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ABSTRACT

This research addresses a critical knowledge gap regarding the atmospheric fate of
methoxyphenols (guaiacols), semi-volatile aromatic oxygenated compounds derived primarily
from biomass pyrolysis that serve as precursors to secondary organic aerosol formation. The
research objective is to elucidate the unimolecular dissociation mechanisms of guaiacol and its
derivatives through a direct comparison of their behaviour across three key environmental forms:
the neutral molecule (dominant in the gas phase), the protonated species (relevant to aqueous
media like cloud/fog droplets), and the radical cation (relevant to high-energy combustion and
photoionization). This work integrates a multifaceted methodology combining tandem mass
spectrometry (using electrospray ionization) and density functional theory (DFT) for the
protonated ions, mass-analyzed ion kinetic energy (MIKE) spectrometry and high-resolution
imaging photoelectron photoion coincidence spectroscopy (iPEPICO) combined with RRKM
(Rice-Ramsperger-Kassel-Marcus) kinetic modelling for the radical cations, and systematic low-

pressure SiC microreactor pyrolysis coupled with iPEPICO for the neutral molecules.

In Chapter 4, the thermal decomposition of neutral 4-ethylguaiacol and eugenol was probed using
a low-pressure pyrolysis SiC microreactor at an approximation of 1000 °C coupled to iPEPICO
spectroscopy. Pyrolysis products were identified using photoion mass-selected threshold
photoelectron spectroscopy (ms-TPES) based on their m/z values, supported by ionization energy
calculations and Franck—Condon simulations. DFT calculations were conducted to elucidate the
detailed reaction mechanisms of the thermal degradation pathways, and microcanonical
unimolecular rate constants were evaluated using RRKM theory to assess competing reaction
channels. In contrast to prior investigations conducted at atmospheric pressure and lower
temperatures, which predominantly invoked free-radical mechanisms, these findings under low-
pressure conditions indicate that dissociation can also occur via the loss of closed-shell species.
The results establish a mechanistic framework for neutral dissociation in alkylated guaiacols and
provide fundamental insight into the thermal behaviour of lignin model compounds under high-

temperature, low-pressure conditions.

Chapter 5 explores the dissociation of the protonated ions of guaiacol and its substituted

derivatives (creosol, 4-ethylguaiacol, 4-vinylguaiacol, eugenol, and wvanillin) and hence,
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potentially, their atmospheric fate. Owing to their volatility, guaiacol and its derivatives can
interact with atmospheric water, forming protonated methoxyphenols via proton transfer. Tandem
mass spectrometry (ESI-MS/MS) was employed to analyze the unimolecular dissociation of the
protonated forms of these methoxyphenols. DFT calculations were applied to determine the
observed minimum energy reaction pathways, and reliable energetics were acquired using CBS-
QB3 single-point energy calculations. All the protonated ions, except for vanillin, exhibit the loss
of CH30OH via a series of hydrogen transfers, followed by ring contraction to lose CO. In contrast,
vanillin first exhibits the loss of CO, followed by sequential losses of CH30H and CO to generate
a cyclopentadienyl ion. Altogether, the protonated ions primarily lose CH3OH and CO as neutral

molecules, generating a cyclopentadienyl ion as a dissociation product.

Chapter 6 assesses the gas-phase acid-mediated degradation of guaiacol using reactive tandem
mass spectrometry. The ion-molecule reactions between HSO4™ and NO3™ with neutral guaiacol
vapour were studied in a modified triple quadrupole mass spectrometer. In both cases, an
exothermic reaction was observed, forming neutral benzene and HSO4(HCOOH) and
NO3(HCOOH). Also observed were the formate anion, deprotonated guaiacol and the
deprotonated guaiacol dimer ion. Deuterium-exchange experiments demonstrated intracluster
hydrogen transfer, supporting a mechanism that proceeds via a stabilized encounter complex rather
than direct deprotonation. Density functional theory calculations of the reaction pathways
demonstrated exothermic reactions in each case. These results establish a mechanistically viable,
acid-guided route for the C—O bond cleavage in methoxyphenols under low-solvation, acid-
mediated conditions. The study demonstrates that strong Brensted-like centers can facilitate the
catalytic extraction of oxygen as small oxygenates (formic acid) while preserving the aromatic
hydrocarbon ring, a finding highly relevant to understanding the role of acidity in bio-oil upgrading

catalysts.

Chapter 7 investigates the 1on chemistry of radical cations to determine structural and mechanistic
similarities with neutral thermal degradation. MIKE spectrometry was employed to investigate the
unimolecular dissociation of radical cations, complemented by DFT calculations to elucidate the
minimum energy reaction pathways. All the radical cations, apart from vanillin, exhibit the loss of

a methyl radical ("CH3). Methanol (CH3OH) loss is also observed in selected guaiacol derivatives,
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with the relative intensities of the methanol-loss fragment ions being lower than that for “CHj3 loss.
Conversely, vanillin only displayed CO loss. The observed radical cation chemistry of guaiacol
correlates well with previous studies of its neutral thermal decomposition, suggesting that the
dissociation of the radical cations of the derivatives may also be analogous to their neutral thermal

degradation.

Chapter 8 explores the dissociative ionization pathways of 4-ethylguaiacol and eugenol using
iPEPICO spectroscopy and RRKM modelling. Threshold photoelectron spectra (TPES) for both
species were recorded and analyzed with Franck—Condon simulations. Breakdown diagrams were
analyzed using RRKM theory. 4-Ethylguaiacol dominantly loses a ‘CHs group at low energies,
consistent with our prior MIKE study (Chapter 7), although traces of methanol loss are also seen.
Nonetheless, the discrepancy between the RRKM-fitted methyl-loss Eo of 1.88 eV and the
previously proposed theoretical value (2.15 eV) led us to find a new reaction pathway involving
sequential hydrogen shifts and structural rearrangements consistent with the experimental results.
The eugenol radical cation was found to dissociate by the loss of ‘CH3 and CH3OH, in agreement
with MIKE results. The energy barriers derived from the RRKM analysis (1.60 eV and 1.52 eV)
were again significantly lower than the previous computational reaction barriers of 2.63 eV and
3.21 eV, respectively. Alternative, lower-energy, isomerization—fragmentation mechanisms,
analogous to those of 4-ethylguaiacol, were found to be active. This study highlights the critical
role of experimental techniques in validating and refining computational models and demonstrates

how quantitative spectroscopic data can uncover previously unidentified reaction mechanisms.
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CHAPTER 1: INTRODUCTION

1.1 Global energy transition: Renewable resources and the role of bioenergy

1.1.1 Policy drivers and energy transition

The global energy system is undergoing a rapid and consequential transition driven by both policy
imperatives and the finite nature of fossil resources.! The historic COP21 Paris Agreement in 2015
established a coordinated international framework to substantially reduce greenhouse gas
emissions and to limit the increase in the global average temperature to well below 2 °C above pre-
industrial levels, while actively pursuing efforts to limit it to 1.5 °C.* This commitment, combined
with declining recoverable reserves of oil, gas, and coal, has led to stringent climate policies that
necessitate a large-scale reorientation toward low-carbon energy sources.’> Meeting the ambitious
1.5 °C objective imposes fundamental constraints on the utilization of energy resources. Current
model assessments indicate that a substantial fraction of known fossil fuel reserves, specifically
65% of oil and gas and 90% of coal®, must remain unexploited.’ This inherent constraint
necessitates the immediate scaling of renewable energy capacity and a swift global phase-down of
fossil fuels.> Major industrialized economies are responding with ambitious mandates; for
example, Germany has committed to achieving Net Zero emissions by 2045>¢ and Canada has
legislated a 2050 Net Zero commitment’. This structural transformation drives accelerated
deployment of renewables and systemic changes across industry and infrastructure, and also
validates the necessity of extensive research into all aspects of renewable energy production,

including the environmental consequences of derived fuel sources.

