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Abstract
This thesis is centered on the use of a unique gas-phase spectroscopy technique to
characterize products and elucidate reaction mechanisms. Experiments were carried out at the
Chemical Dynamics Beamline 9.0.2 of the Advanced Light Source located at the Lawrence
Berkeley National Laboratory in Berkeley, CA. Computational work was performed on the
scientific supercomputer at USF to supplement experimental findings. Chapter 1 contextualizes
the work spurred in response to the deleterious interactions of anthropogenic emissions on
Earth’s climate. Chapter 2 describes the theoretical manipulations foundational to the
experimental design and interpretation. Chapter 3 delves into the physical details of the
experimental setup and data analysis. A joint experimental and computational investigation
into the addition product resulting from methylidene radical reaction with meta- and orthoxylene is discussed in Chapter 4. Finally, Chapter 5 concludes with a novel observation and
characterization of a Bromine cluster (n=4).
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Chapter 1: Introduction
Overview
At its most abstract level, the work presented in this thesis is a small part of a vast,
multifaceted push to resolve a dooming predicament. That is, at the core of civilization’s power
to direct its own trajectory is the conundrum of how to responsibly consume energy. As a
principle resource, power consumption is both necessary to develop and sustain an optimum
quality of life for the current and future global population, and yet it also provides an
opportunity to wreak havoc on our environment and in turn ourselves. The enormity of this
topic is herein approached first through a brief distillation of the important qualities and drivers
of Earth’s climate, followed by a presentation of the known consequences and predicted
outputs of emissions on the climate behavior, and then a subsequent discussion of the trends
and impacts of human energy consumption. This introduction aims to identify key emission
sectors ripe for remediation, particularly transportation, before proceeding with a report of the
current state of combustion engine technology and the knowledge gaps that the experiments
presented in this thesis attempt to address.

1.1 The Atmospheric Component of the Climate: Macroscopic to the Molecular
The balance of energy stabilizing Earth’s climate processes might best be understood by
beginning with incoming solar radiation, also known as insolation. After traversing space
relatively undeterred, insolation may undergo a multitude of transformations until, ultimately,
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the planet emits longwave radiation back into space. A principle of the simple, albeit
oversimplified, model of an idealized climate in equilibrium is that conservation of energy can
be used to define that the emitted planetary radiation must be equal to the absorbed
insolation.1 However, in reality, this radiation balance fluctuates and induces changes in Earth’s
climate on widely ranging timescales.2 For example, the Serbian mathematician Milutin
Milankovitch first proposed that orbital variations are a major driver of climate change. This
includes the orbital variations depicted by Figure 1.1 in which the longest is eccentricity with a
period close to 100,000 years.3-5 These cycles became known as Milankovitch cycles once
evidence from fossil, oxygen isotope data, and high-latitude spectral records matched the
temporal cycles calculated by Milankovitch.6

Figure 1.1 Depiction of the orbital variations proposed by Milutin Milankovitch in 1941 to be responsible
for glacial/deglacial cycles. Image taken directly from (5).

Other driving influences, or forcers, on Earth’s climate act much faster. Figure 1.2
depicts many of the possible energy pathways, indeed demonstrating that Earth’s radiative
budget encompasses a much more complex energy network than that represented by an
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overall input vs. output model.7 One such intermediary pathway that is of concern to chemists
is the coupling of atmospheric composition to climate. Overall, it is thought that the
atmosphere and ocean are much more important in regulating temperature than landmass; this
is largely due to the high heat capacity of water, where latent heat can be stored in water vapor
in the atmosphere while the ocean similarly conducts heat much slower than exposed crust.8
Therefore, due to both its molecular properties and ubiquity, water is overwhelmingly Earth’s
largest greenhouse gas.

Figure 1.2 A selection of irradiance pathways, in power per unit area, describing the partitioning of energy
pathways comprising the radiation budget. Image taken directly from (7)

A greenhouse gas (GHG) allows higher energy, shortwave radiation (mostly in the
ultraviolet to visible range) to pass through Earth’s atmosphere unimpeded but will absorb the
infrared (IR) radiation emitted by the surface.9 Such gases are thus responsible for the
greenhouse effect, by which the temperature close to the surface can be held within a
habitable range and much higher than the temperature of space. Returning to the case of water
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in the gas phase, a few properties exemplify this effect. Water (H2O) can be regarded as an
asymmetric top belonging to the C2v point group, this geometry and dipole character lends itself
to both allowed rotational and vibrational transitions.10 As seen in Figure 1.3, three distinct
vibrational transitions occur within the IR energy range: the lowest vibration is the normal
vibration of the asymmetric O-H stretch close to 3750 cm-1, the absorption band due to the
symmetric O-H stretch is near 3650 cm-1, and the H-O-H bending mode is at 1595 cm-1.11

Figure 1.3 The digitized infrared spectrum of water from the Coblentz Society’s reference collection from
the NIST Chemistry WebBook, with a resolution of 4 cm-1 12

Notably, the gaps defined by these absorption energies define Earth’s “IR window”, in
which IR energy emitted by the planet between these frequencies, and hence not absorbed by
a greenhouse gas, can pass through the atmosphere and out into space.13 However, this
window is dependent on conditions such as humidity and opaqueness of the atmosphere in
which any spectral line structure can be lost to overlap, and the IR window can narrow.14
Furthermore, the atmospheric window is not just defined by water’s absorption, but rather the
10

full range of greenhouse gases, of which water is the most abundant. This comprises the major
portion of the longwave radiation emitted by the planet (Figure 1.2). Finally, the IR radiation
that is absorbed by water, or any other greenhouse gas, can then be back radiated towards the
planet. This warms Earth’s surface and comprises water’s contribution to the greenhouse
effect.
While water may be the largest contributor to the greenhouse effect, it is a condensable
gas within typical temperature fluctuations found across the globe. This effectively relegates
water’s role as a greenhouse gas to one that is controlled by the climate rather than that of a
climate forcer.15 And while the fundamental processes of the hydrological cycle are fairly well
mapped, constraining the impact of various feedback loops and tracking changes in water
concentration globally represents uncertainty in current climate understanding.16 Thus, water is
not responsible for the all-important post-industrial anthropogenic change in climate.

1.2 Components of the Anthropogenic Contribution
Global warming refers to the recent, rapid increase in average temperature observed
since the dawn of the Industrial Revolution due to anthropogenic emissions. In Figure 1.4
below, this warming event is characterized by the observed increase in global temperature
since approximately 1920 using various direct sensor data.17 Additional evidence includes ocean
warming, decreasing ice sheets and diminishing snow cover, retreating glaciers and depleting
Arctic sea ice, a rise in sea level and increase of ocean acidification, and more frequent extreme
weather events such as intense rainfall and wildfires.18-22
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Figure 1.4. Mean global surface temperature as a function of time and scaled relative to 1951-1980
average temperature, plot taken from (17, 23).

Dramatically, this increase in temperature coincides with an increase in carbon dioxide
(CO2) concentration, a measurement that can be inferred from both ice core samples and, more
recently, direct measurements as shown in Figure 1.5.24, 25 This plot is famously known as the
Keeling curve, named after C. David Keeling who began recording measurements on Mauna Loa
volcano in Hawaii as a scientist at the Scripps Institution of Oceanography and NOAA. The
identification of CO2 as an impactful greenhouse gas and its capacity to warm the planet has
been well understood since Arrhenius first studied the radiative forcing of CO2 in 1896.26
Carbon dioxide’s own absorption of IR radiation, its prevalence as the second most abundant
greenhouse gas, its systems of sources and sinks, and long lifetime cements CO2 as the most
important GHG.27 Notably, sources of CO2 input are both natural and man-made; such examples
include volcanic eruptions and land use change due to human activity including deforestation.
However, tracking all CO2 sources leads to the important result that the rise in CO2
concentration is largely attributed to the combustion of fossil fuels by humans, where
atmospheric CO2 input is strongly correlated with anthropogenic output.9 Therefore, current
12

global warming can be conclusively established as a consequence of human activity rather than
a natural fluctuation.

Figure 1.5. Carbon dioxide concentration as a function of time measured at the Mauna Loa Observatory.
Image taken directly from (25).

Carbon dioxide, while the dominant greenhouse gas, is not the only important emission
of concern. There is a whole host of greenhouse gases that are either directly inputted or
indirectly formed (such as tropospheric ozone) in situ as a result of human activity and resulting
emissions.28 Other such greenhouse gases include methane (CH4), nitrogen dioxides (NOx), and
polyaromatic hydrocarbons (PAH).29 Methane absorbs even more strongly in the IR than CO2, so
despite its much smaller abundance and shorter atmospheric lifetime, it has roughly 40x the
warming potential and is thus a much stronger forcer on the climate.29 Methane can be emitted
as a result of incomplete combustion, but a major emission source is from livestock and waste
degradation.30 Nitrogen oxides (the sum of NO and NO2, referred to as NOx) also come from
13

agriculture, albeit more so from fertilizer use than from livestock. Other major NOx sources
include fuel combustion, chemical manufacturing such as nitric acid production, and burning of
biomass.29 Polyaromatic hydrocarbons (PAH) are formed through incomplete combustion,
commonly referred to as soot, but can also be released into the atmosphere from petroleum
refinery processes.30 Simultaneously minorly abundant and highly potent, these greenhouse
emissions are also more easy to control. The two main options are technological advances (for
example through biofuel design or fully-electrifying buildings) and regulation (such as the
Montreal protocol limiting chlorofluorocarbons responsible for stratospheric ozone
depletion).28
The basis of our understanding of the impacts of human activity on climate mechanisms
merely forms the body of evidence for the overwhelming scientific consensus of climate change
and current anthropogenic global warming.31 However, it is the coupled humanitarian and
environmental consequences on a global scale that motivate mitigation efforts on every level
from policy, activism, and scientific efforts. Consequences abound: maximizing CO2 absorption
by the world’s oceans leads to the acidification of seawater, leading to the decline of coral reefs
supporting marine ecosystems and fishing economies.9 Sea level rise affects coastal ecosystems
and communities.9 Increasing temperature disparities lead to fatal heat waves, arid farmland,
and the greater range gap between wet and dry areas means that wet areas get wetter with
more rain and flooding, while dry land gets dryer and experience more severe droughts.9
Forced migration contributes to geopolitical conflicts and weather induced declines in worker
productivity adversely effects economies on both local and global scales.9 Although by no
means exhaustive, the aforementioned effects are enough to stimulate both private and
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governmental interventions in an attempt to prevent the worst implications. This extends to
altering industrial and behavioral practices in hopes of a balance between society’s use of
resources and optimized environmental habitability.

1.3 Efforts to Alter Course: Regulation and Technological Development
The largest environmental regulatory advisory body is the Intergovernmental Panel on
Climate Change. An international collaboration responsible for uniting and organizing
cooperation between countries to direct mitigation efforts and establish reduction targets, the
panel’s published reports offer substantive summaries of current climate observations and
trends, compile disaster risk estimates and adverse impact predictions, and suggest
management strategies. Countries can opt to adopt policies, and among other
implementations, guide scientific research funding to desired areas.
One area particularly poised for remediation is transportation. Based on greenhouse gas
inventory data, in which anthropogenic emission contributions are estimated or measured
based off a variety of data, including large economic datasets of energy, emission quantities can
be assigned to different sectors. In the United States, this inventory is calculated by the
Environmental Protection Agency with economic sectors separated into the following
categories: transportation, commercial, electricity generation, residential, industry, and U.S.
territories and agriculture.32 Greenhouse gas inventories can be conducted for various entities
ranging from local municipalities up to national and even international groups. Figure 1.6
demonstrates that the transportation is demonstrated to be a significant source of GHG
emissions and represents 29% of total US emissions.32 This sector encompasses GHG emissions
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primarily coming from gasoline and diesel combustion in vehicles and correspondingly
motivates a search for a mix of solutions to curb the contribution to global warming from
transportation. Two areas of focus include altering engine technology and/or fuel composition.

Figure 1.6. EPA US Greenhouse Gas Inventory: anthropogenic greenhouse gas emissions as a function of
time from 1990-2019 and partitioned into seven economic sectors, normalized to carbon dioxide equivalents.
Image taken directly from (32).

Hybrid, electric, and hydrogen fuel cell cars are becoming more prevalent; they offer
promising emission reduction benefits versus conventional gasoline engines. However, they still
face continuing hurdles such as cost, battery storage affecting range, a lack of supporting
infrastructure, and limited consumer acceptance.33 Current conventional engines are still in use
based on their high energy density, widespread acceptance and supporting infrastructure (i.e.
gas stations), and historically have dominated the market.33 Importantly, there still remains a
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significant opportunity to improve the efficiency of combustion engines. One such opportunity
lies in the fact that the majority (roughly 78%) of energy released by a fuel doesn’t move the car
but is instead relegated to other processes such as cooling, overcoming resisting forces such as
friction and drag, or is lost to exhaust.34 Figure 1.7 illustrates the major functional themes of
three modern engine types.35

Figure 1.7. Schematic of the relevant differences between three prevalent internal combustion engine
types. Image taken directly from (35).

