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ABSTRACT

Over the past several decades, the study of gas-phase chemistry has emerged as a prominent area
of research, particularly focusing on understanding the behavior of various molecules in the
atmosphere. This research explores the gas-phase interaction of formates with water cluster ions
and the resulting unimolecular dissociation of protonated and hydrated formates and

chloroformates.

Chapter 3 of this thesis investigates the ion-molecule reactions involving neutral methyl formate
(MF) and proton-bound solvent clusters W>H", W3H", M:H*, E>H", and EsH*. Through
experimental investigation, it was found that the primary reaction pathway involves the loss of
solvent molecules from the initial encounter complex, leading to the formation of protonated
methyl formate (MFH™). Detailed collision-induced dissociation breakdown curves were obtained
for the initial solvent-MF proton-bound pairs and trimers, revealing relative activation energies for
the observed channels. Density functional theory calculations (B3LYP/6-311+G(d,p)) supported
barrierless reactions for solvent loss in each case. Additionally, for MF(M)H* ions, the loss of CH4
at higher collision energies was observed. The mechanism of this reaction involves the migration
of the MF methyl group to form a loosely bound complex between neutral CHs4 and an ion
comprised of (CH3OH)(CO2)H". Overall, these findings demonstrate the formation of stable
encounter complexes between methyl formate and atmospheric water, which subsequently

dissociate to produce protonated methyl formate.



In chapter 4, the focus is on ion-molecule reactions involving neutral ethyl (EF), isopropyl (IF), t-
butyl (TF), and phenyl formate (PF) interacting with proton-bound water clusters W>H* and W3H*
(where W=H>0). It was observed that the primary reaction product entails the loss of water from
the initial encounter complex, subsequently leading to the formation of protonated formate.
Utilizing collision-induced dissociation, breakdown curves of the formate-water complexes were
generated, allowing for the extraction of relative activation energies for the identified channels.
Density functional theory calculations, employing the B3LYP/6-311+G(d,p) method, further
supported these findings by revealing that the water loss reactions exhibit no reverse energy barrier
in each instance. Overall, the outcomes suggest that the interaction between formates and
atmospheric water can yield stable encounter complexes that eventually dissociate, resulting in the

formation of protonated formates.

Chapter 5 further expands on the atmospheric fate of formate-derived esters through the
exploration of their dissociation pathways upon protonation. Tandem mass spectrometry serves as
the primary tool for studying the unimolecular dissociation of protonated methyl-, ethyl-,
isopropyl-, tert-butyl-, and phenyl formate. Key findings reveal distinct fragmentation patterns:
methyl- and ethyl formate ions lose CO to form protonated alcohols, with ethyl formate
additionally yielding neutral ethanol. Isopropyl- and tert-butyl formate ions readily shed stable
radicals and neutral alkenes, alongside methanol loss. Phenyl formate exhibits a unique behavior,
involving phenyl radical loss akin to isopropyl- and tert-butyl formate, alongside CO loss similar
to methyl- and ethyl formate. The investigation leverages density functional theory to elucidate
minimum energy reaction pathways for each ion, with CBS-QB3 single-point energy calculations

providing reliable energetics. These insights deepen our understanding of the atmospheric



chemistry of formate-derived esters, contributing to the broader understanding of atmospheric

processes.

Chapter 6 explores the gas-phase dissociation of protonated chloroformates, prevalent in the
atmosphere due to their utilization as fuel additives and industrial solvents. Tandem mass
spectrometry was employed to scrutinize the unimolecular dissociation of protonated methyl (1),
ethyl (2), neopentyl (3), and phenyl chloroformate (4). Notably, 1 and 4 exhibited common HCI
loss, yielding CH30CO* and CsHsOCO*, respectively, with 1 additionally generating neutral
methanol and CICO*. 4 additionally loses CO and COa. In contrast, 2 and 3 each only exhibit a
single fragmentation channel, with 2 losing C2Ha to generate protonated chloroformic acid and 3
generating protonated 2-methylbutene by losing neutral chloroformic acid. Density functional
theory at the B3LYP/6-311+G(d,p) level of theory was employed to explore minimum energy
reaction pathways for each ion, and CBS-QB3 single-point energy calculations were used to
provide reliable energetics. RRKM (Rice-Ramsperger-Kassel-Marcus) calculations of the rate
constants for selected competing processes were carried out to link theory and experiment. One
common process observed was the 1,3-H shift of the proton from the carbonyl oxygen to the ester

oxygen before dissociation.
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Chapter 1. FORMATES IN THE ATMOSPHERE

1.1. Background

Earth’s atmosphere has been studied for decades, and measurements of temperature and pressure
have led to the identification of 5 main atmospheric layers. These layers are the troposphere,
stratosphere, mesosphere, thermosphere, and exosphere. The temperature trends with altitude,
relative gas compositions, and sizes of each layer are shown in Figure 1.1. The layer lying closest
to the Earth’s surface, the troposphere, is the main region of interest when studying atmospheric
chemistry [1]. This is due to the fact that the troposphere is responsible for the weather events
observed by humans, and it contains around 80% of the atmosphere’s total mass. The composition
of gases in the troposphere remains relatively constant, with its main components being nitrogen
(78%) and oxygen (21%). The remainder of the air content is composed of trace gases such as
argon, but also varying amounts of water vapor. Latitude, altitude, temperature, season, and human

activities are all factors that affect the amount of water vapor in the atmosphere [2].
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Figure 1.1: Temperature trends and chemical composition of Earth’s atmospheric layers with

increasing altitude.

1.2. Atmospheric Water Clusters

Water vapor is known to be important in atmospheric chemistry, and its involvement in reactions
can influence weather, pollution, acid rain, and climate change. More specifically, the ability of
small clusters of water molecules in the atmosphere to catalyze reactions, enhance photochemical
degradation, and contribute to organic aerosol formation has become a rapidly growing area of

research to better understand atmospheric processes [3-5].



The predicted stability and abundances of different sizes of water clusters in the atmosphere have
been addressed in recent studies through computational methods. Most of the findings suggest that
there are highly stable structures for small water clusters of 1 to 4 molecules. Those with 3-4
molecules will form stable hydrogen bonding networks in a cyclic fashion and are predicted to be
present in the atmosphere and to contribute greatly to chemical reactions. A few of these structures
are shown in Figure 1.2 [3,6]. Water clusters ranging from 1 to 30 molecules have also been
detected experimentally. The “magic cluster” with 21 water molecules tends to be the most

abundant in all recorded results [7].

(H,0), ' 'Q
Sl

Figure 1.2: Geometry-optimized, energetically-stable structures of water clusters, (H20)n, 1<n<4.

Water clusters can interact with inorganic atmospheric gases, enhancing the rates of sunlight-
driven reactions. Some examples of this include van der Waals interactions with ozone and acetone
in the troposphere, enhancing photolysis and the production of hydroxyl radicals. These radicals

are known to be important oxidizing agents in the atmosphere [6,8].



The ability of water clusters to contribute hydrogen bonds allows them to catalyze a plethora of
reactions. Several inorganic gaseous and acidic atmospheric reactions catalyzed by water clusters
have been studied by computational modelling of reaction pathways. The findings suggest that
small water clusters (1-4 molecules) can effectively catalyze the HO; self-reaction, HO- reaction
with HS, and NO> hydrolysis. The products of these reactions are oxidants and inorganic acids

which contribute to acid rain production [5,9,10].

1.3. Reactive Organic Carbon in the Atmosphere

Another category of molecules which is important in the troposphere is reactive organic carbon
(ROC). Any atmospheric organic molecule containing carbon (excluding methane) is considered
to be ROC. The class of molecules contains thousands of species, including sub-classes such as
volatile organic carbon (VOC). ROCs can undergo oxidation by hydroxyl radicals followed by
subsequent cascades of reactions leading to CO2 production, tropospheric ozone pollution, ground-

level smog, and organic aerosol/particulate matter formation [11].

The sources contributing to ROC emissions have been heavily studied as environmental concerns
continue to rise. A study on VOCs in British Columbia used factor analysis to identify 9 main
sources of ROC emissions, including industrial solvents, natural gas combustion, and biogenic
sources [12]. Air and water samples from clouds show that ROC levels in the atmosphere are
heavily impacted by solar UV radiation intensity as well microbial metabolic activity [9]. Biogenic

emissions have recently been identified as one of the major contributors to VOC levels in the



atmosphere. Studies on the Norway spruce concluded that CO; availability, sunlight intensity, and

temperature all affect how much VOCs plants emit [13].

The incorporation of ROCs into organic aerosols can cause adverse health effects for humans. The
oxidation of ROCs in organic aerosols by hydroxyl radicals leads to “aging”, gradually increasing
the oxidation state of all carbon in the atmosphere. This trend leads ROCs towards the production

of CO2 [14].

Heald & Kroll’s review paper suggests that a more holistic approach to studying atmospheric
chemistry is necessary. Most recent works studying ROCs in the atmosphere focus on examining
individual species reacting in isolation. However, this piecewise approach is not thought to be
sufficient, since the atmosphere involves thousands of different molecules which can undergo
thousands of different reactions, all of which can interact and are interwoven as a system. Focusing
on the interactions between atmospheric species is the first step towards better understanding the

processes that govern weather, pollution, and climate change [11].

1.4. Interactions Between Atmospheric Water Clusters and

Reactive Organic Carbon

Following the movement towards studying how different species interact in the troposphere, a
natural progression is to look at the reactions between reactive organic carbon and water clusters.
The ozonolysis of alkenes in the atmosphere leads to production of the Criegee intermediate
(RR'COO0), which can decompose into hydroxymethyl hydroperoxide and eventually hydroxyl

radicals. Small water clusters are known to catalyze this decomposition. Computational analysis



of clusters of size 1-4 molecules has shown that although larger clusters reduce activation energies
the most, the water dimer dominates the process due to its balanced complex stabilization and
abundance, contributing to the greatest rate enhancement [15]. Formic acid decomposition is also
catalyzed by water clusters. Decarboxylation results in the production of CO2 and H. gases from
cis-formic acid, while trans-formic acid leads to dehydration to create H.O and CO gas. The
presence of water clusters allows stabilizing hydrogen bonds to form with the formic acid
molecules. As clusters increase in size, a cooperativity effect dominates in which the
intermolecular hydrogen bonds strengthen, while the formic acid’s intramolecular bonds are
weakened. Computations determined that the highest rates and lowest activation energies were
achieved with water clusters of 2-3 molecules interacting with cis-formic acid, catalyzing
decomposition by decarboxylation [16]. These findings make it clear that water clusters have a
critical influence on the rates of atmospheric reactions and thus the downstream effects caused by

their products.

Furthermore, water clusters and ROC interactions are known to be involved in organic aerosol and
cloud condensation nuclei formation and growth. Aerosols, as discussed previously, are significant
tropospheric pollutants having health concerns, while cloud formation patterns greatly impact
weather. Proton transfer from the biogenic ROC, pinene, to water clusters larger than 7 molecules
has been shown to be a highly effective method of charge transfer to initiate cloud formation [17].
The incorporation of methanol, formic acid, amines, and sulfuric acid into water clusters has been
extensively modelled computationally and experimentally, and the results generally show
favorable intermolecular interactions (hydrogen bonds and proton transfers) which are believed to

enhance the formation of aerosols & cloud nuclei [7,18,19]. Large biogenic ROCs such as isoprene



and monoterpenes, on the other hand, have not been shown to contribute significantly to organic
aerosol production. Their interactions with water clusters are weak, which is due to their inability

to contribute enough hydrogen bonds to make up for their largely hydrophobic natures [4].

A broad summary and general overview of the sources of water clusters, factors affecting ROC
levels, interactions between the classes of species, and the downstream atmospheric effects of these

interactions is shown in Figure 1.3.

In the past, many research papers have focused on studying the significance of water clusters and
reactive organic carbon reactions and interactions in atmospheric chemistry. Many recent studies
mentioned previously did so primarily through computational modelling [3,5,6,8-10], however
others opted to use experimental methods to analyze these relationships [7,12-14,16,18,20].

These studies shed light on the intricate interactions between water clusters and reactive organic
carbon (ROC) in atmospheric chemistry. Investigations into the structural dynamics of small water
clusters revealed insights from low temperatures to vaporization, while studies on radical-radical
reactions highlighted the catalytic efficiency of water monomers. Examination of ozone-water
complexes unveiled their stability and predicted concentrations in the Earth's atmosphere.
Furthermore, investigations into formic acid-water interactions indicated potential disruptions in
cluster structures, impacting processes like nucleation and particle growth. The studies concluded
that interactions between water clusters and reactive organic carbon (ROC) play a crucial role in
atmospheric chemistry, affecting processes such as nucleation, particle growth, and radical-radical

reactions.