1.1.2 Biomass as a sustainable energy resource

Bioenergy, derived from organic biomass, is one of the largest sources of renewable energy
globally, accounting for almost 55% of the total renewable energy supply and over 6% of the
world’s overall energy demand.® The perceived sustainability of bioenergy rests on the assumption
of macroscopic carbon neutrality, based on the principle that the carbon dioxide released during
combustion is counterbalanced by an equivalent amount absorbed by plants during

photosynthesis.®!® Global momentum, evidenced by dedicated support policies in major regions



including Europe, China and the United States, supports the continued expansion of biomass-
derived fuels, with the use of modern bioenergy increased on average by about 4% per year

between 2010 and 2023 and continuing an upward trend (Figure 1-1'").!1:12

Mtoe

250 50%
[}
200 e 40%
150 30%
100 20%
0 0%
2017 2023 2017 2023 2017 2023 2017 2023 2017 2023
European Union* Ch\na Umted States Brazw\ Ind\a
m Hydropower m Wind W Bioenergy Solar PV Others ® % of renewables (right axis)

Figure 1-1. Renewable energy consumption in major markets in 2017 and projections for 2023
for five major markets. Note: Mtoe stands for mega tonnes of oil equivalent. (Reproduced from

ref 11. Licensed under CC BY 4.0 https://creativecommons.org/licenses/by/4.0/)!!

Nonetheless, the increasing use of biomass, particularly through large-scale thermal conversion
processes such as pyrolysis and combustion, introduces significant environmental trade-offs.
While the global energy transition aims for macroscopic carbon neutrality, this policy objective is
fundamentally decoupled from air quality effects, due to increased local emissions of reactive
organic species and secondary pollutants.!®> The classification of bioenergy as a ‘“near-zero
emissions” source is environmentally unsustainable without rigorous characterization of these
local emissions. Quantitative assessments of pollution burdens reveal a critical disparity;!*!®
energy facilities in the United States that burn biomass may release, on average, up to 2.8 times
the amount of health-harming pollutants and particulates per unit energy generated compared to
their non-biomass counterparts (fossil fuels).!> This research suggests that replacing fossil fuels
with biomass, particularly in frontline communities already facing disproportionate exposure,
constitutes replacing one dangerous fuel source with a potentially even more polluting one.'®
Consequently, the net environmental benefit of bioenergy depends critically on addressing the air

quality and public health impact of the biomass decomposition products.'*!® This link between



energy policy and molecular chemistry of biomass decomposition products underscores the need
for accurate atmospheric modelling to validate the true sustainability of large-scale bioenergy
utilization. Specifically, methoxyphenols, including guaiacol (2-methoxyphenol) and its
derivatives, emerge as key products of biomass combustion that serve as precursors to these

secondary pollutants.'”!8

1.2 Lignin pyrolysis and methoxyphenol formation: A critical environmental

byproduct

1.2.1 Thermal degradation of lignin and aromatic compound formation

Lignocellulosic biomass, the principal structural component of woody plant tissue, consists
primarily of the polysaccharides cellulose and hemicellulose, along with the alkyl-aromatic
heteropolymer lignin (Figure 1-2'%).2%2! Lignin is a structurally complex, cross-linked biopolymer
that imparts mechanical strength and rigidity to plant cell walls, and is principally aromatic in
character.? It is synthesized from three basic building blocks, known as monolignols, which differ
in their degree of methoxylation: p-coumaryl alcohol (zero methoxy group), coniferyl alcohol (one
methoxy group), and sinapyl alcohol (two methoxy groups).?> These monomers are
interconnected via various C—O and C—C linkages, resulting in a heterogeneous, three-dimensional

structure.??
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Figure 1-2. The structure of lignocellulosic biomass with cellulose strands surrounded by
hemicellulose and lignin. Also shown is the structure of the three main monolignol monomer

species of lignin. (Adapted with permission from ref 19. Copyright 2016)"°

Under thermal conversion conditions such as fast pyrolysis, thermally labile inter-unit linkages in
lignin cleave, yielding smaller, primarily single-ring aromatic products, predominantly methoxy-
substituted phenols.?* The release of these methoxyphenols is governed by the cleavage of the
weakest linkages in the polymer backbone, predominantly the p-O-4 ether bond (Figure 1-3%°),
which is most susceptible to disruption during thermal degradation.?® This bond cleavage dictates
the high concentration of methoxy-substituted phenols, with guaiacol (derived from coniferyl
alcohol) and syringol derivatives emerging as the abundant primary compounds.?’ Softwood-
derived lignin tends to produce predominantly guaiacol derivatives, while hardwood-derived
lignin generates both guaiacyl and syringyl products.?’ A study by Kjillstrand et al.?® investigated
methoxyphenols emitted from plant material burning and reported that methoxyphenols are
emitted in substantial quantities, in some cases exceeding emissions of common volatile organic
compounds like methane or ethane. Within the overall methoxyphenol pool, the results show that
alkenyl phenols, such as 4-vinylguaiacol, often account for a significant fraction, typically 40-50%
of the total methoxyphenols, while vanillin represents a major carbonyl-containing compound,

constituting 10-20% of the recorded 2-methoxyphenols.?®
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Figure 1-3. Structural representation of lignin and the B-O-4 linkage. (Reproduced from ref 25.
Licensed under CC BY 4.0 https://creativecommons.org/licenses/by/4.0/)*

The studied derivatives - creosol, 4-ethylguaiacol, 4-vinylguaiacol, eugenol, and vanillin - are
formed via complex thermal decomposition pathways that involve side-chain cleavage,
demethoxylation, oxidation, and reduction reactions occurring alongside the primary
depolymerization of lignin.?* Consequently, guaiacol and its derivatives, owing to their abundance
and atmospheric relevance, especially during residential heating and open biomass burning? serve
as model compounds for understanding the atmospheric and thermal fate of methoxyphenols

originating from biomass-burning emissions.

1.2.2 Guaiacol and its derivatives as atmospheric tracers: Emission factors and aging

Biomass burning, encompassing both wildfires and controlled fires, has emerged as a significant
global source of atmospheric pollutants, contributing to substantial levels of particulate matter and
volatile organic compounds (VOCs).!”!® Aerosol from biomass combustion has been estimated to
account for 90% of all primary organic carbon emitted by combustion sources worldwide.!”
Studies have shown that methoxyphenols, including guaiacol and its derivatives, represent a

substantial fraction of wood-smoke particulate matter, accounting for 45% by mass of total



aerosol.!” Emission yields of methoxyphenols vary widely with fuel type, with reported values

> Due to their abundance in wood smoke, these

spanning 1 to 10 000 mg kg' fuel burn
methoxyphenols are widely used as molecular markers of wood combustion and as biomarkers of
human exposure.'”!® They play a central role in source appointment studies aimed at identifying

and quantifying biomass burning's contribution to ambient particulate matter.