The two typical internal combustion engines either use a spark plug (SI) to ignite a
fuel/air mixture (as is the case with gasoline) or compression ignition (CI) where the fuel (often
diesel) is injected into compressed hot air and is then ignited upon the increase in pressure and
temperature. While both allow for well-controlled ignition at one spot based on either the
spark plug or fuel injector, a more recent advancement is the homogeneous charge
compression ignition engine (HCCI). With HCCI, ignition can happen at multiple points (termed
auto-ignition) and is fully dependent on chemical kinetics and thus can occur at lower
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temperatures than the other two systems.36 It allows for fuel efficiency improvements of
greater than 40%, compared to a maximum of approximately 30% for current gasoline SI
engines. In addition, under optimal conditions HCCI engines lead to more complete
combustion. This helps to essentially eliminate NOx and particulate matter from the exhaust;
Table 1.1 gives a comparison of these three systems.36 The additional promise of HCCI is the
practicality of upgrading from current SI or CI engines while still allowing for a range of fuel
compositions. Notably, current HCCI technology still struggles with significant levels of
unburned hydrocarbons and carbon monoxides emissions.37 Furthermore, existing HCCI
technology suffers from an ignition control challenge that limits the temperature range that
engines can operate under.37 In cold conditions cold-start issues dominate, where the barrier to
ignition becomes too high. Conversely, if the internal temperature is too hot, the phenomenon
commonly known as engine knock can occur. Engine knock refers to the case when ignition
happens out of sync with the stroke cycle of a piston and can damage the car/engine. A key
hurdle to improving internal combustion efficiency is improving understanding of how the fuel
reaction process proceeds.
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Table 1.1. A Comparison of Internal Combustion Engine Technologies. Table taken directly from (36).

Another area of improvement is to change the composition of the fuel itself. Of course,
the molecular features of a pure fuel or fuel mixture directly relate to the energy density and
emissions. More simply, the choice of reactant influences the thermodynamics and products of
a reaction. Improving fuel composition can be thought of in two interconnected directions. The
first is to find an entirely new fuel from current gasoline/diesel mixtures that is on balance
better: taking into account sourcing economic and environmental costs, combustion efficiency,
and emission quantity and type. The second, and intuitively more realistic, is to identify
additives that improve the overall property of a fuel blend. While many fuel properties (i.e.
viscosity, cetane numbers, and flash point) of a molecule can be experimentally measured with
established methods, gaining an understanding of gas phase reactions of even simple molecules
is an entirely different matter, as described in the proceeding section.38
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1.4 The Methane Case: Modeling a Flame
The simplest understanding of combustion can be thought of in terms of burning a fuel
in the presence of oxygen to yield carbon dioxide and water, or further generalized by the
∆

bimolecular reaction: 𝐴 + 𝐵 → 𝐶 + 𝐷, where ∆ signifies the addition of heat. According to this
formulism, the combustion of the simplest hydrocarbon, methane, is commonly recognized as:
∆

CH4 + 2O2 → CO2 +2H2O. In reality, this grossly misconstrues a complex web of fast reactions, in
which combusting reactants actually go through multiple elementary reactions. Indeed, this
phenomenon is well-represented in the case of the methane flame. Perhaps the most studied
combustion process ever, the first model of summing statistically weighted elementary
reactions into a proposed reaction mechanism from which experimental results could
reasonably be reproduced wasn’t revealed until the 1980s.39-41 Central to this effort, and
indeed the establishment of a methodology for constructing a reaction mechanism, are
observables provided by “target” experiments. In this way, experiments that provide reliable
measurements of reaction products, quantities, or kinetics are both used to construct and
validate kinetic models. In the case of methane/air, the final mechanism known as GRI-Mech
3.0 is a combination of 235 elementary reactions and 53 species; it includes the relevant rate
coefficients and thermochemical data for each and faithfully reproduces methane’s combustion
behavior between 1000-2500 K and between 10-7600 Torr.41
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1.5 Experimental efforts to explain gas phase reactions
The complexity of studying gas phase combustion is appropriately represented by
methane. While it served as an early combustion mechanism to be relatively well-understood,
the effort to model methane, while ongoing, benefitted from its molecular simplicity and the
fact that much of the thermochemical data was available on the NASA Thermodynamic
Database.42, 43 Modeling even slightly more complex systems significantly intensifies the
challenge. Increasingly, experimental information is needed to help establish the behavior of a
molecule or class of species in order to both inform and serve as a way to validate theoretical
efforts.44 Popular combustion setups include various reactors connected to analytical
instruments: shock tubes45-48, jet stirred reactors, constant volume chambers49, and rapid
compression machines45, are often used with gas chromatography46, 47, 50, laser flash
photolysis51, laser-induced fluorescence52, 53, and photoelectron-photoion coincidence
spectroscopy54-56.
Another prominent experimental method is the use of a flow reactor with
photoionization mass spectrometry, or PIMS.57-60 Generating a combustion reaction in a flow
reactor allows for the continuous sampling of all reaction species (reactants, intermediates, and
products) as a function of time. Since relatively very few molecules are present in the ionizing
region, extremely intense ionizing light is needed in order to generate enough signal.
Furthermore, while the ionizing light is extremely intense, or bright, the energy of the photons
can be filtered so that the reaction is probed near ionization thresholds. Tuning the ionizing
radiation stepwise allows for the collection of the energy profile, or photoionization spectrum,
of each molecule. These requirements necessitate the use of a synchrotron light source, and
21

this makes for an extremely sensitive experiment. Finally, high-resolution time-of-flight- mass
spectrometry samples each ion and allows for mass resolved data. In this way, a gas phase
reaction can be investigated in which the dataset is a function of time, energy, and mass. This
technique has been successfully used in elucidating the initial steps of low-pressure reactions
and even more recently at high pressures.59, 61

1.6 Direction of the thesis
This thesis is centered upon two low-pressure synchrotron PIMS studies aided by
theoretical computations. Chapter 1 serves to motivate the work, Chapter 2 establishes the
relevant theory and introduces the computational framework employed, and Chapter 3 details
the experimental methodology and discusses the data analysis. Chapters 4 and 5 are
manuscripts ready for publication. Chapter 4 probes the reaction of the methylidene radical,
CH, with two xylene isomers at 298 and 700 K. Chapter 5 is a letter presenting novel
experimental evidence of the halogen cluster Br4+.
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Chapter 2. Theory Underpinning the Thesis
2.1 Introduction: Standing on the Shoulders of Giants
The essential theoretical foundation underpinning the projects presented in this thesis
exploits fundamental interactions of light and matter in order to extract meaningful inferences
from chemical reactions. To understand these interactions, we must look beyond the body of
work developed by physicists leading up to the late 19th century. What is now referred to as
classical physics fails to adequately address various observed phenomena due to light and
subatomic particles. One early such observation that provoked a new formulation comes from
blackbody radiation. At the turn of the 20th century, the German physicist Max Planck made a
critically important assumption in his work explaining the progression of intensity of blackbody
radiation as a function of frequency. Planck diverged from previous efforts which (classically)
assumed a continuum of possible values for the energies of the electronic oscillations within
the blackbody material and instead introduced the notion that the oscillations had discrete
energy levels—thereby relating the quantized energy of the oscillator, E, to the frequency of
the emitted radiation, 𝑣, with integer n, and a constant, ℎ as seen Equation 2.1.1
𝐸 = 𝑛ℎ𝑣

Equation 2.1.1

This constant, ℎ (6.626 × 10"#$ 𝐽 ∙ 𝑠), is now famously known as the Planck constant.
Albert Einstein and many others soon expanded upon and developed this notion of quantized
energy levels to create modern quantum theory. Einstein proposed light itself is quantized and
that photons are small bundles of radiation energy.2 Moreover, light is observed to exhibit
both wavelike and particle behavior, which is accepted as wave-particle duality. The French
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scientist Luis de Broglie applied this to matter, including electrons, and this property is
mathematically encompassed by the Schrödinger equation3. This is the core equation from
quantum theory and represents a full quantum mechanical description of any system:
ℏ! ( ! )

− &' (* ! + 𝑉𝜓 = 𝐸𝜓

Equation 2.1.2

The total wavefunction includes time, but by separation of variables one can turn it into
two ordinary differential equations, thus Equation 2.1.2 above is the time-independent
Schrödinger equation.4 It is noteworthy here to specify that solutions, 𝜓, are therefore
stationary-state wave functions. The other terms are as follows: ℏ is Planck’s constant divided
by the product of 2 and pi, 𝑚 is the mass of a particle moving through space with the potential
energy function 𝑉, and E is the energy eigenvalue (or expectation value of the total energy).
The left-hand side of Equation 2.1.2 can be expressed using the Hamiltonian operator,
representing the total energy (kinetic plus potential) of the system:
= 𝜓 = 𝐸𝜓
Η

Equation 2.1.3

Although the generalized form of the time-independent Schrödinger equation may
appear simple enough, for systems beyond the hydrogen atom it may only be solved through
approximate methods4. However, the implications of the Schrödinger equation are far reaching,
indeed underneath the observable signal due to electronic transitions in our experiments. In
this chapter, the application and conceptual components of photoionization spectroscopy is
first discussed; our use of estimating useful points on a potential energy surface to help explain
feasible reaction pathways is also outlined. Finally, the increasingly complex computational
methodologies utilized to estimate the energy of a system are presented.
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2.2 Relevant Photochemistry
The key photophysical feature of our experiments comes from exploiting the
phenomenon of ionization. Ionization occurs when an atom or molecule gains or loses an
electron and becomes an electrically charged species.5 In the case of our experiments relying
upon photoionization, molecules absorb photons of sufficiently high enough energy that they
are ejected from a bound state to a continuum, cationic electronic state. The electron that is
ejected during such an excitation is thus referred to as a photoelectron.5 This minimum,
discrete energy needed to ionize a molecule and remove a photoelectron is called the
ionization energy. This process can be represented by a neutral molecule, 𝑀, absorbing light,
hv, to become charged 𝑀+ :
,-

𝑀 ?@ 𝑀+ + 𝑒 "

Equation 2.2.1

However, this process primarily represents an electronic transition. The total internal
energy of a molecule can be regarded as the sum of the electronic, vibrational, and rotational
energies:
𝐸./012 = 𝐸323405/674 + (𝐸-785107/6 + 𝐸5/0107/6 )6942315

Equation 2.2.2

Separating the contributions to the total energy (and thus ignoring any interactions
between nuclear and electronic transitions) is known as the Born-Oppenheimer approximation.
The approximation recognizes that since electrons are much lighter than a nucleus, the nuclear
coordinates are nearly fixed (i.e. nuclear rotation and vibration) relative to the fast motion of
the smaller electron. Thus, the energy spacing of electronic states is much greater than the
spacing of vibrational levels (as well as vibrational oscillations being greater than rotational
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energy levels). For clarity, and in order to simplify the depiction of this quantized spacing,
rotational levels are omitted in Figure 2.1 since their contribution to the total energy is
sufficiently small; the relationship represented by the diagram in Figure 2.1 is thus as follows:
∆𝐸323405/674 ≫ ∆𝐸-785107/6 > ∆𝐸5/0107/6

Equation 2.2.3

Figure 2.1 Two electronic states (S0 denoting ground and S1 labeling the excited state), each with evenly spaced
vibrational levels v0-v3. Vertical arrows denote electronic transitions from the vibrational ground state of S0 to
various vibrational states of the excited electronic state S1. Image taken directly from (6).

Figure 2.1 also illustrates another important characteristic of ionization. As established
in the preceding introduction, the energy of the absorbed photon is proportional to the energy
of the emitted electron. Therefore, the minimum energy required to ionize a molecule can be
determined based off the difference in energy of the ground (V’ = 0) cationic and ground (V = 0)
neutral electronic states (the zero-zero transition is thus notated V0 – V’0). This ionization
energy is referred to as the adiabatic ionization energy (AIE). The energy gap can both be
experimentally observed by the lowest photon energy at which a cation is detected as well as
computationally calculated by taking the difference of the theoretically estimated vibrational
ground-state energies for both the cation and neutral molecule.
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However, one important concept excluded from Figure 2.1 is the overlap between two
vibrational wavefunctions and probability density. Remedying this within a quantum
mechanical picture, while retaining discrete energy levels, Figure 2.2 depicts an electronic state
as a Morse potential energy well (or surface) describing the electronic state (in relation to
internuclear coordinates) shown with five vibrational energy levels and corresponding
probability distributions. Distinct from the adiabatic ionization energy, the vertical ionization
energy represents the transition from the ground vibrational state of the ground electronic
state (ground vibronic state), or S0 in Figure 2.1, to the vibrational level of the cation with the
highest overlap between vibrational wavefunctions (V0 – V’n).

Figure 2.2 Energy diagram of a diatomic molecule in an electronic state (morse potential) containing five
vibrational energy levels v0-4 as a function of bond distance, re. Image taken from (6).

If the geometry (electronic structure and force constants) of a molecule does not shift
when an electron is removed, then the cation potential surface will resemble that of the neutral
and lie directly above the neutral potential well as seen in Figure 2.3a, and the vertical
ionization energy will be equal to the adiabatic ionization energy. However, if the coordinates
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of the atoms in the cationic electronic state change relative to the neutral, then the vertical
ionization energy will be greater than the adiabatic ionization energy as seen in Figure 2.3b.
This phenomenon is crucial to our experimental treatment of photoionization and welldescribed by the Franck-Condon principle.