The interactions between pinene and water clusters were measured in a 2019 study using TOF-MS
devices. Two ion sources, electron ionization (EI) and photoionization after sodium doping (NaPlI)
were incorporated and compared. Spectra produced from the EI samples favored pinene clusters,
while those from NaPl were highly selective towards pure water clusters. EI caused excessive

fragmentation and loss of the pseudomolecular and molecular ions [16].
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Figure 1.3: Sources, interactions, and downstream effects of reactive organic carbon, water
clusters, and inorganic gases/acids in the troposphere. Combined arrows shows molecules

interacting each other.

An older study, from 1989, aimed to analyze the fragmentation of mixed methanol-water clusters

using tandem mass spectrometry (MS/MS). Clusters of the desired size were selected using the

8



first MS based on m/z ratio, and then redirected into a CID experiment with He gas. The specific
MS instruments used involved reversed geometry double focusing techniques which created high-
energy ions (keV range) to allow for a large amount of fragmentation to be observed. Kinetic
energies were measured through mass-analysed ion kinetic energy spectroscopy (MIKES) [18].
Data collected from these two analytical methods showed that as ion cluster sizes increased, the
kinetic energy released by their interactions increased as well. This should not be surprising, since
the result is in accordance with classical physical predictions and has been previously recorded in
various ion cluster studies. In regard to the fragmentation pattern of methanol-water cluster ions
after MS/MS-CAD, the major observation from the pattern is that the clusters preferentially lose
water molecules over methanol molecules. The findings in this study highlight the ability of
different ROC-containing water clusters to contribute to atmospheric chemistry, as well as the

importance of understanding the intermolecular interactions which influence their properties.

The interactions of water clusters with formic acid have been studied previously using unique
home-made apparatuses. One example of this involves a fast-flow reactor and high-pressure ion
source, allowing for the creation of protonated water clusters ranging from 2 to 30 molecules in
size (Figure 1.4). These are then directed through the flow tube, where reactant gas (He and formic
acid mixture) is injected through a reactant gas inlet. The products of the collisions are then pushed
through a nose cone, where they are analyzed by a quadrupole MS, and lastly reach the electron
multiplier detector. Results showed good resolution in separating the individual cluster sizes, and
findings were in accordance with previous studies [7]. The researchers found that the addition of
formic acid disrupted the clathrate-like structure of the "magic" 21-molecule water cluster, as

evidenced by the absence of a prominent peak in intensity ratio graphs. This disruption was in



contrast to the observed stability of the 21-molecule cluster in the methanol system. Furthermore,
they observed an increase in intensity with increased cluster size in the formic acid-water mixed
clusters, suggesting that these clusters may serve as prenucleation embryos for the nucleation of

water molecules and as a potential pathway for particle growth.
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Figure 1.4: Experimental setup of the lon Flow Tube.

Another unique apparatus which has been developed in recent years to study reactive organic
carbon specifically is the Proton Transfer Reaction 3 (PTR3) instrument (Figure 1.5). Created by
a team from Germany, their goal was to create a device that would perform better than previous
models of PTR-TOF-MS, with lower detection limits and higher sensitivities to be able to detect
VOC concentrations in the ppqv range (atmospherically relevant concentrations). PTR3 uses
proton transfer from hydronium ions to softly ionize VOCs, creating pseudomolecular ions which
are unlikely to fragment excessively. The unique feature of this instrument is that instead of using
a 2D quadrupole, a 2D tripole reaction chamber was selected. The purpose of this is to decouple
the ion velocity from the field direction to produce the optimal field to gas density ratio. Using
nitrogen as the carrier gas and keeping the tripole radio frequencies 120 degrees out of phase, it

was found that the PTR3 devices were more efficient at transmitting molecular ions with large m/z
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(>100) compared to smaller ions. Poor sensitivity and higher detection limits for smallions (low

m/z ratio), showing that the PTR3 is only effective at detecting VOCs with large m/z ratios [20].

U, (1), @,=240° pO°

L—11 mm

Figure 1.5: Sectional view of the PTR3 tripole. The electric field vector accelerating the ions

rotates in the radial direction.

FT-ICR methods with laser vaporization ion sources and helium as the carrier gas have also been
used recently to study water cluster interactions with ROC. Anionic water clusters of size 30 to 70
molecules were selected, and reacted with gaseous formic acid introduced through a needle valve

[20].

1.5. Atmospheric Chemistry of the Formates

The molecules in one specific class of reactive organic carbon, the formates ROC(O)H (where
R=alkyl, phenyl), are of atmospheric significance and a major point of interest in the current work.
Formates are derivatives of formic acid, which is known to be the most abundant carboxylic acid

in the troposphere [21,22].
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Previous work has used analytical techniques to measure formate mixing ratios and concentrations
in different atmospheric phases. In the gas phase, formate levels were reported to be around 80 to
300 pptv [22]. Concentrations in organic aerosols and particulate matter were measured as 0.71 to
0.91 pg/m?® [23], or alternatively, 0.5 to 270 ppt. Formate concentrations of 0.3 to 23.6 uM were
observed in rainwater, and the combined effects of formate and acetate are estimated to contribute
to around 64% of total rainwater acidity [24]. Other studies found formate levels in non-urban
precipitation in the 10 to 30 uM range [25]. Cloud water, fog, and dew also contain formates at
concentrations of 3.2 to 627 uM [24]. The effects of formates in rainwater have been observed at
the surface, with high concentrations of formates being found in the black crusts of degraded stone
and lime mortar monuments (50 to 5000 pg/g of black crust) [26]. The most significant
anthropogenic sources of atmospheric formates are vehicular fuel combustion (from incomplete
combustion and fuel additives) and biomass burning [22,24,25]. Biogenic and non-biogenic sources
include direct emission from vegetation, release from soil, and formicine ants [24]. Secondary
atmospheric reactions are also known to affect formate levels, especially photooxidation processes.
Some common reactions producing formates include ozone-olefin reactions, peroxyacetyl radical
reactions, oxidation of formaldehyde by OH [22], isoprene photooxidation, and aldehyde oxidation
by HO- [24]. Chemical degradation is a negligible sink for the formate molecule specifically [25],

while wet & dry deposition contribute to 95% of formate removal from the troposphere [24].

Although the formate molecule itself is not significantly affected by chemical degradation,
formate-derived esters can take part in a vast range of reactions in the troposphere. Some common
formate esters which have been previously studied in their roles in atmospheric chemistry include

methyl formate, methyl chloroformate, iso-propyl formate (IF), and tert-butyl formate (TF) [27-
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30]. As with the formate molecule itself, the formate-derived esters are emitted by industrial
solvents and fuel additives [27-30]. Methyl formate is classified as a VOC, due to its low boiling
point of 34°C. As with most VOC species, it can undergo oxidation by OH radicals, but this can
occur at two possible sites: the carbonyl side or the methyl side. Proton abstraction tends to occur
more at the carbonyl side, with a branching ratio of 0.55 + 0.07. Once the acyl or alkyl radicals
form from methyl formate oxidation, they react with oxygen to form peroxy radicals, followed by
alkoxy radical formation, peroxy nitrate radical generation, and lastly decomposition to CO3 [27].
The thermodynamics and kinetics of methyl formate oxidation have also been extensively studied
through computational work. A unique trend of negative temperature dependence of the rate
constant below 100K has been found, failing to adhere to Arrhenius models. As for the selectivity
of the proton abstraction, the methyl side dominates below 100K, while the carbonyl side is
preferred above 300K. In the intermediate temperature range, branching ratios are highly
dependent on pressure [28]. Methyl formate can also produce methanol through exothermic
hydrogenolysis at atmospheric conditions, with the highest rates occurring at 180°C [29]. Methyl
chloroformate, a similar species, can photolyse in the troposphere upon absorption of UV light
(193.3nm) to produce the methoxy carbonyl radical. This radical contributes to a further cascade
of gas-phase reactions, and eventually decomposes into CO. and methyl groups which lead to
global warming and pollution [30]. IF & TF, like methyl formate, also undergo oxidation by OH
radicals. Pimentel et al. used chlorine atoms to initiate proton abstractions to determine the
branching ratios and product distributions of IF & TF oxidation. A branching ratio of 0.30 £ 0.03
was obtained for deprotonation at the formyl hydrogen of IF, while 0.50 = 0.05 was measured for
TF. Branching ratios were consistent across the temperature range studied. The presence of Ny,

02, NO, and NO led to the production of acyl peroxy nitrate radicals, formaldehyde, acetone,
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formic acid, acetic formic acid anhydride, CO, and CO». Radicals produced from TF had a higher
tendency to decompose, leading to slightly different product distributions. Clearly, an immense
range of species can evolve from the oxidation of a few simple formates, proving their significance

[27].

At present, only a handful of studies have investigated formate interactions with water clusters in
the gas-phase or the atmosphere. To our knowledge, only the formate molecule itself has been
investigated in its interactions with water, while formate-derived esters have not been studied at
all in this context. One 2006 study uses FT-ICR MS to experimentally determine the outcome of
formic acid interactions with hydrated electrons, (H20)n". It was found that in water clusters of 30-
70 molecules, formates form through the exothermic loss of hydrogen gas from formic acid and
water, leaving a formate anion as the new centre of the cluster. These clusters are then more likely
to undergo further reactions, incorporating more formic acid molecules while releasing more water
molecules [31]. Another paper uses Franck-Condon computational simulations of photodetachment
spectra to study the behaviour and properties of formate-water cluster anions. Proton transfers from
water to formates were determined to be favourable, but only once 0.35 eV of energy is supplied

after photodetachment of the anionic cluster into the neutral cluster has been completed [21].

1.6. Goals

In the present thesis, mass spectrometry and computational methods will be used to study the
interactions and fate of formates with small water cluster cations (dimer and trimer) in the gas
phase. While previous research has extensively investigated the behavior of formic acid and its

derivatives in the atmosphere, including their interactions with water clusters, the specific
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interactions of formates with small water clusters and the unimolecular of product complexes and
cations have not been studied. Understanding these interactions is essential for comprehensively
characterizing the complex processes occurring in the atmosphere, including aerosol and cloud

formation, as well as the production of pollutants and greenhouse gases.
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CHAPTER 2. METHODS OF STUDY

2.1. Introduction

As shown above in the previous studies, water droplets can be generated by using different
instruments and methods, and in this project, triple quadrupole mass spectrometry (in which
collision-induced dissociation (CID) can be performed) was used with electrospray ionization
(ESI) as the ion source. Density Functional Theory (DFT) and Rice—Ramsperger—Kassel-Marcus
(RRKM) were also used to get information about energies and properties of the species studied

here.

Mass spectrometry (MS) is a versatile analytical technique that allows for the precise measurement
of the mass-to-charge ratio (m/z) of ions. It has become an indispensable tool in scientific research
and various fields due to its ability to provide detailed information about the composition,
structure, and properties of molecules. At its core, mass spectrometry operates based on the
principles of ionization, mass analysis, and ion detection. First, sample molecules are ionized by
various techniques, such as electron ionization (El), chemical ionization (Cl), or electrospray
ionization (ESI). This step creates ions with a specific charge (typically 1+). Second, the ions are
then separated based on their mass-to-charge ratio (m/z) within a mass analyzer. Different types
of mass analyzers, such as quadrupoles, time-of-flight (TOF), or ion traps, can be used depending
on the specific analytical requirements. Finally, the separated ions are detected, and the resulting
data is used to create mass spectra. The intensity of ion signals in the mass spectrum provides

information about the abundance of different ions. In this work, we have used a) electrospray
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ionization with a triple quadrupole mass analyzer and b) electron ionization with a magnetic sector

double-focusing mass analyzer.

2.2. Triple Quadrupole Mass Spectrometry

In a triple quadrupole mass spectrometer ions undergo three stages of mass selection,

fragmentation and analysis before being detected (Figure 2.1).
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Figure 2.1: Experimental setup of the triple quadrupole mass spectrometer.

2.2.1.  Electrospray lonization (ESI)

Electrospray lonization (ESI) works by generating ions from a liquid sample, making it
particularly useful for analyzing polar and nonvolatile compounds. In the context of studying the
fate of formates in the atmosphere, a sample containing formates is typically dissolved in water.
This solution is then introduced into an ESI source through a syringe pump at 50 wxl/min flow
(Figure 2.2). The solvent emerges from a fine caplliary which has a high voltage applied to it. This
field induces the formation of ions by a process known as the Taylor cone-jet mechanism,
nebulizing the solution into tiny charged droplets. As the solvent evaporates excess charge

accumulates on the surface of these droplets, creating a high electric field at the droplet's surface
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[32]. These ions represent the chemical constituents of the sample, and they can be transferred to

the mass spectrometer (first quadrupole) for analysis [33].
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Figure 2.2: Experimental setup of Electrospray lonization (ESI) experiment.

