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ABSTRACT OF THE DISSERTATION

Probing Hydroxyl Radical Reactions Using Photoelectron-Photofragment Coincidence
Spectroscopy

by

Yanice Benitez

Doctor of Philosophy in Chemistry

University of California San Diego, 2020

Professor Robert E. Continetti, Chair

The hydroxyl radical plays a critical role in several contexts including combustion,
atmospheric chemistry, and low-temperature extraterrestrial environments. OH has been observed
in the interstellar medium and is important in the gas phase chemistry of interstellar clouds.
Additionally, the hydroxyl radical is the dominant oxidizer of volatile organic compounds in the
atmosphere. Here, the reactions between OH and simple alkanes, alkenes, and alcohols were
investigated as these bimolecular reactions can expand fundamental understanding of gas phase

reaction dynamics.
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Photoelectron-photofragment coincidence (PPC) spectroscopy was used to characterize the
energetics and dynamics of the OH + CH4 — H20 + CH3 reaction initiated by photodetachment
of the OH (CH4) anion complex. PPC measurements at a photon energy of 3.20 eV yielded stable
and dissociative channels. Interpretation of the experimental results was supported by quantum
chemistry and quasiclassical trajectory calculations showing that most of the trajectories yield
slowly recoiling OH + CHa4 reactants while some are trapped in the entrance channel van der Waals
well.

Extending the study to hydroxy radical reactions with the simplest alkene, ethylene, yielded
similar dissociative photodetachment dynamics (DPD) to PPC studies on OH (CH4). The
dominant channel was DPD to OH + C:Ha + e with a low kinetic energy release (KER) of the
dissociating fragments, consistent with weak repulsion between the OH + C2Ha4 reactants near the
transition state. To model the DPD process, an impulsive model was used to account for rotational
energy partitioning in C2H4 photofragments and showed good agreement with the experimental
results.

PPC studies probing the OH + CH30OH — H20 + CH30 reaction had the best Franck-
Condon overlap with the exit channel. High-level coupled cluster calculations of the stationary
points on the anion surface show that CH3O (H20) is the stable minimum. Photodetachment leads
to H20 + CH30 + e products with both direct dissociative photodetachment as well as resonance
mediated processes observed on the neutral surface. The partitioning of total kinetic energy in the
system indicates that water stretch and bend excitation is induced in DPD, and evidence for long-
lived complexes consistent with production of vibrational Feshbach resonances in the exit channel

is reported.
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Chapter 1: Introduction

1.1.  Background

Gas phase reaction dynamics is one of the oldest fields in molecular physics and
physical chemistry and has been a growing field for the past 90 years.!"* The advent of the vacuum
pump in the early 1900s was a key invention which led to the development of the first molecular
beam or “molecular rays” in 1911 by Dunnoyer—thus began a revolution in 20" century physics
and chemistry leading to the first measurement of the Maxwell speed distribution, by Stern,
proving the kinetic theory of gases, and the notable Stern-Gerlach experiments, which provided
the first discrete measurement of the component of the intrinsic spin angular momentum of an
electron.*°> Of course, many important experiments followed which will not be discussed here, but
one of the most significant consequences in chemistry was the ability to understand fundamental
processes occurring on an atomic or molecular level. Aside from other insights, employing
molecular beam methods helped to elucidate fundamental processes involving the dynamics and
mechanisms of elementary reactions.* ® This was a huge breakthrough in beginning to understand
the signatures of various gas phase species interacting with other species by means of collisions.’
For the first time, key observables from these small transient species were being measured
including reaction rate coefficients, product energies, and branching ratios.

These observables continue to be important in understanding fundamental reaction
dynamics. In chemistry, we are interested in controlling reactions and understanding the
mechanisms by which they occur. Considering seemingly simple questions: what happens when
you break a bond, what makes molecules “wiggle”, or what the potential energy landscape is for
various reactions, enables rigorous study of reaction dynamics of transient species. It follows that

the most important regions of a reaction surface are the transition state and those reactive



intermediates that are short-lived due to the nature of their chemical stability (on the order of a
vibrational period or less) and are often difficult to study.

The interplay between experiment and theory continues to expand our understanding of
elementary reactions especially as we move towards studying increasingly complex systems with
more degrees of freedom.®? As such, growth in this field is driven by the direct and quantitative
comparisons between experiment and theory. For a bimolecular reaction, the nuclear dynamics
can be described by the Born-Oppenheimer (BO) approximation which separates electronic and
nuclear motion. This approach results in a BO potential energy surface (PES) which serves as a
foundation for understanding reaction dynamics even when the BO approximation breaks down
near electronic degeneracies (non-adiabatic effects).!® ! Advances in electronic structure theory
and the fitting of ab initio electronic structure points has made it possible to construct highly
accurate global PESs for many body systems with 3N-6 degrees of freedom (where N is the number
of atoms in a chemical system).'? '3 Additionally, advances in computing power has contributed
to the growth of quantum dynamical approaches making full quantum dynamics calculations
possible.'*!7 The dissociation dynamics for these systems with more degrees of freedom represents
a significant challenge for theory and carrying out meaningful experiments help to provide further
benchmarks for studying increasingly complex reactions.

Understanding elementary or bimolecular reactions is imperative to understanding the
world around us. Radical-molecule and ion-molecule reactions play an essential role in
understanding both atmospheric and combustion chemistry.!® ' The complexities in combustion
chemistry lead to significant insight into the chemistry occurring in flames and the most important
reactive intermediates and products involved.?’ It is also important in understanding climate

change through evaluation of the chemical reactions that occur in the various layers of our



atmosphere under different energy regimes. One of the dominant radical species in the atmosphere
is the short-lived hydroxyl radical, OH. The highly reactive hydroxyl radical initiates photo-
oxidation in the troposphere and is an important carrier in combustion processes.!” Namely, the
reactions between OH with methane, CH4, ethylene, C2Ha, and methanol, CH3OH are of interest
and will be discussed further in the chapters that follow. For now, we shift our focus to our
approach in probing the dynamics of these systems.

1.1.1. Hydroxyl Radical Reactions

The hydroxyl radical plays a critical role in reactions involving volatile organic compounds
in combustion, atmospheric chemistry, as well as in low-temperature extraterrestrial
environments.!> 2! OH has also been observed in the interstellar medium and is thought to be
important in the gas phase chemistry of interstellar clouds.?* As a result, the reactions between OH
and simple alkanes, alkenes, or alcohols have been studied both experimentally and theoretically
and were investigated in this research program. These reactions are representative of radical-
molecule reactions that form a weakly bound complex, or van der Waals complex (vdW), without
an energy barrier. Weakly bound vdW complexes are a class of reactive intermediates that are

difficult to study and finding ways of capturing their dynamics is of key interest.

In the case of the neutral reactions of OH + CH4/C2Hs, the major pathway at low
temperatures is dominated by electrophilic addition of OH with the hydrogen oriented towards the
tetrahedral face of CH4 or the m bond of C:Ha, respectively. At higher temperatures, the vdW
complex can either dissociate to the reactant channel OH + CH4/C2Ha4 or it can proceed to the
product channel through hydrogen abstraction (C2H4 can also isomerize). The dissociation
dynamics of these systems will be discussed in Chapters 3 and 4. The reaction OH + CH30H —

H20 + CHs3O differs slightly in that the pre-reactive complex helps to facilitate quantum



mechanical tunneling through the H-abstraction barrier leading to the product channel, H20 +
CH30—an unexpected and surprising result which has inspired many experimental and theoretical
studies in recent years.”> Our approach to study this reaction resulted in probing the exit channel

products and will be discussed in Chapter 5.
1.1.2. Experimental Techniques for Studying Hydroxyl Radical Reaction Dynamics

Radicals and reactive intermediates are short-lived complexes, with the hydroxyl radical
having a lifetime of < 1 second in the Earth’s atmosphere?* thus making it difficult to study and
produce in the free state.? If unperturbed by collisions, radicals do not spontaneously decompose,
therefore studying these species in a vacuum provides the best environment for probing reactions
involving free radicals. A classical approach to studying reaction dynamics is via bulk kinetic-
based measurements of reaction rates influenced by mass- and heat- transfer processes.?® The shift
towards a microscopic view of chemical dynamics for understanding not just bound states of
molecular systems but dissociative and metastable states, involved in photoexcitation processes,
has led to a growing body of experimental approaches.?’” Some modern experimental techniques
include molecular-beam scattering, state-resolved spectroscopy, ultra-fast laser spectroscopy, ion-

beam, and ion-imaging techniques for characterizing transient gas-phase species.? 283¢

A general experiment includes 1) the initial state preparation of the reactants, 2) initiating
the reaction, and 3) analyzing the products. To prepare reactants for reaction dynamics
experiments, the goal is to control the internal quantum states of the system, requiring knowledge
of the translational, rotational, vibrational, and hyperfine temperatures. Various techniques can be
used to “cool” these internal degrees of freedom. To cool the translational degrees of freedom, one
approach is through supersonic expansions where a gas expands from a high-pressure region into
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a vacuum through a small orifice.”’ Other translational techniques include laser cooling,
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evaporative cooling, and deceleration.>? Additionally, for ions, vibrational and rotational degrees
of freedom can be cooled through buffer gas collisions in a radio frequency (RF) trap.’® The next
consideration involves selecting the right species of a specific mass and/or conformation. This can
be achieved through mass spectrometry or time of flight mass spectrometry. Following the
preparation and selection of the reactants, it is time to initiate the reaction. Some examples include

crossed molecular beam methods,>" 3

collisions in an ion trap, or crossing molecular or ion beams
with a probe laser beam. Analyzing the products then involves methods for detecting particles. lon
detection techniques using sensitive microchannel plates (MCPs) and charge pickup techniques
for amplifying and quantifying products allow us to probe transient gas-phase reaction dynamics
processes. Additionally, for the velocity mapped imaging technique, the products collected yield
velocity and angular information of the recoiling fragments which can be extracted post-

experiment during data analysis.?* The advancement of these detection techniques will continue to

drive and advance experimental approaches in gas phase reaction dynamics.
1.2. Photoelectron Spectroscopy

Anion photoelectron spectroscopy is a powerful tool to study vibrational and electronic
spectroscopy of both negative ions and the resultant neutral formed upon photodetachment.>®: 37
The technique involves crossing a mass-selected anion beam with a fixed-frequency laser (in the
visible or near-UV wavelength region) this leads to photodetachment of an electron from the

precursor anion which can then be collected and energy analyzed. A general expression for this

process can be described as follows:

ABC™ +hv - ABC + e~ (1.1)



The photodetached electron contains valuable information relating to the nature of the
orbital (or electronic state) from which it was detached and the neutral state(s) accessed thus
allowing the investigation of electronic and vibrational properties for the molecule of interest. The

kinetic energy of the photodetached electron can be described by the following expression:
eKE = Ey, — AEA — E;, (fragment) + E;,,:(anion) (2.2)

Where eKE is the electron kinetic energy, Ey,, is the photon energy, AEA is the adiabatic electron
affinity, and E;,.(fragment) and E;,;(anion) are the internal energy (electronic, vibrational,
rotational, etc.) of the neutral and anionic species, respectively. A common way to represent the
above expression in photoelectron spectroscopy is by the electron binding energy which is
independent of photon energy, eBE = hv — eKE. This approach to studying gas-phase reaction
dynamics relies heavily on systems containing stable anions, or a positive electron affinity, and on
the production of stable neutral molecules within the BO approximation and molecular orbital
(MO) theory.?” Anion photodetachment also allows for probing the transition state of a neutral
reaction by preparing precursor anions resembling the TS regions on the neutral PES. This
technique yields valuable information on the electronic symmetry of a photodetachment transition,
photoelectron angular distributions (PAD)s, as well as knowledge of the precursor anion and

neutral geometries.

The yields of the photoelectrons as a function of eKE forms the photoelectron spectrum,
and this intensity distribution provides knowledge of the relative geometries of both the anion and
the neutral structures. Because electronic motion is much faster than nuclear motion,
photodetachment can usually be described within the Franck-Condon approximation. Following

the BO approximation, the wavefunctions for nuclear and electronic components can be



separated.'? It follows that the intensity yield, I, as a function of eKE corresponds to the overlap
of the vibrational wavefunctions of the anion, 1, and the neutral, 1, ». The Franck-Condon (FC)
factor, |(¥, |, }|?, is the probability for vibrational transitions between the anion and neutral

states. A schematic illustrating this process can be seen in Figure 1.1.

Photoelectron spectroscopy provides a relatively straightforward approach to access the
neutral surface and it has relaxed selection rules since there are no dipole-forbidden transitions,
however it generally holds that A/ = &+ 1. The photodetachment process is then governed by the
ability to overcome the electron binding energy (eBE) of the system with a given photon energy,
Env. Since this technique falls under the weak light-matter coupling regime, photodetachment
occurs via single-photon processes. It is then important that the initial state of the anion be known
as unaccounted internal energy contributions in the anion can lead to misinterpretations in the data
due to spectral congestions. Cryogenically cooling precursor anions to ensure that the precursor
anion is in its ground vibrational state can help ensure that no observed hotbands are present in the
spectra. Given these considerations, the energy resolution of anion photoelectron spectroscopy is
quite good with peak widths of ~10 cm™ and 2-3 cm™ for molecular systems using zero electron
kinetic energy (ZEKE) spectroscopy and slow photoelectron velocity-map imaging spectroscopy
of cryogenically cooled anions (cryo-SEVI), respectively.’® 3° However, due to the nature of the
coincidence experiments, discussed in Section 1.4., due to the uncertainty principle, high
resolution photoelectron energies cannot be achieved. Nevertheless, these approaches have
advanced photoelectron spectroscopy and our fundamental understanding of gas phase reaction

dynamics.’% 3
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Figure 1.1. Photoelectron spectroscopy schematic. The anion, ABC", in its ground vibrational
state absorbs a photon and accesses a stable neutral product. The photodetached electron carries
away the resultant energy (shown in blue). The intensity of the peaks in the photoelectron spectrum
(shown on the left) correspond to the Franck-Condon overlap between the anion and the neutral.



1.3. Photofragment Translational Spectroscopy

The technique of translational spectroscopy cannot be described without considering the
role and use of mass spectrometry. Mass spectrometry has been used since the 1920s by Aston to
study the dissociation of molecular ions.** 4! It was discovered that as the parent molecular ion
dissociates, internal energy can be converted into translational energy in the dissociated
fragments.” Translational spectroscopy thus relies on mass spectrometric tools and the generation
of a fast molecular or ionic beam.® *? The useful feature of these beams is that they typically remain
in the condition or state in which they were produced during the effective beam lifetime until

otherwise perturbed. An example of this process is shown in Figure 1.2.

When dissociation of the molecular or ionic beam is induced either by photons, electrons,
or collisions, a detector some distance downstream can be used to measure the position of the
fragments separated by a distance, R, along the face of the detector as well as the flight time
difference of the fragments. This laboratory frame of reference can then be transformed into the
center-of-mass frame of the molecular system providing the kinematics of the dissociation
process.® In a dissociative photodetachment (DPD) event, the kinetic energy release (KER) of the

resultant fragments is given by
KER = Ej, — eKE —AD°(ABC™) — AEA(C™) — Eins (3.3)
Where Ej, is the photon energy, AD°(ABC™) is the bond dissociation energy of the anion,

AEA(C™) is the adiabatic electron affinity of the specified anion fragment, and E;,,; is the internal

energy partitioned into the neutral fragments.



Figure 1.2. Principle of the fast beam translational spectroscopy detection method. A time- and
position-sensitive MCP-based detector is used to detect dissociation products AB and C. The flight
time difference between the two fragments with velocities vas and vc is given by 1. R is the
distance between the two fragments that strike the detector. These two quantities, T and R, help to
determine the kinematics of the system in the center-of-mass frame.
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The ability to study dissociation processes with this technique provides significant insight
into chemical dynamics through conservation of linear momentum and mass conservation. In the
dissociation process, the resultant energy can be partitioned into internal degrees of freedom of the
recoiling fragments providing insight into the dynamics evolving on the potential energy surface.
The measured product energies upon DPD allows for the identification of all accessible pathways

and helps to elucidate competing mechanisms.
1.4. Photoelectron-Photofragment Coincidence Spectroscopy

The combination of photoelectron and photofragment techniques leads to a full
kinematically-complete picture of a dissociation process. Photoelectron-photofragment
coincidence (PPC) spectroscopy, developed in this laboratory, helps characterize transient gas
phase species by measuring energy partitioning of reaction pathways (non-dissociative and/or
dissociative) induced by the photodetachment of mass-selected precursor anions.** 4> This
technique is powerful because we can identify the nascent neutral products in coincidence with the
corresponding photodetached electron allowing us to gain further insights into the reaction
dynamics of a given system. Since the production of a precursor cluster anion frequently resembles
the geometry of the transition state on a neutral PES, this technique affords the ability to map onto
the neutral potential energy surface while also identifying the neutral products formed.

Additionally, these experiments help serve as benchmarks for theoretical calculations.*

Since each electron event is measured in coincidence with a resultant photoneutral, 1e™ +
1 particle, and/or photofragments, 1e” + 2 momentum-matched particles, these two processes can

be distinguished from each other. PPC is a powerful tool which allows a reaction process to be
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determined that would otherwise be inferred if only considering photoelectron spectroscopy or

translational spectroscopy techniques alone.

In considering the DPD of a system, it is useful to consider a simple schematic of this
process as illustrated in Figure 1.3. Upon absorption of a photon, an electron is photodetached
from the precursor anion in its ground vibrational state and is mapped onto a neutral potential
energy surface. If the portion on the neutral surface is repulsive, the kinetic energy release (KER)
of the photofragments can be determined. If the photofragments contain excitation along a given
vibrational mode it can also be identified. There are indirect DPD processes that have been
described previously,*’** however, it will not be discussed at length. The studies reported here
focus on direct dissociative photodetachment processes of weakly bound clusters yielding slowly
recoiling photofragments. However, the involvement of metastable states in the dissociation
dynamics for the systems studied in this program, discussed in later chapters, do play a significant
role. In particular, Feshbach resonances, which are metastable states that have enough energy to
dissociate but do not because the energy is stored in internal degrees of freedom, are found to
mediate the reaction dynamics involved near the transition state portion of the neutral reaction

accessed upon photodetachment.

