthracene to 9,10–anthraquinone.  The preference was due to water 

hydrogen bonding to and stabilizing the primary ozonides and Criegee intermediates and 

donating protons to the reaction.  The mechanism described by Kwamena, et. al. proceeded 

through a number of steps described completely in Reference 19.

The mechanism for anthracene oxidation by ozone in the presence of water was not valid 

under vacuum because there was too little water vapor available.  However, an analogous 

mechanism, utilizing only ozone, with water as a byproduct is presented in Figure 2.33.  First, 

ozone attacks the central ring of pentacene (species A) and forms a primary ozonide (species B) 

across the face of the ring.  This process breaks two C=C bonds, but reforms one C=C bond in 

order to retain maximum aromatic character in the molecule as possible through the formation of 

two Clar sextets.  Next, the bonds to the central oxygen atom in the primary ozonide and to the 

ring hydrogen atoms weaken and elongate.  The weakened bonds break and the three atoms form 
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a water molecule.  The remaining oxygen atoms form C=O bonds with the dangling bonds of the 

ring carbons, yielding 6,13–pentacenequinone (species C).  This reaction could occur on any of 

the three central rings of pentacene, not exclusively as illustrated, and would yield analogous 

quinone products.  In fact, one of the most thermodynamically stable possible products is 

5,7,12,14–pentacenetetraone, shown in Figure 2.24, due to the formation of three separate Clar 

sextets after the ozone oxidations. Quinone C=O stretches appeared in the RAIR spectra 

collected in this work while C-H stretches decayed (see Figures 2.23 and 2.28) supporting this 

mechanism.

Figure 2.33.  Pentacene primary ozonide (across ring form) and subsequent decomposition 

mechanism. Note: this is only one possible mechanism.
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The second pathway that the reaction of ozone with pentacene can proceed along is

through the formation of a primary ozonide on one of the peripheral C=C sites on the central 

ring, shown in Figure 2.34.  First, ozone attacked the C=C bond in pentacene (species A) and 

formed a primary ozonide.  The primary ozonide (species B) decomposed by cleaving the C-C

bond and one of the O-O bonds to give a neutral carbonyl species and a Criegee intermediate, 

resulting in ring opening.  The most likely product, based on stability and the fact that it utilizes 

all of the atoms present in the primary ozonide, was a substituted naphthoic acid (species C).  

Other products are possible, but they arise from highly energetic Criegee intermediates.  One 

final note is that this reaction mechanism can occur on any of the aromatic rings in pentacene 

and yield products analogous to those discussed. My results are also consistent with this reaction 

pathway because carboxylic acids and ketones are found in the RAIR spectra collected during 

pentacene oxidations.

Figure 2.34. Pentacene primary ozonide (peripheral ring form) and subsequent decomposition 

mechanism.  Note: this is only one possible mechanism.

A B

C



75

The last plausible reaction pathway discussed here is the reaction of ozone with a C=C 

bond on one of the terminal rings of pentacene, shown in Figure 2.35.  Ozone first reacted with 

pentacene (species A) and formed a primary ozonide (species B), in this case on the right hand 

end of the molecule.  The primary ozonide then decomposed through cleavage of one C-O bond 

and one O-O bond to release molecular oxygen and yield a pentacene epoxide (species C). As 

with the other possible reaction pathways, this is consistent with my results because epoxides are 

found in the RAIR spectra. However, I believe that this pathway is a minor one based on the 

large amount of carbonyl compounds formed compared to the small amount of epoxides found in 

the RAIR spectra.
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Figure 2.35.  Pentacene primary ozonide (terminal ring form) and subsequent decomposition 

mechanism.  Note: this is only one possible mechanism.

All of the mechanisms described above can be repeated several times per pentacene 

molecule in the oxidized layer on top of the film, giving species that contain several carbonyl 

groups. It is worth noting that the carbonyl C=O stretch intensity in Figure 2.28 increases almost 

linearly with continued exposure to ozone, while the intensities of the C-O and C-H modes 

remains nearly constant.  One explanation for this behavior is the continued oxidation of 

pentacene fragments into highly oxidized species like dicarboxylic acids, carboxylic anhydrides 

and “ozopolymers” that contain very little hydrogen.
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2.4 Conclusions

The data presented in Section 2.3 are by no means complete in their scope, but the data 

do allow several important conclusions to be reached.  First, gaseous ozone reacts vigorously 

with solid pentacene causing significant changes to the solid sample.  The solid sample is 

oxidized heavily to form species like polyketones, carboxylic acids, carboxylic acid anhydrides, 

esters and epoxides.  These heavily oxidized species may also be linked together as an 

“ozopolymer”, preventing oxidation of the entire pentacene sample after the interfacial layer has 

been oxidized.

The oxidation probably proceeds through a mechanism very similar to those proposed by 

Fiegland, et. al., Leather, et. al. and Kwamena, et. al.25,26,38 The kinetic data presented in Section 

2.3.3 showed that concerted vibrational modes related to the central three rings disappeared with 

the same rate, indicating that ozone attacked the internal ring sites indiscriminately.  However, 

the Arrhenius plot suggested that ozone only attacked one double bond at a time, as indicated by 

the activation energy of 17 kJ/mol.  The experimental activation energy is in agreement with the 

values of several studies noted in Section 2.3.3.27,38,39

Finally, three possible reaction mechanisms have been proposed based on the observed 

products and recorded kinetic data.  Based on the data presented, there is no way to definitively 

determine the primary reaction mechanism.  However, there may not be a primary mechanism 

and all three proposed mechanisms may be taking place appreciably in the experiments due to 

the observed lack of regioselectivity of ozone when attacking the pentacene molecule.