2.2.2.  Quadrupole Mass Analyzer

Historically, triple quadrupole mass spectrometers operate by using three sets of quadrupole mass
filters to selectively analyze and quantify specific molecules within a sample. In practice, our
instrument uses two quadrupoles and an ion tunnel as the collision cell. The first quadrupole (Q1)
selectively filters ions based on their mass-to-charge ratio (m/z), allowing only the target ions to
pass through. These ions then enter the collision cell (ion tunnel), where collisions with a neutral
gas atom or molecule leads to fragmentation. The resulting fragment ions are then analyzed in the
next quadrupole (Q3), which acts as a second mass filter to select the desired product ions. The
motions of ions within quadrupole devices significantly differs from the linear paths observed in
field-free regions, as well as in magnetic and electrostatic sectors. Described as dynamic
instruments, quadrupole mass filters or analyzers exhibit ion trajectories influenced by time-
dependent forces. To establish a quadrupole field in these instruments, electrodes with a hyperbolic

geometric form are subjected to a potential. Now, the pursuit involves developing a theory of ion

18



motion that comprehensively explains the dynamics of charged particles in a quadrupole field.
Initially, let's examine the forces acting on a single ion within this field [34,35]. Within a quadrupole
field, an ion encounters robust focusing, where the restoring force propelling it back to the device
center intensifies as the ion deviates from the center. The exploration for a theory of ion motion
leads to the Mathieu equation [36], a second-order linear differential equation initially described
by Mathieu. Mathieu's mathematical exploration of vibrating stretched skins enabled the definition
of solutions in terms of stability and instability regions [37,38].

d?u
dgz

+ (a, — 2q,c0s2)u =0 (2.1)

where u represents the coordinate axes x, y and z, & is a dimensionless parameter equal to Qt/2
such that Q must be a frequency as t is time; ay and gy are additional parameters known as trapping
parameters. Applying these solutions and concepts of stability and instability, we can delineate the
trajectories of ions confined in quadrupole devices and specify the limits of trajectory stability. To
employ Mathieu's solutions, we must confirm that the equation of motion for an ion confined in a
quadrupole device aligns with the Mathieu equation. The approach involves obtaining an
expression for a force in the Mathieu equation and comparing it with the force acting on an ion in

a quadrupole field [39].

2.2.3. lon-Molecule Reactions

In a triple quadrupole mass spectrometer, the collision cell also serves as a crucial component for
performing ion-molecule reactions. When selected ions from the first quadrupole interact with a

neutral gas in the collision cell, ion-molecule reactions (IMR) can result. During IMR, the selected
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ions are accelerated through the collision cell and as these ions travel, they collide with neutral

molecules present in the gas phase. These collisions lead to various ion-molecule reactions.

The specific reactions that occur depend on factors such as the nature of the ions and neutral
molecules involved, their respective charges, and their collision energies. Common results of ion-
molecule reactions in collision cells include ion-molecule complex formation, proton transfer,
charge transfer, and radical reactions. Proton transfer involves the transfer of a proton from one
molecule to another, resulting in the formation of new ions with different masses and charges.
Charge transfer reactions involve the transfer of an electron from one species to another, leading
to changes in charge states. Radical reactions involve the formation or dissociation of radical

species through bond cleavage or bond formation processes.

As for this project, neutral formate vapours were introduced into the collision cell of the

instrument through a 0.5 mm orifice where they interact with the ionized water/solvent cluster in

question (Figure 2.3).
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Figure 2.3: Schematic diagram of the lon Molecule Reaction (IMR) set up, using the protonated

water dimer ion and neutral methyl formate as examples.

2.2.4.  Collision-Induced Dissociation (CID)

Collision-induced dissociation (CID) is a fundamental technique in mass spectrometry used to
induce fragmentation of ions by subjecting them to collisions with neutral gas molecules such as
Ar gas. It is commonly employed in tandem mass spectrometry experiments, where precursor ions
generated in the ion source are selected, accelerated and then fragmented in the collision cell of

the instrument, see Figure 2.4.

During CID, precursor ions gain internal energy from collisions with the collision gas, leading to
the breaking of chemical bonds within the ion. This results in the formation of fragment ions,
which can be detected and analyzed to deduce information about the structure and composition of
the parent molecule. The fragmentation patterns observed in CID spectra are characteristic of the

molecule's structure and can be used for identification and structural elucidation purposes.
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CID parameters such as collision energy, collision gas composition, and pressure can be optimized
to control the fragmentation process and enhance the selectivity and sensitivity of the analysis.

As for this project, collisional induced dissociation occurs in the same region as the IMR but rather
than putting in neutral formate, Argon gas is introduced, which will collide with the precursor ion
and depending on collision energy, the precursor can fragment leading to product ions. These

product ions are then analyzed by the last quadrupole analyzer [40].
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Figure 2.4: Schematic diagram of collision-induced dissociation (CID) using the proton-bound

methyl formate/water complex (m/z 79) as an example.

2.3. Magnetic Sector Mass Spectrometry

2.3.1. Electron ionization

Electron ionization (EI) in mass spectrometry operates by generating electrons through the
application of current to a wire filament. The intensity of the current dictates the number of
electrons emitted. These electrons are then accelerated by an electric field, forming a high-energy
beam (Figure 2.5). As an analyte molecule traverses this electron beam, a valence shell electron

can be dislodged, resulting in the formation of a cation. Unlike processes dependent on molecular
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structure, such as electron capture, El induces ionization by ejecting a valence electron from the
analyte molecule. The fast-moving electron, passing close to the molecule, disrupts the electron
cloud around it, transferring kinetic energy. Sufficient energy transfer prompts the molecule to
expel a valence electron, forming a radical cation (M**) as shown in Equation 2.2. With an electron
acceleration of 70V, 70 eV EI induces significant fragmentation due to the considerable energy
involved.
M+e — M"™+2¢e (2.2)

As a result of ionization, positively charged ions are formed. These ions can be of various types,
depending on the target material and the conditions of the ionization process. Once the ions are
formed, they can be extracted from the ion source and accelerated into a mass spectrometer for

analysis.

Electron Trap

Sample I | Acceleration Field

N N
@
o ©
e- (@) ®
o lons - @
Repeller Plate O ® @ To Analyzer
- e_
e_
e ]
'I-nti'-ui‘.l'\ =
T
Filament
6-8 kV

Figure 2.5: Schematic representation of electron ionization.
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The speed of this acceleration corresponds to the energy difference between the housing and a
grounded plate located just outside. The energy levels employed for this acceleration process are
selectively chosen from 6, 7, or 8 kilovolts (kV) depending on the desired timescale for the

experiment [41].

2.3.2.  Double Focusing Magnetic Sector Mass Spectrometer and the

MIKES Experiment

A modified VG-ZAB mass spectrometer has been employed for the investigation of all

chloroformates. A schematic representation of how it operates is provided in Figure 2.6.
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Figure 2.6: Schematic representation of modified VG-ZAB instrument.

A gas chromatography syringe is used to introduce approximately 10 pL of liquid sample into a
steel reservoir heated to 100°C, via a septum inlet. The resulting vapor is then transferred to the
ion source through a glass capillary inlet heated to 110°C. The pressure in the ion source, measured
with an ionization gauge at the top of the turbo pump, typically reads 5 x 10 mbar, with the

pressure in the source itself being at least 100 times higher. To increase the pressure reading to
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10 mbar, methanol is then introduced in the same manner in the ion source, undergoes electron
ionization due to its higher abundance, leading to ion-molecule reactions and resulting mass
spectral signals. The ions are then accelerated to 8 keV, pass through a field free region (FFR 1)
before entering the magnetic sector where they are separated according to mass-to-charge ratio
(m/z) and the ion of choice can be selected based on its momentum using the magnetic field (Figure

2.6) [42].

The magnetic sector comprises two electromagnets with a gap between them through which ions
travel (Figure 2.7). These electromagnets generate a magnetic field between them, facilitating the
separation of ions based on their momentum. The relationship between the ion's momentum (mv)
and the magnetic field is defined by the formula:
mv = rBze (2.3)

Here, mv is the ion's momentum (m=mass and v=velocity), r is the radius of curvature of the
magnetic sector (a constant value), B is the magnetic field, z is the ion's charge, and e is the
elementary charge. The fixed radius implies that the only adjustable parameter is the magnetic
field. By knowing the momentum of the desired ion, it becomes possible to set the magnetic field

at a level that allows only the targeted ion to successfully traverse the curved trajectory [43].

Additionally, the ion's velocity is linked to the acceleration voltage (V) through a relationship
which can be expressed as:

zeV = ¥ mv? (2.4)
The mass-to-charge ratio (m/z) for the chosen ions can be determined by combining equations

(2.3) and (2.4):

25



B2r2e
2v

m/z = (2.5)

The selected ions progress through 2FFR where metastable ions dissociate; that is, those with
enough internal energy to do so on the microsecond timescale (with rate constants between 103
and 10° s1) [44].
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lons from the El
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Figure 2.7: Diagram illustrating the magnetic sector and its functionality in the context of mass

selection.

Moving on to the next components of the sector instrument, which are electrostatic analyzers
(ESA) 1 and 2. These ESAs sectors consist of two curved metal plates with a constant gap between

them (Figure 2.8).
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Figure 2.8: Diagram illustrating the electrostatic analyzer and its functionality.

The ions are then subjected to varying potentials on each plate, leading to the generation of an
electric field across the gap. This electric field serves to separate the ions based on their kinetic
energy. The separation process is governed by the following equation:
% mv? = zeV = % zeEr (2.6)
Here, E represents the electric field. The equation can be rearranged to characterize the ion based
on its mass-to-charge ratio (m/z):
m/z =—- 2.7)

The electric field can be configured in two ways: as a constant field, transforming the Electrostatic
Analyzer (ESA) into a mass selector, or as a variable field, enabling it to function as a mass filter.
The sector instrument's final component is the detector. In the VG-ZAB instrument, a

photomultiplier detector, illustrated in Figure 2.9, is utilized.
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Figure 2.9: Diagram of a Photomultiplier Detector.

The ions undergo collisions with the conversion dynode, leading to the release of an electron.
Subsequently, this electron then interacts with the scintillator material, which absorbs the energy
of the electron and re-emits it as photons. The photon then travels to a photomultiplier, where the
signal undergoes amplification through multiple dynodes. The processed electrical signal is then

passed on to the data acquisition system of the mass spectrometer, where it is digitized and
recorded. The recorded signal represents the intensity of the emitted photons, which in turn
correlates with the abundance of ions reaching the detector. The recorded data is analyzed to

generate a mass spectrum, which displays the intensity of ions detected at different mass-to-

charge ratios (m/z).
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2.4. Computational Methods

2.4.1.  Density Functional Theory (DFT) Calculations

Density Functional Theory (DFT) is a computational quantum mechanical modeling method used
in physics, chemistry, and materials science to investigate the electronic structure of many-body
systems, especially the ground state. Unlike traditional quantum mechanical methods, which solve
the many-body Schrodinger equation directly, DFT employs the Kohn-Sham approach [45], which
were formulated by Walter Kohn and Lu Sham in 1965, reduces the problem to a set of single-
particle equations. The Kohn-Sham equations are a set of equations derived from the Hohenberg-
Kohn theorems, which establish the one-to-one correspondence between the ground-state electron
density and the external potential of a system,
Hgsi(r) = €;(r) (2.8)

where Fs is the Kohn-Sham Hamiltonian operator, i(r) are the Kohn-Sham orbitals, and i are
the corresponding eigenvalues, representing the orbital energies. The Kohn-Sham Hamiltonian
consists of Kinetic energy, electron-electron repulsion, and an effective potential term, which

depends on the electron density.

These equations represent non-interacting electrons moving in an effective potential, which
includes the external potential due to atomic nuclei and the effective potential due to electron-
electron interactions. The central idea of DFT is to describe the ground state electronic density of
a system rather than the wavefunction of individual electrons, significantly reducing the
computational complexity compared to traditional wavefunction-based methods. By focusing on

the electron density, DFT calculations become computationally more efficient, making it feasible
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to study systems with hundreds or thousands of atoms. Despite its simplifications, DFT has proven
to be accurate for a wide range of molecular and condensed matter systems, making it one of the

most widely used methods in theoretical chemistry and physics [46,47].

DFT provides valuable insights into molecular structures through a gradient search process. Initial
guesses of energy are refined through small adjustments in geometry until an optimized structure
within an energy minimum is achieved. This can be a local or global minimum on the potential
energy surface (PES), indicating stable geometries. Transition states, crucial in understanding
reactions, are defined as saddle points on the PES, being maxima along the reaction coordinate but

minima in all other directions [48].

To determine the accurate energy associated with optimized structures, the zero-point energy
(ZPE) (the minimum energy of molecular vibrations) is added to the electronic energy.[46] This
real minimum energy is vital for calculating reaction energies, such as dissociation energy (AE)

and ionization energy (IE).

Vibrational frequencies are computed by first determining the potential energy surface (harmonic
oscillator model) and then using the Hessian matrix (the second derivative matrix) of the PES at
equilibrium. However, in reality, molecular vibrations can exhibit anharmonic behavior, meaning
that the potential energy surface is not perfectly quadratic and can deviate from harmonic behavior.
The number of frequencies is determined by the molecule's degrees of freedom, with translational
and rotational degrees subtracted (3N — 6 for non-linear, 3N — 5 for linear molecules).