Emission factors (EFs) are essential for quantifying the environmental impact. A recent study
conducted by Zhang and coworkers®® demonstrated the substantial atmospheric loading of
guaiacol; the EFs for guaiacol in fresh PMys (fine particulate matter) emitted from biomass
burning ranged from 3.80 + 0.44 to 26.2 =+ 5.40 mg kg™! fuel burnt. This range significantly exceeds
the EFs found in coal combustion, which spanned from 0.03 £ 0.01 to 1.42 + 0.28 mg kg™!. Beyond
mere emission, atmospheric aging profoundly affects how these molecules contribute to aerosol
burdens, necessitating a distinction between primary and secondary aerosol formation potential.
Guaiacol, traditionally employed as a wood combustion marker, can be identified as a primary
organic aerosol (POA) tracer due to its low aged-to-fresh ratio, ranging from 0.21 to 0.97. This
low ratio (less than 1) indicates that guaiacol itself is rapidly decomposed during oxidation, thereby
being consumed rapidly during aging. In contrast, its substituted derivatives such as creosol, 4-
ethylguaiacol and eugenol can be identified as prominent secondary organic aerosol (SOA) tracers,
exhibiting higher aged-to-fresh ratios (between 1.90 and 4.20), indicative of formation during
atmospheric aging.>® This crucial difference in atmospheric fate necessitates that comprehensive
research must investigate not only the primary parent compound (guaiacol), but also its key
substituted derivatives to accurately address both immediate thermal emission or decomposition
(POA precursors) and the subsequent atmospheric transformation steps leading to SOA formation

(SOA tracers).

1.2.3 Atmospheric impact: Methoxyphenols as Secondary Organic Aerosol (SOA) and
Brown Carbon (BrC) precursors

The high atmospheric loading of methoxyphenols is a significant environmental concern due to
their high propensity to react with atmospheric oxidants, forming toxic products.!”>? Laboratory
and modelling studies have demonstrated the high SOA-forming potential of methoxyphenols,

contributing to an estimated global SOA yield from biomass burning emissions of 8-26 Tg yr! 31:3



The rapid atmospheric degradation of guaiacol and its derivatives, driven by their semi-volatile
nature and high chemical reactivity, renders them important precursors for SOA formation.!”-?3-3
SOA formation has significant implications for climate forcing and human health.>*** SOA
represents a substantial fraction of PMzs, and its presence has been strongly associated with
adverse health effects.®* Exposure to SOA has been linked to increased risk of cardiovascular and
respiratory diseases and neurological impairments, effects largely attributed to the induction of

oxidative stress in biological systems.3**

Guaiacol exhibits significant gas-phase SOA potential, with chamber experiments demonstrating
average mass yields in the range of 44-50% under low NOx conditions following "OH radical
photooxidation.!” This conversion produces aerosol with extremely high oxygenation levels (O:C
ratios approaching 0.9), comparable to highly aged atmospheric organic aerosols, indicative of
rapid conversion to low-volatility products that promote particle growth.!” Under high NOx
conditions, oxidation favours the formation of nitrophenols, which contribute to light-absorbing
organic aerosols known as Brown Carbon (BrC).!”**> Furthermore, eugenol has been shown to
exhibit significantly enhanced reactivity towards oxidants such as the “OH radical and O3, with
reported atmospheric lifetimes of 4.70 h and 0.72 h, respectively.’® The short lifetimes are
indicative of quick oxidation and degradation leading to immediate and localized SOA formation,
and validate the focus on short timescale unimolecular decay mechanisms. These rapid primary
chemical events are foundational for accurately predicting the overall atmospheric budget, the fate,

and the SOA contributions of methoxyphenols.?*3’

Upon emission, these methoxyphenols predominantly partition into the gas phase owing to their
relatively high vapour pressure at ambient temperature.?*%3° Nonetheless, in the presence of
atmospheric water (in the form of cloud or fog droplets), aqueous-borne species facilitate the
solubilization of these compounds, thereby promoting aqueous phase chemistry.?>*? Consequently,
the atmospheric fate of these compounds is governed by multiphase processes and requires
characterization of both gas- and aqueous-phase reaction mechanisms (Figure 1-4). In the aqueous
phase, these semi-volatile methoxyphenols can also undergo rapid dissolution and form aqueous
SOA (aqSOA).*? This aqueous processing can proceed on time scales comparable to or shorter

than those of gas-phase reactions, and may yield greater SOA contributions.*” Aqueous SOA



formation is driven by reactive oxidant molecules in the aqueous phase, such as “OH radical, singlet
molecular oxygen (!02*) and triplet excited states of organics (*C*), forming aqSOA with high
mass yields and elevated oxygenation (high O:C ratios).*** The increased oxygenation enhances
hygroscopicity and cloud-nucleating potential, thereby influencing cloud formation and aerosol-
climate interactions.*** Additionally, aqueous reactions can generate light-absorbing species that
contribute to BrC, defined as organic aerosols that absorb radiation in the near-UV (300-400 nm)
and visible spectral regions.***%¢ Aqueous-phase photooxidation of methoxyphenols, often
mediated by inorganic nitrate (NOs) photolysis, leads to the formation of nitrophenols like 4-
nitroguaiacol and 4,6-dinitroguaiacol, species identified as prominent BrC constituents.?**> BrC
significantly influences the climate radiative budget due to its ability to absorb solar radiation and

45,47

influence cloud formation,™*" and also contributes to adverse air pollution effects such as reduced

visibility and the formation of pollutants and irritants.*®
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Figure 1-4. The principal multiphase processes leading to gasSOA and aqSOA formation.
(Adapted with permission from ref 32. Copyright 2024)>*



1.3 The multiphase, multiform chemical complexity of guaiacol degradation

The necessity of distinguishing between the chemical behaviours of neutral, protonated and radical
cationic species exemplifies a central challenge in atmospheric chemistry: characterizing trace
pollutants across multiple phases and energy regimes. Guaiacol and its derivatives serve as well-
suited model compounds for investigating the atmospheric behaviour of methoxyphenols emitted
from biomass burning. A comprehensive understanding of guaiacol chemistry, therefore, requires
comparative studies across different molecular forms, since charge state fundamentally dictates
intrinsic chemical reactivity, product distributions and mechanistic decomposition pathways. As
distinct molecular forms correspond to different, often concurrent environmental conditions,

comparative analysis is indispensable.**~!

This thesis focuses on the neutral (GUA?), protonated (GUA + H") and radical cation (GUA™)
forms of guaiacol and selected derivatives (Figure 1-5). The neutral form dominates in the gas
phase at ambient temperatures and undergoes thermal, photochemical and radical-driven
unimolecular decomposition reactions.>? The protonated form becomes highly relevant in aqueous
media, where proton transfer and aqueous-phase reactions occur.>® The radical cation form is
conventionally generated under high-energy conditions, specifically under high-temperature
pyrolysis or photoionization experiments, which are vital for characterizing emissions and

3435 Investigating these three forms bridges a critical gap in

identifying molecular structures.
understanding how the same molecular backbone responds to diverse atmospheric and thermal
environments. Consequently, elucidating the gas-phase unimolecular and radical-induced reaction
pathways is essential not only for understanding SOA formation but also for predicting the

generation of other climatically and toxicologically significant pollutants.
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Figure 1-5. Structures of guaiacol and derivatives studied in this thesis.