2.5 Future Work

This work may be expanded upon by conducting the ozone oxidation reactions with an 

isotopically labeled pentacene molecule, such as pentacene-d6.  Pentacene-d6 has deuterium 
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atoms replacing hydrogen on the central three rings of pentacene and several synthetic routes 

exist for lab-scale synthesis.  Pentacene-d6 reacting with ozone will allow the product 

identification and kinetic data to be refined and may point to a primary reaction mechanism.  If 

the deuterium atoms on the central three rings are removed preferentially compared to the 

hydrogen atoms on the peripheral rings or vice versa, the preferred reaction site can be 

determined and the associated products identified.  If the preferred reaction site and reaction 

products are known, the proposed mechanisms can be refined and possibly reduced to one 

proposed mechanism.
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Chapter 3 State-Selected Hydroxyl Radical Molecular Beam Source

3.1 Introduction

3.1.1 Molecular Beam Machine Overview

The state-selected hydroxyl radical molecular beam source (·OH source) is an addition to 

the existing molecular beam chamber (Beam Machine) in the Morris research lab.  The Beam 

Machine, shown in Figure 3.1, utilizes a series of vacuum pumps to achieve UHV conditions 

which are necessary for the propagation of atomic and molecular beams into the experimental 

and detection chambers.  The Beam Machine is described in detail elsewhere1-3; a short 

description of the important components follows.

Figure 3.1.  Beam machine schematic, side view.
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The main chamber is evacuated by a 1500 l/s turbomolecular pump (Pfeiffer Vacuum) 

backed by a scroll pump (Edwards, model XDS-10) and a 1000 l/s cryogenic pump (Austin 

Scientific).  The main chamber is equipped with a Residual Gas Analyzer (RGA) (Stanford 

Research Systems, model RGA 300) for characterizing background gases and the velocity of 

incident atomic and molecular beams and two IR transparent windows for in situ RAIRS of 

samples.  Samples are mounted on a sample manipulator (McAllister, model MA2012) with five 

degrees of freedom: X, Y and Z translations, rotation about the Z-axis and tilt.  The pressure in 

the main chamber is monitored in real time with a cold cathode gauge (Pfeiffer Vacuum) and 

operates at ~1x10-9 torr.

The Extrel mass spectrometer (ABB Extrel) chamber is evacuated by two turbomolecular 

pumps: a 250 l/s (Pfeiffer Vacuum) and a 500 l/s (Pfeiffer Vacuum), both of which are backed by 

a single scroll pump (Edwards, model XDS-10).  The Extrel chamber is separated from the main

chamber by a 4.3 mm circular aperture which prevents the majority of background gases in the 

main chamber from entering the Extrel chamber, while allowing the well collimated molecular 

beam to register at the MS detector.  The pressure in the Extrel MS chamber is monitored in real 

time with a cold cathode gauge (Pfeiffer Vacuum) and operates at ~4x10-10 torr.

Samples are prepared in the lab at atmospheric pressure and introduced into the Beam 

Machine through a load-lock chamber (MDC Vacuum).  The load-lock is evacuated by a liquid 

nitrogen cooled sorption pump and a 50 l/s turbomolecular pump (Pfeiffer Vacuum) in two 

stages.  The load-lock is sealed at atmospheric pressure, then a valve is opened to the sorption 

pump.  After ~30 minutes of sorption pumping, the pressure has fallen to ~10-4 torr, the sorption 

pump valve is closed and a pneumatic valve is opened to the turbopump.  After another ~30 
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minutes, the pressure in the load-lock has fallen to ~10-8 torr.  The load-lock chamber pressure is 

monitored in real time with a compact full range gauge (Pfeiffer Vacuum).

The atomic and molecular beams are prepared in a set of three differentially pumped 

chambers separated from the main chamber by a gate valve, see Figure 3.2.  The first, second 

and third chambers are pumped by a 5000 l/s diffusion pump (Varian, model VHS-10), a 1500 l/s 

diffusion pump (BOC Edwards, model Diffstak MK2) and a 250 l/s turbomolecular pump 

(Pfeiffer Vacuum), respectively.  Gas for the atomic and molecular beams is introduced into the

first pumping stage, where it expands through a 0.05 mm diameter stainless steel nozzle (General 

Valve), creating an expanding gas jet.  The nozzle is located 6 mm away from a 0.40 mm 

diameter skimmer cone and is collinear with the skimmer.  The expanding gas jet leaving the 

nozzle encounters the skimmer and the central portion of the expansion passes through the 

skimmer aperture, while the rest of the gas is rejected and pumped away.  The gas that passes 

through the skimmer then travels through the second differential pumping stage. Here the gas

encounters a chopper wheel rotating at a controlled frequency. The chopper creates gas pulses of 

known pulse width at regular intervals.  After the chopper wheel, the gas pulses encounter an 

aperture plate with a 1.5 mm diameter circular aperture that collimates the gas pulses.  The beam 

passes through another circular aperture, 2.2 mm diameter, that collimates the beam. Finally, the 

gas pulses enter the main chamber where they will strike the sample, if the sample is in the 

correct position, or the gas pulses will pass through the main chamber and strike the RGA 

ionizer. 

There are two possible outcomes for the beam after entering the main chamber, 

depending on the sample position.  If the sample is raised above the beam level, the beam will 

pass straight through the main chamber and strike the collinear RGA mass spectrometer.  The 
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RGA is a fixed distance from the chopper wheel (158 cm, found experimentally) and allows the 

mean gas velocity in the beam to be found.  If the sample is aligned for beam scattering 

experiments, the gas pulses will strike the sample and some fraction of the gas will scatter 

impulsively, retaining a large portion of its initial translational energy, and some of the gas will 

thermally accommodate with the surface and desorb some time later with a thermal distribution 

of energies (described in Section 2.2.7).  The combination of gas molecules with both high and 

low translational energies gives a broad distribution of final gas translational energy.  This 

translational energy distribution can be deconvoluted using previously established methods.1-3

Figure 3.2.  Triply-differentially pumped source chamber.
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3.1.2 Molecular Beam Physics

There are two types of atomic and molecular beams (abbreviated as beams or molecular 

beams henceforth): effusive beams and supersonic beams.  The two are distinguished by the gas 

pressure behind the initial aperture.  Effusive beams (Section 2.2.7) have a relatively low 

backing pressure resulting in the gas freely flowing through the aperture and the beams physical 

properties being governed by the Kinetic Theory of Gases based on the temperature of the 

aperture.