The kinetic energies of all the products in a dissociation event can be plotted in a
coincidence plot called a photoelectron-photofragment coincidence spectrum where the eKE is
plotted versus the KER of the resultant neutral products. Figure 1.4 shows how this plot appears
given the corresponding schematic for a DPD process. The diagonal features correspond to kinetic

energy maxima (KE,,,,) thresholds defined by the following expression:

KE0x = Eny — AD°(ABC)™ — AEA(C™) — Ejpe(frag) + Ej:(anion) (4.4)

12



In most of the studies carried out in the research reported here, E;;,,; (anion) is assumed to be zero
as the precursor anions are formed in their ground vibrational states. However, accurate KE .«
thresholds can be set if a vibrational mode of the precursor anion is excited in a controlled manner.
The next chapter will expand on these sections and describe the basis of the experimental apparatus

used here to study gas-phase reaction dynamics of transient species.
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AB+C+e”
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ABC”

Figure 1.3. Dissociative photodetachment schematic. An anion, ABC-, absorbs a photon, Env, and
accesses two dissociative states AB + C + e- and AB(v=1) + C + e- where the latter has 1 quanta
of excitation in a vibrational mode of AB. Both electrons and resultant neutral fragments are
collected in coincidence on an event-by-event basis.
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Figure 1.4. Direct dissociative photodetachment schematic and its corresponding photoelectron-
photofragment coincidence (PPC) plot. In this example, an anion absorbs a photon, Env, and
accesses the same channel via two different potential energy surfaces. These can be distinguished
from each other in the PPC plot shown on the right. The KEmax threshold is the total resultant
energy, eKE + KER.
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Chapter 2: Experimental Methods and Data Analysis

This chapter focuses on the experimental apparatus used for studying gas-phase reaction

dynamics of transient species.
2.1. Photoelectron-Photofragment Coincidence Spectrometer

The experimental apparatus described here is the photoelectron-photofragment
coincidence spectrometer, also known as Machine C.!* As mentioned in the previous chapter, PPC
spectroscopy couples photoelectron and translational spectroscopy techniques. A fast anion beam
is generated and different mass-to-charge, m/z, anion species in the beam can be separated by time
of flight (TOF). First, the anions of interest are generated and prepared in their ground vibrational
state. Following this, the anions can be accelerated resulting in a fast ion beam that can then be
focused and steered into an ion storage to be interrogated by a laser. The resultant products are
then collected and analyzed. The following sections will discuss in more detail these aspects of the
experiment. A schematic of this experimental setup can be seen in Figure 2.1. comprising of the

various differentially pumped chambers.
2.1.1. Anion Source

The main goal in generating precursor anions for this program was to prepare anions in
their ground vibrational state in large enough quantities for study. It is critical to know what the
starting conditions are for the parent anion as it improves the ability to assign spectra, vary the
internal energy in the anions in a known and controlled manner, and allow the study of more
complex systems.* Initially, a translationally cold molecular beam is generated via supersonic
expansion.’ The molecular beam is formed by passing a gas from a high-pressure region (usually

30-50 psig) into vacuum (~10° Torr) via a piezoelectric pulsed valve with a small orifice such that
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the mean free path of the gas is much smaller than the orifice diameter. The molecules exiting the
valve collide with each other in the high-density region of the expansion causing adiabatic cooling
of all degrees of freedom and yielding a supersonic expansion. The energy lost through collisions
is converted into kinetic energy leading to a directed beam with typical densities of 10'* molecules

cm™ with translational temperatures of several Kelvin (rotational temperatures are on the same

order).’

The pulsed valve is pulsed at 10 Hz with 150-250 ps pulse width during which the beam
passes through a pulsed coaxial discharge held at 500-600 V causing the species in the beam to
ionize via collisions. This process can reintroduce unwanted internal energy in the resultant ion
beam and, as a result, a number of improvements have been made to the experimental setup to help
in cooling the total degrees of freedom of the precursor anions (discussed in the next section). An
electron beam that counter-propagates the ion beam is also used to help stabilize operation of the
discharge. The ions are then extracted along the beam axis using a Wiley-McLaren mass
spectrometer® that focuses the packet of ions in space and time into a cryogenic octopole

accumulation trap (COAT).
2.1.2. Cryogenic Octopole Accumulation Trap

The implementation of COAT has led to many advantages in the generation of cold anions
for PPC study.®7 A detailed description of this setup has been previously described and will be
briefly described here.® COAT is a radio frequency (RF) octopole ion trap based on a similar design
by Wester and coworkers.” !° It uses buffer gas cooling at cryogenic temperatures to cool the
external and internal degrees of freedom of precursor anions down to several K. It has 8 rods
arranged in a circular pattern and each rod has an RF voltage that is 180 degrees out-of-phase from

each adjacent rod. This oscillating RF field confines the trapped ions in the radial direction. The
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rods are surrounded by three shaping electrodes which allows for the anions to be trapped closer
towards the exit side of the trap. The anions are confined axially via endcaps by switching the
entrance endcap from ground to a repulsive potential upon anion entry into COAT. The exit endcap
remains at a repulsive potential and is switched after 40 ms, allowing the trapped anions to be
extracted. While the anions are trapped in COAT, their internal degrees of freedom are cooled
through collisions with a < 10 K thermalized buffer gas. The buffer gas used is typically He or

20% Ha in He with the latter being the optimal gas for producing colder anions.

COAT is mounted on the 2" stage of a Sumitomo RDK-205D 4K Cryocooler cold head.
The trap also has radiative shielding to protect against black body radiation, cooled by the 1% stage
of the cold head. The buffer gas is introduced via a pulsed Gerlich-type valve through a copper
tube allowing for precooling of the buffer gas prior to injection into COAT. The background
pressure in the COAT chamber is ~2.6x107 Torr without buffer gas and increases to 3-5x10° Torr
with buffer gas (exact pressure varies depending on the precursor anion of interest). The Gerlich
valve is calibrated using an ethanol bath and backing the valve with ~30 psig of an inert gas such

that a slow stream of bubbles are generated at a driving voltage of 20-30 V.

COAT can also be operated at room temperature (RT) or not used depending on the
experiment performed. When COAT is not used, the anions pass through and are instead focused
and steered towards the acceleration stage. Operating COAT at RT allows for usage of other buffer
gases that would otherwise condense onto the trap at lower temperatures and provides a controlled
way to produce thermalized anions at 300K. It also provides another means of producing precursor
anions of interest in the future by association reactions in the trap. Temperature control of the rf
trap will also prove to be a powerful tool for generating precursor anions of interest expanding the

range of molecules and clusters that can be studied with PPC spectroscopy. Additionally, IR
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excitation of cold anions produced in COAT will allow for enhanced control of the initial products
for studying how excitation of certain vibrational modes enhances reactivity or affects branching

ratios, as described in a previous thesis from this group.!!
2.1.3. Acceleration/Time-of-Flight/Mass Gate

After the ions are trapped and cooled in COAT for 40 ms, they are extracted and accelerated
by a stack of 31 electrodes comprised of a voltage divider set by a resistive network allowing for
a constant voltage ramp from ground to full potential (~7 kV). 11 of these plates contained within
the stack are modified such that the apertures are larger and they can be independently controlled
as an einzel lens configuration to help focus the ion beam as it is accelerating up to full potential.
After the ions pass through the acceleration plates, they enter a 30 cm cylindrical metal tube with
a 3 mm and 5 mm entrance and exit aperture, respectively. This tube is held to the same potential
as the previous electrode and is switched to ground with a high-voltage (HV) switch (Behlke HTS
101-01). Re-referencing the ions to ground is critical for safe operation of the experiment as it
removes the need to float electrodes at high voltage downstream. Upon exiting the HV switch tube,
the ion packet is collimated with a temporal length of ~2-4 ps. Different ion species in the ion
packet all have the same kinetic energy and can be separated from each other in time based on
their m/z and the path length traveled. The resultant ion packet is governed by the length of the

HYV switch tube which sets, in part, the resolution of the TOF mass spectrometer.

The TOF chamber is comprised of 2 sets of einzel lenses and 2 sets of vertical and
horizontal deflectors for focusing and steering a collimated ion beam through the mass gate (MG)
chamber. A “Bakker-style” chopper!? at the entrance of the MG chamber can be used to select a
narrow cross section of the ion packet to remove anions of neighboring m/z from the ion packet.

This chopper contains two parallel plates, one is switched to potential while the other is held at
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half that potential. The voltage is switched when the ions are centered between the two electrodes.
This chopper is not used during experiments and typically only serves to help identify species in
the ion packets through a TOF mass spectrum. Following this chopper is a high voltage einzel lens
and a set of vertical and horizontal deflectors to focus and steer the ion beam into the next chamber.

An ion detector can be translated in and out of the ion beam used to help optimize ion intensity.
2.1.4. Electrostatic lon Beam Trap

The mass-selected precursor anions are loaded into the electrostatic ion beam trap (EIBT)
which stores fast (keV) ion beams (based on an ion storage trap by Zajfman and co-workers)."
The ions can be stored from hundreds of ms up to several seconds. Collimated ion beams of a
given energy are reflected in a stable oscillating trajectory (dependent on its beam energy and m/z)
between two electrostatic mirrors and is equivalent to a one-dimensional storage ring. The
implementation of the EIBT? '* has proven to generate better resolved data at higher acquisition
rates. This was achieved by coupling the low-repetition rate source of 10-20 Hz to the kHz data

acquisition rates required for these PPC experiments.

The EIBT consists of an entrance and exit stack of mirrors, bunching electrode, and a pick-
up electrode. The entrance mirror is comprised of a set of electrodes with a potential ramp from -
11 kVs to ground via an external voltage divider network followed by a focusing lens to help keep
the ion beam collimated. The exit mirror and lens are held at potential throughout the duration of
the data collection. The entrance mirror and lens are switched to potential by Behlke HTS 201-03-
GSM and HTS 151-03-GSM switches, respectively. Once the precursor anions enter the trap and
pass through the entrance mirror stack, they induce a charge on a pickup electrode instrumented
with a charge-sensitive preamplifier (Amptek CoolFET A250CF) which helps to determine the

switching time for the entrance mirror stack. The EIBT is mounted on a closed-cycle He
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refrigerator (Austin Scientific, CryoPlex 1020) cooled to ~20 K and enclosed in radiation shields

to help reduce black body radiation.

Over the course of the ion storage period, synchronization with the pulsed laser can help
to ensure high ion density and temporal overlap between the oscillation ion packet and the laser.
This is achieved by applying a small RF field (~1 V amplitude) along the beam axis which matches
the fundamental or 2™ harmonic oscillation frequency of the oscillating precursor anions of
interest. This helps to limit the spatial spread of the ion beam in the EIBT while also helping to
facilitate fast data collection by selecting for optimal crossing of anions with the pulsed laser in

the direction of the neutral particle detector.

Usage of the bunching electrode is not necessarily required for PPC experiments and
instead the apparatus can be operate under a multi-mass mode (described in more detail
elsewhere).” I Rather than select one species of a given m/z, a packet of ions in a given m/z range
can be trapped and crossed at each data acquisition cycle leading to multiple sets of PPC data
collected simultaneously for multiple species during an experimental cycle. In multi-mass mode,
it is possible to detect ~6 different m/z species in a 900 ns neutral particle time-of-arrival (TOA)
window. These data can then be differentiated during data analysis by selecting specific neutral

species by the TOA and examining the photoelectrons in coincidence.

The interaction region of the ions and the laser is centered in the field free region of the
EIBT. The electron detector is mounted perpendicularly over this field free region where
photodetached electrons can be extracted orthogonal to the ion beam. Upon photodetachment, the
resultant neutral fragment(s) are no longer influenced by the surrounding electric fields and can

proceed through the EIBT chamber into the next and final chamber.
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2.1.5. Detector Chamber

The detector chamber consists of a multi-particle neutral detector (discussed in section
2.4.2.) and an ion detector. The neutral particle detector is mounted in line with the beam path on
a vertical translator which can be optimized to the neutral beam path. The ion detector consists of
a chevron stack of two 17 diameter MCPs with a stainless-steel anode and a fast preamplifier
(Ortec VT120). This detector is mounted above the beamline and an ion deflector deflects the ions
entering the chamber towards it for TOF measurements allowing for mass determination. Once the
precursor anion has been mass-selected, the ion intensity can be optimized by scanning source

timings and electrode potentials in the source, COAT, Accel, TOF, and MG chambers.

2.2. Vacuum System

As discussed in the previous chapter, the first molecular beam experiments carried out in
the early 1900s were a consequence of the invention of the vacuum pump. Many improvements
have been made since which makes it possible for the experiments discussed here to be performed.
The fast ion beam, critical for these experiments, is collimated with minimal translational energy
spread, and so long as there is sufficient pumping power in the chambers, the ion beam will remain
in the same condition thus increasing its effective lifetime until otherwise perturbed. These
perturbations can arise from collisions with a background gas so mean free path considerations
need to be accounted for when designing these experiments (maximum distance a molecule can

travel before colliding with another molecule).

Although maintaining high vacuum is critical for most of the PPC spectrometer, the source
regions rely on relatively higher pressures to prepare the necessary precursor anions for study. The

ion discharge source in the source chamber relies on collisions of the species in the supersonic
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expansion for generating anions and the turbomolecular pumps (TMPs) that are used need to have
a suitable pumping speed to expel the gas coming through the pulsed valve nozzle. This is
important because if the gases are not being pumped out fast enough at the 10 Hz repetition rate
of the nozzle, the higher pressure in the chamber can lead to a decreased mean free path of the
anion beam leading to unwanted collisions with the background gas and affecting the production
of the desired precursor anion. This point will be addressed in the appendix in the discussion of
the dual pulsed valve anion source. Additionally, the high-pressure conditions in the COAT
chamber are necessary since the preparation of internally cold anions is achieved through a

controlled environment of buffer gas collisions in the rf trap at cryo- or room temperatures.

One of the most sensitive chambers that requires ultrahigh vacuum and where the bulk of
the anion trajectory occurs is the EIBT chamber. The anions travel approximately 1-meter round
trip with typical anion oscillation frequencies on the order of hundreds of kHz, therefore
sufficiently large mean free paths (10°-10° m) are required if the anions are to be stored for several
seconds. The ability to differentially pump each chamber towards progressively lower pressures
from the source chamber to the EIBT and detector chambers helps in achieving the necessary
conditions for optimal operation of the PPC spectrometer. It also provides a practical route for
performing maintenance on any one chamber without needing to compromise the vacuum in a

neighboring chamber.

The source chamber is pumped by an Edwards nEXT 240D TMP with a pumping speed of
240 /s and it is backed by an Edwards XDS35i scroll pump (35 m?/h). Background and operational
pressures in this chamber are ~107 and ~107-10* Torr, respectively. A TMP with a higher
pumping speed might be favorable for this chamber when using a dual pulsed valve setup

(discussed in Appendix A), however, when using one pulsed valve for generating ions, this pump
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is adequate. This chamber is isolated from the COAT chamber via a pneumatic beamline gate

valve, allowing for frequent necessary maintenance.

The COAT, acceleration, and TOF chambers are each pumped separately however they
connect through small orifices and are backed by the same Edwards XDS351i scroll pump. As such,
pressure increases in the COAT chamber caused by buffer gas cooling (3x10° Torr operating
pressure) do not influence the pressures in the acceleration and TOF chambers (108-10"7 Torr).
COAT, acceleration, and TOF chambers are evacuated by magnetically levitated TMPs with
pumping speeds of 3200 L/s (Edwards STP XA3203C), 2200 L/s (Edwards STP-A2503PV), and
800 L/s (Edwards STP-A803WAV-U), respectively. It should be noted that most of the
experiments discussed in the following chapters were collected with these TMPs, however, they

were replaced with new TMPs (discussed in Appendix B).

Following the COAT/Accel/TOF chambers, all chambers are separated by pneumatic
beamline gate valves. The smallest chamber, the MG chamber (10 Torr), is pumped by two
TMPs, Pfeiffer TMU 260 (210 L/s pumping speed) and an Edwards EXT 250H (250 L/s pumping
speed) to help reduce the gas load before the EIBT chamber (10!! Torr). The EIBT chamber is
pumped by a 2500 L/s cryopump (Oxford Instruments, Cryo-Plex 8) and a home-built 3000 L/s
titanium sublimation pump (the latter is only used to degas the chamber). The detector chamber is
pumped by a magnetically levitated 400 L/s Edwards EXT255H TMP which is backed by a 250
L/s Osaka TG420MCAB TMP. Both the MG and detector chambers are backed by the same
Edwards nXDS 10i scroll pump. The EIBT chamber is isolated from this scroll pump through a
manual valve and is only used to rough out the EIBT chamber when pumping down. A vacuum

diagram of this instrument can be seen in Figure 2.2.
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2.3. Laser System

PPC spectroscopy requires a high duty cycle data acquisition due to the low coincidence
measurement rates that are necessary to avoid false coincidence events.'® High temporal resolution
is also necessary for proper recording of electron events in PPC measurements. Given these
considerations, a short-pulse pico- or femto-second laser with a high oscillation frequency is used

for these PPC experiments.

The laser system used for most of these experiments was a solid-state titanium sapphire
picosecond regenerative amplifier (Clark MXR CPA-2000) with a fundamental output of 775 nm
light, 1.2 ps pulse width, and 400 pJ/pulse at a repetition rate of 1037 Hz. The laser system has a
two-layer vertical structure where the bottom level is the laser pulse stretcher and the top layer is
the laser pulse compressor. This apparatus uses a chirped-pulse amplification technique to create
ps laser pulses > 100 uJ/pulse. This is achieved by using dispersive gratings to first stretch, or
lengthen, short laser pulses before amplification and then compress the laser pulses to return the
pulse to its original pulse width after amplification.!” This technique helps to ensure the power
inside the amplifier cavity remains low enough to avoid damaging the laser optics which can have

negative effects on the performance of the laser.