Figure 2.3 Neutral and Cation potential energy diagrams as a function of bond distance: (a) adiabatic ionization is
equal to vertical ionization of the corresponding ground vibrational state transition, and (b) the vertical ionization
is greater than the adiabatic ionization energy and the most intense transition is from the v0 of the neutral M
electronic state to the excited vibrational v5 energy level of the cation M+.6

The Franck-Condon principle states that the most probable electronic transition (for
example ionization of our M to M+) is that in which no change in internuclear distance occurs.7
This principle relies upon exploiting the much shorter timescale inherent to light absorption
compared to nuclear motion. Additionally, the probability of a transition occurring is
determined by the square of the transition moment.8 The transition moment (TM) utilizes the
G , to realize that upon the conclusion of light absorption (perturbing
dipole-moment operator, 𝝁
the initial state of the system), there is a finite probability that the system will transition to a
new/final state, Ψ: , from the initial total wavefunction, Ψ7 . Relying on the Born-Oppenheimer
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approximation, the total wavefunction of each state can be factorized into electronic and
nuclear (vibrational) components:
G Ψ7 𝑑𝜏 = ∫ 𝜓:694 𝜓7694 𝑑𝜏; ∫ 𝜓:3234 𝝁
G 𝜓73234 𝑑𝜏<
𝑇𝑀 = ∫ Ψ: 𝝁

Equation 2.2.4

where the initial and final nuclear wavefunctions are denoted, 𝜓:694 and 𝜓7694 , respectively,
and the electronic wavefunctions are 𝜓:3234 and 𝜓73234 . The first integral term, ∫ 𝜓:694 𝜓7694 𝑑𝜏; ,
in the final expression of Equation 2.2.4 is called the Franck-Condon Factor; it therefore
represents the quantum mechanical basis of a qualitative, classical principle.9 An important
contributor to the spectroscopy carried out in our group, it underlies the intensity of observed
signal for each V0 – V’n transition. Integrating over these transitions as a function of energy of
incident light, or photon energy, yields a photoionization (PI) spectrum. Importantly, and
allowing for the more complicated molecular structures than a simple diatomic case, the
overlap of the cationic and neutral states is dictated by unique Franck-Condon Factors. This
forms the essential foundation from which we assign isomer-specific product characterization.

2.3 Comments on the Photoionization Cross Section
We have seen in Section 2.2 how quantum theory allows for the unambiguous detection
and identification of molecules present in our experiments. In this section, we introduce how
the photoionization cross section (𝜎) further exploits quantum theory and is crucial to our
experimentally deduced quantification of identified species within both projects presented in
this thesis.
The photoionization cross section, on the most intuitive level, represents the effective
area of a molecule with the highest probability of absorbing a photon and subsequently
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photoionizing. It is thus zero when incident photons are below the molecule’s ionization energy
but will increase (initially) as a positive value as the photon energy exceeds the ionization
threshold of the molecule. This is to say that as the incoming light’s energy increases, the area
of the molecule that can absorb a photon and lose a photoelectron increases and is thus
indicative of the unique atomic composition and electronic structure of a molecule that governs
ionization.
In the ideal case, once the photon energy is equal to or greater than the ionization
energy, the photoionization cross section, 𝜎, is exactly equal to the total absorption cross
section; that is, while assuming an ionization efficiency of one, for every photon absorbed one
ion-photoelectron pair is formed. For systems with more than one or two electrons, a
theoretical description becomes more challenging.10, 11 Numerous tandem theoreticalcomputational approaches are ongoing, and chiefly are involved with the appropriate
treatment of the photoelectron wave and the molecule’s final state (the continuum
state/cation in the case of photoionization). In one particularly notable approach, Krylov and
co-workers demonstrate that treating the photoelectron wave as a Coulomb wave can wellreproduce experimental results of small molecules within a few electron volts of their ionization
energies.12 To do this, they utilize a dipole approximation and assume strong orthogonality to
derive the following relationship:12
𝜎= =

$>! =<
4

|𝐷=?@ |&

Equation 2.2.5

where 𝜎= gives the total cross section, 𝑘 = Q2𝐸= and 𝐸= is the kinetic energy of the
photoelectron, 𝑐 is the speed of light in a vacuum, and 𝐷=?@ is the photoelectron matrix
element. 𝐷=?@ contains the information of the initial (I) and all final states (F) of the system and
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requires use of a Dyson orbital, 𝜙=( , and the photoelectron wave function, 𝜓=32 . The Dyson
orbital takes care of the molecular orbital wavefunctions needed to compute 𝐷=?@ and relies
upon Koopman’s theorem13 and is itself computed within the equation-of-motion coupledcluster framework.14 However, the more pressing problem is how to deal with the
photoelectron, but here employing a Coulomb-distorted plane wave treats the cation core as a
point charge (spherically symmetric) that only interacts with the radial component of the
photoelectron wave function.12 While this formalism is limited to small-medium molecules and
only treats ionization as a single electron process (therefore dismissing electron
correlation/exchange interactions)15, adjusting the charge of the nuclear core yields satisfactory
reproduction of experimental results, as demonstrated by the solid orange line in Figure 2.4
regarding the case of formaldehyde.

Figure 2.4 Comparison of theoretical estimation and the experimentally measured photoionization cross section of
formaldehyde. The red dots are the experimental data from Dodson et. al16, the solid orange line is the calculated
𝜎 using a coulomb wave with an adjusted ionized core charge of +0.25, the blue line is a coulomb wave but a full
charge of +1, and the black line is a plane wave. Figure adapted from Gozem et al.12
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In photoionization mass spectrometry, the normalized photoion count as a function of
photon energy (or the collected signal intensity as a function of energy in a photoionization
spectrum), Si, is proportional to the photoionization cross section (also as a function of energy),
𝜎7 , of species i. Crucially, it is also proportional to the concentration, ci, of the species. Including
instrumental response factor, Λ, and a mass discrimination factor originating from the iondetector, MDF, the full relationship can be expressed as:
𝑆7 = Λ𝑐7 𝜎7 𝑀𝐷𝐹7

Equation 2.3.6

This expression can be exploited in two primary ways. First, if the PI spectrum of an unknown
species (i) is collected in tandem with that of one or more species (denoted as a calibration gas,
j) which have known PI cross sections and concentrations, then, by taking the signal ratio, the
relative photoionization cross section of the unknown species can be experimentally measured
by manipulating Equation 2.3.6 thusly:
A 4#
𝑀𝐷𝐹7C
# 4"

𝜎7 = A "

Equation 2.3.7

The above calculation is in itself an important feat—considering so much product
characterization and quantification depends on having access to a reliable 𝜎, collecting the total
𝜎 of a molecule (or the sum of all component partial PICS in the case that a molecule has
substantial photodissociation pathways), adds to a cumulative library of literature 𝜎 for other
experimenters to access.
The second way by which Equation 2.3.6 proves particularly useful is it allows for the
time-dependent concentration of reaction products to be quantified—in either relative
branching fractions or in absolute number densities. Empirically, this information is extracted
by taking the ratio of the reactant and confirmed product signal and rearranging for the
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concentration. This second area of interest is discussed in detail as part of Chapter 3 focusing
on data analysis.

2.4 Computational Methodologies Employed in the Projects
In addition to experimental efforts, inferences about the nature of the herein studied
gas-phase reactions are informed by complementary theoretical calculations. While many
computational chemistry software packages exist, all calculations performed in the course of
this work were run on USF’s supercomputing cluster managed by Alexey Fedosov and
exclusively via the software package Gaussian 09.17 The setup allowed for calculations to be
parallelized across a given number of nodes and processors; this is essential since many of the
common calculations could render a single well-equipped laptop or desktop computer unusable
while a given computational “job” might take weeks to even months to complete.
The primary reason that research in Professor Meloni’s group involves a complementary
computational approach is to probe the energy and electronic configuration of a molecule.
Specifically, computed molecular geometries lending information about bond distances and
angles help inform an exploration of possible reaction pathways via transition state complexes
and intuition about which products may form. Optimizing a collection of atoms to its minimum
energy configuration allows for thermochemical values to be approximated. This leads to
calculated ionization energies which aid in product characterization, transition state energies
indicating the energy barrier along a reaction coordinate, and even spectral simulation that can
aid in both species’ characterization and quantification.
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Five major tools of computational chemistry are molecular mechanics, ab initio
methods, semiempirical methods, density functional theory (DFT), and molecular dynamics.18
Molecular mechanics essentially constructs a force field and determines a minimum energy
geometry of a molecule by treating the constituent atoms and bonds similar to balls and
springs; ab initio (Latin for: from the beginning) uses pure theory to approximate solutions to
the Schrödinger equation; semiempirical methods mix theory and experimental data, DFT skips
calculating the wavefunction and instead treats the distribution of electrons, and molecular
dynamics focuses on the motion of molecules.18 For the research carried out in this thesis, ab
initio, semiempirical, and DFT methods are utilized.

2.4.2 How it Works: Approximating Solutions to the Schrödinger Equation

In recognition of the current limitation that the Schrödinger Equation can (as of yet) only
be solved exactly for a single electron system, the corresponding level of approximations used
determines how precise a computational approach is. Our most common approach is to use
CBS-QB3, a composite DFT method. This is largely due to the reliability of results for the types
of systems we study while striking a reasonable balance against the computational cost.19-21
Utilizing CBS-QB3 optimizes an input consisting of a collection of atoms and their coordinates
and outputs the configuration (geometry) with the calculated lowest energy (whether a local
minimum or first order saddle point) through a series of stepwise individual calculations. These
component steps each consist of a theoretical method and a basis set, hence the composite
basis set title, CBS.
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A basis set is comprised of basis functions, which are mathematical functions that
describe atomic orbitals.18 One such basis function is the Gaussian-type orbital, or GTO.
Expressed in Cartesian coordinates in Equation 2.4.1 below, the sum of angular momenta 𝑙* , 𝑙D ,
and 𝑙E determine the type of orbital (s, p, d, etc.), N is a normalization constant, and r is the
distance between the nucleus and electron.18 The 𝑟 & dependence presents two problems: at
the nucleus, a GTO has a zero slope and thus struggles to properly depict activity near the
nucleus, and secondly, a GTO diminishes too quickly to be considered adequate.18
𝑋F,2$ ,2% ,2& (𝑥, 𝑦, 𝑧) = 𝑁𝑥 2$ 𝑦 2% 𝑧 2& 𝑒 "F5

!

Equation 2.4.1

Removing the square term addresses this in part and is actually the case in a Slater-type orbital
(STO, using spherical harmonic functions and reducing the final exponential to 𝑒 "F5 ), but STOs
suffer from a higher computational cost. However, another option is to simply use a linear
combination of GTOs, and although the increased number of GTO basis functions adds
computational effort, the integrals are computed much faster and this increases the overall
efficiency.18 In general, the more GTOs used, the better the approximation. The trick becomes
picking the least complex (and computationally laborious) that gives a “good” result.
Returning to CBS-QB3, it employs a variety of combinations of theory with different
basis sets in a certain order but calculates the final energy by extrapolating to find the
corrected energy. The order is as follows (using notation of “method/basis set”):19
1) B3LYP/6-311G(2d,d,p)
2) CCSD(T)/6-31+G(d’)
3) MP4SDQ/6-31+G(d(f),p)
4) MP2/6-311+G(3d2f,2df,2p)
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5) CBS final energy (E) extrapolation (Equation 2.4.2):
𝐸 = 𝐸 H@ + 𝐸 (&6() + 𝐸 (#5(→L)

Equation 2.4.2

where the extrapolation computes the second through infinite order corrections, 𝐸 (&6() +
𝐸 (#5(→L) , (via asymptotic convergence criteria to the basis set limit) to add to the Hartree-Fock
energy, 𝐸 H@ .22 In each of steps 1-4, the basis sets comprise of a linear combination of six core
GTOs, and the valence orbitals are either doubly or triply split into a given number of linear
combination of GTOs each. For example, the basis set in step 1 is notated 6-311G(2d,d,p) to
indicate the valence orbitals are split three ways (311), with the first utilizing a linear
combination of three GTOs, and the second and third only use one GTO each. Additional
attributes such as diffuse, d, and polarization, p, functions are included as well. The B3LYP
method is a hybrid DFT method relying upon a three-parameter exchange functional by Becke
and a correlation functional by Lee, Yang, and Parr.23-25 The Coupled Cluster method with singly
and doubly excited determinants, and a triply excited determinant treated perturbatively,
known as CCSD(T), is an ab initio method which although is certainly validated against
experimentally obtained values, exclusively uses fundamental physical laws to compute
energies.26-28 Finally, Møller-Plesset theory (MPn), is a post-Hartree Fock theory in which n
indicates the nth-order of perturbation utilized.29, 30 In all cases, perturbation theory refers to
using a “perturbed” simple, solvable system in place of a complicated, unsolvable system. As
long as each added perturbation is sufficiently small in that it refrains from altering the system’s
quantities on a comparative scale (such as energy value and eigenstates), the simplified system
can act as an approximation of the complex system.31
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2.4.3 Exploring the Potential Energy Surface

The potential energy surface (PES) of a molecule in a given electronic state contains
several key features that are important to proposing thermodynamically feasible reaction
pathways. It serves as a way to conceptualize the energy of a system as a function of the
position of the constituent atoms. In this way, it is the mathematical relationship between a
collection of atoms’ energies and their geometry. To simplify for intuitive understanding, a
simple diatomic molecule, say “AB”, with bond distance “re”, can be imagined as two balls
(atoms A and B) connected by a spring (chemical bond). There is first a resting position, where
the spring is relaxed, and which molecularly represents the lowest energy conformation of the
system. At this point, the first derivative of the force is then zero, and the geometry is at the
bottom of a well in the PES (said to be a “local minimum”). Mathematically, the force, F, of the
spring as a function of distance, re, can be represented using Hook’s law:32
𝐹 = 𝑘𝑟3

Equation 2.5.1

where k is the force constant. If the system is incrementally compressed or stretched, then the
extra force applied to move the atoms through a certain distance increases the potential
energy, where the potential energy of this spring system is the integral of force with respect to
ball distance:
M

𝑉(𝑟3 ) = & 𝑘𝑟3&

Equation 2.5.2

The squared distance ensures that the potential energy of the system increases whether it is
compressed or stretched, and the graphical representation would be a parabola. For a molecule
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occupying three dimensions, the map of a given state’s potential energy is a surface; a
visualization is provided in Figure 2.5.