The other class of molecular beams, supersonic beams, use a high backing pressure 

resulting in the gas being pushed through the nozzle and expanding into the vacuum located 

downstream of the nozzle.  The initial expansion of the gas looks like the thrust cone of a rocket 

or jet and so is also known as a “supersonic [gas] jet”.  A supersonic beams physical properties,

like gas temperature, density, collision frequency and velocity, are governed by a much more 

complex set of physics.  The physical properties are based on the gas’ initial temperature, 

pressure, empirical Joule- p/Cv, the heat capacity ratio of the gas.

Cp is the heat capacity at constant pressure and Cv is the heat capacity at constant volume.

Temperature, density, collision frequency and velocity of supersonic beams change rapidly 

during their expansion out of the stainless steel nozzle and based on how long the gas is allowed 

to expand before the excess is skimmed away by the skimmer cone.

As the gas behind the nozzle moves toward the nozzle aperture, the pressure is nearly 

constant and is known as the stagnation pressure.  Once the gas reaches the nozzle aperture it 

expands to approximately half the stagnation pressure and the gas molecules’ velocity increase to 

the local speed of sound.4 At this point the gas still has a relatively high pressure compared to 

the next vacuum stage and is said to be underexpanded.  When the gas exits the nozzle and enters 
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the subsequent vacuum chamber it fully expands into a supersonic jet (see Figure 3.2).  This 

expansion is an isenthalpic, Joule-Thompson expansion which causes the gas temperature to 

decrease while simultaneously increasing the velocity of the gas to many times the local speed of 

sound, hence the supersonic part of “supersonic [gas] jet”.5 During this isenthalpic expansion, 

the enthalpy of random atomic or molecular motions is converted into directed mass flow 

downstream from the nozzle. The increase in mean molecular velocity is described by 

where H0 is the initial enthalpy of the gas, H is the enthalpy after expansion, m is the mass of the 

gas and v is the mean velocity of the gas after expansion.5 Some of the enthalpy that is 

converted into an increased translational velocity comes from the internal motions (rotations and 

vibrations) of the molecules in the beam.

There are several important regions to the initial expansion of a supersonic beam that 

dictate how the beam will evolve.  The center portion of the expansion is called the “zone of 

silence” because all of the gas molecules in this region are exiting the nozzle and moving away 

from each other along radially emanating streamlines.  The zone of silence is characterized by a 

low gas density and an extremely small number of binary collisions, due to all of the gas 

molecules moving away from each other.  Several millimeters downstream of the nozzle 

aperture, the zone of silence ends due to intermolecular collisions between gas in the beam and 

background gas.  The end of the zone of silence is called the Mach disk shock and is 

characterized by gas in the beam continuing to move away from the nozzle, but slower than the 

local speed of sound.  Around the zone of silence is another radially symmetric region of higher 

gas density where gas from the expansion begins colliding with background gas molecules.  
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These collisions lead to compression waves and increases in gas density and temperature while 

the gas’ velocity decreases, but is still supersonic.

As the gas moves further away from the nozzle its temperature and the number of 

bimolecular collisions decrease while its velocity increases.  After moving ~5 nozzle diameters 

downstream, the gas in the center of the jet is at ~98% of its terminal velocity and ~4% of its 

initial temperature.5 In the experimental setup described previously (Section 3.1.1), the skimmer 

cone is located ~88 nozzle diameters downstream of the nozzle aperture.  In this configuration, 

the gas has cooled significantly, practically ceased all binary collisions due to a transition to free 

molecular flow and the velocity has reached terminal velocity, dictated by

where m is the molar mass of the gas.  Terminal velocity is an extremely important and useful 

parameter for predicting experimental settings for the Electrostatic Hexapole filter (Section 

3.1.3.1).

3.1.3 Electrostatic Hexapole Filter

3.1.3.1 Previous Studies

Several groups have utilized an electrostatic hexapole to elucidate the stereodynamics of 

gas-phase reactions.  These studies began with Kramer and Bernstein6 and Brooks and Jones7,8 in 

the 1960s and continued with the works of Bernstein9-11, Parker10, Stolte12-14 and Brooks15 from 

the 1970s through the 1990s.  The initial study by Kramer and Bernstein showed that thermal 

beams of CH3I and CHI3, a prolate and an oblate symmetric top respectively, can be focused 

after passing through a hexapolar electric field due to their first order Stark effect.6 The 

researchers showed that the intensities the thermal beams with the electric field off were between 
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2 and 4 times lower than when the electric field was on.  Brooks and Jones used a hexapolar 

electric field to orient a thermal beam of CH3I and cause it to collide with a thermal beam of K 

atoms.7 The researchers observed that the rate of formation of KI increased significantly when 

the K atoms collided with the iodine end of the CH3I molecules.  Brooks, et. al. characterized the 

velocity and orientation distributions of halocarbon symmetric top molecules, like CH3I and 

CHI3, moving through a hexapolar electric field.8 The molecular beam paths were used to 

describe, in depth, the physics of the first order Stark effect that takes place in a hexapolar 

electric field.

After the initial studies showing the focusing effect on diverging thermal beams of 

symmetric top molecules, research turned to using supersonic molecular beams of molecules.  