The picosecond regenerative amplifier used to amplify the Ti:Sapphire output contains a
series of lasers and optical systems. A mode locked'® diode-pumped fiber laser produce picosecond
seed pulses at 43.58 MHz repetition rate. These seed pulses are then temporally stretched and
injected at 1037 Hz into the Ti:Sapphire regenerative amplifier cavity. The Ti:Sapphire rod is
pumped by a high-power (5-8 Watts) Q-switched Nd:YAG laser (532 nm output) and the seed
pulse passes through the rod multiple times. When the maximum energy in the cavity is reached,

the pulse is ejected using a Pockels cell (fast-polarization rotator) and the dump propagates towards
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the compressor where the resultant output is a short ps 775 nm (1.60 eV) laser pulse at 1037 Hz.
This fundamental output can be frequency doubled (388 nm, 3.20 V) or tripled (258 nm, 4.80 eV)
using a beta-Barium-Borate (BBO) crystal or used directly for PPC measurements. The desired
laser beam is redirected towards the EIBT chamber and aligned so that it passes through the
interaction region. A 40-50 cm focal length lens or a 2.5:1 telescope can be used to focus or
collimate the beam, respectively, down to ~1 mm diameter beam spot size. At higher photon
powers, collimating the laser and installing baffles on the entrance and exit sides of the vacuum

chamber are necessary to limit the high background noise.

The Clark MXR CPA-2000 system described above was eventually updated to a new
model, Clark MXR CPA-2010, but the operating principle remains the same. The older CPA-2000
system was converted into a femtosecond system with 200-300 fs pulse width by swapping out the
stretcher grating to a femtosecond grating and removing the birefringent filters (BRFs) in the regen

cavity that is only necessary for shaping picosecond pulses.
2.4. Detectors

The two detectors used for PPC measurements collect time and position information over
the full 4n solid angle distribution of the photodetached electrons or the recoiling
photofragment(s). Both the photoelectron detector and the neutral particle detector (described in
more detail in the following sections) use a z-stack of MCPs which amplifies each detected event
via a cascade of electrons yielding an electron cloud of ~107 electrons.!® This electron cloud then
impinges on an anode which records the position of the event. The electron detector uses velocity
map imaging (VMI) with a wedge-and-strip anode®” 2! to determine the kinetic energies of the
photodetached electrons. The neutral particle detector uses a four-quadrant crossed delay-line

anode?? to determine the kinetic energy release in the center-of-mass frame of the recoiling
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photofragments. The time and position for all electrons and neutrals produced upon interrogation

with a laser are recorded on an event-by-event basis.
2.4.1. Photoelectron Detector

Photoelectrons are extracted orthogonal to the laser and ion beam in the interaction region.
As the anions oscillate in the EIBT, they enter a field-free region. When the electrons are
photodetached, the electrons are mapped onto the electron detector through a set of electrostatic
lenses consisting of a repeller (-30 V), extractor (0V), and a focusing lens (160-170 V). To
counteract the influence that the repeller has on the ion trajectory in the trap, a corrector electrode
of opposite polarity is used to maintain a stable trajectory over the course of the EIBT trapping
period. The extracted electrons pass through a copper cylinder that provides a field-free region
prior to striking the z-stack of MCPs. The electrons are accelerated to -400 V dictated by the front
plate and the potential on the back plate (~4800 V). This enclosure helps to eliminate field
distortions from the surrounding fields in the interaction region. The photoelectron detector is also
housed in a magnetic shield (mu metal) to shield the electron trajectories from static or low-

frequency magnetic fields.

The timing resolution, z axis, is limited due to the influence the focusing elements has on
the electron trajectories as well as the short TOF. The spatial resolution, important for VMI,
depends on sharply focusing the electrons on the face of the MCPs as well as having a long enough
flight path for electrons of different velocities to be resolved.?* Considerations to improve the

current electron detector resolution should involve an increase to the electron TOF.

The wedge and strip anode is used for detecting position information of the photodetached

20, 24

electrons. This anode has been described previously so will only be described briefly here.
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The anode contains 3 conductors known as a wedge, strip, and zig-zag. An electron cloud from
the MCPs impinges on the anode where the positions could then be determined by charge division.
The areas of each conductor vary making it possible to determine where the center of the electron
cloud is detected. The wedge tapers along the x direction and the strip increases in width along the
y direction. The zig-zag conductor fills the space between the wedge and strip conductors and
serves for charge normalization. A drawing of this can be seen in Figure 2.3. The following
equations are used to calculate the x and y positions through charge division between the different

shaped electrodes.

Qw (2.1)
X
Qw + Qs+ 0O,
s 2.2
y Q (2.2)

x
QW + QS + QZ
2.4.2. Multi-particle Time and Position Sensitive Neutral Detector

While the electron detector described above is suitable for detecting one electron event, it
cannot yield position information for > 1 particle events. As a result, a multiparticle neutral
detector known as the quadrant crossed delay line (QXDL) is used to detect two momentum-
matched particles in coincidence with a photodetached electron. This detector has been described
previously.?> 2 Briefly, photofragments that strike a z-stack configuration of MCPs causes a
cascade of electrons and the resultant electron cloud impinges on a crossed delay line anode
composed of a grid of wires attached to serpentine delay lines in the x and y directions shown in
Figure 2.4. The center position of an electron cloud is determined by measuring the time it takes

for the imparted charge on each electrode to travel along both directions. The difference in time
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Figure 2.3. Example of the wedge, strip, and zig-zag anode. This illustrates an electron cloud
impinging on the anode covering > 1 period of the conductors. (W/S/Z conductors not drawn to
scale).
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Figure 2.4. Crossed delay-line (XDL) anode schematic. An electron cloud caused by a neutral
fragment striking the MCPs impinges on the XDL. The charge is collected at both ends of the
serpentine delay lines for the x and y coordinates. The time difference, At, yields particle position
information.

36



for both the x and y delay lines can be determined. The following expression is an example for

the x direction:

Aty = tyg — tyy = 2 - | 2
Verr Verr

Where [ is the length of the serpentine strips, x is the position of the electron cloud alond the x
direction, and v, is the effective velocity of the charge. Rearranging the expression above gives

the distance x as:

Verr * Aty (2.4)

The y position is determined in the same way. This technique allows for the detection of two
particles impacting the same set of delay lines. The QXDL contains four crossed delay lines

allowing for the detection of two particles per quadrant.
2.4.3. Data Acquisition

Following detection of events on the electron and neutral particle detectors, a series of
signals are transferred to various sensitive electronics and digitizers. In regards to the electron
detector, each signal picked up by the wedge, strip, and zig-zag conductors are amplified using
charge-sensitive preamplifiers and each signal is then digitized by a 13-bit Ortec AD413 peak-
sensing analog-to-digital converter (ADC). The time of arrival of the electron cloud is measured
off the wedge signal with a capacitively coupled fast preamplifier (Ortec VT120) to a constant
fraction discriminator (CFD Ortec 935) triggered at 20% of the peak height and serves as a stop

signal triggered by a photodiode signal. The CFD receives a start signal from a photodiode that
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measures the output of the laser system and serves as the start of the electron TOF. The difference
between the start and stop signals are converted to a voltage that is proportional to the difference
between the two signals by using a time-to-amplitude (TAC, Ortec 566) and corresponds to the

electron TOF. Following the TAC, the signal is sent to another channel on the AD413.

The QXDL collects signals from either side of the serpentine delay lines in both the x and
y directions therefore measuring 4 signals in each quadrant allowing up to 8 particles to be detected
in coincidence. The signals from each delay line are amplified by a fast preamp and input into
custom-designed two-hit TACs (Siegmund Scientific). Each of the 8 double-hit TACS receive a
start and stop signal corresponding to the two signals measured on either side of the delay lines in
the x or y direction. The valid output signal (determined by setting an adequate gate window to
receive the species of interest at the appropriate time-of-arrival) is then digitized using two 8-
channel 12-bit peak sensing ADCs (LeCroy Model 3351). The toa for the neutral particles are
determined by a TDC (LeCroy Model 3371) that measures a start and stop signal from the x-
coordinate TACS. (The start time is determined by a digital pulse set by some delay after the
photodiode start signal trigger.) The total charge for each quadrant and the total charge from the
MCPs are also amplified and digitized by another ADC (LeCroy 3351). The laser shot information
is also recorded using a Hexscaler (Kinetic Systems 3615) which records events by trapping time

(usually a 100ms-1s window).

The gating for the various ADCs, TDCs, and TACs is controlled by two digital delay
generators (SRS DG535) that are triggered by the laser photodiode signal. These converted signals
are then processed by a Computer-Automated Measurement and Control, CAMAC, controller (all
housed in a CAMAC crate) which sends the information to the data acquisition PC via a PP004

PC interface adapter to USB. The logic of these signals can be seen in Figure 2.5. The data
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acquisition program is written using LabVIEW and outlined more clearly in Chris Johnson’s

thesis.'

2.5. Data Analysis

The raw data collected is saved to a hard drive on a PC and includes the roughly
discriminated data containing valid charge events and histograms from the wedge, strip, and zig-
zag as well as x, y, and t information from the QXDL generated by the LabVIEW program. The
raw data needs to be processed to extract position and timing information of all collected events
needed to perform calculations yielding relevant velocity vectors and electron and neutral
coincidence data. This information is obtained using a data analysis code written in Interactive

Data Language (IDL).

2.5.1. Data Discrimination

All neutral and electron events registered as valid events are recorded and then
discriminated. The neutral events are registered as valid if they contain valid x, y, and t information
while the electron events must have valid wedge, strip, and zig-zag charges along with a valid
time. These events can be discriminated by the multiplicity of events such as electron only, N-
neutral particles only, N-particles in coincidence, and N-particles with an electron. These events
are grouped and can then be further analyzed in a program in IDL. At this point, the relevant data
multiplicity of interest can be sorted for and called into the data analysis program. Each channel
can be discriminated further by setting appropriate upper- and lower- level software discriminator
limits to remove contributions from bad data or other neutral species events collected in the same

timing window.
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Figure 2.5. Timing signal logic for the PPC spectrometer
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2.5.2. Photoelectron Kinetic Energy Calibration

After discrimination of the data, as discussed above, the position and time information can
be determined from a series of calibration factors and relations. As mentioned in section 2.4.1., the
position information is determined from charge division between the wedge, strip, and zig-zag
conductors. Although each are measured independently, these elements are capacitively coupled
and therefore, there are calibration factors known as cross-talk factors (CWS, CZW, and CSZ) that
need to be determined. There are a series of combinations of these cross-talk factors that have been
documented elsewhere but will only be listed here as px1, py1, px2, py2, px3, py3. Additionally, other
calibration factors include detector additive constants (DAC) and detector multiplicative constants
(DMC). With the inclusion of these corrections and charge divisions between the 3 conductors,
the x and y positions of each electron cloud event on the anode can be determined by the following

equations:

(QW/Qtot - CZW) "Px1— (QS/Qtot + Csz) " Dx2 2:5)
Px3

x = DAC, + DMC,

(QS/Qtot B CSZ) "Py1 (Qx/Qtot + CZW) "Py2 (2:6)

Dy3

y = DAC, + DMC,,

Where Q,,, Qs, and Q.. are the wedge, strip, and total (Ow + Os + Q-) charge, respectively. The
electron time of arrival must also be determined and this is also done by using DAC and DMC

factors:
TOF = DMC; - t, + DAC, 2.7)

Where t, corresponds to the time of arrival of the photodetached electron on the anode. These

calibration factors and offsets can then be adjusted and calibrated from known electron affinities
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and electronic transitions from species like O and Oz". It should be noted that additional
corrections are made in determining the X, y, and t velocity vectors to account for focusing effects
of the VMI setup which distorts the otherwise spherical distribution of recoiling photoelectrons.

After which the electron kinetic energy (eKE) can be calculated:
eKE = 1/2 me(VE + v + v7) (2.8)

2.5.3. Neutral Fragment Kinetic Energy Calibration

The calibration for the QXDL is much more straightforward than that of the electron
detector. The calculations described here are for 2-body dissociation processes which are the
processes of interest in this thesis. As previously noted, the QXDL consists of 4 quadrants each
with separate delay lines allowing for the detection of up to 2 particles per dissociation event for a
total of 8 particles. The position information is obtained from time measurements as opposed to
charge information from the W/S/Z anode detector thus eliminating crosstalk factors between the
conductors and simplifying the expressions for determining x and y positions on the QXDL. These

positions are calculated for each quadrant by the following equations:
X = DMCx . xTAC + DACx (29)

y = DMCy, - yrac + DAC, (2.10)

Where DMC,, and DMC,, are multiplicative factors, Xr4¢ and y74¢ are values taken from the TAC,
and DAC, and DAC,, are additive constants. The multiplicative and additive constants are manually

adjusted following a calibration procedure using the DPD of O4~ which has a known KER.?* The
time of arrival of the fragment is a little more involved but in general can be determined by the

following expression:
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t = DMCt . [(tTDC + DACt) + tDL . X] (211)

Where tj; is a constant that accounts for the time delay between the fragment impact on the
detector (picked up by the x delay line) and the timing at the end of the delay line. After
determining the laboratory-frame time and positions, the fragment velocities can be calculated by

the following expressions:

v, = x/TOFy (2.12)
Y, = Vpogm - (TOF — TOFzy) (2.14)

Where TOF), is the TOF for the center of mass and vy,,,,, is the ion beam velocity. The flight
path of 1.31 m from the interaction region to the QXDL is used to determine TOFy so
dissociations that occur along the beam path will have a slightly different flight path distance,
however, for KER < 1 eV this deviation is negligible and not considered in the velocity calculations

here.

To determine the CM vector, the masses of the fragment particles must be guessed then
conservation of momentum can be enforced for each event. The kinetic energy release (KER) for

two fragments can then be determined by the following equation:

2

1 2

KER = EZmi-vi
i

Where m; is the mass and v; is the velocity vector of the ith fragment.

(2.15)
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2.5.4. Gating

After the position, time, and subsequent energy calculations are performed, the data set
must then be gated in various ways to reduce noise contributions, enhance the resolution of data
for proper analysis, and select for specific data sets. Events that are registered in the data
acquisition program as valid events may consist of bad data points due to false coincidences. False
coincidences are a result of various factors such as border events (a particle hits the intersection of
two quadrants on the QXDL and is registered as 2 events) and correlations of two neutrals from
different photodetachment events. Spherical and centroid gating for stable and dissociative events
also helps to remove contributions from different mass species contained in the same data sets and
enforces electron correlations to the selected neutral(s) of interest. Additionally, if there are large
differences in the CM spectrum, different fragmentation channels can be gated from other
dissociation channels of the same parent species. Charge gating can also be performed to
discriminate against 1 and 2 particle events on the QXDL, however, this has not been shown to

improve the quality of the data analysis in this program.

Unlike the QXDL, the photoelectron detector is only capable of collecting single event
electrons on an event-by-event basis. The largest uncertainty stems from the timing information
due to the non-linear VMI effects. Generally, v, contains the largest error compared to vx and vy
since the timing resolution is ~200 ps over ~10 ns range. The overall error in energy calculations

depends on the magnitude of the x, y, and z velocity vectors:

OE 2(vx 6V, + vy, 6vy + v,6v,) (2.16)

E v+ vy + v

Decreasing the magnitude of the uncertainty in any of these velocity vectors therefore

improves the overall energy resolution. Selecting for a narrow center distribution of vz helps to

44



reduce error contributions, these are low-energy electrons and electrons parallel to the electric
vector of the laser. This type of electron slicing significantly decreases the events for data analysis
so it should only be used if there’s sufficient event statistics. Additionally, a correction must be
made known as the detector acceptance function (DAF)*’ to correct for changes in relative
intensities of the photoelectron velocity vectors. An example of this gating process as well as the

DAF correction can be seen in Figure 2.6.
2.5.5. Coincidence Calculations

After the energy calculations are performed and properly gated for photoelectrons and

photofragments, the total energy of a dissociation event can be determined:

E,. = eKE + KER (2.17)

A coincidence spectrum can also be obtained by plotting the KER histogram versus the eKE
histogram showing the probability of any combination of eKE and KER data. This plot, described
in section 1.4. of Chapter 1, reveals distinct features along the diagonal axis corresponding to the
Franck Condon region associated with the precursor anion and the repulsive monotonic asymptotic
curve of the neutral surface. These coincidence plots contain valuable information about the
partitioning of energy in a dissociation event such as the branching to other channels, vibrational
excitation in the photofragments, autodetachment events (not addressed here), and

photodissociation processes.
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Figure 2.6. Photoelectron spectra of O2". The photoelectron spectra for raw, electron sliced, and
DAF correction after slicing are shown in a), b), and c), respectively.
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Chapter 3: Photoelectron-Photofragment Coincidence Studies on the Dissociation
Dynamics of the OH-CH4 Complex

3.1. Introduction

Radical-molecule reactions play an important role in understanding both atmospheric and
combustion chemistry.! The elementary reaction OH + CHs — H2O + CH3 is the simplest reaction
of the hydroxyl radical with an alkane. Methane is the most abundant saturated hydrocarbon in the
troposphere, making this process atmospherically relevant as it governs the concentration of
hydroxyl radicals by providing a chemical sink for both CH4 and OH.>* The high reactivity of OH
is significant since it initiates radical-chain oxidation in the troposphere and is an important chain
carrier in combustion processes of high temperature methane flames.* In addition, this reaction is
one of the elementary steps involved in the oxidation of methane and is therefore important in
understanding the oxidative characteristics of fuels. Because of the pertinence of this reaction in

23-7 and at various

atmospheric and combustion chemistry, it has been studied experimentally
levels of theory® !® to understand the reaction barrier and rate coefficients, as well as kinetic isotope

effects. Although there are numerous kinetic studies on this reaction, there are few experimental

studies on the reaction dynamics.