Figure 2.5 Three-dimensional potential energy surface with important features labeled33

Distortion from an equilibrium position mimics the ball and spring analogy up to a
point—the potential energy will not continue to rise infinitely, but instead peak and then go
back down into a new well. This peak represents a first-order saddle point, is a local maximum,
and is indicative of the transition state geometry and energy. The new well, or local minima, is a
product/intermediate (for example the system may undergo hydrogen transfer or beta
scission). Computationally, the optimized transition state will have a single imaginary frequency
(negative value). In order to find a plausible transition state, the potential energy surface can be
“scanned”. This type of calculation is carried out by specifying a change in coordinate and
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asking the program to calculate the geometry and energy at each point along the way. This
specified change may be a myriad of commands. For example, while searching the lowest
rotational conformation of an important reaction intermediate, dihedral angles can be altered
stepwise as in the case of Figure 2.6.

Figure 2.6 Example of a 2D potential energy surface scan. The dihedral angle between O-CH2-O-OH in the “QOOH”
combustion radical intermediate, CH3OCHOCH2OOH, is rotated 51 times in 5 degree intervals. Plot is the potential
energy of the complex calculated at the B3LYP/CBSB7 level as a function of rotation. Note: not all bonds are
visualized by GaussView 5.

Potential energy surface scans are also carried out to probe possible pathways leading
reactants to product formation and to identify an approximate transition state structure. To
verify that the transition state indeed lies along the intrinsic reaction coordinate, and therefore
is the arrangement of atoms with the highest potential energy along the lowest energy pathway
between the initial and final structures (such as reactant and product), the force gradient can
be calculated incrementally in the two (steepest) directions. If the correct transition state, or
saddle point, is guessed, then calculating the greatest (in absolute value) force constants in
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each direction and optimizing the geometry at each point stepwise constructs the internal
reaction coordinate (IRC) plot. If the final structures on either side of the transition state (where
for each the force constants and gradients near zero), match the known reactant and product,
then the pathway is confirmed.
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Chapter 3: Experimental
3.1 Introduction
This chapter focuses on the process of data collection and analysis. All data was
obtained by performing multiplexed photoionization mass spectrometry experiments via
tunable synchrotron radiation available at the Advanced Light Source at the Lawrence Berkeley
National Laboratory during various beamline user shifts between 2018 and 2020. The
experimental apparatus is described by following a prospective reaction species into the
reactor, through the ionizing region, and ultimately to the final collision at the detector of the
time-of-flight mass spectrometer. These details inform the subsequent discussion of data
analysis are presented.
In general, two types of scans are performed. The first is one in which only the target
compound and calibration gases are flowed through the apparatus. The purpose in this case is
to measure the target molecule’s photoionization cross section as a function of energy (s(E)).
As a point of distinction, no reaction occurs and no time dependent signals are observed in
what is commonly referred to as an “absolute” scan. In the second type of scan, reactants and a
photolytically cleaved radical precursor are used in order to induce a chemical reaction. In this
“reaction” scan, time-dependent signals from reactants, products, and often intermediates are
collected. In both cases, almost all components including sample preparation, the reactor,
radiation generated at the ALS, and the mass spectrometer remain consistent.
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3.2 Beamtime at the ALS
All reactants are obtained from Sigma Aldrich (with a known purity) and prepared as a
dilute gas (using gaseous, inert helium as the dilutant) inside a metal canister. The freezepump-thaw method is used prior to pumping the canister with a target molecule. Liquid
samples are frozen in liquid nitrogen which allows for any dissolved gaseous impurities to be
vacuum pumped out (repeatedly) before the sample is brought into the gas phase and pumped
into a gas canister that has been cleaned via repeated helium flushing. Pressure gauges
(barometers) are used to verify the partial pressure of the sample and the final total pressure of
the sample in the helium bath gas. This thesis explores reactions of four target molecules. In the
first project, the reactants are the three xylene isomers (meta-, ortho-, and para-). The second
project pertains to the combustion of the shortest chain oxymethylene ether known as
dimethoxymethane (DMM).
Separate gas canisters are used to contain the reactant molecule of interest (a xylene
isomer or DMM), dilute radical precursor (tribromomethylidene in the case of the xylene
project and chlorine gas as the initiator of DMM combustion). Other tanks provide separate
flows of pure helium or other reactants, such as molecular oxygen for the DMM project.
Flowing inert gases such as helium helps to control the total pressure. Initial concentrations of
all gases introduced to the reactor are known as a result of the partial and total pressure of a
canister (including % purity) in combination with the flow of the gas recorded using a calibrated
mass flow controller. A mass flow controller (MFC) reports the flow in units of standard cubic
centimeters per minute (SCCM). It is calibrated against an inert gas, either argon or helium,
where in each case a gas calibration factor (GCF) needs to be taken into account in order to

49

adjust the raw value measured by the controller to the target mixture in relation to the
compound used for calibration. The concentration of a reactant compound in the reactor, 𝐶N , in
molecules per cubic centimeters, can be calculated by manipulating the Ideal Gas Law to yield
equation 3.1 below:
O;

'
𝐶N = . N∗MQ
(

R@)

Equation 3.2.1

@*

where 𝑃 and 𝑇 are the pressure and temperature (K) in the slow-flow reactor tube,
T∙./55

respectively, 𝑁S is Avogadro’s number, 𝑅 is the ideal gas constant in units of V∙'/2 , where a
factor of 103 is used to convert liters to cubic centimeters, and

R@)
@*

is the ratio of the reactant

(𝐹N ) and total flows (𝐹. ) recorded in standard cubic centimeters per minute (sccm) using the
coefficient 𝛼 to reflect the percent purity of actual reactant in its respective canister (for
example, often a calibration gas mixture is prepared at 1% in helium).
Reactants flow from the canisters into the reactor via copper tubing, which is pictured
below in Fig. 3.2.1. The slow-flow reactor contains a quartz tube lined with 18 µm Nichrome
tape to maintain constant temperature (between 300-1050 K), which is set via a closed loop
circuit.1 The tape is further bolstered by a square-weave yttria-stabilized zirconia cloth
surrounding a gold-plated copper sheath to help prevent short circuits and minimize radiative
heating to other regions.2 The reactor tube is 62 cm long and has an internal diameter of 1.05
cm.3 The reactor pressure is held at 4 or 10 torr (for experiments in the xylene and
dimethoxymethane projects, respectively) by a 3200 L s-1 oil-free turbomolecular vacuum and a
Roots pump at the bottom of the tube where the pressure is measured using a capacitive
manometer.2, 4 However, as molecules flow down the reactor tube, they can escape through a
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small pinhole (650 µm in diameter) via a 150 mm diameter skimmer into the ionization
chamber.2 At this point, the resulting molecular beam is perpendicularly hit by ionizing
radiation from the synchrotron.

Figure 3.2.1 Photo of the reactor setup taken during a shift at the ALS in 2019. Two gas canisters are
visible near the bottom. The actual flow tube reactor is inside the circular-facing reactor flange shown in the
center.

The reactor utilizes vacuum pumps to maintain various low pressures needed for the
operation of the experiment. The aforementioned Roots and turbomolecular pumps also help
create the differential needed to flow reaction species through the reactor. They are backed up
by a scroll pump. A Roots pump traps molecules in small chambers and then moves them out of
an exhaust (of higher pressure) by oblong rotors (which come in different “lobe” designs)
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counterrotating.5 The pressure range of Roots pumps are typically between 10 –103 mbar,
where each rotor spins with a rate between 1000-3000 rpm; this allows for a pumping speed of
up to 8333 L/s.6 This is shown in Figure 3.2.2 below:

Figure 3.2.2 Diagram of a Roots Pump with figure-eight rotors.7

The turbomolecular pump uses two types of rotor blades, stator and rotor, to move molecules
to areas of higher pressure. The principle illustrated in Fig. 3.2.3 is that by alternating the blades
of different angles, they successively bounce molecules to an outlet in order to achieve
pressures of 10-9 torr. Our experiment uses three of these pumps to evacuate the source
chamber (3200 L s-1), ionization chamber (1600 L s-1), and the time-of-flight detector (700 L s-1).8
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Figure 3.2.3 Diagrams of a turbomolecular pump.9

The scroll pump relies on stationary and active spiral scrolls. The process is visualized in Fig.
3.2.4.10 The suction chamber opens, and a gas fills until the moving “orbiting” scroll closes it off
and the gas is then forced into the compression chamber before exiting through the discharge
port.

Figure 3.2.4 Diagram of scroll pump operation in four phases10
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3.3 The Advanced Light Source: Generating the Synchrotron Radiation
In order to ionize enough reaction species at near threshold energies to generate well
resolved data, the ionizing light needs to be incredibly bright, or intense. Indeed, this is the
central purpose of a synchrotron, in which electrons are accelerated to nearly the speed of light
to produce the necessary electromagnetic radiation. The resulting emitted radiation is then
referred to as synchrotron radiation (it would be cyclotron radiation if the light was emitted by
non-relativistic particles). By this general principle, densely packed photons (bright light) can be
collected, their energy filtered down, and then used in spectroscopy experiments.
The Advanced Light Source (ALS), located above the UC Berkeley campus, is a userfacility at the Lawrence Berkeley National Laboratory (LBNL) and funded by the United States
Department of Energy, Office of Science. It is a third-generation synchrotron which provides
quasi-continuous radiation in the ultraviolet to soft X-ray regime. The process through which
the radiation is produced can be understood by breaking the ALS into the following
components: the linear accelerator, booster ring, storage ring, and beamlines.

Figure 3.3.0 Schematic overview of the ALS including relevant components.11
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3.3.1 Sourcing and Accelerating the Electrons

The electron gun consists of a hot, 1 cm3 chunk of barium aluminate that acts as the
cathode. As a thermionic material, electrons easily break free from the metal when heated. The
first anode is a pulsed copper screen grid, or gate (500 MHz).12 Since the gate is pulsed,
electrons reach the main anode in rough bunches at 500 MHz. The bunches then encounter a
stronger positively charged electromagnetic field and fly through the torus shaped main anode
into the Buncher. Throughout the Buncher, electrons are bundled into tighter bunches and
accelerated up to 60% the speed of light by orthogonal microwave radiation supplied by a
klystron.12 Depending on the voltage of microwave radiation the electron interacts with, it will
speed up or slow down relative to nearby electrons. The groups of electrons are accelerated
further into the LINAC, or linear accelerator, which is similar to a longer version of the Buncher
and relies on radio frequency (RF) power to keep the electrons in tight groups and accelerate
them all the way to essentially the speed of light (99.999994%) before the storage ring.12 Since
the LINAC would need to be especially long in order to achieve this (it is only about 4 meters), a
curved version (still utilizing power from an RF cavity) makes up an intermediate step between
the LINAC and the storage ring in what is known as the Booster Synchrotron.13 The order and
aforementioned scheme of the full LINAC are depicted by the illustration below in Fig. 3.3.1:
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Figure 3.3.1 LINAC components12

3.3.2 From Electrons to Photons: Storage Ring and Beamlines

When the electrons leave the Booster Synchrotron (with an energy of 1.9 GeV)13, they
are kept in the Storage Ring. This is the ALS component from which photons are harvested for
use in experiments conducted at the end of beamlines. The major theme of the Storage Ring is
to keep electrons flying around and emitting light. Therefore, a few key design requirements
are needed. First, any collisions (whether electron-electron or electron-gas molecule) slow the
electrons down. This is why it is so crucial to keep the pressure extremely low (about 10-12 atm,
significantly less than outer space).14 Since they are changing direction along a curved path,
their velocity is changing (the electrons are accelerating) and in order to maintain a constant
energy, electrons emit photons. While the storage ring may initially seem like a circle, it is a
series of 12 arc-shaped sections alternating with 12 straight sections, a general schematic is
provided in Figure 3.3.2.14, 15 The electrons thus tangentially emit a fan-like distribution of
photons as they are bent around arc sections, which can be seen in Figure 3.3.3.
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Figure 3.3.2 Floor diagram of the ALS with relevant components labeled.15
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Figure 3.3.3: Synchrotron radiation emitted by electrons in a Bending Magnet. Displayed terms are relevant to the
electron’s equations of motion. Adapted from NIST16

However, it is in the straight sections of the storage ring that the brightest, or most densely
packed, bunches of photons are emitted. This is because the electrons don’t actually travel in a
straight path through the straight sections, but instead accelerate along a sinusoidal pattern
due to the use of insertion devices known as undulators and wigglers.17 Undulators and
wigglers are large (4.5 m long and 40,000 pounds at the ALS, shown in left-side of Figure 3.3.4)
magnets which can be installed into the storage ring and separately controlled.18 Due to the
greater number of poles with alternating fields, insertion devices yield higher photon energies,
flux and brightness, as well as different polarization characteristics than the bending magnets
used in the arc-shaped sections of the storage ring.19
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Figure 3.3.4 A: Photograph of Insertion Devices at the ALS.18 B. Alternating fields cause the path of an electron to
oscillate, with emitted photons of wavelength 𝜆.19

Emitted photons from various storage ring sections are collected and guided through
beamlines using mirrors and (often) monochromators to the endstations where experiments
occur. We conduct photoionization mass spectrometry experiments at the Chemical Dynamics
Beamline 9.0.2. This beamline filters out the higher energy synchrotron light from two
undulators to a possible range of 7.5-24 eV, although our group uses light in the general range
of 7.5-11.5 eV.20 After the storage ring, two mirrors (water-cooled spherical and toroidal) in the
beamline absorb much of the energy above 70 eV, and all of the higher harmonics above 400
eV is removed.21
Subsequently, photons encounter first an inert gas filter and an off-plane Eagle
monochromator in order to select the energy of photons. The gas filter removes harmonics
using argon or neon (~30 torr).21 Inert gas filters are useful in that they allow light to pass
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virtually unimpeded below their ionization potential but are very opaque to higher energy
light—indeed greater than 104 suppression of harmonics has been demonstrated without losing
any (< 5%) of the fundamental energy light.21 However, successful utilization of the gas filter
requires a sufficiently high number density of gas in an absorption cell without perturbing the
beamline vacuum conditions (< 5 × 10"W torr).21 In order to strike this balance, a windowless,
differentially pumped harmonic filter comprised of three different pressure regions is used. The
light is then reflected vertically off the 3 m Eagle monochromator in order to narrow the
bandwidth to 10-50 meV.2 It is a 3 m monochromator because the diameter of the Rowland
circle, which has the same radius as the curvature of the grating, is 3 m.22 The light is selected
by both shifting and rotating the grooved grating to control the angle of incident light, which in
turn effects the constructive interference of the diffracted light. The general scheme is outlined
in the diagram of a modified 3 m Eagle monochromator used at the Hiroshima Synchrotron
Radiation Center in Figure 3.3.5.23 Of course, carefully selecting photons requires discarding
photons of higher energies, and thus necessitates a loss in flux; the final brightness of the
ionizing radiation used in the experiments is hence on the order of 1013 photons per second.