This change resulted in two important improvements in the focusing experiments.  The velocity 

distribution of a supersonic beam is narrower than for a thermal beam, so the focusing effect is 

improved over thermal beams.  Also, the molecules in the supersonic beam have much less 

rotational energy, so they will only populate the lowest few rotational states, which allows for 

more effective rotational state selection.  Chakravorty, et. al., Gandhi, et. al. and Parker, et. al.

used seeded supersonic molecular beams to refine the physics of first order Stark focusing of 

halocarbon symmetric top molecules and other polar molecules like OCS and N2O.10,11,13

Around the same time, Van den Ende and Stolte began studying the reaction stereodynamics of a 

beam of rotationally state-selected NO radicals with O3.14 Kuipers, et. al. used state-selected NO 

beams to study the steric effects of gas-surface scattering from Ag(111) and Pt(111) single 

crystals.12 The researchers found that O-end collisions resulted in larger scattering angles than 

N-end collisions and that the adsorption configurations are different for the two metals: Ag 

prefers O-end adsorption and Pt prefers N-end adsorption.
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The NO radical work is an important step because it allowed researchers a way to study 

the reaction dynamics of highly reactive radical species.  Radicals are important in fields as 

diverse as the oxidative balance in the atmosphere and vapor deposition and cleaning of 

semiconductors.  Apart from NO all gas-phase radical species must be generated in situ, but the 

generation methods are not always compatible with creating a molecular beam of radicals.  In 

pioneering work by Engelking et. al., an electrical discharge was mated with a mild supersonic 

expansion to give a beam of ions and/or radicals.16 Engelking called this electric discharge 

coupled to a supersonic expansion a Corona Excited Supersonic Expansion (CESE).  The gas 

exits a specially designed glass nozzle with a thin electrode extending almost to the nozzle 

aperture, expands and the centerline of the beam passes through a skimmer as described in 

Section 3.1.2 (Figure 3.3).

Figure 3.3.  Diagram of nozzle and skimmer used to create a corona discharge-excited supersonic 

expansion.
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In order to maximize the amount of radicals produced, the discharge propagates from the

skimmer (electrically grounded) backwards through the expanding gas to the wire (large positive 

voltage bias) inside the nozzle.  The discharge affects the gas stream inside the nozzle, forming a 

high density of radicals which then expand and pass through the skimmer, where they can be 

used for experiments.  The radicals passing through the skimmer take advantage of both physical 

processes: they are generated inside nozzle in the electrical discharge, so can be rotationally and 

vibrationally “hot”, but they are part of the supersonic expansion which rotationally cools them.  

Engelking generated radicals for a variety of reactions dynamics studies using this type of 

electrical discharge.16,17

The third generation of reaction dynamics investigations used electrostatic hexapoles as 

filters to remove unwanted components of a radical-containing gas stream.  The experiments 

performed by the Curtiss research group at the University of Utah established the physics and 

reactivity of radicals moving through the electric field in detail.18-20 These experiments were 

based on the work of the Van den Ende and Stolte in the 1980’s using an electrostatic hexapole 

to select and focus a single rotational state of the stable NO radical (2
½) for reaction dynamics 

studies with O3 in a crossed molecular beam setup.14 Van den Ende found that the | >

rotational state of NO could be selected rather easily and then frozen into a specific orientation 

by using a simple dipolar electric field after the hexapolar state selector.  This allowed the 

stereochemistry of the NO + O3 reaction to be interrogated in a very straightforward manner.

The first of these studies investigated the production and subsequent focusing of a series 

of fluorocarbon radicals in a supersonic molecular beam by Weibel, et. al.18 A stream of C2F6 in 

Ar carrier gas was passed through a specially designed quartz nozzle, heated and drawn down to 
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aperture. The fluorocarbon radicals produced in the discharge rapidly etched the 

nozzle, so a new nozzle utilized a flow of C2F6 in Ar “sheathed” inside of a pure Ar flow to 

prevent degradation of the quartz nozzle during operation.  The gas flow was ionized by a 

continuous electric discharge, producing CF, CF2 and CF3 radicals, along with F atoms, Ar+ ions 

and other reactive species.  The beam passed through a 1.93 m hexapolar electric field where CF 

and CF3 radicals were deflected around an axial beamstop located in the center of the hexapoles, 

which prevented any other beam components from reaching the mass spectrometer detector.

Van den Ende, et. al. showed that a 2 radical can be state selected in a hexapolar 

electric field.14 However, NO is the only 2 radical that does not require preparation 

immediately prior to use and so is the only radical that can form pure molecular beams for 

reaction dynamics studies.  Hain, et. al. extended their radical production expertise from 

fluorocarbon radicals to the study of OH and OD radicals by generating OH and OD radicals in 

situ, state selecting the radicals and calculating the orientational probability distributions.19,20

Hain, et. al. found that OH/OD radicals were highly rotationally cooled during the supersonic 

> and | 

>.  The researchers also found that OH/OD are very sensitive to the large hexapolar electric 

fields and can pass through the hexapolar state selector in a 1/2 wave trajectory (lowest hexapole 

focusing voltage), a full wave trajectory (without hexapole beamstop in place) and a 3/2 wave 

trajectory.  OH/OD beam intensities passing through the hexapolar state selector were predicted 

and agreed with experimental results with extremely high accuracy when taking into account the 

-doubling and spin-orbit interactions in the radicals.

All of this research utilizing hexapolar electric fields as rotational state selectors 

beginning with Kramer and Bernstein culminates with the work of D’Andrea, et. al. in 2008.21
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This research was discussed previously in Section 1.1.2.4, but is worth revisiting.  D’Andrea, et. 

al. used a CESE and a hexapolar electric field to select a single rotational state of the OH 

radicals in the molecular beam and used RAIRS to follow the reaction of the OH radicals with 

two different self-assembled monolayers (SAMs), a methyl terminated and a vinyl terminated 

SAM.  The researchers found that when OH radicals impinged onto a methyl terminated SAM, 

the interfacial CH3 groups react completely in ~10 minutes. The experimentally determined flux 

of ·OH over 10 minutes corresponded to an OH radical exposure of ~60% of a monolayer 

(2.4x1014 radicals/cm2) at the SAM surface.  When the OH beam impinged upon the vinyl 

terminated SAM, the interfacial C=C bonds were completely consumed in <5 minutes, which 

corresponds to a dose of 1.2x1014 radicals/cm2, or ~30% of a monolayer of OH radicals.  This 

rapid reaction with the vinyl terminated SAM indicated that the vinyl groups may be consumed 

by both the incident OH radicals and by a radical-induced polymerization of the exposed vinyl 

groups. A molecular beam of ·OH inside a hexapolar electric field is influenced by the physics 

of the expansion, discussed in Section 3.1.2, and by the electric field.  The motions of ·OH inside 

a hexapolar electric field are discussed in Section 3.1.3.2.