Experimental frequencies are typically lower, requiring scaling based on empirical factors [49].
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Imaginary frequencies in critical frequencies signify transition states, as restorative forces are

lacking in those vibrations.

Rotational constants, derived from Density Functional Theory (DFT) calculations, are
fundamental parameters used to characterize the rotational motion of molecules. They represent
the rotational energy levels of a molecule and are determined by solving the rigid rotor Schrédinger
equation, which describes the rotational motion of a molecule as a simple quantum mechanical
system.

Geometry optimizations and harmonic vibrational frequency calculations of all species and
transition states were conducted using the Gaussian 16 package.[50] In this study, the B3LYP/6-
31+G(d,p) level of theory was used since it provides a good balance between a complete basis set
and computational efficiency and is used for geometry optimizations as a result. Transition states
were confirmed with the intrinsic reaction coordinate (IRC) protocol [51]. Zero-point vibrational
energy ZPE correction is included for all calculated energies. To confirm the link between local
minima or transition state, harmonic vibrational frequencies were calculated. CBS-QB3 single-

point energy calculations have also been performed for all structures to improve accuracy.[50]

2.4.2.  Rice—-Ramsperger—Kassel-Marcus (RRKM) theory

The foundational framework for comprehending the rates of unimolecular reactions was primarily
formulated in the first half of the twentieth century [52]. The Lindemann—Hinshelwood mechanism,
introduced in 1922 by Lindemann and later refined by Hinshelwood, suggested that gas-phase
unimolecular reactions initiate through bimolecular collisions [53]. This formulation enabled the
calculation of reaction rates as a function of internal energy, irrespective of the activation method.

In the subsequent decade, Rice and Ramsperger, alongside Kassel independently, enhanced this

31



model, resulting in the Rice—-Ramsperger—Kassel (RRK) model [54,55]. The RRK model treated
the molecule as a system of identical harmonic oscillators and introduced the concept of activation
energy, stipulating that specific modes of motion must accumulate sufficient energy for the
reaction to proceed. In 1952, Rice and Marcus expanded this into the Rice-Rampsberger—Kassel—-
Marcus theory (RRKM), incorporating a more comprehensive quantum mechanical description
and introducing the concept of the transition state [56]. The RRKM model, which calculates
reaction rates based on these computed structures, continues to be the prevailing scientific
framework for understanding unimolecular chemical kinetics.

This thesis focuses on discussing unimolecular dissociation reactions, specifically those following

the type:

aSasp 2.9)
where A* represents an excited molecule, k is the rate constant for dissociation, A? is the transition
state (TS) of A, and P denotes the dissociation products [57]. DFT (Density Functional Theory) is
employed to compute optimized and transition state structures, allowing for correlation with

experimental results.

Chemical transformations involve breaking bonds in reactants and forming new bonds in products.
The potential energy associated with these changes defines an n-dimensional potential energy
surface (PES), where n is the number of atoms. The reaction pathway is a one-dimensional section
of the PES comprising the precursor, intermediates, transition states, and products of a specific
reaction. Reactants and intermediates correspond to minima, while transition states are located at

maxima along the reaction pathway [58].
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The reaction rate hinges on the probability of the molecule adopting conformations along the
reaction pathway, which, in turn, relies on the probability of sufficient energy being distributed
into the necessary modes of motion. RRKM theory is noteworthy for incorporating Transition
State Theory (TST), assuming that once the reaction reaches the transition state or dividing surface,
it will inevitably proceed to form products, and internal vibrational energy redistribution (IVR) is
fast compared to the reaction timescale [59]. Under these constraints, the RRKM microcanonical

rate constant [60,61], k(E), is expressed as:

oN¥(E-Ey)

k(E) = hp(E)

(2.10)

where E is the internal energy of the system, Eo is the OK activation energy for the reaction,
N*(E—Eo) is the sum of internal states of the transition state at an internal energy from Eo to E, p(E)
is the density of states of the precursor at an internal energy E, h is Planck’s constant, and ¢ is the
degeneracy of the reaction pathway [54-56]. A state is defined as any unique vibrational
configuration determining the internal energy of the molecule. The sum of states, N(E), is the total
number of states within a specific energy range.[58] The density of states is the number of states
per energy level and is expressed in units of inverse energy (E'), while the sum of states is
dimensionless. Thus, the microcanonical rate constant has units of s. N*(E—Eo) and p(E) can be
computed based on DFT-calculated structures for the precursor, considering vibrational

frequencies and rotational constants, using the Beyer and Swinehart direct count algorithm.

For nonlinear polyatomic molecules, there are 3n-6 vibrational frequencies, and for the
corresponding transition state, there are 3n-7 vibrational frequencies. The values of these
frequencies, typically ranging from 50-3500 cm, dictate how internal energy is distributed in the

molecule. The calculation of the sum and density of states depends on these frequencies, which
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can be measured or obtained from standard data tables. However, for transition states, these values

must be estimated or, more commonly, calculated using theoretical packages.
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CHAPTER 3. THE INTERACTION OF METHYL
FORMATE WITH PROTON-BOUND SOLVENT
CLUSTERS IN THE GAS PHASE AND THE
UNIMOLECULAR CHEMISTRY OF THE
REACTION PRODUCTS

Published as Diedhiou, Malick & Mayer, Paul M. (2023). The Interaction of Methyl Formate with
Proton-Bound Solvent Clusters in the Gas Phase and the Unimolecular Chemistry of the Reaction

Products. Applied Sciences, 13, 1339. doi:org/10.3390/app13031339.

3.1. Introduction

Volatile organic carbon (VOC) compounds in the atmosphere play a role in climate change, human
and animal health, and oxidation capacity [62]. The results obtained from a 2020 study measuring
the concentrations of various VOCs in Burnaby South and Port Moody (part of Greater Vancouver)
and analyzing the factors contributing to their production showed that fuel combustion, natural
gas, industrial solvents, and fugitive industrial, and biogenic emissions, are the main sources that

contribute to all VOC emissions [63].

Methyl formate is a small ester derived from formic acid or formate. It can undergo a series of
reactions in the troposphere initiated by the hydroxy radical and other atmospheric radicals [64]. In
oxygenated fuels such as dimethyl ether and dimethoxy methane, which are two of the fuels that

have been suggested as alternatives to conventional diesel fuel [65-67], methyl formate represents
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the major intermediate formed in their oxidation. It has also been shown to interact with
atmospheric water [68]. The mechanisms for organic molecule incorporation into water clusters
include switching, association, and proton transfer [65]. When formates interact with water
molecules, the carbonyl group leads to further hydrogen bonding interactions. The shape and
bonding strength of the cluster is altered, making it more stable overall. These findings make it
clear that organic esters like formates play a role in nucleation processes due to their ability to
share intermolecular interactions with water [69,70]. lon—-molecule reactions are one method for
exploring the reaction between formates and water clusters [71]. Proton-bound water clusters are
widely used as reactant ions for the analysis of volatile organic compounds through mass
spectrometry [72]. Also, it is quite common to produce protonated analyte molecules using proton-
bound water clusters [73,74]. Herein, we present details of ion—molecule reactions between proton-
bound solvent clusters of water, methanol and ethanol with neutral methyl formate in the gas phase.
Reaction products have been further explored with collision-energy resolved tandem mass

spectrometry to understand their unimolecular chemistry.

3.2. Materials and Methods

Water, methanol, ethanol, and methyl formate were purchased from Sigma Aldrich (Sigma-

Aldrich, Oakville, Ontario, CA) and used without further purification.

3.2.1. Tandem Mass Spectrometry

A Micromass Quattro Ultima triple quadrupole mass spectrometer running the MassLynx software
package equipped with an electrospray ionization (ESI) source in a Z-spray configuration was used

for all the experiments described herein. lonic clusterswere generated by electrospray ionization
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of solutions of each solvent with 0.1% formic acid delivered by a syringe pump at a rate of 50
uL/min. The capillary voltage was typically set to 3.5 kV but was adjusted to optimize ion yield.
Nitrogen was used as the nebulizer gas with a flow rate of 100 L/hour. The source and desolvation
gas temperatures were held at 100 and 150 °C, respectively. The desired proton-bound cluster ion
was mass-selected with the first quadrupole and transmitted to the collision cell where it interacted
with methyl formate vapour introduced by a variable leak Granville-Phillips valve [75]. The
voltage at the entrance and exit of the collision cell was set at 50 V to provide an extraction voltage
for the derived reaction products, which were mass-analyzed with the second quadrupole and

detected with a continuous dynode electron multiplier.

Collision-induced dissociation (CID) experiments were carried out by first forming the desired ion
in the electrospray source from a 1 mg/mL solution of methyl formate in the solvent, mass selecting
it with the first quadrupole, and performing collisions with argon target gas in the collision cell as
a function of lab frame collision energy (generally between 0 and 26 eV for all the CID

experiments) [76].

3.2.2.  Computational Methods

All calculations were carried out using the GAUSSIAN 16 suite of programs [51]. Structures were
optimized using the B3LYP density functional method with the 6-311+G(d,p) basis set [77,78].
Transition states were confirmed by the intrinsic reaction coordinate method in GAUSSIAN. Rice-
Ramsperger-Kassel-Marcus (RRKM) theory was applied to calculate k(E) according to the
following equation [60,79]:

oN*(E—Ey)

k(E) = hp(E)

(3.1)
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where o represents the reaction degeneracy, h is Planck’s constant, N*(E — E,) is the number of
internal states for the transition state at internal energy (E — E;) and p(E) is the density of states
for the reactant ion at internal energy (E) as calculated via the Beyer and Swinehart direct count
algorithm [80]. Our previous work modeling energy-resolved CID data employed a simple model
in which the post-collision ions are assigned an effective temperature depending on the centre-of-
mass collision energy, and thus a “thermal” internal energy distribution, according to the
relationship:
Teft = Ti + aEcom (3.2)

where T; represents the initial temperature (300 K in the current study) and o describes the
relationship between the centre-of-mass collision energy (Ecom) and the increase in the effective
temperature (Tefr). This assumption limits the model to a purely semi-quantitative one for

comparisons of related systems [81,82].

3.3. Results

3.3.1.  Solvent Cluster lon / Methyl Formate Reactions

Representative mass spectra resulting from the ion-molecule reactions R1-R5 of proton-bound
solvent clusters and neutral methyl formate (MF) are shown in Figure 3.1. Water = W, methanol

= M, ethanol = E, and methyl formate = MF.
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Figure 3.1: Representative mass spectra of neutral methyl formate reacting with a) water dimer

ion (m/z 37, R1), b) water trimer ion (m/z 55, R2), ¢) methanol dimer ion (m/z 65, R3), d) ethanol

dimer ion (m/z 93, R4), and e) ethanol trimer ion (m/z 139, R5).

The mass spectra recorded from the reaction between methyl formate and water dimer ion (R1)

showed several peaks: m/z 79, which represent the proton-bound water-methyl formate complex;

m/z 61, which would nominally be protonated methyl formate, and m/z 19 ion due to WH*. The

overall reaction scheme is summarized in Figure 3.2a at the B3LYP/6-311+G(d,p) level of theory.

Formation of the encounter complex is exothermic by 1.31 eV, and the resulting loss of W

exothermic by 0.53 eV (relative to the reactants), which means the encounter complex is not
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observed in the experiment. Based on the relative energies, WH* is most likely to arise from the
dissociation of the initial (W)H*complex, as it would not be competitive to generate it from

MF(W)H*.

Similar peaks are observed in the ion-molecule reaction with the proton-bound water trimers ion
(m/z 55) and from all of the solvent cluster ion reactions, Figures 3.1. In each case the initial
encounter complex is not observed because the low binding-energy (Figure 3.2) results in a high
enough rate constant for dissociation that there is not enough time or pressure to collisionally-
stabilize the complex. Evident from the computational results summarized in Figure 3.2 is that
the highest binding energy encounter complex is MF(E).H", 0.89 eV, but this is still not enough
to allow it to be observed. RRKM calculations were performed for the solvent loss reaction from
each encounter complex and the resulting k(E) vs E curves are compared in Figure S3.1. For
example, the calculated dissociation energy for the MF(W)2H* complex is 0.78 eV. The rate
constant for the dissociation is greater than 1 x 10° s only 0.2 eV above this threshold. In a
thermal system, the encounter complexes have an internal energy distribution that extends to
between 0.60 and 1.00 eV (Figure S3.2), which means that they would be stable species at

atmospheric pressure.
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Figure 3.2: Relative energy (B3LYP/6-311+G(d,p)) of the major product ions resulting from the
reaction between neutral methyl formate with a) the water cluster dimer and b) the water cluster

trimer, ¢) the methanol dimer, d) the ethanol dimer and e) the ethanol trimer.