1.3.1 Neutral form, (GUA"): Thermal processes

The neutral form of these methoxyphenols is the predominant species emitted directly into the
atmosphere during thermal processes and serves as the principal reactant in subsequent gas-phase
oxidation reactions.’®® Once in the ambient atmosphere, these neutral molecules undergo
thermal, photochemical and radical-driven unimolecular decomposition.®! Investigating the
unimolecular degradation of neutral guaiacol and its derivatives, therefore, provides critical insight

into both combustion kinetics and the intrinsic thermal stability of these compounds.>

Under pyrolysis and high-temperature oxidation environments, degradation proceeds primarily via
unimolecular O—C bond scission, generating a hydroxyphenoxy radical intermediate through
methyl radical ("CHz) loss.>>%%6%6263 Additionally, in the atmosphere, the neutral species may also
undergo bimolecular radical reactions with oxidants, contributing to SOA formation,!”-3%:37:40.64
Understanding the competition between thermal fragmentation (unimolecular) and atmospheric
radical attack (bimolecular) is crucial for defining key chemical precursors and for accurately
predicting SOA yields, product distributions, and the broader climatic and health impacts of

combustion-derived methoxyphenols.
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1.3.2 Protonated form, (GUA + H*): Aqueous ion chemistry

The protonated form is particularly relevant in aqueous media, such as cloud or fog droplets.
Owing to their polarity and semi-volatility, these methoxyphenols are susceptible to rapid
dissolution in atmospheric water bodies, where they can undergo proton transfer, especially under
acidic (low pH) conditions.®> This shift to the ionic form facilitates distinct aqueous-phase

chemistry, leading to enhanced aqSOA formation as discussed previously.*?

In this charged protonated state, the unimolecular dissociation pathways are expected to differ
from those of the neutral species. These guaiacols possess multiple potential protonation sites,
including the oxygen atoms of the hydroxyl and methoxy groups, and carbon atoms of both the
aromatic ring and the side chain. Studies on related organic molecules have established that the
site of protonation determines the thermodynamic stability of the resulting protomer and,
essentially, the subsequent degradation outcome.®® The fragmentation reactions observed
experimentally depend directly on which protomer is significantly populated.®®®” Knowledge of
product distributions and the energetics of the unimolecular degradation of protonated guaiacol
and its derivatives is essential for accurately modelling complex aqueous and acidic atmospheric

processing mechanisms that lead to agSOA formation.*?

1.3.2.1 Acid-mediated reaction

Atmospheric aerosols, whether primary (formed by wind action) or secondary, play a critical role
in climate and air quality, with fine aerosols (radius less than 1 pum) predominantly formed by the
condensation of precursor gases.®® While sulfuric acid is a well-established precursor typically

formed via sulphur dioxide oxidation,® 7

nitric acid is a significantly more abundant tropospheric
inorganic acid, often reaching concentrations four to seven orders of magnitude higher.”” Due to
their strong acidity and high oxidizing power,’”® these acids drive the formation of secondary

inorganic aerosol (SIA) and SOA through acid-catalyzed reactions of organic precursors.’!

Paralleling these atmospheric processes, the catalytic upgrading of lignocellulosic biomass relies

7273 Bio-oil produced from pyrolysis requires

heavily on similar acid functionality.
hydrodeoxygenation (HDO) to reduce its oxygen content, a process often studied using guaiacol

as a representative model compound.’” Thus, investigating the gas-phase, acid-mediated reaction
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of guaiacol with bisulphate (HSO4") and nitrate (NO3") anions provides a productive bridge
between atmospheric multiphase chemistry and catalytic upgrading. It serves as a fundamental
probe of the intrinsic mechanisms of catalytic deoxygenation in biomass valorization while
simultaneously providing a predictive model of acid-driven degradation of organic matter in the

atmosphere.

1.3.3 Radical cation, (GUA*"): High-energy processes

Radical cations are conventionally generated by high-energy processes, such as photoionization
(via UV irradiation) and combustion.’ Possessing both a positive charge and an unpaired electron,
these species undergo distinctive radical-driven fragmentation pathways that are fundamentally
distinct from those of the closed-shell neutral and protonated species and are central to
understanding the chemistry in high-energy environments.”> Experimental evidence suggests that
guaiacol pyrolysis proceeds via free-radical chemistry, initiated by the loss of a methyl radical
(‘CH3).”® Similarly, Scheer et al.,”’ using photoionization time-of-flight mass spectroscopy
(PIMS), also identified methyl radical loss as the initial high-temperature decomposition step,
producing the hydroxyphenoxy radical intermediate. Additional pyrolysis products observed
include acetylene and substituted alkynes, which can be subsequently oxidized by ‘OH or NOs3,
contributing to SOA formation.”””® Thus, studying the radical cationic forms links high-energy
ionization chemistry with atmospheric radical processes, providing a comprehensive framework

for understanding the formation, transformation and fate of radical intermediates.
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Table 1. Comparison of the environmental contexts and mechanistic significance of guaiacol and

its derivatives across distinct charge states.

Molecular
Primary environmental context Mechanistic significance
form
Critical for defining chemical
Thermal processes: precursors, predicting SOA
Emitted directly into the atmosphere formation and assessing
Neutral during thermal events (pyrolysis); climatic and health impacts.
acts as the principal reactant in gas- Provides insight into
phase oxidation. combustion kinetics and
intrinsic thermal stability.
Aqueous media: Essential for modelling
Occurrence in cloud or fog droplets, complex aqueous and acidic
Protonated

Radical cation

formed via dissolution and proton

transfer under acidic conditions.

High-energy processes:

Photoionization; combustion

processing mechanisms
leading to aqgSOA formation.
Links high-energy ionization
chemistry with low-energy
atmospheric radical processes.
Provides a framework for
understanding the formation of

radical intermediates.
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1.4 Research objectives: Quantifying unimolecular chemistry across charge

regimes

1.4.1 The critical data gap in unimolecular kinetics and atmospheric modelling

Although the atmospheric prevalence and general reactivity of guaiacol and several of its
derivatives are well established, a detailed molecular-level understanding of their degradation
mechanisms across diverse environmental interfaces remains incomplete. As highlighted in prior
studies, these methoxyphenols do not persist in a single chemical state; rather, they undergo

52,39.60.62.63 " protonated aqueous-phase

transformation through neutral gas-phase oxidation,
reactions® and radical-cationic high-energy degradation pathways.’®”’ Despite advances in
characterizing bulk reaction rates, the fundamental thermodynamic and kinetic parameters
governing unimolecular decay across these distinct regimes are often lacking or inferred from

theoretical approximations.®”

The lack of experimentally constrained thermochemical and kinetic data — notably accurate
appearance energies and energy-dependent branching ratios for competing degradation channels —
represents a critical bottleneck. Without accurate dissociation rates, branching ratios, and
energetics for the short-lived transient intermediates, atmospheric models cannot reliably predict
the formation of SOA and BrC pollutants, both of which exert significant climatic and public health
impacts.®3® Current models often fail to account for complex molecular rearrangement
mechanisms or charge-specific reaction pathways, leading to the critical uncertainties highlighted

in BrC radiative forcing predictions.®!

1.4.2 Aims and experimental strategy: A comparative mass spectrometry approach

The central rationale for this thesis is that the degradation chemistry of guaiacol and its derivatives
is not governed by a single mechanism but is highly dependent on molecular charge state. This
thesis seeks to address this gap by conducting a comparative investigation of the unimolecular
decomposition of guaiacol and its derivatives across three distinct charge regimes: neutral (GUA?),

protonated (GUA + H") and radical-cationic (GUA™).
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To probe the distinct fragmentation behaviours associated with each charge state, complementary
mass-spectrometric techniques are employed, each optimally selected for the specific molecular

form and kinetic regime:

Neutral species: imaging photoelectron photoion coincidence (iPEPICO)

The use of iPEPICO is uniquely suited to this task as it provides optimal energy resolution and
sensitivity. It provides precise internal energy selection for the molecular ion, enabling
determination of the 0 K appearance energy (Eo) for specific fragmentation channels. This energy
threshold data, coupled with statistical RRKM modelling, is essential for obtaining microsecond-

timescale rate constants.