3.1.3.2 Hexapolar Electric Field Physics

Before a discussion of the physics of an ·OH molecular beam inside a hexapolar electric 

field, a brief overview of the components and the beam trajectory are in order for the modified 

Beam Machine.  The existing Beam Machine components were modified to mate with an 

electrostatic hexapole filter in order to create a rotational state-selected molecular beam source.  

This new beam source has two important functions that were not possible before.  First, the 

radical source is capable of generating hydroxyl radicals, or other radicals depending on the 

incoming gas stream, in sufficient quantities for use in reaction dynamics studies.  Second, after 
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the radicals are generated, they are purified in situ by the electrostatic hexapole filter to remove 

any other species present in the supersonic beam.

The radicals are generated in a CESE in the pre-existing first source chamber.  The 

nozzle is made from a glass tube that has been heated and drawn down to a small aperture (~200 

ming in the back of the tube and a small elbow where 

the gas is introduced (Figure 3.4).

Figure 3.4.  Diagram of glass nozzle and metal skimmer assembly.

electrode protrudes as far as possible down the glass nozzle to facilitate the electric discharge.  

The skimmer is a nickel-plated brass Wilton #0 cake decorating nozzle, which is grounded to the 

vacuum chamber.  Once the molecular beam has been created and has stabilized, the Pt electrode 

inside the nozzle is biased to +2.5 kV to create the discharge.  The discharge propagates from the 

skimmer backwards through the supersonic expansion to the Pt electrode inside the nozzle, 

ionizing and fragmenting molecules as they exit the nozzle.  The radical-containing molecular 

beam behaves like any other seeded molecular beam: the gas(es) expand out of the nozzle, speed 

up and cool down until the gas transitions to free molecular flow and the properties are frozen in.  



94

The radical beam is skimmed, passes into the second source chamber and is chopped into a 

pulsed beam and passes through an aperture into the hexapole chamber.

When the beam enters the hexapole chamber, the hexapoles are not charged and the gas 

pulses proceed down the center of the chamber.  The beam can either proceed into the main 

scattering chamber for characterization or the beam can be stopped by the movable beamstop 

located in the middle of the hexapoles.  Once the beam has been characterized, the hexapoles are 

charged to the appropriate voltage to initiate focusing and rotational state-selection.  The purified 

radical beam can be used to perform reactive scattering experiments by colliding with SAMs or 

other organic thin film surfaces.

As the molecular beam enters the hexapole chamber, it encounters the intense electric 

field generated by the hexapoles and several things happen.  Atoms and nonpolar molecules pass 

down the center of the hexapole rods in a straight path and collide with the beamstop in the

midway point of the hexapoles.  Polar neutral molecules and ions are deflected away from the 

center of the hexapoles by the electric field and collide with the hexapoles or the chamber walls.  

After their collisions with the beamstop or the walls, all of the species mentioned up to this point 

are pumped away by the two 1000 l/s cryogenic pumps (Austin Scientific) attached to the 

hexapole chamber.  The hexapole rods are housed inside an 8 inch diameter 306L stainless steel 

tube.  The rods are held in place by a set of ceramic collars, keeping the rods stable without 

causing a short circuit at extremely high voltages.

The hexapole rods are 5.63 mm diameter and are arranged in a circular pattern with an 

inscribed radius of 11.25 mm.  The rods themselves are precision ground stainless steel, 1.067 m 

long and are polished to a mirror finish to prevent electrical arcing during operation.  The electric 

field inside the fully biased hexapole rods is axially symmetric and is described by:
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where V0 is the voltage applied to the rods, r0 is the inscribed radius of the hexapole rods and r is 

the radial distance from the center of the hexapoles.  The placement of the cylindrical rods in a 

hexagonal pattern causes the electric field to be cylindrically symmetric everywhere except the 

immediate vicinity of the rods.6,22

As they enter the hexapole field and diverge from the beam axis, 2 diatomic radicals 

and ot -doublet species are perturbed by an interaction between their rotating dipole 

moment and the electric field.  This perturbation, called the first order Stark energy, takes the 

form of a dot product between the dipole moment vector and the electric field vector:

D is the dipole moment, E is the electric field magnitude, J is the total angular momentum 

-orbit coupling quantum number and M is the projection of J onto 

the beam axis.18,21,22 At this point in the development of the hexapolar focusing physics, it 

should be noted that three quantum numbers used to describe the angular momentum of a 

diatomic 2 radical appear in the first order Stark energy.  These three quantum numbers are 

used to describe radicals conforming to Hund’s Case (a), like ·NO, ·OH and ·OD.14,18-20 These 

quantum numbers appear in the next two equations in this section and allow control over the 

rotational state that is selected and focused by the hexapolar electric field.