Also observed in the reactive mass spectra, aside from those shown in Figure 3.2 are secondary
reactions of protonated MF and dissociation products of the solvent cluster ions themselves (Table

$3.1).
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3.3.2. Unimolecular Reactions of Proton-Bound Solvent-MF clusters

The most common primary reaction products discussed above are the proton-bound complexes
between MF and a solvent molecule. We were able to independently generate MF(W)H?,
MF(M)H*, MF(E)H", MF(M)2H", MF(E)2H", and MF(E)3H" in the electrospray source and obtain
CID breakdown curves for each. They are shown in Figures 3.3 and 3.4 along with initial
assignments. A common dissociation product is protonated methyl formate as expected from the
ion-molecule reaction results in Figure 3.1. We have previously investigated the unimolecular
chemistry of MFH" and it leads to the formation of m/z 33 (loss of CO to form protonated
methanol) [83]. In the case of MF(M)H* a competing loss of CHa is observed, which could form
either a proton-bound complex between M and CO,, M(CO2)H*, or MF and OH, MF(OH)*. For
MF(E)H*, the similarity in the proton affinity (PA) of MF and E (782.5 kJ mol™?) and (776.4 kJ
mol?, respectively) [84] leads to competing cleavage of both sides of the hydrogen bond, Figure

3.3c.

The MF(M)2H" cluster ion dissociates by sequential loss of both M molecules. A minor channel
involves the loss of MF from the initially formed MF(M)H+ product ion, Figure 3.4a. As was
observed with the MF(E)H™ dimer ion, the MF(E)H" trimer ion exhibits competitive loss of E and

MF, with the tetrameric MF(E)sH" ion undergoing sequential E loss.

Evident from the breakdown curves is that these cluster ions undergo facile decomposition. In

each case (except MF(E)2H") there is significant dissociation between 0 and 0.5 eV Ecom. Thus,

even under the high-pressure limit of 1 atm, these ions can decompose.
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The primary unimolecular reaction of these complexes is simple dissociation of a hydrogen bond.
Relaxed potential energy scans of this dissociation for two examples, MF(W)H" and MF(E)sH",
were carried out to explore the potential for reverse activation barriers due to the possible structural
rearrangement of the complexes, Figure 3.5. Evident from both scans is that these encounter
complexes can easily fragment without a reverse barrier, which means the relative product energies
in Figure 3.2 direct the relative abundance of the competing reactions.
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Figure 3.5: relaxed potential energy scan of the dissociation of MFWH* and MF(E)sH™ at the

B3LYP/6-311+G(d,p) level of theory.
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Unique among the clusters is MF(M)H*, which undergoes a loss of CHa. This reaction was
explored computationally, and the reaction pathway is shown in Figure 3.6 in comparison to the
simple loss of methanol (and subsequent dissociation of MFH™). The MF methyl group first pulls
away from the complex leading to the TS at 1.98 eV. It then interacts with the carbon H atom on
the central HOC(H)O moiety leading to a molecule of methane. Due to the low binding affinity
of the methane to the resulting ionic complex, it is very mobile and can wander the skeleton. The
methane complex shown in Figure 3.6 at -0.49 eV only has a binding energy of 0.2 eV. The
competing loss of methanol via a barrierless H-bond cleavage results in MFH*, which is due to the
higher proton affinity of methyl formate (782.5 kJ mol™) compared to methanol (754.3 kJ mol™)
[25], having an energy requirement of 1.25 eV. The MFH* then dissociates by loss of CO [83]. The
barrier heights to CH4 loss vs M loss are consistent with the breakdown diagram that shows M loss

to be the lower energy-threshold pathway.
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Figure 3.6: B3LYP/6-311+G(d,p) minimum energy reaction pathways surface for the dissociation

of MF(M)H™ (m/z 93).
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The breakdown diagrams in Figures 3.3 and 3.4 were modeled with the approach outlined in the
computational procedures that is based on assigning an internal temperature to the post-collisions
ions, followed by adjusting the RRKM rate constant for each unimolecular reaction. The results
are shown in Figure S3.3. As anticipated from the model, the results are not in quantitative
agreement with the reaction energies in Figure 3.2, but there are qualitative comparisons. In the
case of the competing methane loss channel from MF(M)H™ (Figure 3.6), the modeled difference
in Eo for the two reactions is 0.32 eV, compared to the calculated difference of 0.73 eV. As
expected, the RRKM estimated difference in Eo for competing MF and E loss from MF(E)H" is ~
3 kJ mol compared to the difference in proton affinity of MF and E of 6 kJ mol™. For the trimeric
precusor ions, the RRKM estimated Eo values for the dissociation channels are in much better

agreement with the theoretical estimates in Figure 3.2. The results are summarized in Table 1.

Table 3.1: Comparison of the RRKM estimated reaction energies! (Figure S3.3) with those

calculated values shown in Figure 3.2.

RRKM Theoretical

Reaction
Eo Eo
MF(W)H" — MFH* + W 0.34 0.94
MF(M)H* — MFH" + M
L, M(COQH* + 0.58 1.25
CHa 0.90 1.98
MF(E)H* — MFH*+ E 0.53 1.21
S EH + ME 0.56 1.49
ME(M)zH* — MEM)H* + M 8';; g'gg
— (M)H" + MF ' '
MFERH - MEEH e 087 08
— (E)2H" + MF ' '
0.64 0.56

MF(E)sH* — MF(E),H* + E

L Values listed in eV.
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3.4. Conclusions

lon molecule reactions between methyl formate and proton-bound solvent clusters of water,
methanol and ethanol demonstrate that the primary reaction product is the formation of protonated
methyl formate due to its higher proton affinity than water, methanol, and ethanol. Loss of a
solvent molecule from the encounter complex occurs in a barrierless reaction in all cases. In a
higher energy, minor reaction, the complex between methyl formate and methanol also undergoes
loss of methane which forms a proton-bound complex between methanol and CO,. The results
support the conclusion that when methyl formate interacts with atmospheric water, the encounter
complexes (which were not observed in this experiment due to the low pressure in the reaction
chamber) should be moderately stable at high (atmospheric) pressure as demonstrated by their
calculated internal energy distributions. Protonated methyl formate will result, which can then

undergo loss of CO [83].
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3.5. Appendix

Table S3.1: Additional reactions observed in the ion-molecule reactions explored in this study.

Energies calculated at the B3LYP/6-311+G(d,p) level of theory.

(W)sH* (m/z 55) — (W)2H* (m/z 37) + W AE= 0.95 eV
(MF)H* (m/z 61) + MF (m/z 60) — (MF)2H*(m/z 121) AE=-1.34 eV
(MF)H* (m/z 121) + E (m/z 46) — (MF)2(E)H* (m/z 167) AE=-0.86 eV
(E)sH* (m/z 139) — (E)H* (m/z 93) + E AE=0.83 eV
MF(W),H* MF(W);H*
1.00E+12 1.00E+12
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Figure S3.1: RRKM k(E) vs E curves for the dissociation of the ion-molecule encounter

complexes.
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Figure S3.3: RRKM modeled breakdown curves for reactions in Figures 3.3 and 3.4. To

accommodate the model, sequential reactions (such as loss of H.O from m/z 33 in Figure 3.3a)

were summed into the primary product ion abundance.
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CHAPTER 4. ON THE GAS-PHASE
INTERACTIONS OF ALKYL AND PHENYL
FORMATES WITH WATER: ION-MOLECULE
REACTIONS WITH PROTON-BOUND WATER
CLUSTERS

Published as Diedhiou, Malick & Mayer, Paul M. (2023). On the Gas-Phase Interactions of Alkyl
and Phenyl Formates with Water: lon-Molecule Reactions with Proton-Bound Water Clusters.

Molecules, 28, 4431 (11 pages). doi:org/10.3390/molecules28114431.

4.1. Introduction

Small water clusters are believed to play a crucial role in the catalysis of atmospheric chemical
reactions [85]. Studies have shown that clusters of different sizes (Whn, where n represents the
number of water molecules in the cluster) can interconvert through fast equilibration [3,10]. The
ability of water molecules to act both as hydrogen bond donors and acceptors allows water clusters
in the atmosphere to catalyze a plethora of chemical reactions by stabilizing intermediates and
reducing transition state free energies. These reactive species are responsible for downstream
atmospheric reactions such as the oxidation of reactive organic carbon (ROC) and volatile organic

carbon (VOC) [86,87].
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ROCs and VOCs are chemicals released from industrial processes or generated from the burning of
fossil fuels and are known contributors to atmospheric pollution. However, the specific
contributions of various ROC and VOC species, and the factors affecting their concentrations, are
still not yet fully understood [63,88]. Generally, VOCs are known to be important carcinogens and
important gaseous precursors in the photochemical generation of ozone in the troposphere. The
importance of VOCs in the atmosphere and their ability to affect climate change, their health
effects, and oxidation capacity has already been discussed and studied extensively [89]. Cluster
ions containing water and small ROCs and VOCs have been an area of interest in atmospheric

chemistry for over 30 years [18,90].

Formates compounds are known to be one of the most abundant oxygen-rich species in the
atmosphere. Known sources of these species include industrial solvents, biogenic sources,
secondary oxidation, biomass burning, and vehicle exhaust (incomplete combustion and fuel
additives) [24,91-93]. After being emitted, formate-derived esters can undergo a range of chemical
reactions in the atmosphere, including a series of oxidation reactions in the troposphere initiated
by oxidants, notably the hydroxyl radical [29,64,83,94-96]. The nature of the water cluster,
specifically its hydrogen-bonding, allows the prediction that the reaction between a water cluster
and a ROC species should involve three main steps: the formation of the pre-reactive complex
(RC), formation of the product complex (PC), and lastly dissociation to ultimately form a

protonated ROC [97].
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Herein, we aimed to explore the interaction of a series of atmospherically relevant formates, ethyl
formate (EF), isopropyl formate (IF), tertbutyl formate (TF) and phenyl formate (PF), with proton-
bound water clusters (H20)H* and (H2O)sH"* using reactive tandem mass spectrometry. The
unimolecular dissociation pathways for some of the generated reactive complexes were explored
experimentally with collision-induced dissociation (CID) mass spectrometry and computationally

with density functional theory.

4.2. Experimental Procedures

4.2.1. Chemicals

Water, ethyl formate, isopropyl formate, t-butyl formate and phenyl formate were purchased from

Sigma Aldrich (Sigma-Aldrich, Oakville, Ontario, CA) and used without further purification.

4.2.2. Tandem Mass Spectrometry

All the studies reported herein was performed using a Micromass Quattro Ultima triple quadrupole
mass spectrometer running the MassLynx software system and outfitted with an electrospray
ionisation (ESI) source in a Z-spray configuration. For ion-molecule reactions, proton-bound water
clusters (H20).H" and (H20)3H" were generated in the electrospray source by delivering to the
electrospray probe pure water (W6-1 Water, LOT 222746) with a syringe pump at a flow rate
50 uL/min. The capillary voltage was typically set to 3.5 kV but was adjusted to optimize ion yield.
Nitrogen was used as the nebulizer gas with a flow rate of 100 L/hour. The source and desolvation
gas temperatures were held at 120 and 150 °C, respectively. The desired proton-bound water
cluster ion was mass-selected with the first quadrupole and transferred to the collision cell where

it interacted with the chosen formate vapour introduced via a variable leak Granville-Phillips valve
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[75]. The voltage at the entrance and exit of the collision cell was set at 50 V to give an extraction
voltage for the derived reaction products, which were analyzed with the second quadrupole and
continuous dynode electron multiplier detector. The resolution for both mass-selecting

quadrupoles was set in the software to 17 yielding baseline resolution of neighbouring masses.

Collision-induced dissociation (CID) experiments were carried out by first creating the desired
ions in the electrospray source from a 1 pL/mL solution of formate in water. The ion of interest
was mass selected with the first quadrupole and transmitted to the collision cell where it underwent
collisions with argon target gas as a function of lab frame collision energy, ErLag (generally
between 0 and 30 eV, in 1 eV increments, for all the CID experiments). The argon target gas was
kept at a pressure reading of 9.26 x 10 mbar. For these experiments, the entry and exit potentials
of the collision cell were set to 0 V so that the lab frame collision energy better reflected the actual
translational energy of the ions. Products of the CID process were determined by scanning the last
quadrupole [98]. Data was processed into breakdown curves by plotting the relative peak
abundance in each mass spectrum as a function of centre-of-mass collision energy, Ecom. The

latter was derived from the standard equation [98].

Ecom = ELAB( 2 ) (4.1)

myr+m;

Where ma, is the mass of argon and m; is the mass of the colliding ion.