Lester and coworkers studied vibrational predissociation of OH-CH4 in the entrance
channel by selective vibrational excitation of the complex leading to production of either the
reactants (OH + CHa) or the products (H20 + CH3) of the reaction.!”?! Interpretation of the
experiments were aided by ab initio calculations on the structure of the minimum energy
configuration of the entrance channel van der Waals complex, with the hydroxyl hydrogen oriented
towards the tetrahedral face of methane. In those experiments, stimulated Raman or IR excitation
of the symmetric or asymmetric stretches of CHa4 or the OH stretch were examined to determine if
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the relatively low activation energy required for reaction could be overcome. It was determined
that vibrational excitation was effective in promoting fission of the weak intermolecular bond,
yielding the entrance channel reactants OH + CHa. These studies produced the first IR spectra of

the entrance channel complex via action spectroscopy, as well as insight into the decay dynamics.

A series of studies on the dynamics of the OH + CH4 — H20 + CH3 reaction and

isotopologs by Liu and coworkers?>2*

were performed using crossed-beam experiments over
collision energies from 0.2-0.7 eV. These experiments used vibrationally state-resolved photoion
imaging to characterize how energy partitioning in the H2O + CHs product channel resulted in
correlations in the modes excited in the product pairs. They found that the vibrational ground state
of methyl radical was the dominant product and vibrational excitation in HOD/H20 co-products

was primarily localized in the newly formed OD/OH bond. These experiments inspired theoretical

calculations to improve on knowledge of the potential energy surface (PES) of this reaction.

This seven-atom system is challenging to study theoretically since the construction of
reliable PES’s becomes difficult, especially for a system including two heavy atoms. Espinosa-
Garcia and coworkers recently reported a full-dimensional analytical PES (PES-2014) for the OH
+ CHs — H20 + CH3 reaction.? This PES has been used to investigate the kinetics and dynamics
of the reaction with good general agreement with experiment.'®!172526 Quasi-classical trajectory
(QCT) calculations were carried out to examine isotope effects in the reaction, inspired by the
experimental studies of Liu and co-workers, calculating product translational and vibrational
distributions at 10 kcal/mol and 298 K.!”*> The agreement between theory and experiment was
only qualitative, indicating that efforts to improve the accuracy and quality of the PES, as well as
studies of the quantum dynamics of the system, would be worthwhile. Since then, several high-

dimensional quantum dynamics studies have been reported using this PES.?"* However, the
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relatively simple form used to fit PES-2014 remains as a source of uncertainty. Only regions near
the minimum energy path of the reaction were well described in PES-2014, and the accuracy of
the high-energy regions is limited.'® To further improve the accuracy of the PES, Li and Guo
constructed a globally accurate PES for this reaction based on a large number of high-level ab
initio points along the reaction path, providing an accurate description of the PES in all relevant
configurations of this system.!® Rate coefficients and kinetic isotope effects, as well as dynamical

results computed using this PES were found to agree well with available experimental data.'®*

In the present work, the dynamics of the OH + CH4 — H20 + CH3s reaction on the neutral
PES are studied using photoelectron-photofragment coincidence (PPC) measurements at a photon
energy En=3.20 eV. These experiments use photodetachment of a precursor anion to observe the
ensuing neutral dynamics. This approach complements the crossed molecular beam and
spectroscopic studies mentioned above because it probes dynamics initiated near the anion
equilibrium geometry.’® Recently, this approach has been successfully used to reveal key aspects
of the dynamics of several prototypical reactions.’! The photodetachment scheme for the current
system is shown in Figure 3.1., detailing the relevant reaction pathway for the OH + CHa4 reaction
with geometries and energies for the precursor anion, entrance and exit channel van der Waals
complexes, and the transition state. In the present work, photoelectron spectra are reported for both
dissociative, OH (CHs4) + hv - OH + CH4 + ¢, and stable, OH (CH4) + hv - OH(CHa4) + ¢,
channels. The overall partitioning of kinetic energy in the dissociative photodetachment (DPD)
processes is examined using PPC spectra for the OH (CH4)/OH (CD4)/OD (CDs4) isotopologs at
Env=3.20 eV. These PPC experiments are complemented by theoretical studies using the neutral
PES reported earlier'® and a newly constructed anion PES. The dynamics on the neutral PES is

simulated using QCT calculations with initial conditions sampled from the anion Wigner
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Figure 3.1. The reaction scheme for the OH + CH4 — H20 + CH3s neutral reaction along with
geometries and energetics for the entrance and exit channel van der Waals complexes and
transition state.'> Also included is the precursor anion calculated at the CCSD(T)-F12a/AVTZ
level of theory. All energies are in eV relative to the reactant asymptote OH + CHa4 without zero-
point energy corrections. (Zero-point energy corrected values are in parentheses).
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distribution. The theoretical results provide insights that help interpret the experimental

observations of stable and dissociative photodetachment and the energy partitioning.
3.2.  Experiment

These experiments were carried out using the cryo-PPC spectrometer described
previously.*>* This apparatus uses a radio frequency (RF) cryogenic octopole accumulation trap
(COAT) for the preparation of internally cold precursor anions prior to injection into the
electrostatic ion beam trap (EIBT) where the coincidence experiments are performed.** For these
experiments, however, COAT was not utilized. In brief, anions were synthesized using a dual
pulsed valve entrainment source at a 10 Hz repetition rate. The dual pulsed valve setup allowed
for a plasma generated in a side discharge expansion to be entrained into the high density region
of the main molecular expansion.>> A low gas density flow of 5:45:50 N2O, Ar, CH4/CDxs,
respectively, passed through a coaxial pulsed discharge generating a plasma that then intersected
a pulsed supersonic beam of a 10% of CH4/CD4 in Ar, entraining hydroxide anions and allowing
subsequent interactions with CH4/CDa. A 1 keV electron beam counterpropagating with the main
expansion was used to stabilize the discharge. This setup can be seen in Figure 3.2. Using the dual
pulsed valve source allowed for the creation of jet-cooled anions and a rational approach to

synthesizing anions of interest, in particular OH (CH4)/OH (CD4)/OD (CD4) anion complexes.

The anions were perpendicularly extracted using a Wiley-McLaren time-of-flight (TOF)
mass spectrometer,’® accelerated to 7 keV, then re-referenced to ground using a fast potential
switch. The anion packets (typically 2-5 us long) were separated by TOF, focused, and steered
into a cryogenically cooled EIBT where the mass selected ions were trapped for 100 ms. The
trapped ions were then crossed with a 1037 Hz, 388 nm (En = 3.20 eV) laser pulse from a

Ti:Sapphire regenerative amplifier (Clark MXR CPA-2000; 1.1 ps pulse width) over the course of
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the 100 ms trapping period per experimental cycle, and the resultant electron and neutral

fragment(s) were collected.

Photoelectrons were perpendicularly extracted from the laser-ion interaction region and
mapped with electrostatic lenses onto a time and position sensitive detector that allowed the center-
of-mass electron kinetic energy (eKE) for each one to be determined. Equatorially slicing the
photoelectron spectra by selecting electrons with minimal z-velocities perpendicular to the face of
the detector gives the best resolution. Correcting for relative intensities in the photoelectron spectra
was achieved by dividing the sliced photoelectron spectra by the energy-dependent acceptance
function of the z-velocity slice.?’ Calibration spectra of O2~ and OH™ showed AeKE/eKE resolution
of 4% full-width-half-max (FWHM) at eKE = 1.59 eV (using the a(v=1) « X(v=0) transition) and

1.36 eV, respectively.

Upon photodetachment, the resultant neutrals are no longer constrained by the electrostatic
fields and recoil out of the EIBT, impinging on a multiparticle time and position sensitive detector
~1.3 m downstream allowing the product mass ratio and kinetic energy release (KER) for
dissociation events to be determined. This quad-crossed-delay-line (QXDL) detector was
calibrated by collecting a dissociative photodetachment (DPD) spectrum of O4  showing a
AKER/KER resolution of ~10% FWHM at 0.4 eV.*8 Stable events detected by the QXDL arrived
in a spot ~4 mm in diameter. Dissociative events, on the other hand, are distributed across the face
of the QXDL as determined by the KER and the fragment mass ratio. In the present study, the
dissociative events have a very low KER which blend in with the stable events making it
challenging to distinguish between low KER events and stable events. In addition, the center of

mass distribution has limited mass resolution, so channels with fragment masses which differ by
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1 amu are unresolvable. Thus, OH + CH4 and H20 + CHs fragment masses cannot be resolved

experimentally.

3.3.  Theory

In order to simulate the PPC process starting from the OH (CH4) anion equilibrium, PESs
for both the anion and its corresponding neutral are required. In 2015, a globally accurate full-
dimensional PES with fifteen internal coordinates for the neutral reaction, namely, OH + CH4 —
H>O + CH3s, was developed by Li and Guo based on ~135,000 ab initio points at the explicitly
correlated coupled cluster singles, doubles, and perturbative triples level with the augmented
correlation corrected valence triple-zeta basis set (UCCSD(T)-F12a/AVTZ).!> The zero point
energy (ZPE) corrected barrier height for the reaction is 0.200 eV. The ZPE-corrected reaction
enthalpy is -0.633 eV, which is consistent with the Active Thermochemical Tables (ATcT)
value, -0.620 eV.* Note that the spin-orbit effect is not included in the reactant channel, which
increases the barrier height by 0.009 eV, and shifts the reaction enthalpy to -0.624 eV. The ab
initio points were fit using the permutation invariant polynomial-neural network (PIP-NN)
approach,*’ resulting in a total root-mean square error (RMSE) of only 3.9 meV. Kinetic and
dynamical calculations on the neutral PES indicated a good agreement with available experimental

data, thus validating the global accuracy of the neutral PES.!>18:2

For the anion PES, it is sufficient for our purposes to sample only configurations around
the local region near the anion equilibrium. Approximately 15,000 points were computed at the
level of CCSD(T)-F12a/AVTZ and fit with the same PIP-NN method. With 3 and 100 neurons in

the first and second hidden layers, resulting in 4497 parameters, the final anion PES has 5.1 meV
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RMSE. Detailed information about the geometry and harmonic frequencies of the anion and the

fitting error distribution can be found in the Supplemental Information (SI).

To simulate the photodetachment dynamics, the Condon approximation is assumed such
that the positions and momenta of all atoms are conserved during the photon-induced ejection of
the electron. A quantum mechanical treatment of the fifteen-dimensional dynamics is currently
unattainable, so the photodetachment dynamics is simulated in this work by a QCT method. To
account for quantum effects, the initial conditions of the trajectories were selected based on the
Wigner approach, initially suggested by Heller.*! This approach has been shown to provide a better

description of initial conditions in photoexcited processes.*>*

For a system of n normal modes (here n=15), the vibrational energy is approximated as the

sum of energies for separable harmonic oscillators, namely,

E:' E.:Z—f =i (D)

Note that in Eq. (1), the mass weighted coordinate system is used, namely, O, =/, x, and P; =

\/Fljci:Q'l.:in/dt, where /; is the reduced mass of the normal mode. For this system, the

corresponding Wigner distribution function W(Q, P) is approximated by a product of all one-

dimensional harmonic oscillator distribution functions:**

W(Q,P)=1L[W(pr’i) 2)

For the ground vibrational state of the system, the Wigner distribution function is simple:
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In this work, the sampling is carried out independently for each normal mode. Specifically, we

follow the following protocol. For the i mode,
(1) A phase space point (Pi, Q) is first randomly selected. A +/- sign is randomly assigned.

(i1) Then, W(P;, Q) is calculated and compared to the most probable value of W(Pi, Qi), Wmax. If
W/Wmax > R, which is a uniformly distributed fresh random number, accept this point. Otherwise

go back to step (i) to choose another random phase space point.

(i11) For all normal modes, the (P, Qi) are sampled and then transformed to Cartesian coordinates

in the same manner as for quasi-classical sampling.

In the QCT simulations of the PPC experiment, no energy resolution was attempted
because only comparison with the total KER is needed. Instead, trajectories with the
aforementioned initial coordinates and momenta were propagated using combined fourth-order
Runge-Kutta and sixth-order Adams-Moulton algorithms implemented in VENUS* and included
in the final analysis. At the end of the trajectory, the vibrational quantum numbers were assigned
using the normal mode analysis (NMA) method.***® Since the uncoupled harmonic approximation
was used in the NMA calculation, it may break down for highly excited states due to
anharmonicity. Finally, the normal mode energies were used to find the vibrational quantum

numbers, using histogram binning. A total of 4000 trajectories were calculated.
3.4.  Results

In this section, photoelectron spectra for stable and dissociative OH-CH4 complexes will

be presented followed by PPC spectra that reveal the partitioning of kinetic energy between
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photoelectron and photofragments. Finally, total kinetic energy release spectra, Etor = eKE + KER

on an event-by-event basis, for the OH (CH4)/OH (CD4)/OD (CD4) isotopologs are presented.
3.4.1. Photodetachment of OH (CH4) + hv - OH-CH4 + e~

The photoelectron spectra for stable complexes are generated from the data set by enforcing
coincidence of the detected photoelectron with a single heavy particle arriving at the position and
time-of-arrival expected for the neutralized parent anion. This stable channel makes up ~26% of
the total stable and dissociative events collected. In Figure 3.3. the stable photoelectron spectrum
for OH™ (grey trace) is compared to OH (CHa) (black trace) at Env=3.20 eV. The peak at eKE =
1.36 eV corresponds to photodetachment of OH™ at m/z =17, within 0.01 eV of the expected value
given the 1.83 eV AEA for OH.* The OH (CHa4) spectrum (m/z = 33) is dominated by a peak at
eKE = 1.09 eV and a small shoulder at eKE = 0.70 eV. In addition, a minor broad feature is seen
centered at ~2.2 eV due to HOO™ (m/z = 33) contamination. The photoelectron spectra of
OH (CHa4) and OH™ are similar, consistent with the electronic structure of OH (CHas) resembling
a hydroxyl anion core. The dominant peak in the photoelectron spectra is broadened by 0.04 eV
compared to OH™ because of excitation of low-frequency van der Waals modes of the neutral
complex. The shoulder ~0.4 eV lower in eKE can be due to excitation of the symmetric and
asymmetric CHs stretches (3070 or 3203 cm™!, respectively, in CH4) or the OH fundamental stretch
(3821 cm™! in OH).?° The experimental VDE for the stable complexes is determined by the center
of the dominant peak in the total (dissociative and stable) photoelectron spectrum, and found to be
2.14 eV. The total eKE peak center used for determining the experimental VDE is listed in Table

3.1.

Insight into the internal energy dependence of the dissociation dynamics of the OH(CHa)

complexes can be gained by comparing the stable photoelectron spectrum for OH(CHa4) + €™ to the
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Figure 3.3. Overlaid photoelectron spectra of stable OH (CHa4) (black) and OH (grey) with the
main broad band centered on 1.09 and 1.36 eV, respectively. The shoulder peaking at 0.73 eV
corresponds to v'=1 in the symmetric (vi) or asymmetric (v3) stretching modes of CHa4. This

effectively also demonstrates the electron detector resolution AeKE/eKE ~ 4%.
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Table 3.1. Dominant peak centers and their respective FWHMs for stable, dissociative, and total
(stable + dissociative) photoelectrons.

Species  eKE centers (¢V) FWHM (eV)

OH(CHa) 1.09? 0.16
1.03° 0.21
1.06° -

OH(CDs4) 1.10 0.19
1.03° 0.21
1.06° -

OD(CD4) 1.10% 0.20
1.04° 0.20
1.05° -

#Value for stable photoelectrons
®Value for dissociative photoelectrons

“Value for total (stable + dissociative) photoelectrons
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dissociative photoelectron spectra (OH + CHa4 + €7) as shown in Figure 3.4. The top trace shows
the stable spectrum previously seen, and the successive traces below are for the dissociative spectra
integrated over a progressively wider range of the KER. Selecting for low KER gates of 0.00-0.02
eV, the main feature peaks at 1.095 eV and it shifts to 1.087 and 1.080 eV for KER gates of 0.00-
0.03 and 0.00-0.04 eV, respectively. The main feature in the stable photoelectron spectrum peaks
at 1.09 eV so the low-KER-gated photoelectron events are similar in energetics to the stable
process. The striking similarities suggests contributions from the OH(CH4) complex
predissociating to the OH + CH4 channel along the 6.4 ps flight time from the interaction region

to the QXDL.