The radicals begin to diverge from the beam axis toward the hexapole rods as they move 

through the electric field.  This motion is counteracted by a restoring force that pushes the 

radicals back toward the beam axis.  The restoring force takes this functional form
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tive quantity, the radicals will be ejected from the electric field and 

impact the chamber walls.22 The radial force expression can be used develop an analytical 

function, based on the specifications of the hexapole, properties of the supersonic beam and 

properties of the molecule passing through the hexapole, for the hexapole voltage:

where n is the number of half-wave loops the radicals take passing through the hexapoles, m is 

the molecular mass, v is the terminal velocity of the molecular beam and l is the effective length 

of the electric field.20-22 By changing the focusing voltage slightly and using a larger exit 

aperture, the radical species could be made to focus on a target downstream from the exit 

aperture permitting the study of radical reactions in situ.

3.2 Hexapole Source Design

3.2.1 Nozzle Design and Materials

In order to create a CESE with the configuration shown in Figure 3.4 (Section 3.1.3.2), 

the beam nozzle must be made out an insulating material.  Glass or quartz are the best options 

because they are compatible with an UHV system, glass tubing comes in a variety of diameters 

and glass and quartz components can be modified/fixed with relative ease.  Glass was chosen to 

reduce costs, allowing a greater number of nozzles to be fabricated and screened to find a 

suitable supersonic beam nozzle.  All glass nozzle fabrication and modification was performed 

by the Virginia Tech Chemistry Glass Shop.

The initial design for the nozzles called for nozzles small enough to fit completely inside 

the first source chamber under high vacuum conditions.  The glass nozzles were 0.5 inches in 

diameter and approximately 5 inches long, with the aperture end drawn down and cut to expose a 
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he nozzles were modified with a 0.25 inch outer diameter tube 

which allowed the nozzle to be pressurized with the gases used in the supersonic expansion.  The 

corona discharge electrode which runs down the length of the nozzle was made of tungsten 

because tungsten is relatively inert and, when prepared correctly, forms a gas-tight seal with 

glass.  Once prepared, the tungsten electrode was sealed into a short section of 0.25 inch outer 

diameter glass tube making a small glass piece that could be attached to the back of any suitable 

nozzle via an Ultra-torr connector (Figure 3.5).  If problems developed with a nozzle while in 

use, the nozzle could be removed and the electrical feedthrough could be moved to another 

nozzle for immediate use.  The electrode was 

situated within 1 mm of the nozzle aperture.

Figure 3.5.  Picture of initial glass nozzle with electrode (tungsten portion only).

After testing with this initial nozzle design, the decision was made to switch to a 40 inch 

long x 1 inch diameter glass tube fused with the aperture end of the initial nozzle (Figure 3.6).

This long modified nozzle had one side at atmospheric pressure, entered the source vacuum 

chamber via a large Ultra-torr connection mounted on a two dimensional tilt table (McAllister) 

and was supported by a custom designed aluminum collar located ~ 1 cm from the skimmer.  
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The electrode in the long nozzle is a set of interlocking stainless steel rods that terminate in a Pt 

electrode.

Figure 3.6.  Picture of lengthened glass nozzle with electrode, alongside initial nozzle for scale.

3.2.2 Collar Design and Materials

In order to hold the custom glass nozzles in place inside the source vacuum chamber, 

several custom “collars” were fabricated and tested.  The collar was necessary to secure the 

nozzles to prevent them from moving during experiments, changing the supersonic beam 

properties.  A “halo” was also necessary to secure the rear of the nozzles and prevent nozzle tilt 

due to gas line torque.  As with the nozzles, the collar and halo needed to be made of a high 

vacuum compatible material, but glass proved to be untenable due to the complexity of the 

collars.  The logical choices for the collar material were stainless steel or aluminum and 

aluminum was chosen because it is cheaper, easier to work and lighter than stainless steel.  All 

custom collar fabrication and modification was performed by the Engineering Science and 

Mechanics machine shop at Virginia Tech.
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A working model of the collar was fabricated out of a cylindrical piece of cast Nylon 6 

for testing purposes (Figure 3.7).  The collar needed to be 4.1 inches long to support most of the 

length of the nozzles inside the source vacuum chamber, but as light as possible because it was 

supported by two threaded rods.  The collar was made to key into a previously designed holder 

for the beam skimmer and was held in place by the two threaded rods that held the skimmer 

holder in place in the source chamber, reducing the possibility of beam alignment errors.  The 

same threaded rods also held the halo in place behind the collar.  The collar had a groove cut into 

the side to accommodate the gas inlet and the portion surrounding the end of the nozzle and the 

skimmer cone had two large windows cut into it.  These windows allowed visual inspection of 

the alignment and allowed the skimmed gas to be pumped away during operation.
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Figure 3.7. Schematic of Nylon model collar, sliced in half lengthwise to show interior detail.  

All dimensions are in inches.

After testing the Nylon collar, some improvements were made to the design and the new 

collar design was machined out of a 3.5 inch diameter aluminum cylinder (Figure 3.8).  The new 

collar was only 3.1 inches long and had as much excess aluminum removed as possible, making 

it lighter.  All other characteristics remained the same. Finally, after the nozzle was lengthened 

and could be tilted perpendicular to the beam axis, the collar was modified to allow the aperture 

end of the nozzle to tilt in concert with the back of the nozzle, preventing the glass nozzle from 

breaking inside the source chamber.
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Figure 3.8.  Schematic of aluminum collar, sliced in half lengthwise to show interior detail.  All 

dimensions are in inches.

3.2.3 Skimmer Design and Materials

Using a CESE to create a beam of radicals poses a longevity problem for many of the 

molecular beam components.  The nozzle and discharge electrode were already discussed and 

they are robust and able to stand up to the extreme oxidizing environment of the beam and the 

electric discharge.  The only other vital component that is exposed to this extremely harsh 

environment is the skimmer.  Typically, skimmers used with oxidizing radicals, like ·OH, were 

made out of Monel, a cupronickel alloy with extreme corrosion resistance.18-21 However, the 

existing components in the Beam Machine source system require that the conical skimmer be 

relatively narrow in width and have a small aperture, < 1 mm in diameter.  The narrow Monel 
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skimmer cone with the small aperture would have been extremely difficult to machine due to the 

extreme hardness of Monel.  Ultimately, the Monel skimmer was abandoned.