Protonated species: electrospray ionization mass spectrometry (ESI-MS)

ESI generates stable, solvent-free protonated ions, which can then undergo collision-induced
dissociation (CID) to simulate energy deposition relevant to aqueous phase processing. This
approach helps in characterizing the distinct, charge-driven rearrangement and fragmentation
pathways of specific protomers, providing essential data for modelling agSOA formation

mechanisms.

Radical cations: mass-analyzed ion kinetic energy spectrometry (MIKES) and iPEPICO

MIKES is utilized to identify metastable ion dissociations occurring on the microsecond timescale.

By integrating energy-resolved experimental mass spectrometric data with statistical modelling
(RRKM theory), this thesis aims to advance the molecular-level understanding of guaiacols
degradation and provide the quantitative framework for improved atmospheric models. The
specific objectives are:

1) Mechanistic elucidation — Determine the unimolecular fragmentation pathways and product
distributions characteristic of each charge state.

2) Thermochemical and kinetic characterization — Obtain accurate appearance energies and rate
constants for the reaction intermediates and transient species.

3) Model integration — Provide the fundamental physical chemistry data required to enhance the

predictive accuracy of atmospheric models for SOA and related combustion-derived pollutants.
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CHAPTER 2: INSTRUMENTATION

2.1 Mass-analyzed ion kinetic energy spectrometry (MIKES)

Mass-analyzed ion kinetic energy (MIKE) spectrometry was performed on a VG ZAB mass
spectrometer. A schematic representation of the VG ZAB mass spectrometer is shown below
(Figure 2-1).3? Basically, ions are produced by electron ionization (EI) and directed towards the
magnetic analyzer, where separation is based on momentum. Once the ions of interest are selected,
they travel through the second field-free region (2FFR), where metastable dissociation occurs. The
resulting fragment ions are then analyzed by the electrostatic analyzer (ESA) according to their

kinetic energies.

Second field-free region (2FFR)

Electrostatic

analyser
(ESA)

Magnetic

analyser z
X

y Collector slit
(variable)

.\ Source slit (variable)

El ion source )

Detector

Figure 2-1. Schematic representation of the VG ZAB instrument. (Reproduced from ref §2.
Licensed under CC BY 4.0 https://creativecommons.org/licenses/by/4.0/).%?

2.1.1 Electron Ionization (EI)

Electron ionization (EI), or electron impact ionization, is a technique in which high-energy
electrons collide with neutral gas-phase molecules, resulting in ion formation and the respective
ejected electron. The term “electron impact ionization" is somewhat misleading, given the
electron’s small size in molecular terms, and thus would have difficulty “hitting” any part of an
atomic target. A more accurate description is to think of the electron as passing close to or even

through the atomic target. In quantum mechanical terms, the electron’s wavefunction interacts with
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and distorts the electric field of the atomic system.®* Upon interaction with a high-energy electron
possessing tens of electronvolts (eV) of kinetic energy, part of the electron’s energy may be
transferred to the neutral molecule. If the energy transfer is sufficiently efficient to surpass the
ionization energy (IE) of the neutral, ionization occurs via electron ejection, producing a molecular

ion, a positive radical ion (cation):3*

M+e 2> M"™+2¢

A schematic layout of the ion source is shown below (Figure 2-2), consisting of an ion source
block, filament, repeller electrode, trap electrode, acceleration region, and focusing lens.
Depending on their physical state at room temperature, neutral molecules are introduced using one
of two methods. Liquid samples, which were most common, were introduced via a liquid inlet,
while a heated solid probe was utilized for solid samples. The analyte molecule is ionized by
electrons that are ejected through thermal emission from a filament and collected at the trap
electrode. The resulting electron beam carries an energy of approximately 80 eV, closely matching
the optimal ionization efficiency typically observed at 70 eV.*> To minimize ion losses due to
neutralizing collisions with the walls, a small voltage is applied to the repeller electrode to push
out the newly formed ions immediately after generation.®* The ions are accelerated to the operating
kinetic energy of the instrument (6, 7 or 8 kV, depending on the timescale desired for the

experiment). A series of ion lenses guides the ion beam towards the mass analyzer.
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Figure 2-2. Schematic diagram of an electron impact ion source.

Ionization by energetic electrons does not result in the deposition of a fixed amount of energy into
the target molecule. For example, a 10 eV electron beam may transfer anywhere between 0 and 10
eV of energy. Consequently, electron ionization sources typically employ higher-energy electron
beams. An energy of approximately 70 eV is commonly used in most analytical instruments, as
this energy value has been shown to yield the maximum ionization efficiency for most organic

molecules.®’

2.1.2 Magnetic analyzer (magnetic sector)

After ion formation, they are accelerated to 8 keV through a first field-free region before entering
the magnetic sector, in which the magnetic field is applied perpendicular to the ion beam
trajectory.># Jon selection within the magnetic sector is based on momentum, which is governed
by the applied magnetic field. The sector consists of two parallel electromagnets surrounding an
iron core, and the relationship between ion momentum (mv) and magnetic field strength is
described by the following equation:

mv = rBze (eq. 1)

where r denotes the radius of curvature of the ion’s path, m is the ion’s mass, v is its velocity, B is
the magnetic field strength, z represents the number of charges on the ion, and e is the elementary

charge unit. Most instruments are designed with a fixed value for the radius of curvature, r, and
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ion selection is achieved by tuning the magnetic field (B). This allows only ions of specific values
of momentum, mv, through the magnetic sector. Thus, the magnetic sector fundamentally selects

1ons based on their momentum rather than their mass.

Magnetic sector instruments typically operate with ion sources held at a potential of 6-10 kV,
resulting in ions with translational kinetic energies on the order of several keV. The ion velocity

(v) is directly related to the acceleration voltage (V), as described by the following expression:

1
zeV = Emv2 (eq. 2)

Consequently, the mass-to-charge ratio (m/z) of the selected ion can be determined by combining
equations 1 and 2,
B?r2e

m/z = v (eq. 3)

In essence, selective transmission of ions with a given mass-to-charge ratio (m/z) through the
magnetic sector can be achieved by adjusting the acceleration voltage (/) and magnetic field
strength (B); though, in typical operation, V is fixed, and ion selection is accomplished by varying

B.SS

2.1.3 Second field-free region (2FFR)

The momentum-selected ions travel through the second field-free region (2FFR) of the instrument
prior to reaching the electrostatic analyzer. Within this region, dissociation of metastable ions takes
place. These metastable ions have acquired sufficient internal energy from the ion source to
fragment without external stimulation; that is, by virtue of energy acquired from the source and
not from collisions. These ions dissociate on the microsecond timescale with typical rates ranging

between 10* and 10° s (Figure 2-3% below).34%>
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Figure 2-3. Relationship between rate constants of ion dissociations. (Adapted with permission

from ref 84. Copyright Springer International Publishing AG 2017)%

2.1.4 Electrostatic analyzer (ESA)

The electrostatic analyzer comprises two curved parallel plates across which a potential difference
is applied, generating an electric field of strength E. Ion separation is achieved by varying the
potential across the ESA plates, allowing ions with specific translational kinetic energies to pass
through and be focused onto the detector. The transmission of ions through the analyzer is

described by the following equation:

—mv* = zeV = =zeEr (eq. 4)

Rearranging this equation allows for the characterization of the ion based on its m/z value

eEr

m/z = 7 (eq.5)

The electric field can be configured either as a constant field, enabling the ESA to act as a mass

selector, or as a variable field, allowing it to function as a mass filter.%
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2.1.5 Photomultiplier detector
The detector represents the final component of the sector instrument. In the VG-ZAB system, ion

detection is accomplished using a photomultiplier, as illustrated in Figure 2-4 below:

Conversion
Dynode

M* ) hv
-l —_—

Photomultiplier

Scintillator
(phosphorus screen)

Figure 2-4. Schematic representation of a photomultiplier detector.