3.4.2. Dissociative Photodetachment: OH (CHy4) + hv - OH + CH4 + ¢~

The PPC spectrum corresponding to the dissociative OH + CHs + e photoelectron
spectrum reported is shown in Figure 3.5. This spectrum shows the correlation between eKE and
the KER of the detected photofragments. Given the broadening observed in the experimental
spectra, interpretation of the PPC spectrum is supported by the theoretical energetics reported in
Figure 3.1. Using those energetics, two solid diagonal lines at 1.67 and 1.10 eV correspond to the
maximum kinetic energies (KEmax) for the H2O + CHs + ¢ and OH + CH4 + e channels,
respectively. The dashed diagonal lines at 0.72 and 0.70 eV are the KEmax for one quantum of
excitation in either the symmetric C-H stretch, vi, or asymmetric C-H stretch, v3, in the OH + CH4
+ e- reactant channel, respectively. The KEmax for excitation in the O-H fundamental stretch is not
labeled but would only be slightly lower at 0.63 eV. At a photon energy of 3.20 eV there is enough
energy to access both the reactant or exit channel products, so events that occur below the KEmax

for the H20 + CH3 channel will also be discussed.
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Figure 3.4. Kinetic energy release dependence of dissociative photoelectron spectra compared to
photodetachment of stable OH (CHa4). Peaks in the data are centered on 1.095, 1.087, and 1.080
eV for KER gates of 0.00-0.02, 0.03, and 0.04 eV, respectively. The photoelectron spectrum in the
lowest KER range is indistinguishable from photoelectrons detected in coincidence with stable
radicals.
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Figure 3.5. Photoelectron-photofragment coincidence plot for OH (CHa4). Solid diagonal lines
represent theoretical KEmax for OH + CH4 and H2O + CHs channels at 1.10 and 1.67 eV,
respectively. Dashed diagonal lines represent excitation in the symmetric, vi, or asymmetric, vs,
stretches (3077 and 3211 cm, respectively).?’ No excitation in the OH fundamental stretch and 1
quanta of excitation in the CH4 symmetric or asymmetric stretch denoted as (0, 1). The dashed
horizontal line at eKE = 0.83 eV is the hydrogen abstraction barrier for the OH + CHs — H20 +
CHj3 reaction.
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3.4.3. Dissociative photodetachment of OH (CD4) and OD™ (CDy) Isotopologs

To investigate isotope effects in this system, data was collected for the precursor anions
OH (CDs4) and OD (CDs4). The total energy spectra (Etor = eKE + KER) for OH (CH4), OH (CD4)
and OD (CDs4) are shown in Figure 3.6. Both isotopes have similar features to the DPD of
OH (CHa) consistent with formation of the entrance channel reactants, OH + CD4 and/or OD +
CDa4. The total energy spectrum for OH (CD4) has a lower energy peak centered at 0.16 eV with a
FWHM of 0.21 eV which is contamination from DPD of OH (D20).%° The Etort for both isotopes
have shoulders at ~0.25 eV lower in energy from the dominant feature because of the lower CD4
symmetric and asymmetric stretching frequencies (0.26 and 0.28 eV, respectively).’! The
observance of similar DPD dynamics confirms that the C-H/C-D stretch excitation of CH4/CDs4 is
more significant than OH stretch excitation. The eKE peak centers for the isotopolog stable,
dissociative, and total (stable + dissociative) photoelectron spectra are shown in Table 3.1. and
show little evidence for zero-point energy shifts, suggesting that the anion and neutral isotope

effects cancel each other out as confirmed by theory.
3.5.  Discussion

PPC measurements, and the ability to separate stable versus dissociative photodetachment,
provide a critical test of the energetics and dynamics of both bound and dissociative neutral states.
Determination of the initial conditions, however, requires an anion potential energy surface in the
vicinity of the anion bound state. Predictions of the subsequent neutral dynamics after
photodetachment requires an approach to studying the evolution of the nascent neutral complex
on the neutral potential energy surface. In the following, theoretical predictions will be used to
analyze the energetics and energy partitioning observed in the photodetachment preparation and

subsequent dissociation of the OH(CH4) complex.
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Figure 3.6. Total energy spectrum (eKE + KER) for OH (CH4), OH (CDa4), and OD (CD4). Main
feature centered on 1.099, 1.095, and 1.097 eV for OH (CH4), OH(CD4) and OD (CDa),
respectively. Symmetric, vi, and asymmetric, v3, CHa stretches are labeled as well as the low
energy isobar contamination in the OH(CDs4) spectrum.
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Using the potential energy surfaces and stationary points from the quantum chemical
calculations discussed above, the energetics reported in Figure 3.1. were obtained. As seen in
Figure 3.7., the geometry of the precursor anion resembles the transition state complex in the
neutral reaction and has an O-H and H-C bond length of 1.980 A and 1.102 A, respectively. The
shared hydrogen between the carbon and oxygen lies closer to the carbon as opposed to the more
evenly shared hydrogen in the transition state complex. The geometry of the neutral transition
state, reported previously,'> has bond lengths of 1.321 and 1.206 A, for O-H and H-C, respectively.
The photoelectron spectrum for OH(CHa4), shown in Figure 3.3., resembles the spectral fingerprint
of OH shifted to lower eKE by the binding energy of the anion complex. With such a relatively
low binding energy and the weak dipole of CH4/CD4, the electron density is mostly concentrated
around the OH™ moiety. This is supported by the longer HO-HCH3 bond (1.980 A) and shorter H-
OHCH3 bond (0.964 A) in the precursor anion compared to the transition state of the neutral
surface. The precursor anion geometry is consistent with the stable species accessed by
photodetachment lying in the entrance channel of the OH + CH4 — H20 + CH3 reaction pathway.
In particular, the optimized anion equilibrium geometry, also shown in Figure 3.1., has a ZPE
corrected energy of -2.072 eV relative to the neutral OH + CHa4 reactant asymptote and theoretical
adiabatic electron affinity (AEA) =2.05 and 1.41 eV from the anion to the stable entrance and exit
channel van der Waals complexes, respectively. Therefore, the stable product formed upon
photodetachment must lie in the entrance channel side of the neutral PES as there are no features
at higher eKEs around 1.80 eV. An experimental vertical detachment energy (VDE) of 2.14 eV is
obtained compared to the theoretical prediction of 2.18 eV, thus confirming good Franck-Condon

overlap with the entrance channel.
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Figure 3.7. The geometries (distances in angstroms and angles in degrees) and harmonic
frequencies (cm™) of the optimized OH (CHa) anion. The first entry is obtained on the PIP-NN
anion PES, and the second is determined at the level of CCSD(T)-F12a/AVTZ.
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The entrance channel van der Waals complex is 0.05 eV lower in energy than the entrance
channel fragments (OH + CH4) and has been discussed in the literature previously.?’ The geometry
of this entrance channel complex is known to have the hydrogen of the OH group oriented towards
the tetrahedral face of the methane unit as shown in Figure 3.1. The geometry of the entrance
channel van der Waals complex differs greatly from the precursor anion where the hydrogen from
the methane unit is oriented towards the oxygen of the OH unit. The anion would require
significant rearrangement upon photodetachment to form the stable van der Waals complex, so it

is expected to mostly dissociate.

Photodetachment of OH (CHa4) at 3.20 eV yields two channels, (1) OH(CH4) + ¢ and (2)
OH + CH4+ e . Channel (1) makes up ~26 % of total events (stable + dissociative) and is weakly
bound (ground state binding energy of 0.026 eV previously determined from electronic
spectroscopy'® and 0.024 eV from theory with ZPE correction included). Upon photodetachment,
some fraction of stable complexes are thought to be metastable and enveloped in the low kinetic
energy release of the dissociating neutral fragments. This would result in slow dissociation over
the 6.4 us flight time, however, this process cannot be resolved in these experiments, and these
events appear as stable complexes. Channel (2), DPD, is the dominant channel, yielding the
entrance channel reactants with a minor channel corresponding to one quantum of excitation in the
C-H stretching modes of the CHs reactant. This occurs because the interaction of OH™ with CH4
distorts the monomers upon formation of the anion complex leading to excitation in the symmetric
and asymmetric CHs stretching modes. The DPD dynamics of OH (CD4) and OD (CD4) are also
consistent with excitation in the CD4 vi and v3 modes. The Etor spectra for OH (CD4) and

OD (CD4) in Figure 3.6., show poorly resolved shoulders at ~0.8 eV (only ~0.25 eV from the main
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feature). This is consistent with excitation of the C-D stretch in the products given the decrease in

CD4y stretching frequency compared to CHa.

While the entrance reactant channel is the dominant channel accessed in the DPD of
OH (CHa), the PPC spectrum shown in Figure 3.5. shows events occurring beyond the KEmax for
OH + CHa. At a photon energy of 3.20 eV, both the entrance and exit channels are energetically
accessible. Photodetachment of the precursor anion, however, probes the weakly repulsive region
in the entrance channel near the transition state. It is possible that upon photodetachment, the
resultant neutral complex forms products via tunneling through the H-abstraction barrier. The
barrier to dissociation into H2O + CH3s products lies at eKE = 0.83 eV, as shown by the dashed
horizontal line in Figure 3.5. Events that occur below the H-abstraction barrier to the exit channel
at higher eKE above the KEmax for OH + CH4 might suggest tunneling as a pathway in the
formation of the those products. PPC measurements on OH(CD4) and OD(CDs4) yield similar
dynamics, with the entrance channel reactants as the dominant channel and some excitation in the
CH4/CD4 symmetric and asymmetric stretches. Although there appears to be fewer events beyond
the KEmax for the OD + CD4 channel (shown in Figure 3.8.), as would be expected for reduced
tunneling in the deuterated complex, it is not substantial evidence for tunneling as a pathway to
the exit channel (H20 + CH3) products given the inherent experimental resolution. Contributions
beyond the entrance channel KEmax in the DPD of OH (CH4) may occur because of internal
excitation in the precursor anions or isobaric contributions from HOO™. Theoretical predictions

elucidate the main processes involved in the reaction dynamics of OH(CHa).

QCT calculations on the neutral potential energy surface, with initial conditions determined
by a Franck-Condon projection from the anion ground state were carried out as discussed in the

theoretical section. Most of the 4000 trajectories on the neutral potential energy surface yielded
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Figure 3.8. Photoelectron-photofragment coincidence plot for OD (CD4). The KEmax for OD +
CD4 channel is labeled with a theoretical isotope shift of -0.0080 eV relative to the OH (CHa4)
KEmax for OH + CHa.
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slowly recoiling OH + CH4 fragments and only two were found in the H20 + CH3 channel. The
fraction of the product channel might be underestimated because the QCT method does not account
for tunneling. Among the rest of the trajectories, 10.4% were found to have energies below the
ZPE of the OH + CHa4 channel, which correspond to the formation of the entrance channel van der
Waals bound states. This is significantly smaller than the experimental value of 26%, but as
discussed above, the experimental fraction contains populations of both bound and predissociative
van der Waals complexes. In addition, false coincidences because of the low KER among
dissociating fragments may be contributing to the registered stable events, thus increasing the
percentage of stable channel contributions. These theoretical results are consistent with the

experimental observations.

The kinetic energy partitioning can be examined in light of the QCT predictions of the
dynamics for the neutral complexes produced by photodetachment. The KER distribution for the
photofragments shown along the x-axis in Figure 3.5. displays a single narrow band that peaks at
0.04 eV and extends to ~0.3 eV. The repulsive energy in the neutral complex drives the energetics
of this system. The low KER distribution is suggestive of minimal repulsion between OH and CH4
on the neutral PES. The trajectory calculations indicate that the translational energy distribution
between the OH and CH4 fragments also peaks at 0.04 eV. The calculated KER is compared with
the experimental results in Figure 3.9. While the peak positions of the two agree with each other,
the experimental distribution is significantly broader. The small KER is due to the fact that most
of the initial positions are in the entrance channel of the OH + CHs4 reaction. Specifically, the
distance between the OH and CH4 centers of mass is 3.13 A in the anion, which is significantly

larger than that of the transition state (2.47 A). The neutral PES at the anion equilibrium geometry
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is only 0.0826 eV above the reactant asymptote. Thus, the initial wave packet placed on the neutral

PES by photodetachment of the anion is subjected to weak repulsion, leading to low KER.

The QCT calculations also found that the OH fragment in the OH + CH4 channel is
internally cold, with very small rotational and vibrational energies (see Figure 3.10.). This is
reasonable as the O-H distance in the anion (0.964 A) is very close to that of the free OH (0.971
A). In addition, the anisotropy for the PES in the entrance channel is also quite weak. This agrees
with the experimental results and further rules out possible OH vibrational excitation. In Figure
3.11., the calculated vibrational state distributions of all four modes of CHa4 are displayed. The
figure shows that the CH4 fragment is predominantly formed in its ground vibrational state. Some
population is also found in the first excited states. Particularly noticeable is the excitation in the
two excited C-H stretching vibrations. The averaged C-H bond length in the anion complex (1.095
A) is almost identical to that in the free CHs (1.090 A). The excitation is presumably from the
slightly distorted CHa4 structure in the anion complex, as mentioned previously. Finally, the CH4
rotational energy is also low (the average rotational energy is 0.017 eV), comparable to OH (0.026

eV). This picture is entirely consistent with the PPC spectrum shown in Figure 3.5.
3.6. Summary

Photoelectron-photofragment coincidence measurements were carried out on the
OH (CH4)/OH (CD4)/OD(CD4) clusters. The main channel observed is dissociative
photodetachment yielding the ground state photofragments, OH + CH4 + ¢~ with a low KER ~0.04
eV. Excitation in the C-H symmetric and asymmetric stretch of CH4 was also observed as a minor
channel as shown by isotopic substitution and confirmed by QCT calculations. A significant
fraction (~26%) of the products are found to be stable OH-CH4 complexes. Given the low KER,

this stable fraction is likely an upper limit as dissociation can occur over the 6.4 us flight time
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from the interaction region to the neutral particle detector. A smaller fraction of the OH(CHa4)
complexes may also be tunneling through the H-abstraction barrier yielding the exit channel
products H2O + CHs, however, this is not resolved in these experiments. These experimental
observations have been qualitatively reproduced by QCT calculations sampled on the neutral state
PES from a phase space Wigner distribution determined by the newly constructed anion PES. The
combined experimental and theoretical results validates the accuracy of the PESs and helps shed

new insight on the dynamics of this important reaction.

Associated Content

Supporting Information: Provides additional figures of the theoretical and experimental results.
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Chapter 4: Dissociation Dynamics of the OH (C2H4) Anion Complex

4.1.  Introduction

Radical-molecule reactions play an important role in understanding both atmospheric and
combustion chemistry. In particular, the reactions involving the hydroxyl radical with alkenes are
significant in atmospheric and combustion processes. Understanding this class of elementary
reactions can help elucidate fundamental aspects of the addition of the OH radical to unsaturated
carbon-carbon double bonds in the alkenes. The hydroxyl radical is also one of the dominant
species involved in the atmospheric oxidation of alkenes leading to formation of a radical adduct
that can then be further oxidized.! The decomposition of this adduct is important in hydrocarbon

1.2—4

flames since it is the dominant source of ethano As a result, numerous kinetic-based>!!" and

dynamics'*!8

studies have been performed on this system.

The OH + C:Hs reaction can proceed through hydrogen abstraction leading to H20 +
CHCH2 products, or it can form a stable adduct via electrophilic addition of the hydroxyl radical
to ethylene. Kinetic studies have found that at high temperatures, the reaction is dominated first
by decomposition to the reactant channel, OH + C:Hs, and then by H-abstraction and/or
isomerization, however, at lower temperatures, formation of the radical adduct is favored.> '*-%!
Experiments have shown that the consumption of OH radicals leading to formation of an addition
complex, CH2CH20H, exhibits negative activation energies, a property representative of
hydroxide and alkene reactions.’” This negative activation energy is consistent with the
involvement of a weakly bound van der Waals (vdW) complex in the entrance channel, found to

have Cay geometry with the hydrogen of the hydroxyl group perpendicular to the C2Hs plane and

oriented towards the m bond.?® The inclusion of this complex in theoretical treatments of the

84



kinetics of the OH + C:Ha4 system has been shown to accurately model the addition reaction and
agrees well with experiment.?!-24

To explain discrepancies in data from measurements obtained at low and high
temperatures, a theoretical model was developed by Senosiain and co-workers®* based on high
level ab initio calculations of isomers and low energy saddle points on the C2HsO potential energy
surface. A multichannel-master equation model using derived energies from their calculated
potential energy surface (PES) and from the model proposed by Greenwald and co-workers?! was
used to compute rate coefficients over a large range of temperatures and pressures. Their
calculations confirm the importance of H-abstraction at high temperatures (>800 K) and provide
high-level calculations for all low-energy pathways of the title reaction as shown in Figure 4.1.

The CH2CH20H adduct, also known as 2-hydroxyethyl radical, has been studied
extensively due to its importance in combustion and atmospheric chemistry. This adduct has been

12, 13, 15, 16, 18, 25 a4 dissociation of this adduct leads

formed photolytically from haloethanols,
predominantly to the OH + C2H4 channel. The adduct has also been shown to contribute to a minor
H20 + CHCH: channel via a frustrated dissociation of CH2CH20OH leading to the OH + C2Ha4
channel.'” !® In this case, the weakly bound entrance channel vdW complex is thought to play a
key role in forming the water and vinyl product channel, not through a direct H-abstraction
mechanism but during a trajectory to OH + C2Ha4 where the weakly bound OH in the vdW complex
can abstract a hydrogen via a roaming mechanism.!” The dissociation of the adduct has also been
shown to contribute to H + CH2CHOH products.!® 232426

The energy partitioning relevant to this system has been described previously through

impulsive models.'> !> 18 Ratliff et al.!> generated the 2-hydroxyethyl radical intermediate,
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Figure 4.1. Relevant reaction scheme for the C2HsO system along with energetics for the entrance
channel, OH + C2Ha, exit channel, H2O + CHCHz, van der Waals complexes, isomers, transition
states, and anion complex, OH-(C2H4). All energies are in eV relative to the reactant asymptote
OH + C:Hs with zero-point energy corrections. The energetics in blue and red correspond to
previously reported values at the B3LYP/cc-pVDZ!” and RQCIT//QCI?** level, respectively. The
energetics in black are computed at the CCSD(T)/aug-cc-pVTZ level using MP2/aug-cc-pVDZ
optimized geometries. Geometries for the neutral van der Waals and minimum energy

configuration for the anion are shown.
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CH2CH20H, by photolysis of bromoethanol, BrCH2CH20H, and used an impulsive model to
derive the rotational energy distribution of the nascent CH2CH20H radicals. This model allowed
estimation of the vibrational energy distributed to the CH2CH20H radicals leading to predictions
of the product branching channels by averaging over the microcanonical rate constants. The
impulsive model took into account the measured translational energy distribution as well as a
theoretically predicted range of impact parameters accessed by the photolytic precursor zero-point
and thermal vibrational motion. Even though the CH2CH20H radicals had internal energies above
the dissociation barrier for the OH + C2Ha channel, some of the radicals were stabilized because
the energy was partitioned to rotation rather than vibration. The model gave a good fit to the
measured translational energy distribution for the CH2CH20H radicals. A more simplified version
of this model is used in this study to predict the rotational energy partitioning in the dissociation
photodetachment (DPD) dynamics of OH (C2Ha4).