Without an electrically conductive skimmer that can withstand the extremely corrosive 

environment of a radical beam generated by a CESE, the project could not continue.  Instead a 

cheaper, easily interchangeable replacement was found: commercially available nickel-plated 

brass cake decorating nozzles.  While nickel-plated brass is not as corrosion resistant as Monel, 

the cake decorating nozzles are commercially available in bulk quantities and are compatible 

with the existing keying plates used to hold the skimmer in other Beam Machine experiments.  

Also, the inexpensive skimmers can be accessed, replaced and used again within about 12 hours 

so the degradation of the skimmers was no longer an issue.

3.3 Validation

3.3.1 Nozzle

The custom glass nozzles were created as a set of glass “blanks” by the glassblower and 

were prepared for use individually by the researcher.  The nozzle blanks had all of the 

components described in Section 3.2.1.  An initial set of nozzles were fabricated with apertures 

made by fusing glass capillary of known diameter with the end of the tapered 0.5 inch diameter 

tube.  These capillaries had a well characterized aperture diameter, but were prone to clogging 

with dust or glass fragments and becoming melted shut during the flame work.  These nozzles 

were not used for experiments, but could still be used for experimental mock ups and 

determining aperture size on future nozzles.

After the first iteration of nozzles failed, all future nozzles were tapered and melted shut 

on the aperture end.  These nozzles were then cut with a diamond-tipped, water-cooled circular 
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saw and sanded flat on a water-cooled horizontal sanding wheel.  Each nozzle had to be visually 

inspected under an optical microscope to approximate the size of the aperture and check for 

obstructions.  Depending on the size of the aperture the nozzles were either accepted for further 

testing or were remade based on their size.  Apertures that were too small to function effectively 

were cut on the diamond saw, sanded flat and inspected again.  Apertures that were too large to 

function effectively were recycled by having their aperture ends melted, tapered and sealed by 

the glassblower.

Once the nozzles were made and screened, they were subjected to a series of tests to find 

the most suitable candidates for use in the CESE experiments.  To check for obstructions, each 

nozzle was filled with ethanol and held with the aperture facing downwards at atmospheric 

pressure to visually check for fluid flow through the aperture.  Another fluid flow test was 

conducted by filling the nozzles with ethanol and pressurizing them with a UHP N2 gas flow.  

The ethanol stream allowed three dimensional visual inspections of the fluid flow direction after 

exiting the nozzle.  Only nozzles generating a stream of ethanol with no deflection perpendicular 

to the flow direction passed and were incorporated into the experimental setup for argon atomic 

beam testing.

3.3.2 Alignment

Alignment of all components is necessary for the success of any molecular beam 

experiment, but the modification of the Beam Machine by adding the electrostatic hexapole 

nearly tripled the distance traveled by the beam makes alignment critical.  Initial alignment of the 

hexapole chamber and the hexapoles took place during installation and Beam Machine 

modification and ensured that the hexapole chamber was level and perpendicular to the main 

chamber.  The other chambers composing the beam source were leveled and squared to the 
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hexapole chamber to ensure alignment through the entire molecular beam source.  Internal 

components like the aperture plates and skimmer holder were aligned using previously available 

keying surfaces and pegs in the beam source.  The collar and halo holding the nozzle in place 

was also aligned by keying into the skimmer holder and held in place by two threaded rods 

protruding through the skimmer keying plate.

The a final check of overall beam alignment is setting up an argon atomic beam and 

measuring its flight and scattering characteristics off of a clean gold sample.  An argon beam was 

generated and passed through the hexapole and into the main chamber.  In the main chamber, the 

beam passed beneath the sample, which was raised out of the beam path, and entered the RGA 

where argon was detected.  To rule out residual gas in the main chamber causing the argon 

signal, the beam was left on while the sample and the hexapole beamstop were placed in the 

beam path to block the beam.  Indeed, the argon signal in the RGA disappeared when the beam 

was intercepted and the RGA also showed that beam pulses were being produced by the chopper 

wheel, allowing the recording of pulse flight times.

Using a thin metal flag attached to the bottom of the sample mount, the beam coordinates 

were recorded in three dimensions and were used to again check the instrumental alignment.  It 

was discovered that the instrument could no longer reproducibly collect data on scattered atoms 

and molecules due to a slight difference in the beam path with and without the hexapole chamber 

in place.  This was verified manually by visual interrogation with a laser passing through the 

Extrel mass spectrometer and reflecting off of the sample.  Another full instrumental alignment 

was undertaken using a modified surveying telescope to visually inspect the path of a light beam 

emanating from the skimmer and passing through the collimating apertures, hexapoles and out 

both the RGA flange and reflecting off of the sample to exit the Extrel alignment window.  The 
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system could be aligned so that a supersonic beam passed through the center of the hexapoles 

and into the center of the RGA ionizer.  Once a suitable alignment was achieved using the 

surveying telescope, the system was sealed and evacuated to begin trials of the hexapole rods’ 

focusing and filtering effectiveness.

3.3.3 Linear Stark Focusing

As laid out in Section 3.1.3.1, there are several types of molecules that can be affected by 

a hexapolar electric field, resulting in rotational state-selection.  In order to test the hexapoles, 

something other than ·OH/·OD that could also be focused was necessary.  The first choice was 

·NO because it is also a 2 radical, but due to its small dipole moment and the physical 

limitations of the hexapole high voltage power supplies, ·NO could not be focused in the Beam 

Machine.  Instead CH3I, a symmetric top molecule, was chosen as the focusing candidate.  CH3I

is a liquid at room temperature, so it was seeded into a carrier gas to create a sufficiently high 

intensity beam for testing.