Figure 3.3.5 Diagram of the 3 m off-plane Eagle monochromator at the Hiroshima Synchrotron Radiation Center,
modified to notate Roland circle, slits, and grating.22, 23
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3.4 Time of Flight Mass Spectrometry
All ionized species are then directed through the time-of-flight (TOF) mass spectrometer
based on their newly acquired electrical charge. By applying a constant potential to accelerate
ions, all ions of an equal +1 charge then must have an equal, constant kinetic energy KE which
can be represented by the following equation:
𝐾𝐸 = 1c2 𝑚𝑣 &

Equation 3.4.1

where 𝑚 is the mass and 𝑣 is the velocity of an ion. Rearranging to solve for v and expressing
velocity as the ratio of distance to time yields:
𝑚=

& V< 0 !
(!

Equation 3.4.2

Thus, the mass is relating to the flight path distance, 𝑑, and the time it takes to reach the
detector, 𝑡. Ions can then be sorted by mass based on their characteristic time of flight. In
practice, the flight times of multiple calibration gases (and in other cases all known species) can
be fitted in a calibration curve to convert experimental flight times to m/z units during data
processing.
The potential is governed by precisely pulsed plates of separate voltages. From the
ionization region, newly formed cations encounter three types of plates: repeller, extractor, and
accelerator. Each plate is equally spaced with 1.27 cm gaps.24 The solid repeller plate is pulsed
with a 150 V positive potential to push the cations orthogonal to the original molecular beam
up towards a -150 V pulsed extractor plate of negative potential.24 They are then accelerated
with a -4,000 V pulse from the negatively charged accelerator plate. Both the accelerator and
extractor plates are rings (donuts) with an empty space of 1.27 cm in diameter.
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Finally, ions accelerated through the TOF mass spectrometer collide with a
microchannel plate (MCP) detector at the top of the instrument. The detector setup is timeand position-sensitive, consisting of a gold mesh, MCPs, and a delay-line anode.2, 25 Ions first
pass through the electroformed gold mesh (electrically grounded) before being accelerated to
the first of three MCP with an applied negative potential between -4.4 and -5.4 kV. The collision
of ion at a given channel triggers the release of cascading of electrons. Since the third MCP is
driven to saturation, the signal of a single ion is amplified by 2 × 10X electrons. The resulting
electron cloud is accelerated by a positive (~700 V) potential to a 65 ns long, 2-D delay-line
anode held at ground potential. At this point the induced current is converted into the digital
signal for data analysis. The full scheme is well illustrated by Figure 3.4.1.

Figure 3.4.1. Visualization of the flow reactor tube on the left, the pinhole, and a diagram representing the
important components of the mass spectrometer.8
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3.5 Data Processing and Analysis.
Each data point collected from a collision of an ion at the multichannel plate detector at
the end of the TOF mass spectrometer is a function of three variables: the photon energy of the
VUV synchrotron radiation (recorded in electron volts), the time of flight (related to the mass of
the ion, measured in nanoseconds), as well as reaction time (recorded in milliseconds).
Furthermore, the flux of photons passing through the ionizing region are recorded at a
photodiode (in nanoamperes), so that the ion counts can be normalized by any variation in
photon current. In this way, the resulting data that is brought back to USF for analysis is
essentially a three-dimensional block. In order to extract useful information, the data analyzed
using the Igor Pro 8 software package by Wavemetrics.26 Recently, the code originally used by
our group (written by David Osborn at Sandia National Laboratories) for processing
experimental data has been replaced in this work by a code provided by Leonid Sheps (also at
Sandia). The major difference is that the raw data is now pre-processed and each individual
data point (in a .bin file from the ALS) is compiled into a three-column list. Previously, stepwise
integration meant fixed binning parameters at each calculation. Within this perspective, the
new advantages of more straightforward integration ability as well as the option to change the
binning, or resolution, of integration quickly are employed. Furthermore, the graphical user
interface (GUI) allows for easy on/off of background subtraction and aforementioned
normalization for each calculation. Background subtraction subtracts the ion signal during a
designated pre-photolysis time, in which the time range is included as a variable parameter in
the GUI, but in the case of all our reactions is between 0-20 ms. Primarily for the purpose of
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reducing noise in resultant spectra, background subtraction also causes the reactant spectrum
to appear negative.
However, one lasting advantage of the original code executed with IGOR is that the
stepwise process allows for a more intuitive explanation. Figure 3.5.1 is the classic diagram
used to explain how both kinetic and photoionization information is analyzed.2 The center
contains an orange shaded block representing the ion signal as a function of the three variables:
time, mass, and energy. Carefully choosing the bounds of integration results in what are called
“slices.” This involves selecting a single mass by integrating over a narrow mass range and a
chosen time range (such as the period immediately following photolysis), before plotting as a
function of energy. This is exemplified by the photoionization spectra of C3H3 and C6H6 in the
upper left plot of Figure 3.5.1. The limits can be rearranged to integrate mass peaks over a
given energy range and plot as a function of time to understand the kinetic behavior of specific
ions (see upper right-hand). If two isomers are suspected at one peak, choosing the bounds of
the energy integration can isolate the kinetics of a single isomer (by excluding photon energies
that ionize the second) as exemplified in the bottom right. The green arrows pointing directly
from the orange data block to end-plots have been added to emphasize that the current
procedure bypasses the step of processing a “2D image,” instead of performing single step
integration/slicing straight from the pre-processed raw data.
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Figure 3.5.1 Visualization of the raw data obtained from the ALS and transformed into kinetic and photoionization
spectra using Igor Pro 8.26 Green lines indicate the direct integration employed in an updated version of the data
processing code. Figure adapted from Osborn et. al.2

A key focus of our research is to identity and explain the formation of primary products.
In order to sort through time-dependent peaks in reaction data, the background subtracted
(b.s.), normalized (n.) kinetic trace of the reactant is flipped (multiplied by negative one) so that

65

each b.s/n. kinetic trace of a suspected primary product can be superimposed. Matching slopes
of the traces indicates that the product is forming at the same rate the product is depleted.
Often, products that exhibit separate formation behavior, including radical intermediates or
secondary products, are not further considered. This qualitative assessment is shown clearly in
the case of Figure 3.5.2, where the (flipped) depletion of the dimethoxymethane reactant
matches the formation of formaldehyde, but the formation of a higher mass product resulting
from oxygen addition is staggered and attributed to secondary chemistry.

Figure 3.5.2 Superimposed kinetic traces of formaldehyde (m/z 30), dimethoxymethane (m/z 75), and an
unidentified product (m/z 90) at 500 K.

Mass peaks confirmed as primary products can be subsequently identified by
photoionization spectra. If literature ionization energies are not known or a spectrum does not
yet exist, the AIE can be estimated theoretically as well as an integrated photoelectron
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spectrum. As discussed in Chapter 2, photoionization cross sections are used to quantify the
relative abundance of each product. Additionally, the experimental results are complemented
by a theoretical exploration of the potential energy surface in order to propose
thermodynamically feasible reaction pathways.
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Chapter 4: Characterization of the CH Addition Product from Meta- and OrthoXylene + CH Reaction Using Synchrotron Photoionization Mass Spectrometry
*This manuscript is currently under preparation for publication

4.1 Abstract
The reactions of two xylene isomers (m/z 106), meta-xylene (mX) and ortho-xylene (oX),
with methylidyne (CH) radical were investigated at 298 and 700 K. The reaction product
resulting from both CH addition and subsequent H-loss (m/z 118) is observed using multiplexed
photoionization mass spectrometry coupled to tunable VUV synchrotron radiation at the
Advanced Light Source of the Lawrence Berkeley National Laboratory. Based on observed
photoionization spectra and theoretical computations, the composite product signal at m/z 118
is characterized as containing a contribution from the substituted methylstyrene, metamethylstyrene (mMS) and ortho-methylstyrene (oMS), respectively. For both reaction systems,
evidence for the addition of the methylidyne radical to a xylene’s methyl group is found to be
responsible for the onset of the photoionization signal. Additionally, m/z 119 radical
intermediates produced by CH addition to the 𝜋-bond system in the xylene ring are thought to
contribute to a composite signal at m/z 118 via their dissociative ionization fragments.

4.2 Introduction
Efforts to curb the emissions of greenhouse gases, particularly within the transportation
sector, drive the search for novel biofuels.1, 2 Imperative to the concept of rational design is a
corresponding detailed investigation into the gas-phase reactivity of relevant hydrocarbons.
Dimethylbenzenes, or xylenes, are monocyclic aromatic compounds not only of interest for
their use as fuel additives with favorable antiknock properties, energy density, and high octane
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ratings, but also play important roles in soot and secondary organic aerosol (SOA) formation,
including implications for climate modeling.3, 4 During combustion, a relatively low reactivity
towards oxygen lends possibility for accumulation of both xylenes and the radical formed from
H-abstraction, xylyl radicals.5 Such buildup encourages the formation of harmful polyaromatic
hydrocarbons (PAH).5, 6 Furthermore, xylenes are among numerous hydrocarbons predicted to
be precursors to PAH formation in the interstellar medium.7 The current study is hence inspired
by their role as an atmospherically relevant pollutant and fuel. However, their reactivity with a
prolific radical important to combustion, atmospheric, and interstellar processes alike, the
methylidyne radical (CH), is unknown. The CH(X2P) radical is highly reactive, owing to one singly
filled and one empty nonbonding molecular orbital.8-10 Because of this, CH radical additions to
unsaturated hydrocarbons are often fast and barrierless.10 Several efforts including
photoionization mass spectrometry studies11, 12 and crossed molecular beam experiments6, 13, 14
have worked to elucidate the general pattern of CxHy + CH -> Cx+1Hy + H. However, these studies
almost exclusively observe the CH radical adding only to the 𝜋-bond system via an initial cyclic
intermediate preceding H-loss.9, 10, 15-17 The present study offers new evidence for CH insertion
to sigma bonds in the methyl substituents of both meta-xylene and ortho-xylene in the low
temperature and pressure regime. Products are observed by coupling time-of-flight mass
spectrometry with the quasi-continuous tunable VUV synchrotron radiation ionization source
available at the Advanced Light Source (ALS) of the Lawrence Berkeley National Laboratory. This
allows for performing a time-, mass-, and energy-resolved multiplexed experiment. Specifically,
photoionization (PI) spectra are used for species characterization along with electronic
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structure calculations to rationalize experimental findings and propose thermodynamically
feasible reaction pathways.