In the present work, the dynamics of the OH + C2Ha4 reaction on the neutral PES are studied
using photoelectron-photofragment coincidence (PPC) measurements, complementing previous
photodissociation studies of the neutral reaction.'> !> '8 These experiments use photodetachment
of a precursor anion, OH (C2H4), at a photon energy of Eny = 3.20 eV to observe the resulting
neutral dynamics. The photodetachment scheme for the current system, shown in Figure 4.1.,
details the relevant reaction pathway for the OH + C2Ha system. The dynamics initiated near the
anion equilibrium geometry have the best Franck-Condon overlap with the entrance channel with
a similar geometry to the transition state'”>* (TS2) leading to the product channel H>O + CHCHo.
Many studies have focused on the CH2CH20H intermediate however, that portion of the neutral
surface is not accessed in this study and, instead, evidence for formation of a weakly bound vdW

complex as well as the entrance channel reactants are observed. We report photoelectron spectra
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for the DPD channel OH (C2H4) + hv — OH + C2Hs + €7, as well as the formation of stable OH-
C2Ha complexes in the OH (C2H4) + hv — OH(C2H4) + e photodetachment pathway. In addition,
some evidence is observed for accessing the product channel H.O + C2Hs + e. The overall
partitioning of kinetic energy in the primary DPD process is examined using the proposed
minimum energy configuration of the precursor anion (Figure 4.2.) to estimate the rotational
energy imparted to the C2H4 photofragments via an impulsive model.

4.2.  Experiment

These experiments were carried out using the cryo-PPC spectrometer described
previously.?’ This apparatus uses a radio frequency cryogenic octopole accumulation trap (COAT)
for the preparation of internally cold precursor anions prior to injection into the electrostatic ion
beam trap (EIBT) where the coincidence experiments are performed.?® To summarize, anions were
synthesized using a dual pulsed valve entrainment source at a 10 Hz repetition rate. The dual pulsed
valve setup allows for a rational approach in forming cluster anions* and was used in a previous
study to form OH (CH4) anions.*® A low gas density flow of 5:45:50 N2O, Ar, CH4, respectively,
passed through a coaxial pulsed discharge generating a plasma that intersected a pulsed supersonic
beam of ~10% C:Ha4 in Ar, entraining hydroxide anions and allowing subsequent interactions with
C2Ha. A 1 keV electron beam counterpropagating the main expansion was used to stabilize the
discharge.

The anions were perpendicularly extracted using a Wiley-McLaren time-of-flight (TOF)
mass spectrometer,®!' focused, injected and stored in COAT for 40 ms, accelerated to 7 keV, and
re-referenced to ground using a fast potential switch. The anion packets were separated by TOF,
focused, and steered into a cryogenically cooled EIBT where the mass-selected ions were trapped

and crossed with a 1037 Hz, 388 nm (Env = 3.20 eV) laser pulse from a Ti:Sapphire regenerative
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Figure 4.2. Minimum energy configuration determined at the MP2/aug-cc-pVDZ level for the
OH (C:2H4) anion.
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amplifier (Clark MXR CPA-2000; 1.1 ps pulse width) over the course of the 100 ms trapping
period per experimental cycle. The resultant electron and neutral fragment(s) were collected.

Photoelectrons were perpendicularly extracted from the laser-ion interaction region and
mapped onto a time- and position-sensitive detector for determination of the center-of-mass
electron kinetic energy (eKE) for each event. Equatorially slicing the photoelectron spectra by
selecting electrons with minimal z-velocities perpendicular to the face of the detector gives the
best resolution. Correcting for relative intensities in the photoelectron spectra was achieved by
dividing the sliced photoelectron spectra by the energy-dependent acceptance function of the z-
velocity slice.>? Calibration spectra of O~ and OH™ showed AeKE/eKE resolution of 5.6 % full-
width-half-max (FWHM) at eKE = 1.74 and 1.36 eV, respectively.

Upon photodetachment, the resultant neutrals, no longer constrained by the electrostatic
fields, recoil out of the EIBT, impinging on a multiparticle time and position sensitive detector
~1.3 m downstream allowing the product mass ratio and kinetic energy release (KER) for
dissociation events to be determined. This quad-crossed-delay-line (QXDL) detector was
calibrated by collecting a dissociative photodetachment (DPD) spectrum of O4  showing a
AKER/KER resolution of ~10% FWHM at 0.4 eV.** Stable events detected by the QXDL arrived
in a spot ~4 mm in diameter. Dissociative events, on the other hand, are distributed across the face
of the QXDL as determined by the KER and the fragment mass ratio. In the present study, the
dissociative events have a very low KER complicating the distinguishability between low KER
events and stable events. In addition, the spread of the distribution of the centers of mass leads to
a limited photofragment mass resolution, so channels with fragment masses differing by only 1
amu are unresolvable. Therefore, the OH + C:H4 and H20 + CHCH: fragment masses cannot be

resolved experimentally.
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4.3. Results

In this section, photoelectron spectra for stable and dissociative complexes formed upon
photodetachment of OH (C:H4) will be presented followed by PPC spectra that reveal the
partitioning of kinetic energy between photoelectron and photofragments.

4.3.1. Photodetachment of OH (C:H4) + hv — OH-C2H4 + e~

The photoelectron spectra for stable complexes are generated from the data set by enforcing
coincidence of the detected photoelectron with a single heavy particle arriving at the position and
time-of-arrival expected for the neutralized parent anion. Characterization of events as stable
means that the neutral OH-C2H4 complexes do not dissociate with a significant KER (> 0.025 eV)
during the ~8 ps flight time from the laser-ion interaction region to the neutral particle detector
(QXDL) at the incident ion beam energy of 7 keV. In Figure 4.3. the stable photoelectron spectrum
for OH (C2Hs) at Env= 3.20 eV is presented. The OH (C2H4) spectrum (m/z = 45) is dominated
by a peak at eKE = 0.91 eV and a small shoulder at eKE = 0.24 eV. In addition, a minor broad
feature is seen at ~1.5 eV due to contributions from the ethoxide isomer.>* 3 The photoelectron
spectrum of OH (C2Ha) is similar to that previously reported for OH (CH4)*® consistent with a
hydroxyl anion core inducing structural changes in the hydrocarbon. The dominant peak in the
photoelectron spectra is broadened by 0.06 eV compared to OH™, also shown in Figure 4.3., due
to excitation of low-frequency van der Waals modes of the neutral complex. The shoulder ~0.37
eV lower in eKE is attributed to the symmetric (3149 or 3167 cm™!) or asymmetric (3232 or 3258
cm!) stretches of the C2Hs moiety in the vdW.>* These modes are unresolvable with our
experimental resolution. The experimental vertical detachment energy (VDE) for the stable

complexes is determined by the center of the dominant peak in the total (dissociative and stable)

photoelectron spectrum and found to be 2.35 eV. The similarities of the photoelectron spectra for
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Figure 4.3. Overlaid photoelectron spectra of stable OH (C2Ha4) (black) and OH (grey) with the
main broad band centered on 0.91 and 1.38 eV, respectively. The shoulder peaking at 0.54 eV
corresponds to v'=1 in the symmetric (3149 or 3167 cm™!) or asymmetric (3232 or 3258 cm™)
stretching modes of the C2Ha portion of the vdW.?* This effectively also demonstrates the electron
detector resolution AeKE/eKE ~ 5.6 %.
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both stable and dissociative channels, shown in Figure 4.4., suggest that OH-C2H4 complexes may
be predissociating along the 8 ps flight time contributing to the OH + C2H4 channel. With this
caveat, it is noted that the stable channel makes up ~33% of the total stable and dissociative events

collected.

4.3.2. Dissociative Photodetachment: OH (C2H4) + hv — OH + C2Hs4 + e~

The total energy spectrum corresponding to the dissociative OH + C2H4 + e photoelectron
spectrum is shown in Figure 4.5. This spectrum shows the total energy, eKE + KER, for the
photoelectron and photofragments detected in coincidence. Given the broadening observed in the
experimental spectra, interpretation of the total energy spectrum is supported by the theoretical
energetics reported in black in Figure 4.1. Using those energetics, two solid lines at 1.36 and 1.07
eV correspond to the maximum kinetic energies (KEmax) for the H2O + CHCH2 + ¢ and OH +
C2Ha + e channels, respectively. The dashed lines at 0.68-0.70 eV represent KEmax for one
quantum of excitation in either the symmetric CHz stretches, vi orvii, or asymmetric CHz stretches,
vs or vo, in the OH + C2H4 + e~ reactant channel, respectively.’® Dashed lines at 0.30-0.33 eV
correspond to two quanta of excitation in symmetric or asymmetric CHz stretching modes. At a
photon energy of 3.20 eV there is enough energy to access the reactant, (1) OH + C2Ha, or exit
channel products, (2) H2O + CHCH:2 and (3) H + CH2CHOH. The center of mass spectrum of the
2-momentum matched products is shown in Figure 4.6. indicating photofragment masses centered
at 17.8 and 27.1 amu. Due to the low kinetic energy release between the fragments and the QXDL

resolution, photofragments of channels differing by 1 amu are unresolvable.
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Figure 4.4. Overlaid photoelectron spectra of stable and dissociative channels. The stable
contribution is shown in black and the photoelectrons for the dissociative channel are in blue. The
vertical line at eKE = 1.13 eV corresponds to an adiabatic electron affinity of 2.07 eV for the
entrance van der Waals complex.
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Figure 4.5. Total kinetic energy spectrum, eKE + KER, for dissociative photodetachment of
OH (C:H4). The solid vertical lines at 1.07 and 1.36 eV correspond to KEmax for the OH + C2Ha4 +
e and H20 + CHCHz + e channels, respectively. The dashed vertical lines at ~0.7 and ~0.3 eV
correspond to the one and two quanta of excitation, respectively, in one of the two symmetric or
two asymmetric CHz stretches of ethylene.
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Figure 4.6. Center of mass spectrum for momentum matched photofragments, OH + C:Ha. The
photofragment masses are centered at 17.8 and 27.1 amu.
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4.3.3. Ab initio Calculations

Geometry optimizations were computed using second-order MOller-Plesset (MP2)
perturbation theory with correlation-consistent double-zeta basis set of Dunning augmented with
diffuse functions (MP2/aug-cc-pVDZ) for the reactants, OH + C2Ha, products, H2O + CHCH2 and
H + CH2CHOH, neutral van der Waals, CH2CH20H adduct, and anion complexes. Single-point
energy calculations were carried out at the coupled cluster singles, doubles, and perturbative triples
level, CCSD(T), with the aug-cc-pVTZ basis set using the MP2/aug-cc-pVDZ optimized
37

geometries. All calculations were performed using the Gaussian 09 package of programs.

4.34. Impulsive Model

A simple impulsive model is used here to describe the energy partitioning of the nascent
C2H4 photofragments formed upon DPD of OH (Cz2Ha4). Simple impulsive models, assuming rigid
or semirigid bonds in the resultant photofragment and that the state accessed is repulsive in the
Franck-Condon region, have been used previously to account for the rotational energy partitioned
to the photofragments. Here we use an impulsive model to qualitatively describe the DPD of
OH (C2H4) + hv — OH + C2H4 (v=0) + e". This model is a simplified version of that used by
Ratliff and co-workers® for determining the angular momentum transferred to the resulting
photofragments as a function of the measured recoil kinetic energy. Their prediction also included
all the geometries along the zero-point level while here we only consider the minimum energy
configuration of the anion. Additionally, we use this model to estimate rotational energy
partitioning as a function of available energy. The available energy, Eavail, is 1.07 €V upon photon
absorption of OH (C2H4) yielding OH + C2H4 + e photofragments. This model assumes OH acts
as a spectator and is rotationally cold, an assumption based on a previous DPD study on OH-CH4

where OH fragments were found with minimal rotational excitation.’* Thus, the rotational energy
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is imparted to the C2H4 photofragment and the following expression for rotational energy, Er, is

(ub?)
1

used: Er = Eavail

Where b is the impact parameter, p is the reduced mass of OH and C:Ha, and 7 is the moment of
inertia about the axis of rotation of C2Ha. Figure 4.7. shows the photoelectron-photofragment

coincidence plot with the overlaid kinetic energy limit for this model.

4.4.  Discussion

In this work, PPC spectroscopy was used to distinguish the energetics and dynamics of
both stable and dissociative neutral states accessed from photodetachment of mass-selected
precursor anions, OH (C2Ha4). The precursor anion was generated in its ground vibrational state by
using COAT to cool the internal degrees of freedom prior to photodetachment by 3.20 eV photons.
Energy calculations carried out with Gaussian 09 were used to aid in the interpretation of the
experimental findings and can be seen in Figure 4.1. compared to other energetics.!”-?* The anion
geometry for OH (C2Ha4) is proposed and shown in Figure 4.2.

The results showed that the DPD of OH (C2H4) yielded channels (1) OH-C2Hs + ¢~ and
(2) OH + C2H4 (v=0, 1, 2) + ¢ at 3.20 eV photon energy. Channel (3), H + CH2CHOH, however,
is not accessed upon DPD due to the geometry structure of the precursor anion which has the
electron density primarily focused on the OH moiety and has a similar geometry to TS2 on the OH
+ C2H4 — H20 + CHCHz neutral reaction surface. The dominant channel accessed was OH + C2H4
(v=0) + e~ with minor channels of 1 or 2 quanta of excitation in CH2 symmetric or asymmetric
stretching modes. Similar to the dissociation dynamics of OH (CHa), there is evidence for
production of a long-lived weakly bound van der Waals complex in the entrance for the neutral

reaction. Based on the experimental observations, the stable adduct CH2.CH20OH was not formed
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Figure 4.7. Photoelectron-photofragment coincidence plot of DPD of OH (C2H4) at 3.20 eV
photon energy. The KEmax and Impulsive model diagonal features corresponds to the energetic
limit for OH + CoH4 (v=0) + ¢~ channel. The KEmax limit does not include rotational energy
partitioning while the impulsive model limit does.
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as no features appear in the photoelectron spectrum for stable events at 2.18 eV. The calculated
structures for the anion and neutral complexes indicates that the Franck-Condon region for
photodetachment of OH (C2Ha) lies near the van der Waals complex before the transition states,
TS1 and TS2, leading to CH2CH20H and H20 + CHCH: channels, respectively. Due to the low
kinetic energy release of the dissociating OH + C2H4 fragments, the stable contribution cannot be
unambiguously separated from the dissociative channel. However, the observation of a stable
component and the low kinetic energy release between the photofragments is consistent with the
structural insights into the Franck-Condon region, explaining the dominance of the OH + C2H4
channel. Given the structure of the OH (C2Ha4) precursor, the C2H4 photofragments from DPD are
expected to be formed with rotational excitation proportional to the KER, supported by a simple
impulsive model discussed below.

The photoelectron spectra for the stable van der Waals complex, OH-C2H4, has similar
eKE features to the dissociative channel, shown in Figure 4.4., indicating that both are generated
from the same state with the main broad features centered at 0.91 and 0.84 eV for stable and
dissociative channels, respectively. The energetic shift of the peak positions of 0.07 eV is
consistent with the expectation that higher degrees of internal excitation induced in the complex
by photodetachment will lead to prompt dissociation. The dominant feature in the stable spectrum
at 0.91 eV along with the shoulder at 0.24 eV, attributed to vibrational excitation of any one of the
CH2 symmetric and asymmetric modes, is strikingly similar to that of the OH-CH4 system, and
indicates that a long-lived complex exists on the excited vibrationally adiabatic surface, essentially
a Feshbach resonance as observed in prior studies of F + H20 and F + CH3OH.*:* Many of the
conclusions drawn here on the dynamics of OH-C2H4 are supported by observations made from

the PPC studies on OH-CHa4. Using experimental results and the energetic calculations at the
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CCSD(T)/aug-cc-pVTZ level, we calculate Do(OH -C2H4) = 0.30 eV compared to Do(OH -CHa)
=0.24 eV. This is consistent with an expectation that the binding energy between OH™ and C2H4
would be stronger than that of OH -CHa4 due to the polarizability of the carbon-carbon double bond
in C2Ha. Since the interactions between OH™ and the simplest alkane and alkene are weak, it is
expected that photodetachment of these solvated hydroxide clusters, would yield similar results.

Dissociative photodetachment of OH (C2H4) primarily yields the OH + C2H4 + e channel
as expected from the proposed anion geometry resembling OH™ solvated with C2H4 and should
therefore have the best Franck-Condon overlap with the transition state, TS2, between the entrance
and exit channel. The minor channel for vibrational excitation derives from the expectation that
the geometry change between the anion complex and the neutral products OH + C2H4 is not
sufficient to induce significant amount vibrational excitation in the CH2 symmetric and
asymmetric modes, a result is also supported by the previous DPD and quasiclassical trajectory
study on the OH (CHa4) complex.*® Additionally, for the v=0 case, significant rotational energy is
expected to be partitioned to the C2H4 fragment owing to the direction of the impulse along the
dissociating bond. To correctly model the DPD process, an accurate full-dimensional potential
energy surface of the anion is required. However, theoretical construction of an accurate PES is a
challenge for this eight-atom system containing three heavy atoms. Lacking theoretical treatment
for the anion of this system, an impulsive model is used to account for rotational energy
partitioning of the resulting photofragments in the dominant DPD process.

A simple impulsive model can account for rotational energy partitioned to the C2Ha
photofragments as a function of the total energy available in DPD. The model used assumes that
the geometry difference between the C2H4 moiety in OH (C2H4) and the C2Ha photofragment is

negligible, which is the case here. The C-H bond length in OH (C2H4) and free C2Hs are 1.10 A
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and 1.08 A,* respectively, so the dominant channel accessed is not expected to have significant
symmetric/asymmetric stretching excitation in the resultant ethylene products. The impact
parameter and moment of inertia at the anion equilibrium geometry are determined to be 0.31 A
and 3.57 amu A2, respectively. If there is no internal excitation induced in the photofragments, the
KEmax is given by the solid diagonal feature at 1.07 eV in the PPC plot in Figure 4.7. Taking
rotational excitation of the C:Hs fragments into account yields a KE limit that more closely
resembles the observed slope for the OH + C2H4 channel. The weakly repulsive force between the
dissociating fragments formed from DPD of OH (C2Ha4) yields slowly recoiling fragments of low
KER which also induces rotational excitation in the C2H4 fragment via a bending torque. These
assumptions can be rationalized by geometric considerations of the minimum energy configuration
of the precursor anion, shown in Figure 4.2., and does reflect the main features observed in the
PPC plot.