Ions striking the conversion dynode result in the emission of an electron. The emitted electron
interacts with a scintillator, which absorbs its energy and emits a photon. This photon is transmitted
to a photomultiplier tube, where the resulting signal is amplified via multiple dynodes. The
processed electrical signal is relayed to the data acquisition system of the mass spectrometer, where
it is digitized and recorded. This signal reflects the intensity of emitted photons, which is directly
proportional to the number of ions reaching the detector. The recorded data is processed to produce

a mass spectrum, showing the ion intensities detected at different mass-to-charge ratios (m/z).

2.1.6 Mass-analyzed ion Kinetic energy spectrometry (MIKES)

Following acceleration to keV translational kinetic energies and selection by the magnetic sector
based on m/z, ions arrive at the second field-free region (2FFR) of the instrument in several
microseconds, a timescale during which metastable ions dissociate. Due to the conservation of
energy and momentum, the unimolecular decomposition products A" and B® (originating from the

mass-selected metastable ion AB™) possess lower kinetic energy, T, than their precursor:

1 1 1
Tp+ = EmA+v2 Tge = EmB-v2 T g+ = EmABMJZ
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By rearranging,
mA+

o T apte
A Mg+ AB (eq. 6)

Thus, using the relationships outlined above, the final ion abundance kinetic energy spectrum is

transformed to the ion abundance fragment m/z spectrum.®’

2.2 Electrospray ionization mass spectrometry (ESI-MS)

The dissociation of protonated guaiacol and its derivatives was studied using a Waters Micromass
Quattro Ultima Pt triple quadrupole mass spectrometer. A schematic diagram of the instrument is
shown below (Figure 2-5).8” Conventional triple quadrupole mass spectrometers employ three
sequential quadrupole mass filters to isolate, fragment and quantify target analytes. However, in
our configuration, the system features two quadrupoles in conjunction with an ion tunnel, which
serves as the collision cell. Essentially, protonated ions were generated using an electrospray
source, and the precursor protonated ions were selected based on their m/z using the first
quadrupole and directed into the ion tunnel collision cell, where they undergo collision-induced
dissociation (CID) with argon gas. The resulting product ions were detected using the second

quadrupole analyzer and the detector.
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Figure 2-5. Experimental setup of the Waters Micromass Quattro Ultima Pt triple quadrupole mass
spectrometer.  (Reproduced from ref 87. Licensed wunder CC BY 4.0

https://creativecommons.org/licenses/by/4.0/)%’

2.2.1 Electrospray ionization process (ESI)

Electrospray ionization (ESI) uses electrical energy to assist the transition of analyte ions from the
liquid to the gas phase for mass spectrometric detection. Neutral molecules are ionized either by
addition ([M+H]") or abstraction ([M-H]) of a proton. Operated at atmospheric pressure, ESI
proceeds through three principal stages (Figure 2-6):%¢ 1) generation of charged droplets, 2)
solvent evaporation, and 3) ion ejection from the highly charged droplets. Within the ESI source,
a continuous stream of analyte solution is delivered through a metal capillary held at 2-6 kV. The
solution at the capillary tip is distorted into a Taylor cone that emits a fine mist of charged droplets.

This spraying process is assisted by a nebulizing gas, primarily nitrogen. As these droplets move
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along a pressure and potential gradient toward the mass analyzer, they undergo rapid solvent
evaporation, often assisted by heating of the ESI source. The charged droplets are continuously
reduced in size, leading to an increase in surface charge density and a decrease in the droplet radius.
Finally, when coulombic repulsion overcomes surface tension, ions at the surface of the droplets

are ejected into the gas phase, pass through a skimmer cone, and are accelerated into the mass

88,89

analyzer.

To
15t Quad

L———($— High voltage =)

Figure 2-6. Electrospray ionization in positive mode. The sample solution is delivered through a
positively charged capillary. The combination of applied potential and nebulizing nitrogen gas
produces charged microdroplets. Solvent evaporation (assisted by heat) progressively reduces
droplet size until coulombic repulsion induces droplet fission, transferring positive charge to the
analyte and yielding gas-phase ions. (Adapted with permission from ref 86. Copyright 2009 John
Wiley & Sons, Inc.)®

2.2.2 Quadrupole mass analyzer

The quadrupole mass analyzer consists of four parallel rod electrodes, either hyperbolically or
cylindrically in cross-section, arranged in a square configuration in the xy-plane and extending
along the z-direction (Figure 2-7).%* Each pair of opposite rods is held at the same potential, which
is composed of a DC (direct current) and an AC (alternating current) component. As an ion travels

through the quadrupole along the z-direction, an attractive force is exerted on it by one of the rods
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with its charge opposite to the ionic charge. If the applied voltage is periodic, attraction and
repulsion in both the x- and y-directions will alternate in time.3* The applied potential @y is a
combination of a DC (direct current) potential, U and an RF (radio-frequency) potential, V cos wt,

given by®+8

Oy, =U+Vcoswt (eq.7)

The equations of motion within such a field are as follows:%

d?x
W—FM(U Vcoswt)x =0

d?y

F-I_R(U Vcoswt)y =0

(eq. 8)

Here, 1y denotes the radial distance from the trap center to the electrodes, and e is the electron

charge. Ion motion travelling in the quadrupole field follows the Mathieu equation.®

Expressing equation 8 in its dimensionless form results in:¥%

d*x
azz + (a, + 2q,, c0s28)x =0

2 (eq.9)

d-y
€ + (a, + 2qy cos2§)y =0

Now, the following three substitutions can be applied:®’

8elU 8elV wt

x Y mw?rd x Y mw?rd 2

Accordingly, the outcome is expressed in the general form of the Mathieu equation:®3!

d*u
azz + (a, — 2q,c052&)u =0 (eq. 10)
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The Mathieu equation (equation 10) describes the ion motion in the quadrupole field (where u can
be either x or y). Its stable, bounded solutions delineate the conditions under which ion trajectories
remain confined within the quadrupole. Figure 2-8°? depicts the stability diagram for the stable
solutions to the equations for both the x- and y-axes. The stability region is unique for a given
m/z.3 For a specified combination of the DC (U), and RF potentials (V) and frequency, w, only
ions whose m/z range fall within the narrow stability window have stable trajectories through the
quadrupole. This window is governed by the magnitude of the RF voltage and by the ratio of the
DC and RF potentials (U/V). Any ion whose m/z lies outside this region follows an unstable
trajectory, collides with the rods and does not make it further.®® The operating line, which intersects
the apex of each m/z region, defines the DC (U) and RF (V) settings required for selective ion
transmission. The ratio of U to V is a constant along the operating line. By varying the slope of the
operating line, one can tune the resolution of the quadrupole. A steeper slope results in greater ion

separation, but at the expense of sensitivity.

a) b)

-(U + Vcosmt)

—+(U + Vcoswmt)