4.3 Experimental Methods
Experiments were conducted at the Chemical Dynamics Beamline 9.0.2 at the ALS. The
setup consists of a multiplexed (time and energy resolved) photoionization mass spectrometer
coupled with tunable VUV synchrotron radiation. A more detailed description of the instrument
has been given elsewhere and only a brief overview is presented below.12, 18, 19
All chemicals, including each xylene reactant, meta-xylene (mX) and ortho-xylene (oX),
were obtained commercially with >99% purity (mX) and >97% purity (oX), respectively, both
from Sigma-Aldrich. The freeze-pump-thaw technique was employed to purify vapors diluted to
1% with helium gas.20 Methylidene (CH) radicals were generated through photolysis of the
radical precursor compound bromoform (CHBr3, similarly prepared at 1% in argon gas) using an
unfocused, pulsed 248 nm KrF excimer laser with a frequency of 4 Hz and a measured power
transmittance through the reactor tube of 17.5%. Quantification of CH radicals remains
unfeasible due to the five proposed photodissociation pathways of bromoform accessible in the
UV region.21, 22 Photofragment translation spectroscopy has shown that C-Br cleavage is the
dominant photodissociation channel, and that CH radicals can only be produced through
subsequent multiphoton dissociation steps from CHBr2 or CHBr intermediates.22 Previous
studies have been successful in CH radical quantification by using cavity ring-down
spectroscopy and supersonic discharge, but those experiments relied on a much lower laser
fluence (~ 40 mJ/pulse) to help minimize the number of photodissociation pathways and
secondary reactions leading to CH radical production and only consider one pathway.23 In order
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to ensure a sufficient radical number density in our setup, the photolysis laser was operated at
powers greater than 400 mJ/pulse. Since all three photodissociation products react with
competitive kinetics and have been found in significant quantities, it thus poses a challenge to
report CH production and impacts branching fraction uncertainties.9, 17, 24
Two main types of scans were collected. In each scan, the target species and excess
helium gas flowed into a slow-flow, 1-cm diameter quartz reactor tube via calibrated mass flow
controllers. A roots pump connected to the reactor by a feedback-controlled throttle valve
maintained a pressure between 4 and 8 torr. In the case of absolute scans, a calibration gas
mixture of ethene, propene, and butene (diluted to 1% in He) and a single xylene reactant were
flowed through the reactor. While no bimolecular reaction occurs in this scan type, the
calibration mixture serves as a reference set from which to measure the reactant’s absolute
photoionization cross section, 𝜎N . Thus, each xylene isomer’s 𝜎N was measured separately.
During complementary reaction scans, the radical precursor bromoform was flowed in addition
to a xylene reactant and CH radicals were generated via bromoform photolysis by the excimer
laser in order to initiate the xylene + CH reaction. Table 4.3.1 reports the experimental pressure
and temperature for each reaction scan as well as pre-photolysis number densities of each
xylene reactant and bromoform.
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Table 4.3.1: Experimental conditions of reaction scans
Temperature (K) Pressure (torr)
Species
Number Density (cm-3)
298

4

meta-xylene
bromoform

2.81E+12
3.29E+13

700

8

meta-xylene
bromoform

2.39E+12
2.80E+13

298

4

ortho-xylene
bromoform

1.46E+12
2.81E+13

700

8

ortho-xylene
bromoform

1.24E+12
2.03E+13

Regardless of scan type, species travel through a 650 µm wide pinhole and a 0.15 cm
skimmer to form a molecular beam. Molecules enter the photoionization region that is
differentially pumped using a turbomolecular pump set at 3200 L s-1. The molecular beam is
orthogonally intercepted by tunable VUV synchrotron radiation increased stepwise by 25 meV
from 8.4 -11 eV. The intensity of synchrotron light is measured using a calibrated photodiode so
that the ion signal can be normalized to any fluctuation in photon current. Molecular cations
formed by photoionization are accelerated through a 50 kHz-pulsed orthogonal time-of-flight
mass spectrometer with a mass resolution of 840 and detected with a multi-channel plate
detector. For each “step” at a given photon energy, cations are sampled for 150 ms, and the
photolysis laser begins firing at 20 ms.
The collected ion signal is a function of time, photon energy, and mass. The data is thus
a three-dimensional block in which spectra can be resolved by integration. Igor Pro 8 software25
is utilized to “slice” datasets and plot photoionization (PI) spectra and kinetic plots (ion signal
vs. reaction time). A PI spectrum represents the integrated ion signal for a single mass signal
(narrow m/z integration range) as a function of energy with set time bounds (often to exclude
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secondary chemistry). Comparison of the kinetic trace of the reactant (reflected by multiplying
the signal by -1) to those from prospective product mass peaks lends qualitative intuition about
whether the signal is due to primary chemistry; furthermore, the time range over which kinetic
traces match helps to determine the time bounds of integration for PI spectra. This aids in the
exclusion of signal contribution from slower, secondary chemistry. Characterization is possible
through comparison with literature spectra or through matching calculated adiabatic ionization
energies with the spectral onset. Due to the 25 meV step-size of the VUV ionizing radiation,
signal resolution, and possible hot bands, an estimated uncertainty of ±0.05 eV is assigned to
experimental adiabatic ionization energies (AIE). The photoionization signal is directly
proportional to the concentration, and thus allows for calculating branching fractions (BF)
according to the relation:
4
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Equation 4.3.1

where c is the concentration, S is the photoionization signal intensity, 𝜎 is the photoionization
cross section, and m is the mass of a species in which indices P and R denote product and
reactant, respectively.
4.4.4 Computational Methods
Electronic structure calculations are performed with Gaussian 0926 software utilizing the
CBS-QB3 composite model to assist in product characterization and mechanistic pathway
proposals. For a given molecule, AIEs are reported based on the difference between the
corrected zero-point vibrational electronic energies of the ground state of the neutral and
cation; enthalpies used for proposing thermodynamically feasible pathways are reported based
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off the calculated total electronic energies of neutral species. Additionally, the appearance
energy (AE) of anticipated photoionization fragment ions is approximated using the
thermochemical limit to dissociation, i.e., we assume the dissociative ionization to be
barrierless. This is of course only an approximation, but it helps in setting a reference for the AE
determination. The estimated AE is then computed by taking the sum of the cationic fragment’s
ground vibrational state energy and the neutral co-fragment’s energy, and then finding the
difference from the neutral parent’s energy. The CBS-QB3 method is accepted to generally yield
reliable geometric parameters and accurate energy values for these hydrocarbons, and thus
calculated ionization energies and enthalpy results are assigned an uncertainty of 4-5 kJ/mol
(0.05 eV).26-29

4.5 Results and Discussion
The clear theme prevalent across all four reaction data sets, two sets at two different
temperatures, is the detection of a single product resulting from addition of the CH radical and
subsequent/concomitant H-loss. Since each xylene isomer possesses the nominal mass to
charge ratio of 106, the product appears at +12 m/z, or m/z 118 for each system. This is initially
evident from the mass spectra from all four datasets. Due to the co-generation of bromine
radicals alongside CH through the multi-photon dissociation of bromoform, a number of
brominated species are present. Brominated species can be initially identified by the nearly
equivalent relative ion signal intensity due to the natural isotopic abundance of 51/49 for
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Br/81Br. In this way, peaks with m/z 79/81, 104/106 are identified as containing bromine and

are not further considered in this study. Although the presence of vinyl bromide at m/z 104/106
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might be suspected to interfere with the xylene reactant peak at m/z 106, the spectrum is
sufficiently resolved that the difference in exact mass between the 81Br isotope of HC2Br
(105.92 amu) and C8H10 (106.08 amu) completely separates each peak. This is confirmed both
by 1) reconstructing the m/z 106 HC2Br signal contribution from m/z 104 (exploiting the known
isotopic ratio) before subtracting it out from the total m/z 106 peak, and 2) reconstructing the
m/z 106 signal due only to xylene based off its 13C signal at m/z 107. Both methods validate a
judicious choice of integration bounds to isolate the depletion of xylene. However, the
presence of brominated carbon contaminants indicates competitive side reactions and thereby
renders carbon balancing infeasible (tracking the carbon depleted vs carbon accounted for in
terms of number density instead of a relative branching fraction). The PI spectrum of m/z 158
matches well with literature spectra of Br2+, but the upper mass limit of the collected mass
spectra excludes anticipated isotopic peaks at m/z 160 and 162 (in which the ratio between the
three would be approximately 1:2:1).30, 31 However, the PI spectra of Br+ isotopes at m/z 79/81
closely match the literature spectrum for photo-fragments from the photodissociation of Br2,
rather than from direct ionization of a neutral Br radical (which would be expected to have an
IE of 11.81 eV, higher than the end of our selected energy range of 8.4-11 eV).30, 32-35 Therefore,
the m/z 158 peak is nonetheless confidently attributed to molecular bromine.
Xylene reactant signals suffer from a low S/N ratio due to minimal depletion during
reaction, thus background subtraction of the high pre-photolysis signal results in very little
post-photolysis signal. For example, only 1.9% depletion of mX is measured at 298 K. A similar
case is found in the oX reaction data and at 700 K for both isomers. This low depletion further
suggests the presence of competitive side reactions resulting in brominated products.
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Several possibilities exist for an initial m/z 119 adduct sourced from CH addition. The
relevant distinction is whether CH attacks the methyl substituent or adds to the xylene ring.
Depending on the energy and structure of the intermediate, the scheme can be again divided
into two paths; the intermediate subsequently either dissociatively photoionizes to a m/z 118
fragment cation or undergoes H-loss to yield a m/z 118 neutral product. Indeed, evidence for a
combination is found within both isomer reaction sets through examination of the PI spectra.
Figure 4.5.1 below is a compilation of the m/z 118 PI curves within each dataset.

Figure 4.5.1: Background subtracted and normalized photoionization curves integrated over
m/z 118 with superimposed integrated photoelectron spectra taken from the literature36 for
each dataset: A) oMS at 298 K B) oMS at 700 K C) mMS at 298 K D) mMS at 700 K.
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In each dataset, the onset of the photoionization spectrum at m/z 118 is at the start of
our scan range 8.4 eV. It is characterized by an overall linear rise to the upper limit of the
photon range at 11 eV and shown in red in Figure 4.5.1. Theoretical exploration of the potential
energy surface considered both ground CH(X2P) and excited CH addition to the xylene isomer.
Predicted product abundances prompt consideration of CH addition to a xylene’s methyl group
as well as addition to the 𝜋-bond system on the ring. Photoelectron spectra for substituted m/o-methylstyrenes from Maier and Turner36 and Kobayashi et. al.37, independently collected in
1973, were both used for characterization, and Maier and Turner’s spectra were selected for
use in calculating branching fractions. Digitizing and subsequent integration of these literature
photoelectron spectra yielded reference PI curves used for comparison to the observed PI
spectra at m/z 118 (black trace in Figure 4.5.1). While agreement with the experimental onset is
obtained, the reference spectra consistently diverge after 9.5-9.7 eV. No other m/z 118
structures considered were found to match with the onset of the experimental PI curve. At this
point, we further investigated the possibility of a composite signal allowed for in the behavior
of the product kinetic traces. Indeed, computational efforts predict both CH addition to the ring
and addition to a methyl substituent. A summary of the most abundant (>1%) candidates
predicted at 10 ms post-photolysis is presented in Tables 4.5.1 and 4.5.2 below.
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Table 4.5.1: Summary of abundant product species present at 10 ms oX + CH

Table 4.5.2: Summary of abundant product species present at 10 ms mX + CH
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Starting with the case of reaction with mX (Table 4.5.2), the m/z 118 product, metamethylstyrene (mMS, C118), is predicted to account for 25% of the depleted xylene reactant via
direct CH addition to a methyl group on mX and has a calculated AIE of 8.3 eV, close to the
onset of the photoionization spectrum. The remaining product distribution is computationally
anticipated to proceed from CH addition instead to the mX ring. However, no m/z 118 products
from these pathways have ionization energies consistent with the experimentally observed
photoionization spectra. More specifically, all such calculated AIEs are below the onset of the
observed PI spectrum, and thus can be appropriately ruled out. For example, species D118, the
mass 118 isomer predicted to be the next most abundant product, only has an AIE 7.3 eV.
Species with higher ionization energies cannot be ruled out and instead must be
considered as responsible for a composite spectrum. This prompts further consideration of
dissociative ionization instead of a directly formed m/z 118 product leads to the investigation of
such fragment appearance energies coming from m/z 119 radical intermediates. According to
the calculated reaction pathways, two m/z 119 radicals based on CH addition to the ring
account for 75% of the product distribution after 10 ms. As is typical with many transient
radicals, no signal is experimentally observed at m/z 119. Instead, corresponding dissociative
ionization fragments from H-loss are 7 member rings with both a methylene substituent and
the remaining methyl. The approximated appearance energies of these fragments (D118, E118)
are calculated at 9.3 and 9.8 eV, respectively. Such appearance energies could explain the
continued rise in observed signal above the spectrum of pure mMS, although simulating the
photoionization cross section of the open-shell parents to be inclusive of dissociative fragments
is beyond the scope of this investigation.
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Several more isomers of m/z 118 are anticipated to be accessible in the case of oX + CH.
Species anticipated to be at least 1% abundant 10 ms post-photolysis are considered and
reported in Table 4.5.1. Again, CH insertion to a methyl and subsequent H-loss leads to a
predicted 25% abundance of ortho-methylstyrene (oMS, E118). We find the calculated CBS-QB3
AIE of oMS agrees well with the spectrum measured by Maier and Turner36, and both match
onset of our experimental photoionization curve at 8.3 eV. The remaining product distribution
is dominated by species evolving from CH addition to the oX ring. Interestingly, besides an
adduct forming directly between the ortho-positioned methyl groups of oX, the other three
possible adducts lead exclusively to a 7-membered ring (A119, m/z 119) with the resonantly
stabilized radical located beta to the nearest methyl. In the alternative case that CH adds
between the methyl groups, a similar ring is formed but with the radical alpha to the methyl
(B119). Again, the m/z 119 radicals are calculated to have feasible m/z 118 photofragments
(F118 and G118 from A119, B119, respectively) at 9.8 eV, consistent with the observed PI signal
at m/z 118. Unique to CH + oX, bicyclic isomers (L118 and J118) dissociating from minorly
abundant parent m/z 119 radicals, C119 and D119 respectively, have approximate AEs at 9.1
eV. As the temperature is increased from 300 K, a 7-membered bridged ring-structure (H118) is
predicted to become significantly abundant (18% and 10% with CH*), but the AIE is low at 8.17
eV. Additionally, calculations for reaction with excited CH, oX + CH*, show that the 8membered ring (methyl-1,3,5,7-cyclooctatetraene, K118) comprises 22% of the product
distribution at 700 K yet it is only found to have a calculated AIE of 7.90 eV, 0.5 eV below the
start of the experimental PI spectrum. Other structures at m/z 118 with an abundance greater
than 1% resulting from CH addition to the oX ring similarly have AIEs lower than the onset of
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the experimental PI spectrum and can be excluded from characterization. A summary of these
AIEs and AEs is given below in Table 4.5.3.