Although OH + C:Hs, H2O + CHCH2, and H + CH2CHOH channels are accessible at the
photon energy used in this study, the dominant channel accessed is the entrance channel reactants,
OH + C:H4. Other DPD pathways must be considered, however. In a study of the fate of the
hydroxyethyl radical (CH2CH20H adduct) produced in the photodissociation of bromoethanol,
quasiclassical trajectory calculations were reported that indicated a minor contribution for a
roaming channel in the decomposition of the CH2CH20OH adduct leading to the H2O + CHCHz2
channel at energies below the H-abstraction barrier.!” The transition state (TS1) between the vdW
and the adduct played a larger role in the H-abstraction than the outer transition state (TS2) because
of the similarities in geometries between the vdW complex and the TS1. However, the precursor
anion more closely resembles TS2 leading to H2O + CHCH2 so the DPD dynamics will differ.

Even though the covalently bonded hydroxyethyl adduct was not accessed via PPC studies, the
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entrance vdW complex was formed and could potentially contribute to the water channel through
frustrated dissociation of OH leading to H-abstraction. Figure 4.5. shows higher energy events
beyond the OH + C:H4 + e limit and below the threshold energy for the H2O + CHCHz2 + e~
channel, so this may be a minor channel in the DPD of OH (C2H4). Additionally, some portion of
these long-lived vdW complexes may be in resonance with the vibrationally excited C2H4 products
leading to dissociation to the reactants.

4.5. Conclusion

Photoelectron-photofragment coincidence measurements were carried out on the
OH (C:Ha4) clusters yielding channels (1) OH-C2Hs + ¢ and (2) OH + C2H4 + e ™. The main channel
observed is dissociative photodetachment yielding the ground state photofragments, OH + C2H4 +
e . Excitation in the CH2 symmetric and asymmetric stretches of C2H4 was also observed as a
minor channel. A significant fraction (~33%) of the products are found to be stable OH-C2H4 vdW
complexes but serves as an upper limit since some portion of these complexes may be
predissociating. The similarities in photoelectrons for both stable and dissociative channels support
vibrationally excited vdW complexes contributing to the formation of the OH and vibrationally
excited C2Hs4 fragments via a resonance-mediated dissociation. Additionally, these vdW
complexes may play a role in the formation of H2O and CHCH2, however that would be a much
smaller channel. Upon photodetachment of OH (C2Ha4), ethylene is expected to be formed with
significant rotational excitation and is accounted for by using an impulsive model for DPD of OH
+ C2H4 (v=0) + e . Assuming the slowly recoiling C2H4 photofragments are imparted with some
rotational motion via an impulsive model qualitatively explains the observed DPD dynamics of
OH (C2H4). This work helps elucidate relevant reaction pathways for the OH-C2H4 system via

photodetachment of the precursor anion using the proposed minimum energy geometry for
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OH (C2Ha4). The dissociation dynamics for this OH-C2H4 system complements previous studies
and demonstrates the ability to probe a different portion of the neutral PES via a rationalized

precursor anion.
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Chapter S: Probing the Exit Channel of the OH + CH;0H — H:0 + CH30 Reaction by
Photodetachment of CH307(H20)

5.1.  Introduction

The reaction between the simplest alcohol, CH3OH, with the hydroxyl radical, OH,
represents an interesting reaction relevant to cold interstellar chemistry.! Methanol is one of the
most abundant organic molecules in space and is thought to desorb from icy grains in the
interstellar medium (ISM) at low temperatures via photodesorption or chemically reactive
processes.” It has been proposed to be one of the main sources for complex organic molecules in
the ISM.? Additionally, the hydroxyl radical is the main oxidizer in both atmospheric and
combustion processes so the reaction with methanol provides a sink for this simple alcohol in the
troposphere. Owing to the importance of these species in various environments, many kinetic'* 47
and theoretical studies®!? have been carried out over a range of temperatures and pressures. In
particular, the negative temperature dependence of the total reaction rate at low temperatures has
led to many investigations that highlight the significant role the pre-reactive complex has in the
kinetics of this reaction. Namely, in facilitating tunnelling through the H-abstraction barrier to
CH:O products at low temperatures. This result' has motivated numerous studies> " 14 with
significant implications towards bimolecular cold chemistry occurring in the ISM, which has

previously been overlooked as a source for complex organic molecules.” 1> 1°

At low temperatures, this reaction is promoted by an association reaction which yields a
weakly bound neutral complex or pre-reactive complex. This pre-reactive complex is thought to
have a relatively long lifetime due to long-range interactions and leads to two different transition

states producing water along witheither methoxy, OCHs, or hydroxymethyl, CH2OH, radicals.’
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Relative to the reactant asymptote, OH + CH3OH, the transition state (TS2) leading to methoxy
radical has a larger barrier height of 0.10 eV compared to 0.02 eV for the TSI leading to
hydroxymethyl radical making the latter product thermodynamically more favorable. However, it
was discovered! that the rate coefficients to product formation increased with decreasing
temperature <250 K yielding a V-shaped temperature dependence for the rate constant. This result
was unexpected since the large barrier heights to product formation should, classically, inhibit
product formation at lower temperatures. Thus the evaluation of the role that the pre-reactive
complex played in the kinetics of this reaction became a point of interest motivating studies with
significant implications towards bimolecular cold chemistry occurring in the ISM, previously
largely overlooked as a source for complex organic molecules.!> 16

The deviation from Arrhenius behavior for this reaction can be explained by considering
the pre-reactive complex and the role of quantum dynamical effects. Heard and co-workers showed
that the experimental rate coefficient of OH + CH30H increases by 2 orders of magnitude from
200 K as the temperature decreases to 63 K.! This observation was supported by statistical rate
theory master equation calculations using quantum mechanical tunneling (QMT) and the potential
energy surface (PES) of Xu and Lin.® Their results showed that CH3O becomes the dominant
product at temperatures < 250 K likely owing to increased tunneling through a thinner energy
barrier compared to the pathway leading to CH20OH products. Experiments that followed were
focused on the lower temperature regime and the pressure dependence of the rate coefficient of
this reaction.?

The pressure dependence of this reaction has been studied in both the low-pressure limit
and the high-pressure limit.” In the high-pressure limit, the pre-reactive complex can be stabilized

and therefore help to facilitate tunnelling through the barrier to OCH3; and water products.
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However, in the low-pressure limit, collisional stabilization of the entrance channel complex is not
favored, and therefore the reaction would proceed only via H-abstraction. It was determined,
however, that below 120 K, the rate coefficient is essentially pressure independent. Using the
competitive canonical united statistical (CCUS) model, Gao and co-workers’ determined that the

t.13 Lam and Stanton used

rate coefficients below 100 K are close to those in the high-pressure limi
2D master equation methods to calculate pressure dependent rate constants between 10-100 K and
found that the rate constants in the low-pressure limit depend less on pressure at 10 K than at 100
K.!* Mazo-Sevillano and co-workers showed that using ring polymer molecular dynamics
(RPMD) which accounts for zero-point energy (ZPE) and tunnelling effects, gave results that
agreed with experiment in the low-pressure limit.!!

While many studies on this reaction have focused on the pre-reactive complex and its
influence on the rate coefficients at low temperatures, the reverse bimolecular reaction between
H20 + CH30 has not been studied as extensively as it is not as significant a reaction in atmospheric
and combustion processes compared to, for example, OH + CH3OH or CH30 + O2 reactions.
However, solvated neutral and ionic clusters relevant to these exit channel products and the roles
they may play in the isomerization of methoxy radicals are still relevant in atmospheric and
combustion contexts.'” ¥ Unimolecular decomposition and isomerization phenomena have been

21,22 clustered with water.

investigated for both the methoxy radical'® ?° and the methoxide anion
The relative stability of the anionic H-bonded network in methoxide clustered with water,
CH30 (H20)n, was investigated and the stepwise replacement of water by methanol was found to
be exoergic, suggesting methanol is a better solvent than water for RO~ centers.?"> 2> Solvated

molecules have an influence on the dynamics in microsolvated reactions where a reduction in

reaction rates is the observed trend.”> However, it should be noted that microsolvation of Sn2
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reactions have been shown to have more indirect mechanisms to reaction with pre-reaction
complexes and intermediates playing a significant role as is the case with reactions involving
OH (H20) compared to OH.?* 2% Additionally, the isomerization of CH30 to CH20H is thought
to be an important process in the loss of methoxy radical in the atmosphere. Previous studies have
evaluated this unimolecular isomerization catalyzed by atmospherically relevant species, including
H:20, by reducing the barrier compared to direct isomerization.'®2° Using ab initio methods, this
reaction was found to proceed via a pre-reactive complex where tunnelling may play a role at
temperatures >210 K.!° This pre-reactive complex formed by the association of CH30 and H:2O,
called the exit-channel complex in this work, may help facilitate other reaction pathways and is
important in the reaction dynamics of the title reaction presented here (as will be discussed later).
Although the methoxy radical primarily reacts with Oz in the atmosphere, understanding other sink
sources for this simplest alkoxy radical such as thermal decomposition or stabilization in an adduct
can shed insights into its reactivity.'®

In this work, the potential energy surface governing the OH + CH3OH — H20 + CH30
reaction is studied by photoelectron-photofragment coincidence (PPC) spectroscopy where a
precursor anion is prepared with a similar configuration to the transition state.® Photodetachment
and/or dissociative photodetachment (DPD) of the precursor anion probes the dynamics near the
transition state on the neutral PES governed by the Franck-Condon overlap between the neutral
and the precursor anion. Using PPC spectroscopy, anions can be prepared, mass-selected, and
interrogated with a fixed-frequency laser yielding electrons and the resultant neutral fragment(s)
which are collected in coincidence on an event-by-event basis.?” This approach allows for the
separation of stable (1 particle + 1e”) and dissociative (2 momentum-matched fragments + ¢")

events and can help unravel the dissociation dynamics occurring on the neutral potential energy
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surface (PES). In the PPC studies reported here, anions at m/z =49 were prepared and interrogated
with a 3.20 eV photon energy to map onto the OH + CH3OH — H20 + CH30 reaction. While the
initial target was HO"(HOCH3) to probe the entrance reactants, H2O + CH3OH, high-level coupled
cluster calculations of the stationary points on the anion surface showed that this anion cannot be
stabilized and the minimum energy configuration is instead CH3O (H20). The structure of the
minimum energy configuration of CH3O (H20) shows that in PPC studies the best Franck-Condon
overlap with the exit-channel complex is in the vicinity of TS2 on the repulsive neutral PES (as
seen in Figure 5.1.). Photodetachment of the anions was found to yield both stable, (1) CH3O-
HOH + e, and dissociative (2) H20 + CH30 + e, exit channel products including minor channels
with excitation in the relevant local and free water vibrational modes. Interpretation of the
photodetachment and DPD processes were aided by new high-level coupled-cluster calculations

for the anion and neutral potential energy surface and will be discussed in the sections that follow.

5.2.  Experiment

The experiments were conducted using a cryo-PPC spectrometer that has previously been
described.?® ?° In brief, precursor anions were generated via a supersonic expansion from a pulsed
valve passing through a coaxial discharge source with a counterpropagating electron beam. The
expansion contained a gas mixture of 5:45:50 N2O/Ar/CHa, over methanol. A Wiley-McLaren
type mass spectrometer’® extracted the ion packet perpendicularly and focused the ions in a
cryogenic octupole accumulation trap (COAT).2* COAT was used to prepare the precursor anions
in their ground vibrational state via buffer gas cooling of internal modes. After 40 ms, the ions are
extracted and accelerated up to 6.8 keV beam energy and re-referenced to ground. A series of ion

optics help to steer and focus the mass-selected precursor anions into an electrostatic ion beam trap

112



1.93 ", ”{'z(-‘mru/ surface +H,0
T 1,03
fegiin 122
PPC
2.00 V
OH— + )
anion surface -0.35
+ H,0

-1.35+£0.02

INT1

Figure 5.1. Relevant reaction diagram proposed for the anion and neutral potential energy surfaces
calculated at the mHEAT-345(Q) method.
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(EIBT). The EIBT is a linear storage device and upon entry, the entrance stack of mirrors are
switched to repulsive potential from ground, thereby trapping and storing the ions for up to 100ms.
During the trapping period, the ions are interrogated with a 388 nm (En = 3.20 eV) laser pulse
from a Ti:Sapphire regenerative amplifier (Clark MXR CPA-2010; 1.2 ps pulse width) at a 1 kHz
repetition rate (decoupled from the 10 Hz rep rate of the source). The photodetached electrons are
extracted perpendicular to the ion-laser interaction region and are velocity mapped onto a time and
position sensitive detector. The resultant neutral fragment(s) recoil out of the EIBT at the parent
beam energy and are detected by a multiparticle time and position sensitive detector ~1.3 m
downstream. Using the measured time of arrival and positions of the photoelectrons and
photofragment(s) the center-of-mass electron kinetic energies (eKE) and kinetic energy release
(KER) and product mass ratios, respectively, can be determined. Calibration spectra of OH™ and
CH30™ showed AeKE/eKE resolution of 5.5 % full-width-half-max (FWHM) at eKE = 1.36 and
1.62 eV, respectively. The neutral particle detector was calibrated by collecting a dissociative
photodetachment (DPD) spectrum of O4~ showing a AKER/KER resolution of ~10% FWHM at
0.4 eV.3! Due to the low kinetic energy release between the fragments in this study and the QXDL

resolution, photofragments of a different channel differing by 1 amu are unresolvable.

5.3.  Quantum Chemical Calculations

High-level coupled-cluster calculations were computed for both neutral and anion potential
energy surfaces (PES). Points along the neutral PES were calculated with an mHEAT-345(Q)
method, as reported previously.'* In brief, mHEAT is a composite method*? based on high-level
coupled-cluster calculations. First, the stationary point geometries are optimized with fc-
CCSD(T)/ANOL1 level of theory. Single-point energies are then done with CCSD(T) and

Dunning’s cc-pVXZ basis sets®>* (where X =T, Q and 5); and electronic energies are subsequently
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extrapolated to the basis set limit. Next, higher-level energy corrections comprising full iterative
triple excitations and non-iterative quadruple excitations arising from the perturbation theory are
also included. In addition, the energies are corrected by anharmonic zero-point vibrational energies
(ZPE), which are obtained with vibrational second-order perturbation theory (VPT2).>* Lastly,
other smaller corrections such as DBOC, scalar relativity effects, and spin-orbit coupling are also
included.*? It has been shown elsewhere that the mHEAT method can give an accuracy of better 2

kJ mol! for relative energies.*

For the OH™ + CH30H reaction occurring on the anion PES, a method similar to mHEAT-
345(Q) is also used. However, to better treat an ionic species, suitable diffuse functions need to be
added. In this work, Dunning’s aug-cc-pVXZ basis sets (where X =T, Q and 5) have been used to
replace cc-pVXZ in the original mHEAT protocol. As seen in Figure 5.1., two reaction enthalpies
calculated for the OH~ + CH3OH reaction agree well (within 0.5 kJ mol!) with the benchmark

ATCT values.*® A similar accuracy may be also expected for the other stationary points.

5.4.  Results and Discussion

The OH + CH3OH reaction neutral reaction coordinate was characterized using the
mHEAT-345(Q) method, reported previously,'* and a similar method was used to determine the
energetics of the stationary points for the OH™ + CH3OH — H20 + CH3O™ reaction. Figure 5.1.
shows the association of OH™ and CH3OH that occurs on the anion PES where OH™ can attack
CH3OH in different directions. The attack of OH™ on the OH-group takes place on an attractive
surface and directly leads to the formation of the anion adduct CH30 (H20), where the CH30—
HOH bond length is ~1.45 A while that of the CH3O-H—OH is ~1.06 A, thus the geometry of the

anion looks like TS2 on the neutral PES that has corresponding bond lengths of 1.09 and 1.24 eV,
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respectively. A Milliken charge analysis shows that the anion is formed by dipole-dipole
interactions with a positive charge located at the H-atom while two negative charges are located
at the other two O atoms, CH30%>—H?®—%-OH. These interactions result in a strongly bound
complex with a binding energy of 1.01 eV relative to the CH30~ + H20 asymptote. OH™ can also
attack to the CHs-group of CH30H to give another complex with a binding energy of 0.21 eV (not
shown in Figure 5.1.). This complex is found to be thermally unstable and spontaneously converts
to the CH30 (H20) anion. Furthermore, the vertical detachment energy (VDE) calculated with the
mHEAT method is 3.0 eV, about 0.2 eV lower than the photon energy used in the experiment and,
upon photodetachment and DPD, the resultant products are expected to lie on the exit side of the
reaction, in agreement with experimental observations.

Photoelectron spectra for both stable and dissociative channels are shown in Figure 5.2.
demonstrating similarities in the electron kinetic energies (eKE). The computed adiabatic electron
affinity (AEA) for the exit-channel complex supports assignment of the exit-channel complex,
CH30-H:20, as the stable photoneutral accessed upon photodetachment. Dashed vertical lines at
0.33, 0.35, and 0.62 eV corresponds to 1 quanta of excitation in the asymmetric, vis, symmetric,
vi7, and bending, vi3, modes of the water moiety in the exit-channel complex. It appears that the
exit-channel complex is being formed predominantly with bending excitation in the local water
moiety. From a geometric stand-point, these vibrational modes are relevant for the reaction
coordinate upon photodetachment of CH3O (H20). As shown in Figure 5.1., the precursor anion
has a geometry similar to TS2 but has a CH3O—HOH bond length that lies between TS2 and the
exit-channel complex. Additionally, the shared hydrogen is closer to the oxygen in the water
moiety in the exit-channel complex by ~0.1 A which could lead to O—H water stretching

excitation and since it’s a local mode, both symmetric and asymmetric excitations would be

116



Dissociative
(1 e-+2-momentum |
matched particles) -

(OH)OEHD

Stable |
(1 e-+ 1 particle) i

Relative Intensity (arb. units)

0.0 0.5 1.0 1.5 2.0 2.5

e Kinetic Energy (eKE / eV)

Figure 5.2. Photoelectron spectra for stable (black) and dissociative (grey) events. The solid
vertical lines correspond to the computed AEAs for the pre-reactive complex and the exit-channel
complex at 0.21 and 0.82 eV, respectively. The dashed vertical lines at 0.33, 0.35, and 0.62 eV
correspond to excitation in the water asymmetric, symmetric, and bending local modes of the exit-
channel complex, respectively.
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involved as previously determined in a similar PPC study on OH-(CHa).3® Additionally, the H-O-
H bond angle in the precursor anion and the exit-channel complex are 101.1° and 104.7°,
respectively, so the resultant exit-channel complex is expected to have local water bending
excitation in the exit-channel complex. The C—O and C—H bond lengths in the methoxy moiety
for both the precursor anion and the exit-channel complex differ slightly by 0.02 A so local
methoxy modes are not expected to be vibrationally excited.