Figure 2-7. a) Schematic diagram of the quadrupole mass analyzer. b) Operating principle of the
quadrupole mass analyzer. The x-direction pair of rods acts like a high-pass filter (excluding low
m/z ions), so ion C (with low m/z) is not allowed through, and the y-direction pair of rods acts like
a low-pass filter (excluding high m/z ions) and takes care of ion A (with high m/z). Only ions with
m/z values that satisfy both stability conditions (ion B) traverse the quadrupole and reach the
detector. (Adapted with permission from ref 84. Copyright Springer International Publishing AG
2017)%
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Figure 2-8. Mathieu stability diagram showing stable regions for different ion masses in a
quadrupole mass filter. Each ion mass (mi, mz, m3) occupies a distinct stability region. When the
RF and DC voltages are scaled together so that their ratio remains constant, the resulting operating
(scan) line traverses the stability regions for successive masses. lons whose stability regions
intersect the scan line are transmitted in sequence (m; — m2 — m3), producing a mass spectrum
that scans from low to high m/z. (Reproduced from ref 92. Licensed under CC BY 4.0

https://creativecommons.org/licenses/by/4.0/)

2.2.3 Collision-induced dissociation (CID)

Collision-induced dissociation (CID) is a fundamental mass spectrometry technique for
fragmenting selected precursor ions through collisions with neutral gas atoms or molecules. After
selection by the first quadrupole, the precursor ions are accelerated by the electric field between a
grounded plate and the collision cell, before colliding with an inert gas, such as argon. The kinetic
energy imparted to the ion molecules, referred to as lab-frame kinetic energy (E1ab) in electron volts
(eV), can be tuned to regulate the extent of fragmentation. During inelastic collisions with argon
atoms, part of the ion's total kinetic energy is internalized and distributed among its vibrational
and rotational modes. Once the internal vibrational energy surpasses bond dissociation thresholds,

the bonds irreversibly stretch and break, generating fragment ions and neutral species (Figure 2-
9).93
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Figure 2-9. Collision-induced dissociation process. As the accelerated precursor ion collides with
an argon atom, part of its translational kinetic energy is converted into internal energy (vibrational
and rotational excitation). If the resulting internal energy exceeds the relevant dissociation or
isomerization thresholds, the ion undergoes bond cleavage or unimolecular fragmentation.
(Reproduced from ref 93. Licensed under CcC BY 4.0

https://creativecommons.org/licenses/by/4.0/)*
To relate fragmentation efficiency to collision energy, the center-of-mass frame energy (Ecom) 1S
used as an approximation. Ecom, calculated via equation 11,7 represents the amount of lab-frame

energy that can be internalized, taking into account the relative mass difference between the

precursor ion (Mien) and that of the collision gas (May).5*

MAr
Ecom = Elab <—> (eq. 11)
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2.3 Imaging photoelectron photoion coincidence spectroscopy (iPEPICO)

The imaging photoelectron photoion coincidence (iPEPICO) apparatus, used for unimolecular
radical cation dissociation and pyrolysis studies of 4-ethylguaiacol and eugenol, is located at the
vacuum ultraviolet beamline of the Swiss Light Source (SLS), a third-generation synchrotron light

source.

2.3.1 Photoionization process

To initiate photoionization and generate both ionic and neutral species, a high-energy radiation
source is required to excite valence-shell electrons. Synchrotron radiation, produced by
accelerating electrons at relativistic speeds through magnetic fields in particle accelerators, serves
as an ideal source due to its broad spectral range and high brilliance. Unlike conventional discharge
lamps, synchrotron light offers superior tunability via diffraction gratings and significantly
enhances ionization efficiency, enabling more precise and sensitive spectroscopic measurements.”
Upon photon absorption, an isolated gas-phase molecule can be excited across its translational,
rotational, vibrational and electronic modes. Electronic and vibrational excitations occur at discrete
energy levels and are frequently accompanied by rotational level transitions, collectively known
as rovibrational transitions. Translational energy levels, by contrast, are so densely spaced that
they can be treated as a continuum, and the effect of the photon’s momentum on the molecule is

effectively negligible.”

When a generic molecule AB absorbs a photon, 4v, ionization predominantly proceeds via direct

ionization and autoionization mechanisms.”>°

AB+ hv > AB"+e¢  lonization
AB+hv > AB" > AB'+¢  Autoionization
AB+hv > AB" > AB"+e > A"+B+e Dissociative photoionization

The key distinction between direct ionization and autoionization lies in the origin of the transition
probability: in direct ionization, it is governed by the ionization continuum, whereas in

autoionization, it is determined by the transition to the excited neutral state, AB". In the PEPICO
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(photoelectron photoion coincidence spectroscopy) experiment, the decay of autoionizing
resonances directly impacts the ability to isolate electrons at precise kinetic energies. By exploiting
autoionization, ions can be generated within Franck-Condon (FC) gap regions — areas where direct
ionization is inherently weak due to low FC factors — that are otherwise inaccessible via direct
photon excitation from either the neutral or ionic ground state. These phenomena are investigated

in this thesis using threshold photoelectron photoion spectroscopy (TPEPICO).%>

2.3.2 Principle of energy selection

When a molecule absorbs a vacuum ultraviolet (VUV) photon with an energy (/4v) exceeding the
binding energy of an electron, ionization occurs at a threshold known as the ionization energy (/E)
and two types of /E are generally reported: 1) Adiabatic ionization energy: the minimum energy
required to remove an electron and form the ion in its ground electronic and zero-point vibrational
state (v = 0 to v = 0). It represents the lowest /E for the transition to a particular ion electronic
state. 2) Vertical ionization energy: it represents the energy associated with the most intense peak
within the vibrational progression of the photoelectron spectrum, typically reflecting the most
probable transition, which may or may not correspond to ionization to the v" = 0 level, depending
on the geometric similarity between the neutral and ionic states. This distinction arises because
electron excitation leads to a redistribution of the electronic charge, which in turn influences the
Coulombic interactions experienced by the nuclei. This change can induce nuclear motion,

resulting in enhanced vibration (phenomena known as vibronic transitions).”>%

Upon photon absorption, the ejected electron can have energy that ranges from 0 to [E-hv.”

Consequently, the kinetic energy of the electron is given by”

hv =IE + Ei,, + KEjon + KE,. (eq. 12)

IE denotes the adiabatic ionization energy, Ei..» represents the ion’s internal energy, KEi, the ion’s
kinetic energy, and KF..the electron’s kinetic energy. By conservation of momentum, most of this
excess energy is partitioned into the electron kinetic energy (being the lighter fragment), leaving
the much heavier cation with negligible recoil velocity. Thus, the ion’s kinetic energy term can be

disregarded, and the expression simplifies to”
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hv=IE + E;,, + KE,. (eq. 13)

Equation 13 shows that an ion of internal energy FEio, corresponds directly to an electron with a
specific kinetic energy. Therefore, by detecting ions in coincidence with an electron of a specified
kinetic energy, it is possible to selectively analyze ions corresponding to defined internal

energies.”®

In TPEPICO, “threshold” refers to the detection of electrons with initially zero kinetic energy.
Thus, TPEPICO involves the measurement of internal energy-selected ions alongside their close

to zero-energy (threshold) ejected electron.

The internal energy of the ion Ein (M) is as follows:

EinM") =Ein(M) + hv-1E,; (eq. 14)

where /v is the photon energy, Ein(M) denotes the internal energy of the neutral, and /E.q

represents the adiabatic ionization energy.