4.2.3.  Computational Methods

The GAUSSIAN 16 software package was used for all calculations [51]. The B3LYP hybrid

density functional was employed along with the 6-311+G(d,p) basis set for all equilibrium
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geometry optimisations, harmonic vibrational frequency calculations and transition state
optimisations [77,78]. The intrinsic reaction coordinate approach in GAUSSIAN was used to
confirm all the transition states. Kinetics calculations employed the standard Rice-Ramsperger-

Kassel-Marcus (RRKM) equation for the microcanonical rate constant, k(E) [60,79].

oN*(E—Ey)

k(E) = hp(E)

(4.2)

where o represents the reaction degeneracy, h is Planck’s constant, N*(E — E,) is the number of
internal states for the transition state at internal energy (E — E;) and p(E) is the density of states
for the reactant ion at internal energy (E) as calculated via the Beyer and Swinehart direct count
algorithm [80]. For the qualitative comparisons in this study, vibrational sums and densities of
states were employed in the RRKM calculations in the harmonic approximation. Once the RRKM
k(E) rate curves were obtained, branching ratios were calculated as a function of centre-of-mass
collision energy. Our previous work modeling energy-resolved CID data employed a simple
model in which the post-collision ions are assigned an effective temperature depending on the
centre-of-mass collision energy, and thus a “thermal” internal energy distribution, according to the
relationship:
Tetf = Ti + a Ecom (4.3)

where T represents the initial temperature (300 K in the current study) and « describes the
relationship between the centre-of-mass collision energy (Ecom) and the increase in the effective
temperature (Tefrr). This assumption limits the model to a purely semi-quantitative one for

comparisons of related systems only [81,82].
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4.3. Results and Discussion

4.3.1. Water Cluster lon / Formate Reactions

Figures 4.1 and 4.2 display representative mass spectra from ion-molecule reactions R1-R8
between proton-bound water clusters (dimers and trimers) and neutral ethyl, isopropyl, t-butyl and
phenyl formate. Water = W, ethyl formate = EF, isopropyl formate = IF, t-butyl formate = TF and
phenyl formate = PF.
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Figure 4.1: Representative mass spectra of water dimer ion (m/z 37, highlighted with the *)
reacting with neutral a) EF (74 Da, R1), b) IF (88 Da, R2), c) TF (102 Da, R3), d) and PF (122

Da, R4).
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Figure 4.2: Representative mass spectra of water trimer ion (m/z 55, highlighted with the *)

reacting with neutral a) EF (74 Da, R5), b) IF (88 Da, R6), ¢) TF (102 Da, R7), and d) PF (122

Da, R8).

The mass spectra from the reaction between water dimer ions and ethyl formate (R1) revealed

multiple peaks, including m/z 93, which is the proton-bound water-ethyl formate complex;

m/z 75, which would nominally be protonated EF; and m/z 149 representing the proton-bound EF

dimer, (EF);H". The observation of protonated formate and the proton-bound formate-water

complex was common to all reactions. For TF, also observed was m/z 57, which is likely the

t-butyl cation, a known fragment of protonated TF [83]. Interestingly, another abundant fragment

of TFH*, m/z 71 (TFH"* - CH3OH) was not observed. The relative energy of the reaction products

for the formation and dissociation of the encounter complexes were calculated at the B3LYP/6-

311+G(d,p) level of theory and are shown in Figure 4.3.
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The encounter complexes are not visible in the experiment because their formation is exothermic
by 1.40 eV, 1.48 eV, 1.36 eV and 1.32 eV (for EF, IF, TF and PF, respectively) and the resulting
loss of W is exothermic by 0.66 eV, 0.76 eV, 0.90 eV and 0.57 eV (compared to the reactants),
respectively for EF, IF, TF and PF. According to the relative energies, it is most likely that any
observed WH™ results from the dissociation of the original (W)2H" complex since it would not
compete favourably from EF(W)H" IF(W)H*, TF(W)H" or PF(W)H" due to the low energy for the

loss of water as a neutral molecule.

Similarly, Figure 4.2 shows representative mass spectra resulting from the ion-molecule reactions
of each formate with the proton-bound water trimer ions (m/z 55). The same reaction products are
observed from the trimer as were observed from the reactions with the dimer. In each case the
dominant products are the protonated formate and the proton-bound formate-water complex. For

EF and IF, the proton-bound formate dimer is also observed.
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Figure 4.3: Relative energy (B3LYP/6-311+G(d,p)) of the main product ions from the interaction

of the water dimer ion (m/z 37) with neutral a) EF (R1), b) IF (R2), ¢) TF (R3), d) and PF (R4).
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The predicted dissociation energy for the EF(W).H* and PF(W)3H" encounter complexes are
0.74 eV and 0.61 eV, respectively. The encounter complexes in a thermal system at 300 K exhibit
an internal energy distribution that extend to 1.2 eV (Figure 4.4a, c), indicating that they would
be stable species under atmospheric pressure. In the current experiment, however, the initial
encounter complex is not seen because there is not enough time or pressure to collisionally stabilise
the complex (Figure 4.3 and 4.5) with respect to water loss, which results in a high-rate constant
for dissociation. For both ions (and indeed for all the ions studied here) the rate constant for water
loss from the initially formed reactive complex at the internal energy with which they are formed
are greater than 108 s* (Figure 4b, d). The greatest binding energy encounter complex, PF(W)2H*,
has a 0.75 eV binding energy, as shown by the computational results reported in Figure 4.3,

although this is still insufficient to enable their observation.
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Figure 4.4: Vibrational internal energy distributions at 300 K for the encounter complexes in a)
R1 and ¢) R8 and the RRKM K(E) vs E curves for the dissociation of the corresponding ion-

molecule encounter complexes (b, d).
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It appears that the primary reaction sequence once the encounter complex is formed is the

successive loss of water, ultimately forming the protonated formate.

R5 R6
e)s (EF)H*+3W ) 15 ;
(W)H* + EF + W (w),H++ EE + w /131 J(WhH +IF+ W (W), H+ IF + w (IF)H+3W

1 1
0.95 0.95 1.03

0.5 0.5

(W)3H*+ IF

0 (W) H*+ EF (EF)(W)H*+ 2w 0 4

0.5 -0.5 o

-1 4

(EF)W);H" s | (IF)(W);He

-1

-1.5

R8
1.5 » (PF)H*+ 3W

15
h) N
+PF+ ]
8 |wpHreTrew (WL TECW (s 3w 1 | (W) H* +PF+ W (W) He+pEsw /137
0.95

R7

(W);H*+ TF (W);H* + PF

(TF)(W)sH* ] (PF)(W);H
-1.5 -1.5 o

Figure 4.5: Relative energy (B3LYP/6-311+G(d,p)) of the main product ions from the interaction

of water trimer ion (m/z 55) with neutral a) EF (R5), b) IF (R6), c) TF (R7), and d) PF (R8).

4.3.2. Unimolecular Reactions of Proton-Bound Water-Formate Clusters

The proton-bound complexes between EF, IF, TF and PF and a water molecule are the most
prevalent principal reaction products observed in the ion-molecule reactions. The primary
unimolecular reaction of these complexes is simple dissociation of a hydrogen bond as seen
previously for reactions involving methyl formate.[97] In the electrospray source, we were able to
independently produce EF(W)H", IF(W)H*, TF(W)H", PF(W)H" and acquire CID breakdown
curves for each complex (Figure 4.6). According to what was predicted based on the ion-molecule

reaction outcomes in Figures 4.1 and 4.2, protonated ethyl, isopropyl, t-butyl and phenyl formate
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are the common dissociation products, followed by their sequential dissociation as previously

observed [83].
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Figure 4.6: CID breakdown curves of a) P1* = EF(W)H*, b) P2* = IF(W)H*, ¢) Ps* = TR(W)H*

and ¢) P4* = PF(W)H".

EFH" is known to create the CH3CH2OH2" (m/z 47) ion when CO is lost [83]. Similarly, the loss
of CO from PFH", leads to the formation of CeH;O" (m/z 95). This fragmentation is followed by
a sequential loss of H.CO2 to form CeHs* (m/z 77). In the case of IFH*, parallel loss of CsHg and
H>CO: is seen, which results in the formation of H3CO," (m/z 47) and CsH7" (m/z 43), respectively
[83]. The loss of H2CO> from TFH™ results in the C4Ho"(m/z 57) ion. The overall dominance of the

loss of water from the formate-water complex is due to the much larger proton affinities (PA) of
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EF, IF, TF and PF (799.4, 836.6, 841.1 and 793.1 kJ mol™, respectively) compared to that of water
(691 kJ mol™?) [84].

Simple hydrogen bond dissociation is the main initial unimolecular process of these complexes.
The possibility of reverse activation barriers resulting from the potential structural rearrangement
of these complexes was investigated using relaxed potential energy scans of the dissociation for
TF(W)H", IF(W)2H"* and shown as examples in Figure 4.7. All the scans from the water monomer,
dimer and trimer complexes clearly show that these encounter complexes may easily dissociate
without a reverse barrier, which suggests that the relative product energies in Figures 4.3 and 4.5

control the relative abundance of the competing reactions.

The initial dissociation pathways for the four proton-bound formate-water complexes were
modeled with RRKM theory according to the semi-quantitative procedures outlined above. The
results are summarized in Figure 4.8. The outcomes obtained using the model show that the
RRKM predicted Eo values (Figure 4.8) for the dissociation channels are significantly lower than
those derived from the DFT calculations (Figure 4.3). This would suggest that the internal energy
content of the formate-water complex is much higher than we have employed with this model in
the past [82,84,99], leading to greater dissociation. One reason for this could be the inefficient
vibrational energy transfer between these complexes and background gas in the source region of

the instrument.
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Figure 4.7: Relaxed potential energy scan of the dissociation of TF(W)H", IF(W):H" and
PF(W)sH™ at the B3LYP/6-311+G(d,p) level of theory.
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modeling of those primary pathways. The solid line represents the RRKM fit.

4.4. Conclusions

lon-molecule reactions between formates and proton-bound clusters of water demonstrate that the
primary reaction product is the formation of the protonated formate due to its higher proton
affinity. Loss of a water molecule from the encounter complex occurs without a reverse energy
barrier in all cases. The results support the conclusion that when formates interact with
atmospheric water, the encounter complexes, which were not observed in this experiment due to
the low pressure in the reaction chamber, are stable to dissociation under equilibrium conditions.
These encounter complexes can then go on to lose multiple water molecules leaving the protonated

formate.
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4.5. Appendix

«

@

Figure S4.1: Calculated minimum energy structures for (W)2H+ and (W)3H+ at the B3LYP/6-

311+G(d,p) level of theory.
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Table 4.1: Theoretical Energies calculated from Figure 4.3.

Reaction Theoretical Eo (eV)
EF(W)H" — EF(W)H* + W 0.74
— EFH" + 2W 1.01
— WH"+ W + EF 2.22
EF(W)sH* — EF(W)H* + W 0.59
— EF(W)H* + 2W 0.74
— (W)H* + W + EF 1.40
— EFH" + 3W 1.02
IF(W)H" — IF(W)H' + W 0.72
— IFH" + 2W 0.84
— WH"+W + IF 2.32
IF(W)3sH* — IF(W)H* + W 0.56
— IF(W)H* + 2W 0.75
— (W)H* + W + IF 1.48
— IFH" + 3W 0.84
TF(W)H* — TE(W)H* + W 0.46
— TFH" + 2W 0.82
— WH"+W + TF 2.46
TE(W)sH* — TF(W)H* + W 0.51
— TF(W)H* + 2W 0.45
— (W)H*+W + TF 1.35
— TFH' + 3W 0.83
PF(W)2H* — PE(W)H* + W 0.75
— PFH" + 2W 0.99
— WH" + W + PF 2.13
PF(W)sH* — PE(W)H* + W 0.61
— PR(W)H* + 2W 0.75
— (W)H* + W + PF 1.32
— PFH" + 3W 0.99
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CHAPTER 5. THE FATE OF PROTONATED
FORMATES IN THE GAS PHASE

Published as Diedhiou, Malick and Mayer, Paul M. (2021). The Fate of Protonated Formates in

the Gas Phase. J. Phys. Chem. A, 125, 5096-5102. doi:10.1021/acs.jpca.1c03814.

5.1. Introduction

The atmospheric fate of organic acids has not been as extensively studied as that of their inorganic
cousins [100-103]. Organic acids have both anthropogenic and biogenic sources and are linked to
global climate change [104]. A 1989 study aimed to measure the atmospheric levels of organic
acids and determine the sources and sinks of formates, formic acid, and acetic acid [100,105]. The
major contributor to their atmospheric levels was determined to be emissions from mobile sources
(vehicular fuel combustion). Carboxylic acids are known to play important roles in atmospheric
chemistry including reactions with hydroxyl radicals [106]. Proton transfer reactions between
hydroxyl radicals and formic acid, the most abundant carboxylic acid in the troposphere, can lead
to the production of formates [107]. The importance of acid-derived formates and esters in
atmospheric chemistry cannot be understated. After being emitted from fuel additives and
industrial solvents, these species can undergo a vast range of chemical reactions in the atmosphere,
most of which are initiated by oxidation by hydroxyl radicals [108,109]. Formate concentrations in
non-urban precipitation were reported to be 10 to 30 uM [100,110,111]. Khare et al. demonstrated
that wet and dry deposition are both considered to be the main atmospheric sinks for
formates/formic acid (95%) [24]. Formates are also present in cloud water, fog, and dew

(3.2 to 627 uM) [24]. The proposed secondary sources of formates/formic acid (atmospheric
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chemical production) include isoprene photooxidation, aldehyde oxidation by HO: radicals,
ozone-olefin reactions, and gas/aqueous phase oxidation of formaldehyde by hydroxy radicals
[112,113]. Anthropogenic emissions contributing to formic acid and formate levels include biomass
burning and automobile exhaust (incomplete combustion and fuel additives) [114-116]. Biogenic
and other natural sources include direct emission from vegetation, release from soil, and formicine

ants [117,118].