The lack of structure near 0.33-0.35 eV in Figure 5.2. corresponding to the local O-H
stretching modes in the water moiety in the exit-channel complex does not rule out the formation
of these vibrationally excited exit-channel complexes. The width of these peaks may be broadened
causing a blurring of the photoelectron peaks due to low frequency excitations particularly from
the water and methoxy rocking mode, va. Additionally, there are no resolved features in the
photoelectron spectra of the dissociative channel. This is not too surprising a result since the
methoxy radical is known to be formed with significant rotational excitation as determined by the
analogue studies on F-CH3OH?>"-3® where HF products took away most of the energy in vibrations.
The pre-reactive complex is energetically accessible in these experiments and the AEA limit is
marked on the photoelectron spectra, however, due to its proximity to the O—H stretching
excitations in the exit-channel complex and the lack of structure, the involvement of this pre-
reactive complex is purely speculative, and unlikely given the structure of the precursor
CH30"(H20) anion.

The stable channel makes up ~47 % of total events with the dominant channel being DPD
to water and methoxy radical products. Comparing the photoelectron spectra for the stable and
dissociative channels can yield important information about the nature of each channel. The stable

peaks at 0.52 eV while the dissociative channel is shifted to lower eKE by ~0.1 eV. Both result in
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broad indiscernible features that are strikingly similar. Since direct DPD yields slowly recoiling
H>0 + CH30 fragments resulting in a low center-of-mass kinetic energy release (KER) peaking at
0.07 eV, fragments with low KER are difficult to distinguish from stable events. One approach,
however, is to compare the photoelectron spectra of the stable and the low KER dependence on
eKE of the dissociative channel as shown in Figure 5.3. Gating for low KER events, 0-0.05 eV,
yields a photoelectron spectrum with a reduction in the dominant feature at 0.52 eV. This finding
suggests that upon photodetachment, a portion of the stable photoneutrals formed with local
vibrational excitation in the O—H symmetric and asymmetric modes in the water moiety may be
trapped in the exit channel van der Waals (vdW). While these complexes are referred to as stable,
it should be noted that all the experiment shows is that they are long-lived on the timescale of the
flight time of 7.8 us for the photofragment(s) to reach the detector given at the parent anion beam
energy of 6.8 keV. These long-lived Feshbach resonances are associated with the vibrationally
excited exit channel products, H20 (v1, v3 | v=1) + CH30 + ¢". Considering that the dominant eKE
peak in the stable photoelectron spectrum is below the H2O + CH30O + e asymptotic limit, it’s
likely that all of the “stable” fragments collected here are Feshbach resonances trapped in the
vibrationally excited (symmetric and asymmetric stretching modes) H.O(v'=1)-OCH3s vdW well.
In addition, it is noted that the involvement of the water bending mode in this process may not be
as significant since the feature at 0.52 eV is not as prominent in the low-KER gated photoelectron
spectrum compared to the stable spectrum.

The dominant direct DPD process can be examined in a PPC spectrum with correlation of
the eKE and KER for each photoelectron-photofragment coincidence event plotted as a two-
dimensional histogram in the DPD of CH30 (H20) as shown in Figure 5.4. The partitioning of

kinetic energy in DPD between the photoelectron or photofragments is governed by energy
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Figure 5.3. Photoelectron spectra for stable (black) and low KER gates of dissociative channel.
The stable spectrum is binned differently than in Figure 5.2. The purple trace corresponds to 0-
0.05 eV KER gates. The relevant vibrational modes in the exit-channel complex are noted by the
vibrational combs. The grey dashed vertical lines at 0.63 corresponds to the KEmax for H20 + CH30
+ e product channel. The dashed vertical lines at 0.43, 0.18, and 0.16 eV are KEmax for one quanta
of excitation in the water bend, symmetric stretch, and asymmetric stretching modes, respectively.
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Figure 5.4. Photoelectron-Photofragment coincidence plot of DPD of CH30 (H20) at 3.20 eV
photon energy. The solid diagonal line is the KEmax for H2O + CH30 + e product channel. The
dashed diagonal lines at 0.43, 0.18, and 0.16 eV are KEmax for one quanta of excitation in the water
bend, symmetric stretch, and asymmetric stretching modes.
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conservation, and the diagonal lines in this plot represent the kinetic energy maxima (KEmax) for a
given channel. The KEmax limits are obtained from the computed energetics, shown in Figure 5.1.,
demonstrating good overall agreement with the experimental observations confirming the
dominant channel accessed are the H2O (vi, v2, v3 | v=0,1) + CH30 + e products. The mass ratio
of the photofragments can be examined in a center-of-mass spectrum, shown in Figure 5.5.,
supporting the production of fragment masses 18 and 31 amu. However, it should be noted that
channels differing by 1 amu such as the OH + CH30H channel, cannot be resolved in this study
due to the limited center-of-mass resolution. The dashed diagonal lines at 0.43 and 0.45-0.47 eV
correspond to excitation in the water bending, v2, and local symmetric stretching, vi, and
asymmetric stretching, v, modes of the water products, respectively.’ The free water product has
an O—H bond length and H-O-H angle which differs from the corresponding configuration of the
precursor anion by -0.1 A and +3.3°, respectively, so excitation of these modes is expected.
Another view of the coincidence plot with the same KEmax limits is a total energy spectrum, where
Etor = eKE + KER on an event-by-event basis. In this spectrum, diagonal structure will appear as
peaks or sharp cutoffs, as seen in Figure 5.6. The feature at low kinetic energies can be seen more
clearly in this figure corresponding to excitation in the symmetric and asymmetric stretching
modes of water products. Previous studies on the analogue reaction F + CH3OH,”3® found that
excitation was primarily partitioned in the HF product with the methoxy radical playing the role
of a spectator with 2% of available energy going towards vibrational excitation in the v C-O
stretching mode of CH30.%° This assumption is also made here and is supported in this study by
the small conformational changes in geometry of the free methoxy product and the methoxy
moiety in the anion.*! The entrance channel is near threshold (KEmax = 0.02 V) and is not accessed

in this study.
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Figure 5.5. Center of mass spectrum for 2-momentum matched photofragments, OH (18 amu) +
CH30 (31 amu).
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5.5.  Summary

The dissociation dynamics of CH3O (H20) at 3.20 eV photon energy yielded both direct
and resonance-mediated mechanisms to vibrationally excited H2O + CH30 + e products with the
dominant channel being DPD to the vibrational ground states of H2O + CH30 + ¢ products.
Our interpretation of our data is similar to analogous previous studies of hydroxyl radical
reactions®® and the reaction of F + CH3OH.?” The overall agreement between experimental
observations and the computed energetics helped in aiding the analysis of the dissociation
dynamics evolving on the neutral PES upon photodetachment of the precursor anion, in particular
the confirmation that the wavefunction for the anion has overlap with configurations ranging from
TS2 to the exit-channel complex well on the neutral surface. The entrance channel complex, or
pre-reactive complex, for the title reaction has been studied extensively and has been shown to be
significant in the forward reaction dynamics.? Although the present study does not probe this pre-
reactive complex, the exit-channel complex was found to be important in the dissociation
dynamics occurring on the exit channel and indicates that there may be a role for vibrationally
excited Feshbach resonances in the bimolecular reactions of methoxy radicals. This system of 18
degrees of freedom represents a benchmark for studying increasingly complex reactions of this
type. Considering the difficulty in full quantum dynamical simulations for this large system, the
high-level coupled-cluster calculations performed here on both the neutral and anion potential
energy surface, provide the first significant insights into the DPD of CH3O (H20) and the

dissociation dynamics of CH3O(H20).
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Appendix A: Construction of a Dual Pulsed Valve Setup

A.l.  Operating Principle and System Design

A dual pulsed valve setup was constructed inspired by Lineberger’s group' to synthesize
precursor anion clusters. The dual pulsed valve setup operates by entrainment of a plasma
generated in a side discharge into the high-density region of the primary supersonic expansion.
This method has been found to generate vibrationally cold anions' and provides a rational approach
to synthesizing anions of interest, particularly hydroxide cluster anions. In brief, a plasma is
generated in a side expansion via an electrical discharge using a custom piezoelectric? pulsed valve
to generate a molecular beam under low backing pressures (~20 psig). This plasma intersects the
main molecular beam which has a higher backing pressure (40-50 psig) and higher driving
voltages. The side expansion does not disrupt the main expansion so the cluster anions formed can
proceed along the main expansion towards the Wiley-McLaren mass spectrometer to be extracted
perpendicularly along the beam line. An example of this process is shown in Figure A.1. A typical
timing diagram can be seen in Figure A.2. The side and main pulsed valves typically operate 520-
460 ps and 520-380 s, respectively, before the Wiley plates are pulsed. The discharge is typically
triggered 300 ps before Wiley. It should be noted that the discharge was switched with a (insert
Behlke switch here) with a fixed width. Future utilization of this source should switch to a variable
width switch as this will add more range in generating precursor anions of interest. Additionally,
a larger TMP with a higher pumping speed (>240 1/s) should also be used to ensure adequate beam

densities for generating cluster anions of interest.
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=t discharge

Figure A.l. Cross-sectional illustration of the dual pulsed valve setup. The dual pulsed valves
operate independently. The side expansion (orange) intersects the high-density region of the main
expansion (blue). The potential difference applied to the stainless steel (SS) plates can be reversed
from that shown here. MACOR insulators separate the poppet nozzle and the first SS plate and the
two SS plates. Typical discharge voltages are in the range 500-2000 V.
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When using the dual pulsed valve, the main pulsed valve poppet is replaced with a longer
poppet and poppet nozzle (as seen in Figure A.3.) and the side pulsed valve has a longer poppet
and poppet nozzle so that the two beams can intersect at closer distances. The side pulsed valve is
secured on the aluminum blocks that secure the main pulsed valve to the source chamber flange.
The side pulsed valve is on a translation stage to allow optimization of the distance between the
side pulsed valve poppet nozzle from the centerline of the main pulsed valve. The side pulsed
valve is mounted on an aluminum block containing two 0.5 in. thru holes to slide over two optical
posts secured on the translation stage. Two '4-20 tapped holes are on each side of the 0.5 in. holes
for securing the side pulsed valve height with set screws, allowing the translation parallel to the
main pulsed valve beam line. A schematic of this can be seen in Figure A.3. The discharge plates
are mounted on an aluminum block that slices onto the long poppet of the side discharge. A

schematic and description of this discharge stack can be seen in Figure A.4.
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Figure A.3. Dual pulsed valve assembly. Relevant dimensions are reported in inches.
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Appendix B: Interlock for Machine C

Replacement of the Edwards turbomolecular pumps for the COAT, accel, and TOF
chambers with Osaka TMPS required some minor changes to the pre-existing interlock logic. This
appendix outlines those changes and provides an overview of the interlock logic as it relates to the

Osaka TMPs for COAT, accel, and TOF chambers.

B.1. Interlock Logic for Integration of Osaka Turbomolecular Pumps

The TOF (Osaka TG900M) and Accel (Osaka TG2400MBWB) TMPs, used the same
controller (Osaka TC010M) and did not require any changes to the interlock logic in place for the
Edwards controllers for the replaced TMPs. The interlock logic for these TMPs can be seen in

Figure B.1. Brief descriptions under different operations are as follow:

Under normal operating conditions: The backing pressure is low enough, relay A is

actuated (closed) causing 3 and 5 to be connected. +24 VDC will then be sent to pin 5 on the D-
sub 37 connector which goes to the Edwards controller. When pin 5 and pin 6 are closed, the pump
is in normal operation and +24 VDC will be sent to the enable switch via pin 6. When enable
switch is switched, this supplies +24 VDC to the coil in relay B. This actuates relay B, and 3 and
5 are connected—this is a protection signal to the controller via pins 33 and 34. On Relay B, 4 and
6 are also connected which keeps the FLV open between the backing pump and the respective

chamber (TOF/Accel/COAT chambers are not separated by gate valves).

If backing pressure rises above set point pressure while everything else running under

normal conditions: Relay A will not actuate as there will be no ground provided to A. This will

cause the relay to open, thus 3 and 5 will no longer be connected. This will interrupt the +24 VDC

supplied to the Edwards controller via pin 5. As a result, + 24 VDC will not be sent back to relay
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B, causing relay B to open. This results in the FL Vs to close since 4 is no longer connected to 6. 3
and 5 are also no longer connected causing pin 33 and pin 34 to open. When these pins are open

while the pump is in rotation, the pump will stop.

If backing pressure ok but normal out not ok: The backing pressure is low enough, relay A

is actuated (closed) causing 3 and 5 to be connected. +24 VDC will then be sent to pin 5 on the D-
sub 37 connector which goes to the Edwards controller. Pin 5 and pin 6 will open caused by the
controller. This will disrupt the +24 VDC supplied via pin 5 and it will not be sent back to relay B
(via pin 6) causing that relay to open. This results in the FLVs to close since 4 is no longer
connected to 6. 3 and 5 are also no longer connected causing pins 33 and pin 34 to open. When

these pins are open while the pump is in rotation, the pump will stop.

If at room pressure and need to pump down: All the relays will be open. Once the backing

pressure falls < 107 torr flip the backing override switch for TOF first. This causes +24 VDC to
be supplied to the coil in relay B. As a result, 4 and 6 will be connected which supplies the power
to the FLV. Now open the manual valve slowly leading to the chamber. Pump out the TOF, Accel,
and COAT chamber in the same manner until the backing pressure is < 107 torr. Switch the enable
switch and manually turn on the TOF and accel controllers. Once the pumps have spun up and
backing pressure is ok, everything should be under normal operating conditions (see above).
Proceed to unoverride the backing override switch since it is no longer needed because pin 6 is

supplying the + 24 VDC to relay B.
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Interlock connections for TOF/A

TC controller

—
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are closed, pump is in normal operation.

{relay D)

*When pin 23 and pin 34 are set to open, the STP pump does not rotate. When these pins ate set to open while pump is in rotation, the pump will stop.

139

Figure B.1. Interlock connections for TOF/Accel: TC010M controller



The interlock logic had to be modified to incorporate the COAT Osaka TMP which has a
TGkine series integrated controller. A control circuit was included comprising of several

MOSFETs for low power switching. A schematic of this logic can be seen in Figure B.2.

Under normal operating conditions: The backing pressure is low enough, relay A is

actuated (closed) causing 3 and 5 to be connected. +24 VDC will then be sent to A on relay E.
When the pump is in normal operation, pin 8 and pin 15 are at ground. Pin 15 is always at ground
externally on the interlock. Pin 8 is the ground connection for the coil on relay E causing it to
actuate. (The green LED in the control circuit is on during normal operation, if it is not on, inspect
the control circuit.) This will connect 3 and 5 resulting in +24 VDC to be sent to the enable switch.
When the enable switch is switched, this supplies +24 VDC to the coil in relay B. This actuates
relay B, and 3 and 5 are connected. This sends +24 VDC via pin 1 to the D-sub 15 connector to
the Osaka integrated controller. The potential across pin 1 and pin 15 is 24 V and the pump is spun
up. On Relay B, 4 and 6 are also connected which keeps the FLV open between the backing pump

and the respective chamber (TOF/Accel/COAT chambers are not separated by gate valves).

If backing pressure rises above set point pressure while everything else running under

normal conditions: Relay A will not actuate as there will be no ground provided to A. This will

cause the relay to open, thus 3 and 5 will no longer be connected. This will interrupt the +24 VDC
supplied to the coil on relay E and causes 3 and 5 to not be connected. As a result, + 24 VDC will
not be sent back to relay B, causing relay B to open. This results in the FLVs to close since 4 is no
longer connected to 6. 3 and 5 are also no longer connected disrupting the + 24 VDC supply via
pin 1 to the controller. When the potential across pins 1 and 15 drops from 24 V to 0 V, the pump

will stop.
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If backing pressure ok but normal out not ok: The backing pressure is low enough, relay A

is actuated (closed) causing 3 and 5 to be connected. +24 VDC will then be sent to A on relay E.
There will no longer be any continuity between pin 8 and 15 (opened on the controller end). This
will disrupt the ground supplied to the coil at B on relay E. This causes the relay to open and 3 and
5 will no longer be connected. This disrupts the +24 VDC supply to relay B causing that relay to
open. This results in the FLVs to close since 4 is no longer connected to 6. 3 and 5 on relay B are
no longer connected disrupting the + 24 VDC supply via pin 1 to the controller. When the potential

across pins 1 and 15 drops from 24 V to 0 V, the pump will stop.

If at room pressure and need to pump down: All the relays will be open. Once the backing

pressure falls < 107 torr flip the backing override switch for TOF first. This causes +24 VDC to
be supplied to the coil in relay B. As a result, 4 and 6 will be connected which supplies the power
to the FLV. Now open the manual valve slowly leading to the chamber. Pump out the tof and accel
chamber in the same manner until the backing pressure is < 10 torr. Switch the backing override
for COAT (does not have a manual valve). Once the backing switch is switched it causes 24 VDC
to be sent to relay B. This closes the relay and connects pins 4 and 6 as well as pins 3 and 5. This
leads +24 VDC to be sent to the integrated controller via pin 1. As a result, this causes the pump
to start. Switch the enable switch and manually turn on the tof and accel controllers. Once the
pumps have spun up and backing pressure is ok, everything should be under normal operating
conditions (see above). Proceed to unoverride the backing override switch since it is no longer

needed because + 24 VDC is being supplied to relay B via relay E.
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Interlock connections for COAT: Osaka TGkine series controller

TC controller
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Figure B.2. Interlock connections for COAT: Osaka TGkine series controller
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