CH3I was introduced into the gas stream by bubbling the carrier gas through liquid CH3I

maintained at constant temperature with a heater/chiller unit.  The seeded molecular beam 

showed Ar+ ions and fragments of CH3I in the RGA, but the signals were erratic, indicating that 

the CH3I was condensing and/or freezing after leaving the nozzle.  The Ar+ intensity from the 

beam pulses was reasonable, but the intensities for the CH3I fragments were all very low, just 

above the chamber background levels.  CH3I behaved the same way for all available carrier 

gases: argon, neon, helium, nitrogen, hydrogen and a 5% argon in hydrogen mixture.  In spite of 

this behavior, state-selection and focusing should still have been possible.  Experimentally, CH3I

fragments were extremely difficult to detect due to the possible condensation/freezing of CH3I

and the low population of the |3 3 3> state (easiest to focus with the available experimental 
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components) at supersonic expansion temperatures.  The hexapole rod high voltage power 

supplies proved to be unable to hold a constant electric field during operation and were removed 

for repairs, which were successful.

3.3.4 CESE Discharge

While awaiting repair of the hexapole high voltage power supplies, attention was focused 

on generating a stable, sustained electric discharge in the source.  The first experiments were 

simply proof of concept trials to confirm that the high voltage power supply could generate the 

plasma necessary for a CESE using a high voltage power supply from a Time-of-Flight mass 

spectrometer (Comstock, model TFP-101).  Initial trials were performed in a small test chamber 

using either argon or nitrogen gas to carry the electric current, creating glowing plasma (Figure 

3.9).  Due to the space constraints and lack of alignment surfaces, the skimmer had to be in a 

different holder than what would be used for the actual experiments.  The best option was to

spot-weld an unused nonconductive skimmer between two steel washers.  For the purpose of 

these trials, the electric discharge did take place, but the current ran from the electrode inside the 

nozzle to the steel washers, which did not happen in the molecular beam setup with the 

conductive nickel-plated brass skimmer.
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Figure 3.9.  Electric discharge propagating through UHP nitrogen from the nozzle electrode to 

the skimmer in the trial apparatus.

Following the successful discharge trials, the nozzle was fitted into the Beam Machine 

source chamber to test the discharge in a beam of D2O in argon.  D2O was chosen because its 

signature in the RGA differs from that of H2O present in the chamber background gas.  The gas 

stream was prepared by bubbling UHP argon through D2O at constant temperature and was 

introduced into the source to form a molecular beam.  The RGA detected the seeded beam and 

showed that D2O reached the detector and allowing beam characterization.  The high voltage 

power supply was activated, generating a CESE, verified visually by pink flashes of argon 

plasma, in the source and a variety of ionized species and radicals.  Any ·OD formed was 

indistinguishable from H2O present in the chamber background, but the D2O signal did decrease, 

indicating that some of the D2O fragmented in the CESE.  An interesting discovery was that 

argon became highly ionized to species ranging from Ar+ through at least Ar5+ due to impacts 

with extremely high energy electrons in the CESE.  These highly charged argon ions scored at 

the RGA detector whether the RGA ionizer was on or off, indicating that the ions formed 
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predominantly in the CESE.  Unfortunately, none of the raw data (except screen capture pictures) 

is available for these last two discoveries because of data recovery and hard drive problems with 

the data collection computer.

3.4 Future Work

Other than a few minor modifications and alignments, the hexapole state-selector and 

CESE source are now in working order and will be used to perform the experiments for which 

they were designed.  The CESE source needs a more stable high voltage power supply to sustain 

the electric discharge over a variety of pressures.  The high voltage supply currently in use is 

current-limited and cannot sustain an electric discharge if there is too much gas present in the 

source.  In addition to this work, the source components need to be secured and aligned in order 

to make precise movements of the atmospheric pressure side of the nozzle translate into 

predictable movements of the aperture end.  This task may prove difficult because the aperture 

end of the nozzle is not directly visible in the current configuration.  The nozzle will be aligned 

using the RGA to detect when a supersonic beam of a neutral species, like argon, is most intense.  

Alternately, a camera can be placed inside the source to monitor the discharge visually.

All of the components needed to run the beam machine in its new configuration were 

repaired and prepared for installation.  However, performing an experiment by oneself is a 

daunting task and may not be feasible without some assistance, so the control system needs an 

upgrade.  The current control system consists of a computer running a custom LabView script to 

monitor the pressures in the various chambers and a custom power distribution node with 

physical interlocks.  The computer system must be replaced and the LabView script upgraded to 

improve stability and integrate controls for some of the new hexapole components.  Specifically, 

the hexapole high voltage power supplies should be computer controlled to improve 
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reproducibility of focusing voltages.  The CESE high voltage supply also has remote control 

capabilities.  All three high voltage power supplies supplies can be computer controlled with a 

minimum number of adjustments and connections.

After the modifications to the CESE source and to the control system, the next steps are 

completing the experimental work laid out in Section 3.3.  With all of the components 

functioning correctly, a beam of ·OH or ·OD will be created and its intensity will be measured as 

a function of hexapole voltage.  This data will show whether the hexapoles are properly filtering 

and state-selecting the radicals and can be compared to data from previous experimental studies.  

A purified beam of radicals is very useful for modeling the reactions taking place in the 

atmosphere on the surfaces of particulates and in the gas-phase.  The radical beam will be 

directed at a model organic sample, like a SAM, and the ensuing reaction will be monitored by 

RAIRS.  RAIRS is sensitive enough to detect changes in the SAM as small as ~1% of a 

monolayer due to the radical reactions.  Other UHV compatible organic samples, like 

atmospherically relevant PAHs, C60 and soot will be investigated via RAIRS in the same way.  

Concurrent or after the studies listed above, a set of molecular beam scattering studies can be 

conducted on the same samples, depending on whether a successful scattering alignment can be 

achieved.  The scattering studies will probe the reaction probability of radicals with a certain 

translational energy impinging on a sample and whether that reaction probability has a rotational 

state dependence.
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