Table 4.5.3: CBS-QB3 adiabatic ionization energies (AIE) and appearance energies (AE).
Neutral Reaction
Dissociative Ionization Fragment Energies
Product Energies
Calculated AIE
m/z 119 Parent Radical m/z 118 Fragment Calculated AE
ID
(eV)
ID
ID
(eV)
E118
F118
G118
H118
I118
J118
K118

8.3
7.3
7.3
8.2
8.1
7.4
7.9

A119
B119
C119
D119

F118
G118
L118
J118

9.8
9.8
9.1
9.1

Finally, we report experimental branching fractions for each substituted methylstyrene
calculated based on Equation 4.2.1. A brief breakdown of the terms and value inputs is hence
given below. Although the photoionization cross sections (𝜎N ) of the mX and oX reactants are
reported by Zhou et al. 2009, we also experimentally determined 𝜎N .38 Spectral onsets match
well, and the collected spectrum of oX converges with that reported by Zhou near 11 eV. We
thus choose our measured 𝜎N values at 11 eV. Additionally, this observed cross section is
subsequently used to interpolate the PI curve at m/z 106 to obtain the xylene reactant signal
intensity. The integrated photoelectron spectrum for a given methylstyrene (mMS/oMS) from
Maier and Turner36 is fitted to the experimental PI curve at m/z 118 up to 9.2 eV. The signal
intensity, 𝑆O due only to the mMS/oMS product can thus be found at 11 eV. The product
photoionization cross section 𝜎O is chosen to reflect isomer specificity by using a hybrid
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approach based on the empirical method introduced by Bobeldijk et al. 1994 as well as
measured cross sections.39 We therefore take the 𝜎 of the appropriate xylene, subtract
Bobeldijk’s C-C 𝜎 (available at 11.8 eV) and then add the average 𝜎 of the allyl and 2-propenyl
sigma at 10.75 eV measured by Robinson et al 2004.40 This thereby constructs a separate
estimated 𝜎O for mMS and oMS for use in calculations. Branching fractions for the two product
methylstyrenes are given below as percentages in Table 4.5.4 inclusive of the time bounds for
both reactant PI signal and product PI integration. A positive temperature dependence is
observed as the m/z 118 signal increases relative to the m/z 106 signal at 700 K.
Table 4.5.4. Branching fractions of methylstyrene production relative to xylene depletion.
T (K)

meta-methylstyrene BF
(%)

ortho-methylstryrene
BF (%)

298
700

5.64
12.92

4.89
12.80

4.6 Conclusions
The reaction product resulting from CH + mX, and CH + oX, is characterized as including a
contribution from mMS and oMS, respectively, which occurs via CH insertion to either the C-H
or C-C sigma bonds at the mX/oX methyl groups. A composite spectrum is observed at the
product peak m/z 118. The spectrum at higher energy is rationalized by calculating the
appearance energy of photofragments expected from abundant m/z 119 radicals formed via CH
addition to the pi-bond system (ring) of a xylene reactant. In this way, a joint experimental and
theoretical approach proposes significant distribution associated with CH reaction with the
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methyl substituent instead of the ring of xylene, a pathway not previously observed at such
abundance.

85

References
1.
Klass, D. L., Energy Consumption, Reserves, Depletion, and Environmental Issues. In
Biomass for Renewable Energy, Fues, and Chemicals, Academic Press: San Diego, CA, 1998; pp
1-27.
2.
Thrän, D.; Naumann, K.; Billig, E.; Millinger, M.; Oehmichen, K.; Pfeiffer, D.; Zech, K.;
Riazi, M.; Chiaramonti, D., Data on biofuels production, trade, and demand. In Biofuels
Production and Processing Technology, CRC Press: 2017; pp 55-99.
3.
Talibi, M.; Hellier, P.; Ladommatos, N., Impact of increasing methyl branches in
aromatic hydrocarbons on diesel engine combustion and emissions. Fuel 2018, 216, 579-588.
4.
Stathis, A. A.; Hendrickson-Stives, A. K.; Kahan, T. F., Photolysis Kinetics of Toluene,
Ethylbenzene, and Xylenes at Ice Surfaces. The Journal of Physical Chemistry A 2016, 120 (34),
6693-6697.
5.
Hirsch, F.; Flock, M.; Fischer, I.; Bakels, S.; Rijs, A. M., The Gas-Phase Infrared Spectra
of Xylyl Radicals. The Journal of Physical Chemistry A 2019, 123 (44), 9573-9578.
6.
Kaiser, R. I.; Hansen, N., An Aromatic Universe–A Physical Chemistry Perspective. The
Journal of Physical Chemistry A 2021, 125 (18), 3826-3840.
7.
Salter, T. L.; Stubbing, J. W.; Brigham, L.; Brown, W. A., Using Laboratory Investigations
to Aid the Identification of Small Aromatic Molecules in Water-Containing Astrophysical Ices.
Frontiers in Astronomy and Space Sciences 2021, 8 (28).
8.
Becker, K.; Engelhardt, B.; Wiesen, P.; Bayes, K., Rate constants for CH(X 5†) reactions
at low total pressures. Chemical Physics Letters 1989, 154, 342-348.
9.
Goulay, F.; Trevitt, A. J.; Meloni, G.; Selby, T. M.; Osborn, D. L.; Taatjes, C. A.;
Vereecken, L.; Leone, S. R., Cyclic Versus Linear Isomers Produced by Reaction of the
Methylidyne Radical (CH) with Small Unsaturated Hydrocarbons. Journal of the American
Chemical Society 2009, 131 (3), 993-1005.
10.
Goulay, F.; Trevitt, A. J.; Savee, J. D.; Bouwman, J.; Osborn, D. L.; Taatjes, C. A.;
Wilson, K. R.; Leone, S. R., Product Detection of the CH Radical Reaction with Acetaldehyde. The
Journal of Physical Chemistry A 2012, 116 (24), 6091-6106.
11.
Carrasco, E.; Meloni, G., Study of Methylidyne Radical (CH and CD) Reaction with 2,5Dimethylfuran Using Multiplexed Synchrotron Photoionization Mass Spectrometry. The Journal
of Physical Chemistry A 2018, 122 (29), 6118-6133.
12.
Carrasco, E.; Smith, K. J.; Meloni, G., Synchrotron Photoionization Study of Furan and 2Methylfuran Reactions with Methylidyne Radical (CH) at 298 K. The Journal of Physical
Chemistry A 2018, 122 (1), 280-291.
13.
Maksyutenko, P.; Zhang, F.; Gu, X.; Kaiser, R. I., A crossed molecular beam study on the
reaction of methylidyne radicals [CH(X2Π)] with acetylene [C2H2(X1Σg+)]—competing C3H2 + H
and C3H + H2 channels. Physical Chemistry Chemical Physics 2011, 13 (1), 240-252.
14.
Kaiser, R. I.; Gu, X.; Zhang, F.; Maksyutenko, P., Crossed beam reactions of methylidyne
[CH(X2Π)] with D2-acetylene [C2D2(X1Σg+)] and of D1-methylidyne [CD(X2Π)] with acetylene
[C2H2(X1Σg+)]. Physical Chemistry Chemical Physics 2012, 14 (2), 575-588.
15.
Fleurat-Lessard, P.; Rayez, J.-C.; Bergeat, A.; Loison, J.-C., Reaction of methylidyne CH
(X2Π) radical with CH4 and H2S: overall rate constant and absolute atomic hydrogen
production. Chemical physics 2002, 279 (2-3), 87-99.

86

16.
Loison, J.-C.; Bergeat, A., Rate constants and the H atom branching ratio of the reactions
of the methylidyne CH (X 2 Π) radical with C 2 H 2, C 2 H 4, C 3 H 4 (methylacetylene and
allene), C 3 H 6 (propene) and C 4 H 8 (trans-butene). Physical Chemistry Chemical Physics 2009,
11 (4), 655-664.
17.
Trevitt, A. J.; Prendergast, M. B.; Goulay, F.; Savee, J. D.; Osborn, D. L.; Taatjes, C. A.;
Leone, S. R., Product Branching Fractions of the CH + Propene Reaction from Synchrotron
Photoionization Mass Spectrometry. The Journal of Physical Chemistry A 2013, 117 (30), 64506457.
18.
Osborn, D. L.; Zou, P.; Johnsen, H.; Hayden, C. C.; Taatjes, C. A.; Knyazev, V. D.; North,
S. W.; Peterka, D. S.; Ahmed, M.; Leone, S. R., The multiplexed chemical kinetic
photoionization mass spectrometer: A new approach to isomer-resolved chemical kinetics.
Review of Scientific Instruments 2008, 79 (10), 104103.
19.
Ng, M. Y.; Nelson, J.; Taatjes, C. A.; Osborn, D. L.; Meloni, G., Synchrotron
Photoionization Study of Mesitylene Oxidation Initiated by Reaction with Cl(2P) or O(3P)
Radicals. The Journal of Physical Chemistry A 2014, 118 (21), 3735-3748.
20.
Ng, M. Y.; Bryan, B. M.; Nelson, J.; Meloni, G., Study of tert-Amyl Methyl Ether Low
Temperature Oxidation Using Synchrotron Photoionization Mass Spectrometry. J Phys Chem A
2015, 119 (32), 8667-82.
21.
McGivern, W. S.; Sorkhabi, O.; Suits, A. G.; Derecskei-Kovacs, A.; North, S. W., Primary
and Secondary Processes in the Photodissociation of CHBr3. The Journal of Physical Chemistry A
2000, 104 (45), 10085-10091.
22.
Zou, P.; Shu, J.; Sears, T. J.; Hall, G. E.; North, S. W., Photodissociation of Bromoform at
248 nm: Single and Multiphoton Processes. The Journal of Physical Chemistry A 2004, 108 (9),
1482-1488.
23.
Romanzin, C.; Boyé-Péronne, S.; Gauyacq, D.; Bénilan, Y.; Gazeau, M. C.; Douin, S., CH
radical production from 248nm photolysis or discharge-jet dissociation of CHBr3 probed by
cavity ring-down absorption spectroscopy. The Journal of Chemical Physics 2006, 125 (11),
114312.
24.
Bourgalais, J.; Caster, K. L.; Durif, O.; Osborn, D. L.; Le Picard, S. D.; Goulay, F., Product
Detection of the CH Radical Reactions with Ammonia and Methyl-Substituted Amines. The
Journal of Physical Chemistry A 2019, 123 (11), 2178-2193.
25.
IGOR Pro 8, Wavemtrics, Inc: Lake Oswego, OR, USA.
26.
Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J.
R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, M.; Marenich, A.
V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; Ortiz, J. V.;
Izmaylov, A. F.; Sonnenberg, J. L.; Williams; Ding, F.; Lipparini, F.; Egidi, F.; Goings, J.; Peng,
B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, J.; Rega, N.; Zheng,
G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Throssell, K.; Montgomery Jr., J. A.;
Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; Staroverov,
V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A. P.; Burant, J. C.;
Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.; Cammi, R.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. Gaussian
09 Rev. A.02, Wallingford, CT, 2016.
87

27.
Jr., J. A. M.; Frisch, M. J.; Ochterski, J. W.; Petersson, G. A., A complete basis set model
chemistry. VII. Use of the minimum population localization method. The Journal of Chemical
Physics 2000, 112 (15), 6532-6542.
28.
Jr., J. A. M.; Frisch, M. J.; Ochterski, J. W.; Petersson, G. A., A complete basis set model
chemistry. VI. Use of density functional geometries and frequencies. The Journal of Chemical
Physics 1999, 110 (6), 2822-2827.
29.
Winfough, M.; Yao, R.; Ng, M.; Catani, K.; Meloni, G., Synchrotron Photoionization
Investigation of the Oxidation of Ethyl tert-Butyl Ether. The Journal of Physical Chemistry A
2017, 121 (7), 1460-1469.
30.
Locht, R. L., Bernard; Jochims, H.-W.; Baumgärtel, H.;, The Photoabsorption and
Photoionization of Bromine revisited. Berliner Elektronen Speicherring für Synchrotron
Strahlund m.b.H: Berlin, Germany, 2006.
31.
Morrison, J. D.; Hurzeler, H.; Inghram, M. G.; Stanton, H. E., Threshold Law for the
Probability of Excitation of Molecules by Photon Impact. A Study of the Photoionization
Efficiencies of Br2, I2, HI, and CH3I. The Journal of Chemical Physics 1960, 33 (3), 821-824.
32.
Lawley, K. P.; Donovan, R. J.; Ridley, T.; Yencha, A. J.; Ichimura, T., First Rydberg cluster
in Br2 observed via two-photon resonant multiphoton ionisation. Chemical Physics Letters
1990, 168 (2), 168-172.
33.
Yencha, A. J.; Kela, D. K.; Donovan, R. J.; Hopkirk, A.; Kvaran, A., Ion-pair (Br+ + Br−)
formation from photodissociation of Br2 near the first ionisation limit. Chemical Physics Letters
1990, 165 (4), 283-288.
34.
Kimura, K.; Yamazaki, T.; Achiba, Y., He I (584 Å) photoelectron spectra and
photoionization cross sections of atomic chlorine and bromine. Chemical Physics Letters 1978,
58 (1), 104-107.
35.
De Leeuw, D. M.; Mooyman, R.; De Lange, C. A., He(I) photoelectron spectroscopy of
halogen atoms. Chemical Physics Letters 1978, 54 (2), 231-234.
36.
Maier, J. P.; Turner, D. W., Steric inhibition of resonance studied by molecular
photoelectron spectroscopy. Part 2.—Phenylethylenes. Journal of the Chemical Society, Faraday
Transactions 2: Molecular and Chemical Physics 1973, 69 (0), 196-206.
37.
Kobayashi, T.; Yokota, K.; Nagakura, S., Photoelectron spectra of styrenes. Journal of
Electron Spectroscopy and Related Phenomena 1973, 2 (5), 449-454.
38.
Zhou, Z.; Xie, M.; Wang, Z.; Qi, F., Determination of absolute photoionization crosssections of aromatics and aromatic derivatives. Rapid Communications in Mass Spectrometry
2009, 23 (24), 3994-4002.
39.
Bobeldijk, M.; van der Zande, W. J.; Kistemaker, P. G., Simple models for the calculation
of photoionization and electron impact ionization cross sections of polyatomic molecules.
Chemical Physics 1994, 179 (2), 125-130.
40.
Robinson, J. C.; Sveum, N. E.; Neumark, D. M., Determination of absolute
photoionization cross sections for isomers of C3H5: allyl and 2-propenyl radicals. Chemical
Physics Letters 2004, 383 (5), 601-605.