Understanding the atmospheric fate of formates, including their interactions with water clusters
have become recent interests in atmospheric chemistry research [119]. The complexity of the
oxidation reaction pathways of formates shows how starting with a few simple species in the
atmosphere can lead to the propagation and production of a plethora of radicals and products [96].
In 2018, Wu et al. aimed to use computational methods, including statistical rate theory to study
the temperature and pressure dependence of the methyl formate + OH reaction across a broad range
of conditions [94]. The reaction between a formate and a proton source such as water can lead to
proton transfer, which results in the formation of the protonated formate [120]. The reaction can
take place in presence of any proton source such as HCO™ or C;HsOH*. A question that arises is
thus of the chemistry of these now very reactive protonated formates. Herein, we use a
combination of tandem mass spectrometry and computational chemistry to study the unimolecular

reactions of protonated methyl-, ethyl-, isopropyl-, t-butyl-, and phenyl- formate.

5.2. Experimental Procedures

Methyl, ethyl, isopropyl, t-butyl, and phenyl formates were purchased from Sigma Aldrich

(Sigma-Aldrich, Oakville, Ontario, CA) and used without further purification.
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5.2.1. Tandem Mass Spectrometry

Solutions (100ug/ml) in methanol were introduced to the electrospray source (having z-spray
optics) of a Micromass Ultima triple-quadrupole mass spectrometer by syringe pump with a flow
rate of 50ml min™t. Protonated formate ions are selected according to their m/z ratio by the first
quadrupole and passed into the collision cell of the instrument where they undergo collisions with
argon target gas. The product ions are analyzed by the second quadrupole analyzer. A breakdown
diagram is obtained by acquiring collision-induced dissociation (CID) mass spectra as a function
of collision energy and plotting the relative abundance of the precursor and product ions as a
function of the same. To compare the breakdown of different ions, the laboratory-frame collision
energy (Erag) is first converted to centre-of-mass frame (Ecom) to account for the different

efficiencies of collisional-energy transfer, according to equation (5.1):

Ecom = ELAB( A ) (5.1)

my,+my

where ma, is the mass of an argon atom and m is the mass of the ion.

5.2.2.  Computational Methods

All calculations (optimizations and vibrational frequency calculations) were performed with the
GAUSSIAN 16 suite of programs [51] at the B3LYP level using the 6-311+G(d,p) basis set [77,78].
Single-point calculations with the CBS-QB3 composite method [121,122] were used to refine the
energy obtained from the B3LYP level of theory. Intrinsic reaction coordinate calculations were
employed to confirm transition states. Figure 5.1 contains the lowest-energy optimized structures

for the protonated formates.
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Figure 5.1: Global minimum calculated protonated formates at the B3LYP/6-311+G(d,p) level of

theory.

5.3. Results and Discussion

5.3.1. Tandem Mass Spectrometry

Representative CID mass spectra for each protonated formate are shown in Figure 5.2 and the

resulting breakdown curves in Figure 5.3.
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Figure 5.2: Representative CID mass spectra (each at the given E_ag) of protonated a) methyl

formate (1, m/z 61, 25 eV), b) ethyl formate (2, m/z 75, 10 eV), c) isopropyl formate (3, m/z 88,

13 eV), d) t-butyl formate (4, m/z 103, 10 eV) and e) phenyl formate (5, m/z 123, 10 eV).
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Figure 5.3: CID breakdown curves of protonated a) methyl formate (1), b) ethyl formate (2), ¢)

isopropyl formate (3), d) tert-butyl formate (4), and €) phenyl formate (5).

There are two reactions (R1 and R2) for the unimolecular dissociation of the protonated methyl

formate (1), sequential loss of CO (R1) and H2O to form CHs* (R2) as shown in Figure 5.2a.

C2HsO2" — CHsO" (m/z 33) + CO

CHsO* — CHs" (m/z 15) + H,0
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Fragmentation of protonated ethyl formate (2) leads to competing losses of CO (R3) and C2HsOH
(R4), with the former occurring at very low collision energy. The two reactions are complimentary
suggesting a common intermediate (such as a proton-bound complex of CO and ethanol) that can
dissociate to either set of products, with loss of CO being energetically more favorable since
ethanol has the greater proton affinity (PA, 776.4 vs 594 kJ mol™?) [123].

CsH/02" — C2H;0%(m/z 47) + CO (R3)

C3H/0;* — CHO*(m/z 29) + C2HsOH (R4)

Protonated isopropyl formate (3) dissociates three ways: loss of CH30H (R5), CsHs (R6), and
formic acid, H.COz (R7). Absent is CO loss. Reactions R6 and R7 are complimentary, again
suggesting the participation of a common reaction intermediate of a proton-bound complex
between formic acid and propene. The PA of formic acid is 742 kJ mol? compared to
752 kJ mol™* for propene, [123] and so there is a favoring of losing the neutral formic acid as evident

in the breakdown diagram in Figure 3.

CsH90O2" — C3HsO*(m/z 57) + CH3OH (R5)
CsHoO2" — H3CO2"(m/z 47) + C3Hs (R6)
CisHoO2" — Cs3H7*(m/z 43) + H2CO2 (R7)

Protonated t-butyl formate (4) displays the same behavior as protonated isopropyl formate in the
loss of CH30OH (R8) and H.CO> (R9), suggesting analogous reaction pathways. The stability of
the C4Hqo" ion likely prevents the competing loss of C4Hg forming protonated formic acid. Indeed,
the PA of isobutene is 802 kJ mol™, some 60 kJ mol™ higher than that of formic acid, precluding

the formation of the protonated acid.
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CsH1102" — C4H70%(m/z 71) + CH3OH (R8)

CsH1102" — C4Ho™(m/z 57) + H2CO2 (R9)

Protonated phenyl formate (5) exhibits reactions from both sets of ions above. It loses CO (R10),

CH30H (R11), and H2.CO2 (R12).

C/H/0," — CgH70"(m/z 95) + CO (R10)
C7H70," — CeH30%(m/z 91) + CH30OH (R11)
C7H70," — CsHs'(m/z 77) + H2CO» (R12)

5.3.2. Calculated Reaction Mechanisms

There are two sequential channels in the dissociation of 1, leading to the loss of CO followed by
the loss of H20. The loss of CO occurs by a series of hydrogen migrations, initiated by the transfer
of the proton from the carbonyl group to the ester oxygen, having an energy requirement of
1.82 eV. This is followed by the formation of a proton-bound complex between methanol and CO
(0.09 eV) which then loses CO (0.53 eV) due to the higher proton affinity of methanol
(754.3 kJ mol) compared to CO (594 kJ mol™) [124]. The loss of H2O is a sequential channel

from the dissociation of protonated methanol (Figure 5.4).
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Figure 5.4: CBS-QB3//B3LYP/6-311+G(d,p) minimum energy reaction pathways for CO loss (—

) and CO,H0 loss (---+) and from 1.

The two competing channels for 2 (Figure 5.5) are initiated by an analogous 1,3-H shift (1.76 eV)
to form the protonated ester oxygen atom (0.69 eV), as seen for 1. This ion can either lose ethanol
via a high energy bond cleavage reaction (2.29 eV) or isomerize into a proton-bound complex of

ethanol and CO, which preferentially goes on to lose the CO molecule (0.45 eV).
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Figure 5.5: CBS-QB3//B3LYP/6-311+G(d,p) minimum energy reaction pathway for C2HsOH

loss (---) and CO loss (—) from 2.

The dissociation of 3 leads to the loss of H2CO2, C3He, and CH3OH (Figure 5.6). H2COz loss can
occur directly from the protonated isopropyl formate with an energy requirement of 1.20 eV. As
for the loss of CsHe, 3 undergoes rearrangement (transition state not found) to make a proton-
bound complex between propene and H2CO> (0.67 eV). The similarity of the PA of propene and
formic acid means there are two forms of this ion (0.67 and 0.62 eV) that can interconvert over a
barrier of 0.1 — 0.15 eV. This complex can also lose H2CO; to form the propy! cation (1.20 eV)
or C3Hs (1.35 eV). Similarly, loss of CH3OH starts by a rearrangement of 3 to a complex between
propene and the OH oxygen atom of formic acid (1.06 eV) and then to a complex between the

ethyl acylium ion and methanol via a transition state at 1.41 eV, which then loses
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CH3OH (1.17 eV). For this latter pathway we may not have found every intermediate, but believe

the key steps are those in the Figure5.6.
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Figure 5.6: CBS-QB3//B3LYP/6-311+G(d,p) minimum energy reaction pathways for H2CO. loss

(- -+ -), CsHe loss (---) and CH3OH loss (—) from 3.

The minimum energy reaction pathways of 4 are shown in Figure 5.7. The loss of H2CO; is a
direct cleavage of the ion requiring only 0.67 eV, consistent with the appearance of this product
ion at low collision energy (Figure 5.3d). 4 can also isomerize to form a complex between the
isopropyl acylium ion and methanol (0.55 eV) prior to the loss of the latter neutral molecule
(2.17 eV). Again, we likely did not find all of the structures in this pathway, but believe the key

intermediates are as shown in the Figure 5.7.
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Figure 5.7: CBS-QB3//B3LYP/6-311+G(d,p) minimum energy reaction pathways for H.CO- loss

(- - -) and CH3OH loss (---) from 4.

In the case of 5, the loss of methanol (R11) is a very minor reaction (Figure 5.3¢e) likely involving
a similar set of ion-molecule complexes as seen for 3 and 4, and so was not calculated herein. As
noticed in the behavior of the alkyl formates, the loss of Ho.CO> occurs directly from the protonated
phenyl formate (2.26 eV), Figure 5.8. The loss of CO can follow two distinct pathways depending
on whether the final product ion, protonated phenol, is protonated on O or C. Both paths are
initiated by proton-transfer to the ester oxygen atom (1.82 eV) to form a common reaction
intermediate (0.63 eV). This ion can either hydrogen transfer to a carbon atom on the ring or to
the oxygen, forming in both cases complexes between a protonated phenol and CO, which then
lose CO. Protonating the phenol on the benzene ring is 0.51 eV (49 kJ mol™) more favorable than

on oxygen and involves a slightly lower barrier (0.80 vs 1.02 eV). The similarity of these two
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barriers suggests that a mixture of product ions will be made, especially since the system has

enough internal energy to overcome the initial 1.82 eV barrier.
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Figure 5.8: CBS-QB3//B3LYP/6-311+G(d,p) minimum energy reaction pathways for H.CO- loss

(- - -), and two possible paths to CO loss (— - - —) and (—) from 5.

5.4. Conclusions

The unimolecular reactions of protonated formates were explored with tandem mass spectrometry

and computational chemistry. For protonated methyl-, ethyl-, and phenyl formate, a common

reaction involves the isomerization of the global minimum structure to one with a protonated ester

oxygen. This isomer then leads to ion-molecule complexes between protonated alcohols and CO

and ultimately CO loss. As the stability of the R group in ROC(O)H increases, direct loss of formic

acid becomes the dominant pathway, in competition with methanol loss, which appears to be

mediated in each case by a series of ion-molecule complexes.
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6.1. Introduction

The atmospheric chemistry of organic acids, both in their pure form and as part of complex
chemical reactions, has garnered significant attention due to its implications for global climate
change and air quality [125-127]. While many studies have explored the fate of organic acids and
their interactions with various atmospheric components, the focus has often been on common
carboxylic acids like formic acid and acetic acid [68,107,114,128-130]. However, there is a growing
interest in understanding the behavior, reactivity, and dissociation of less-studied compounds, such

as chloroformates in the Earth's atmosphere.

Chloroformates are a class of atmospheric species [131] formed by reactions of chloroformic acid
and can be protonated through interactions with HCO™ (hydrocarbonyl cation), C2HsOH»*
(protonated ethanol) or protonated water clusters [132]. The primary sources of chloroformates are

associated with industrial processes and vehicle emissions. For instance, methyl chloroformate
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and phenyl chloroformate are used in the chemical industry as pharmacological agents, in pesticide
manufacturing and can be released directly into the atmosphere [133-135]. There are also natural
processes that contribute to their presence in the atmosphere [136,137]. The resulting protonated
chloroformates are potentially highly reactive. The specific reactions can include but are not
limited to, atmospheric degradation pathways, formation of secondary organic aerosols, and

interactions with other atmospheric constituents [138-140].

In this study, we use a combination of tandem mass spectrometry and computational chemistry to
elucidate the chemistry of protonated methyl, ethyl, neopentyl, and phenyl chloroformate. In our
previous work on alkyl formates, we explored their interaction with protonated water and alcohol
clusters and the unimolecular dissociation of protonated formates formed by electrospray
ionization [141]. Chloroformates have proven to be more difficult to study. When we employed
electrospray ionization, we did not observe a mass spectral signal for the protonated
chloroformates. In addition, a look at the NIST mass spectral database shows that only methyl
and phenyl chloroformate have a significant molecular ion signal in their electron ionization (EI)
mass spectra. Our attempts to study these molecules using imaging photoelectron photoion
coincidence spectroscopy at the Swiss Light Source resulted only in the photoionization of
degradation products of the chloroformates, other than methyl chloroformate and phenyl
chloroformate [137,142]. In the present contribution, we successfully generated the protonated
chloroformates by chemical ionization of the corresponding neutrals in the El source of a double
focussing magnetic sector mass spectrometer. The short time scale for introducing the neutral

vapour into the source permits some of the intact neutral to be protonated by ion-molecule reaction
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with the chemical ionization reagent, methanol. Of note is that isopropyl chloroformate remained

elusive and could not be studied.

6.2. Experimental Procedures

Methyl-, ethyl-, neopentyl-, and phenyl-chloroformate were purchased from Sigma Aldrich

(Sigma-Aldrich, Oakville, Ontario, CA) and used without further purification.

6.2.1. Tandem Mass Spectrometry

The mass spectrometer employed was a modified VG ZAB-R double focusing mass spectrometer
of BEE geometry (a magnetic sector followed by two electrostatic analyzers, of which only the
first was used in these experiments) [143]. Approximately 10 mL of liquid sample is introduced
using a gas chromatography syringe through a septum inlet into a steel reservoir heated to 100°C.
The resulting vapour is transferred to the ion source via a glass capillary inlet heated to 110°C.
The source pressure, read with an ionization gauge at the top of the turbo pump under the ion
source, was typically 5 x 10 mbar, with the pressure in the source itself being at least 100 times
larger. Methanol was then introduced in the same manner to increase the pressure reading to
10 mbar. Within the ion source, the methanol preferentially undergoes electron ionization (due
to its much higher abundance) and subsequent ion-molecule reactions resulted in mass spectral
signals for the two isotopes of each protonated chloroformate. The generated ions are then
accelerated to 8 keV and directed to the magnetic sector, where the ions are selected based on their
mass-to-charge ratio [41]. The selected ions proceed to the second field-free region (FFR) where
metastable ions dissociate (those ions leaving the source with sufficient internal energy to

dissociate with rate constants between 10° and 10° s) [44]. The product ions from dissociation
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events in the FFR have translational energies that are related to that of the precursor ion by their
relative mass. These are separated by the electrostatic analyzer (ESA) to yield a mass-analyzed

ion kinetic energy, or MIKE, spectrum [42,41].

6.2.2. Computational Methods

The GAUSSIAN 16 suite of programs [51] was used to perform all calculations (optimizations and
vibrational frequency calculations) at the B3LYP level of theory using the 6-311+G(d,p) basis set
[77,78]. Intrinsic reaction coordinate calculations were employed to confirm transition states.
CBS-QB3 [121] single point energy calculations were employed to obtain accurate energetics.

Figure 6.1 shows the lowest-energy optimized structures for the protonated chloroformates.
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Figure 6.1: Global minimum structure for all calculated protonated chloroformates at the

B3LYP/6-311+G(d,p) level of theory.
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Unimolecular dissociation rate constants were calculated with Rice-Ramsperger-Kassel-Marcus
(RRKM theory) employing the  B3LYP/6-311+G(d,p) calculated harmonic vibrational

frequencies [60,79].

6.3. Results and Discussion
The MIKE spectra for each protonated chloroformate are shown in Figure 6.2. In all cases the

%Cl isotope was selected, but the data was confirmed by also selecting the 3’Cl isotope.
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Figure 6.2: MIKE mass spectra of the **Cl isotope of protonated a) methyl chloroformate (1, m/z
95), b) ethyl chloroformate (2, m/z 109), c) neopentyl chloroformate (3, m/z 151), and d) phenyl
chloroformate (4, m/z 157). In each case the selected precursor ion (at 8000 eV) is several orders

of magnitude greater in abundance than the displayed fragment ions and is omitted for clarity.
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As can be seen from Figure 6.2, each of the protonated chloroformates has unique fragmentation
behaviour. The unimolecular dissociation of the protonated methyl chloroformate (1) shows two
reactions corresponding to the formation of CH302" (m/z 59) + HCl and CICO* (m/z 63) + CH30OH.
The primary dissociation pathway for the methyl chloroformate radical cation is loss of Cl, [137]
so the current result highlights the differences in the unimolecular chemistry of these two types of
ions. Fragmentation of protonated ethyl chloroformate (2) leads to the loss of CoHs forming
protonated chloroformic acid, CICO2H," (m/z 81), while protonated neopentyl chloroformate (3)
dissociates to make CsHi1* (m/z 71) + CICO2H, neutral chloroformic acid. The unimolecular
chemistry of protonated phenyl chloroformate (4) is more complex with three observed
dissociation products, m/z 113, 121 and 129. Loss of CO> can form the protonated chlorobenzene
ion (CeHesCl™) at m/z 113. HCI loss can form m/z 121 while CO loss forms m/z 129. The broad
dish-shaped MIKE peaks for m/z 113 and 121 indicate a large translational energy release for these
reactions, which is an indication that the reaction proceeds with a large reverse energy barrier or

at least a preferential partitioning of product excess energy into translations.

6.4. Calculated Reaction Mechanisms

The calculated minimum energy reaction pathways (MERPS) for the two dissociation reactions of
1 are shown in Figure 6.3. The loss of methanol is initiated by the transfer of the proton from the
carbonyl group to the ester oxygen, having an energy requirement of 1.85 eV. This is followed by
the loss of CH3OH, leading to the formation of CICO™ ion (1.89 eV). The loss of HCI starts by
proton transfer from the carbonyl group to the chlorine which generates an ion-molecule complex
between HCI and CH3OCO®. The calculations are consistent with methanol loss being the

observed primary product (the transition state is lower by 0.12 eV) even though the products lie
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significantly higher in energy than the loss of HCI to make CH30CQO". A plot of the two RRKM

rate constants (Figure S6.1) demonstrates the higher rate for methanol loss in the metastable

internal energy window.
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Figure 6.3: CBS-QB3(sp)//B3LYP/6-311+G(d,p) minimum energy reaction pathways for the

unimolecular decomposition of 1.

The dissociation of 2 (Figure 6.4) is initiated by a 1,3-H shift (1.92 eV) from the methyl group to
form a proton-bound complex between chloroformic acid and C2Ha4 (0.74 eV). This ion then easily
loses the neutral C2Ha to form protonated chloroformic acid (1.12 eV). Loss of ethanol in a manner
analogous to that for methanol loss from 1 lead to products that lie too high in energy to be
competitive (2.31 eV). We also calculated loss of CO (also 28 Da) but the resulting products

(CH3CH2OCIH" + CO) were found to be much too high in energy to be competitive.

89



2.5 1
2.0 4
1.5 +

@ . P2 2 ‘,a
1.12 ,0 o
) + P >

Relative Energy (eV)

1.0 +

0.5 o

0.0 ¢ — C,H, loss

Figure 6.4: CBS-QB3(sp)//B3LYP/6-311+G(d,p) minimum energy reaction pathway for CzH4

loss 2.

The minimum energy reaction pathway of 3 is shown in Figure 6.5. The loss of CICO2H is
initiated by the H-shift from the carbonyl group to the ester oxygen with an energy requirement
1.88 eV. This is followed by C—O bond cleavage (0.95 eV) to form an ion-molecule complex
(-0.62 eV). Rather than generating an alcohol (as was observed for 1; the products for which lie at
2.42 eV relative to 3), in this complex a CHs group has migrated over to the vacant CH> group,
forming a tertiary carbocation. This complex can directly loose CICO2H, having an energy

requirement of -0.41 eV (Figure 6.5).
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Figure 6.5: CBS-QB3(sp)//B3LYP/6-311+G(d,p) minimum energy reaction pathways for

CICO2H loss from 3.

The dissociation of 4 leads to the loss of CO2, HCI, and CO (Figure 6.6). COz loss occurs by a
series of hydrogen migrations, initiated by the transfer of the proton from the carbonyl group to
the ester oxygen and then to the benzene ring (ortho position), having an energy requirement of
2.03 eV and 1.94 eV respectively. This is followed by either the formation of a proton-bound
complex between CsHsOCI* and CO (1.07 eV) which then loses CO (1.96 eV), or an isomerization
into a proton-bound complex of C¢HeCI* and CO> (-1.11 eV), which can easily loose the neutral
carbon dioxide (-1.00 eV). The large reverse barrier to CO: loss at the last step is consistent with
the observed large translational energy release in the MIKE spectrum. Loss of neutral phenol after
the initial 1,3-H shift reaction requires 2.06 eV, making the subsequent H transfer to the ring
kinetically competitive. As for the loss of HCI, 4 undergoes proton transfer from the carbonyl

group to the chlorine (1.79 eV) to make a complex between HCI and C7Hs0," (-0.33 eV). This
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complex can then lose HCI to form the C7Hs02" (1.39 eV). Again, a large reverse barrier to form
the complex, which is essentially product-like, must partition the excess internal energy into

translations resulting in the dish-toped peak in the MIKE spectrum.
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Figure 6.6: CBS-QB3(sp)//B3LYP/6-311+G(d,p) minimum energy reaction pathways for CO>

loss (—), CO loss (---) and HCI loss (—) from 4.

6.5. Conclusions

The unimolecular reactions of protonated chloroformates were explored with tandem mass
spectrometry and computational chemistry. For protonated methyl (1), neopentyl (3), and phenyl
(4) chloroformates, a common reaction involves the isomerization of the global minimum structure
to one with a protonated ester oxygen. This isomer then leads to ion-molecule complexes which
lose CH30H (1), CICO2H (2) and CO2 and CO (4). The calculated reaction mechanisms

highlighted the energetically favorable pathways for these dissociations. Similarly, ethyl
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chloroformate dissociated through a 1,3-H shift to lose CoHa. These results suggest that the
unimolecular dissociation of these protonated chloroformates species can lead to the formation of

HCI and chloroformic acid in the atmosphere.
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6.6. Appendix

Protonated Methyl Chloroformate
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Figure S6.1: RRKM k(E) vs E curves for the dissociation of protonated methyl chloroformate.

The region responsible for observations in the MIKE experiment is shown in the box.
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CHAPTER 7. CONCLUSIONS

The investigation into ion-molecule reactions involving methyl formate and proton-bound solvent
clusters (water, methanol, and ethanol) has provided valuable insights. The primary outcome of
these reactions is the formation of protonated methyl formate, underscoring its higher proton
affinity compared to water, methanol, and ethanol. Interestingly, a barrierless reaction, common
across all solvents, results in the loss of a solvent molecule from the encounter complex. In a
secondary, higher-energy reaction, the complex formed between methyl formate and methanol

experiences the loss of methane, leading to a proton-bound complex between methanol and CO..

These findings suggest that, under higher pressure conditions mimicking atmospheric interactions,
encounter complexes between methyl formate and water would be moderately stable, favoring the
production of protonated methyl formate, which can subsequently undergo CO loss. Examining
ion-molecule reactions between formates and proton-bound water clusters demonstrated that the
primary product is protonated formate due to its higher proton affinity. Loss of a water molecule
from the encounter complex, occurring without a reverse energy barrier, is observed in all cases.
These encounter complexes, stable to dissociation under equilibrium conditions, can lose multiple

water molecules, leading to the formation of protonated formate.

The exploration of unimolecular reactions of protonated formates, including methyl, ethyl, and
phenyl derivatives, revealed a common pathway involving isomerization to a protonated ester
oxygen structure. This isomerization initiates ion-molecule complexes with protonated alcohols

and CO, ultimately resulting in CO loss. Notably, as the stability of the R group in ROC(O)H
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increases, direct loss of formic acid becomes the dominant pathway, competing with methanol

loss. This competitive process is mediated by a series of ion-molecule complexes.

The investigation into protonated chloroformates, encompassing methyl, neopentyl, phenyl, and
ethyl derivatives, revealed a common reaction pathway involving isomerization to a structure with
a protonated ester oxygen. Subsequent ion-molecule complexes lose CH3OH, HCO.CI, CO2, CO,
and CzHas, highlighting energetically favorable dissociation pathways. This comprehensive study,
employing tandem mass spectrometry and computational chemistry, provides crucial insights into

the atmospheric behavior and dissociation pathways of protonated chloroformates.

Future Outlook

The findings presented in this study pave the way for future research avenues. Further exploration
into the gas-phase chemistry of formates and chloroformates, particularly under conditions
mimicking atmospheric interactions, is warranted. High-pressure experiments would unveil the
dynamics of encounter complexes, which, though not observed in the current low-pressure setting,

are predicted to be moderately stable under atmospheric conditions.

Moreover, extending the investigation to other solvents and environmental factors could broaden
our understanding of the complex interplay between formates and chloroformates in different
atmospheric scenarios. The development of more sophisticated computational models and

experimental techniques will be instrumental in refining our comprehension of these processes.
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