88

Chapter 5: Direct Experimental Observation of the Tetrabromine Cluster Br4 by
Photoionization Mass Spectrometry.
*This letter is currently being prepared for publication.

Abstract
We present the first determination of the homoatomic polyhalogen tetrabromine, Br4, in
the gas phase. Detection was achieved through the photolysis of CHBr3 in a photoionization
mass spectrometry experiment via tunable synchrotron VUV radiation at the Advanced Light
Source of the Lawrence Berkeley National Laboratory. Analysis of the experimental data was
aided by computations carried out at the cam-B3LYP/aug-cc-pVTZ and CCSD(T) levels of theory.
The photoionization spectrum of Br4 was compared to theory and a D2h rectangular geometry is
postulated.

Homopolyatomic halogen chemistry has a long and rich historical foundation since the late
18th century and has continued interest today.1-3 Fundamental insights into such chemistry is
driven by a wide range of phenomena. Polybromine crystals have use in superconducting
materials, whereas atomic and molecular bromine have a significant role in climate cycles
including ozone depletion.4-7 Although diatomic halogens have long been well characterized,
this renewed interest expands to larger clusters, Xn, for n>2.8-10 Triatomic clusters, X3, have
been spectroscopically characterized for X= Cl, Br, and I by X-ray crystallography and Raman
spectroscopy.10-14 Interaction of X3 with the dimer, X2, is found to form X5 for X= Br, I.15-17
Clusters with n=4 are more elusive. Gillespie et. al.18, 19 synthesized the diamagnetic I42+ in the
solid state (while Brichall and Myers20 found it in solution) with a structure described by 𝜋*- 𝜋*
overlap and having a square planar geometry. Additionally, Chance et. al.21 conducted electric
deflection studies on a set of halogen clusters and proposed that Br4 is polar. Multiple
theoretical investigations have worked to further propose the structure of Br4. Schuster et. al.22
conducted a DFT study of neutral and ionic polybromine clusters from n=1-5 and proposed a Lshaped neutral Br4 and a twisted Br4+ with Cs and C1 symmetry, respectively. However,
Thanthiriwatte et. al.23 included dispersion corrected DFT methods as well as ab-initio CCSD(T)
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to argue that Br4+ has D2h symmetry. Long range intermolecular interactions are certainly
expected to play a role, but thus far theory has not been able to be compared to experiment.
Moreover, the difference in possible structures in both the neutral and cationic Br4 is likely to
manifest as a difference in ionization energy. We herein present measurement of the Br4+
cation through the use of photoionization mass spectrometry (PIMS) via tunable synchrotron
radiation. Structural inferences are available via a computational study and comparison of
integrated theoretical photoelectron simulations.
Experiments were carried out at the Advanced Light Source (ALS) of Lawrence Berkeley
National Laboratory. A more detailed explanation of the setup is available and only a brief
overview is given here.24-26 Bromoform (CHBr3) flowed into a quartz flow-tube reactor and was
photolyzed by a pulsed KrF excimer laser at 248 nm fired at 10 Hz and 30 kV. The laser power
was measured at 406 mJ/pulse and the measured power transmittance through the reactor
tube was 17.5%. Bromine atoms were produced via the multiphoton dissociation of CHBr3.
Estimating the number density of the products is unfeasible due to the five proposed
photodissociation pathways of bromoform accessible in the UV region.27, 28 Reaction species
were ionized by the ALS’s tunable synchrotron light stepped at 0.025 eV between 8.000 –
10.750 eV and ions were sampled by a time-of-flight mass spectrometer. The tunable
synchrotron VUV light serves a crucial purpose for product determination, as the collected ion
signal is a function of mass, time, and photon energy. Integrating over carefully selected mass
and time bounds allows for plotting the signal as a function of photon energy to reveal a
measured photoionization (PI) spectrum. Bromine peaks are quickly identified in the mass
spectrum based on the nearly 51/49 isotopic abundance between 79Br/81Br. Additionally, the PI
spectrum is dependent on the difference between the neutral and cationic electronic
structures. The onset is relayed to the ionization energy (IE) of the species, while the shape of
the PI curve lends clues to the geometry of any observed species.
Characterization of Br2 is first achieved by identifying the peaks at m/z 79, 81, and 158.
The range of the mass spectrum does not extend past m/z 159, and the isotopic peaks at m/z
160 (79/81Br) and 162 (81/81Br) are thus not observed. The isotopic distribution of Br2+ peaks are
expected to have a relative intensity of roughly 1:2:1. Molecular bromine also photodissociates
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to the Br+ fragment ion at about 1:1 intensity for m/z 79/81. Both the parent Br2+ and fragment
ion Br+ are confidently characterized by matching the photoionization spectrum with literature
plots in Fig. 1.29 Any presence of Br+ arising from the neutral bromine atom at m/z 79/81 can be
ruled out as it has an IE of 10.81 eV that is above the photon energy range used in this study.30

Figure 1: Photoionization spectra characterizing Br2+ and fragment Br+. The experimental ion signal is integrated over
0-100 ms and background subtracted and normalized. Calculated geometries were found at the cam-B3LYP/aug-ccpVTZ (/aTZ for brevity). CCSD(T)/aTZ level is used for the energetics.

A cluster of peaks of high intensity are present in the very low mass range of the
spectrum. We believe these “turnaround” masses to be derived from two loosely tethered Br2
molecules. A turnaround mass refers here to a heavy ion with a flight time that is so long that it
appears early (or fast) in the next scan across the microchannel plate detector. Although the ion
flight times of turnaround masses are no longer associated with their mass-to-charge ratio, we
still have a dependable PI curve to use for characterization. A bromine-only cluster of n=4 is
hinted at through an observed isotopic distribution consistent with an expected 1:4:6:4:1
relative intensity, and notably is without any indication of a 13C signal as seen in Figure 2. An
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identically shaped PI signal is obtained for each isotopic peak, the sum of which can be
appropriately obtained by integrating over the mass range of the five-peak distribution. The
onset of the curve is observed at 10.2 eV with a relatively sharp transition. This shape
qualitatively indicates favorable Franck-Condon factors.

Figure 2: Mass spectrum of the turnaround mass peaks indicative of a Br4 isotopic distribution. The background
subtracted ion signal is integrated over 0-100 ms, 8.4 – 10.75 eV and normalized to the photocurrent flux.

Electronic structure calculations were carried out on the Gaussian 09 31 computational
chemistry software package. The density functional cam-B3LYP method is selected for
geometry optimizations in which the combination of the ubiquitous Becke three-parameter
hybrid functional variation B3LYP with the Coulomb Attenuating Method is known to well
account for long range interactions.32 Frequency analysis is incorporated to confirm the
optimized structure is at a true local minimum on the potential energy surface. We
benchmarked the method with the aug-cc-pVTZ basis set, i.e., Dunning’s polarized correlation
consistent triple-zeta basis set augmented with diffuse functions.33 Benchmarking camB3LYP/aug-cc-pVTZ with Br2 provides good agreement with established experimental results.
Error in the Br—Br bond length is found to only have a percent error 0.4%, with a 4.4% error in
the vibrational frequency normal mode. Single point energies are subsequently calculated at
the ab-initio level CCSD(T)/aug-cc-pVTZ. The calculated adiabatic ionization (AIE) energy is taken
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as the energy difference of the zero-point corrected electronic energy of the cation and neutral
ground state structures. The calculated quantity of 10.58 eV is 66 meV higher than the
experimentally established IE of 10.52 eV by TPES.34
Table 1: Optimized cam-B3LYP/aug-cc-pVTZ parameters for neutral and cationic Br4: Geometry labels;
equilibrium bond lengths, Re, in Å ; bond angles in degrees, a ; dihedral angle in degrees, g ; vibrational
frequencies in wavenumbers cm-1, w .

In the case of Br4+, optimized geometry coordinates are taken from both Schuster et.
al22. and Thanthiriwatte et. al.23. Upon re-optimization at the cam-B3LYP/aug-cc-pVTZ level, the
cation shares the D2h symmetry of the neutral cluster but with contracted bond lengths
between both the two Br2 subunits and within the Br2 units themselves. This configuration of
two Br2 subunits for both the neutral and cationic case is thus analogous to a homonuclear
diatomic. Neither optimized structure possesses any calculated dipole moment, and both
geometries are nonpolar. Conversely, starting with the L-shaped neutral, in which one Br2 is
colinear with one end of the other Br2, the cation equilibrates to a new configuration with the
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notable distortion being a break in symmetry from Cs to C1 based on a dihedral angle change of
90 degrees such that the internuclear axis between each Br2 moiety is orthogonal. A summary
of the DFT optimized parameters, including geometries and harmonic vibrational frequencies, is
provided in Table 1. The CCSD(T) single point calculations reveal that the inclusion of dispersion
effects is indeed important for finding the global minimum: Br4+ optimized to the D2h planar
structure is 136 meV lower in energy than the C1 twisted L-shaped cation. However, the
CCSD(T) energy difference between the neutral structures is one in which the L-shaped neutral
is slightly lower than the rectangular structure by 72 meV. A comparison of the energetics is
shown in Fig. 3.

Figure 3. Potential Energy schematic of the 0 K energy difference of leading candidate structures for neutral
and cationic Br4: (left) “Rectangle” D2h structures and (right) ”L” Cs/C1 geometries. Note that the neutral “L”
is in the plane but the dihedral angle of the cationic twisted “L” shape is -91.4 degrees. Geometries are
optimized at B3LYP/aug-cc-pVTZ and single point energies are determined with CCSD(T)/aug-cc-pVTZ.

Based on the sole existing detection of Br4+ as a polar ion in the gas phase (albeit with
no other structural information), one is inclined to assume that the polar, twisted “L” structure,
despite having a more energetic cation, is the dominant Br4+ conformer.21 Contrastingly, based
on analogy with crystalline Cl4+ (and the dimerization of two I2+ ions, I42+), the rectangular
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structures similarly appear likely.8, 19 Additionally, based on the calculated CCSD(T)/aug-cc-pVTZ
AIE for each candidate alone, neither match the onset of the PI spectrum to allow confident
determination. While the L-shaped neutral Br4 is expected to be more thermodynamically
favored than the rectangle neutral by 72 meV, the calculated rectangle 0⟵0 transition is
significantly lower than the alternative “L” adiabatic ionization energy by 208 eV. We thus turn
to the full observed PI spectrum (Fig. 4).

Figure 4: Simulated photoelectron spectra and experimental PI curve of Br4. L corresponds to the L-shaped
conformer while Sq refers to the square planar rectangle geometry. Optimized geometries were found at the camB3LYP/aug-cc-pVTZ (/aTZ for brevity). The CCSD(T) level with the same /aTZ basis set is used for the energetics.

Calculating the transition dipole moment allows for comparison of the vibrational
normal mode frequencies of both the neutral and cation for both the L-shaped and rectangle
structures, in which the vibrational wavefunction integral determines the progression of a
simulated photoelectron spectrum (PES).35-37 Both simulations are integrated and overlayed
with the observed photoionization spectrum in Fig. 4. The rectangle (Sq) transition matches in
shape as a sharp rise to plateau, while the open “L” neutral to twisted “L” shows a stepwise
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spectrum—presumably due to the substantial change in dihedral angle. After applying a +0.5 eV
shift to the integrated PES of the “rectangle-rectangle” transition, the simulation finds excellent
agreement with the experimentally measured PI curve. This provides evidence that despite the
theoretically predicted lower energy of the “L” shape neutral structure, the lower predicted IE
of the rectangle-rectangle transition is the more likely candidate. Thus, the gas phase Br4
molecule exists in a planar D2h geometry consistent with the dispersion corrected optimizations
and analogous Cl4+ and I42+ solid state determinations.
In summary, the Br4+ ion is detected upon the photodissociation of bromoform using
photoionization mass spectrometry coupled to tunable synchrotron radiation. This allows for a
joint theoretical and experimental investigation resulting in the proposed structural
characterization of both the Br4 and Br4+ species. Optimized bond parameters and vibrational
frequencies are computationally determined with the coulomb-attenuating DFT method camB3LYP/aug-cc-pVTZ and single point energetics are found with the ab-initio CCSD(T)/aug-ccpVTZ level of theory. Simulating Franck-Condon overlap integrals allows for a theoretical
photoelectron spectrum to be integrated and compared against the experimental PI spectrum
to prompt structural determinations. Insights into the mechanism of Br4 formation is still
unknown and a subject of further investigation.
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