Threshold electron detection, which selectively records electrons with negligible kinetic energy,
offers several advantages over conventional PEPICO techniques. The fact that threshold electrons
are effectively stationary within the ionization region, whereas energetic electrons are mobile, this
difference can be exploited experimentally. Absorption of a photon promotes a neutral molecule
to a high-lying neutral electronic state, AB”, typically a Rydberg state, in which the ion core is left
with the excited electron in an orbital with a high principal quantum number. As the electron
possesses virtually no kinetic energy, once in a Rydberg orbital, it spends most of its time at large
distances from the core, treating the core as a point charge.””” A dense series of these Rydberg
states converges upon each ion state. During autoionization, the Rydberg state can couple to a
lower-energy ion state, producing a vibrationally or rotationally excited ion and the corresponding
ejected threshold electron.”>?® As a result, additional spectral features can be identified in the TPES

(threshold photoelectron spectra) within Franck-Condon gap regions, where there is no direct
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overlap between the states involved in the transition (Figure 2-10).> Additionally, threshold
detection achieves superior electron resolution, typically below 1 meV, eliminating the need for
dispersive electron analyzers, as only threshold electrons are selected. This method also achieves
higher sensitivity because nearly all threshold electrons are collected (higher collection efficiency),

improving signal-to-noise ratios and minimizing false coincidences.”®

Frank-Condon region

Potential energy

A+B

AB

Internuclear distance, r
Figure 2-10. Potential energy curves demonstrating autoionization. The neutral molecule is
excited to the Rydberg state, R, which can cross over to the ionic ground state, x , leading to the
formation of an ion and a neutral fragment. (Reproduced from ref 95. Licensed under CC BY 4.0

https://creativecommons.org/licenses/by/4.0/)*?

2.3.3 Experimental setup

Samples of 4-ethylguaiacol and eugenol are effusively introduced into the endstation (Figure 2-
11) via a continuous argon flow. The resulting vapour-argon mixture expands through an orifice to
generate a molecular beam, which is directed into a SiC microreactor (also known as a heating
tube, Figure 2-12a). A surrounding water-cooled chamber protects the optics and vacuum
components from radiative heating. For radical cation unimolecular dissociation studies, the
microreactor is maintained at ambient temperature, allowing the neutral molecular beam to be
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skimmed directly into the iPEPICO ionization chamber. Conversely, for neutral pyrolysis
experiments, the microreactor is resistively heated (Figure 2-12b) to thermally decompose the

samples, and the resulting molecular beam of neutral pyrolysis products is then introduced into the

1onization chamber.

Figure 2-11. The iPEPICO endstation at SLS.
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microreactor

Cooled

Figure 2-12. a) Cooling chamber and SiC microreactor pictured at SLS. b) SiC microreactor

heated for pyrolysis.

The sample is ionized using monochromatic VUV synchrotron radiation, dispersed by a grazing
incidence monochromator.” Following photoionization, electrons and ions are accelerated in
opposite directions toward their respective detectors by a constant extraction field of 20-120 V/cm
applied across the ionization region (Figure 2-13).!% As electrons are orders of magnitude lighter
than ions, they reach the detector substantially earlier and initiate the time-of-flight (TOF)
measurement. The ejected electrons are velocity map imaged (VMI) onto a 40 x 40 mm DLD40
Roentdek position sensitive delay-line detector (Figure 2-14a).°> The advantage of VMI is that
electrons with similar initial velocity (and by consequence, same kinetic energy) are focused to the
same area of the detector regardless of their point of origin of formation in the ionization region.'°!
Threshold electrons are focused directly onto the centre of the detector (Figure 2-14b).
Nonetheless, electrons are also produced, which initially possess kinetic energy (referred to as
“hot” electrons) and are focused around the central threshold electron spot.'® However, a subset
of these hot electrons may have velocity vectors directed toward the centre of the detector, leading
to contamination of the true threshold signal. Thus, during data analysis, the hot electron
contamination of the threshold signal is accounted for by a simple subtraction process introduced
by Sztaray and Baer!??, in which the hot electron signal, represented as a small ring around the

central spot, is subtracted from the central threshold signal (Figure 2-14c).
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Figure 2-13. Schematic of the iPEPICO endstation interior, showing the principal components and
illustrating the photoionization process within the vacuum chamber. (Adapted with permission

from ref 100. Copyright 2017)'%

a) b) c)

Figure 2-14. a) The electron signal image of 4-ethylguaiacol radical cation at 8.0022 eV as

captured by the DLD40 Roentdek detector. b) The circle area for the threshold electron signal. c)

The ring area accounting for hot electrons.

After acceleration through a 5 cm long 120 V/em primary acceleration region, the ions are further
accelerated to -1800 V to establish the required space-focusing conditions.”® This configuration
follows the standard Wiley-McLaren geometry'®, making the arrival time of ions with the same
m/z effectively independent of their point of ionization within the ionization region. All ions

receive the same net kinetic energy during acceleration, so their velocity depends only on m/z, not
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on where they were generated. Ions generated closer to the first electrode (near the electron
detector) originate at a more positive potential, and therefore experience a different potential drop
than those formed closer to the ion detector. The first-stage and second-stage fields are chosen so
that ions created at the front of the source gain a somewhat larger initial velocity but travel a
slightly longer effective distance; ions created at the back gain a smaller initial velocity but travel
a slightly shorter effective distance. These two effects offset each other at the detector, such that
both populations reach the ion detector nearly simultaneously and define the lower and upper limits
).103.104

of the TOF distribution (earliest and latest possible arrival times of ions with the same m/z

Detection of the ion terminates the time-of-flight measurement.

2.3.4 Experimental results and data processing

The primary experimental outputs consist of the electron signal from the central spot and ring
correction, ion TOF distributions obtained in coincidence with electron events from the central
spot (circle) and the ring, acquisition times and photon energy. The initial processing step is
accounting for the hot electron contamination. This is accomplished by scaling the ring signal by
a multiplication factor (typically 0.6 or 0.7, the ratio of the ring-to-circle area) and subtracting the
scaled ring contribution from the threshold central spot signal. Plotting the corrected threshold
electron intensity as a function of photon energy yields the TPES, while a plot of the integrated
absolute ion intensities versus photon energy produces the mass-selected TPES (ms-TPES).
Plotting the integrated relative ion intensities (fractional ion abundance) as a function of photon

energy results in a breakdown diagram.
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Figure 2-15. iPEPICO data processing workflow

2.3.5 Vibrational structure, FC simulation

Vibronic transitions observed in TPES and ms-TPES are a combination of electronic, vibrational,
and rotational transitions that arise when an electronic transition occurs from the neutral to the
ionized molecule. The probability of an observable transition is given by the Franck-Condon (FC)

principle!'®

and is based on the Born-Oppenheimer approximation: because nuclei are much
heavier than electrons, electronic promotion occurs on a significantly shorter timescale than
nuclear motion, so the nuclei may be considered fixed during the transition. Consequently,
ionization proceeds as a vertical transition.!® FC factors can be used to determine the probability
of transitions to different vibrational levels, while taking into account the change in geometry
between the ion and the neutral.”>!% Transitions with a high probability involve a transition from
lower vibrational states to upper vibrational states, where the vibrational wavefunctions exhibit
maximal overlap and manifest themselves as intense peaks in the TPES (Figure 2-16)°° and ms-
TPES, whereas transitions with poor overlap appear as weaker features within the same band.”>!%
FC simulations calculated using the Gaussian software can be overlaid on experimental TPES and

ms-TPES to assign and visualize the contributing vibrational transitions.
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Figure 2-16. Potential energy curves with an overlaid stick TPES illustrating the Franck—Condon
principle. The dashed line denotes the vertical electronic transition. Intense TPES peaks
correspond to vibrational levels with maximum overlap between the neutral and ionic vibrational
wavefunctions.  (Reproduced from ref 95. Licensed under CC BY 4.0

https://creativecommons.org/licenses/by/4.0/)*>

2.3.6 Statistical modelling, minimalpepico software

Accurate thermochemical and kinetic parameters from PEPICO experimental data require careful
modelling in terms of energy distributions and dissociation rates. For this thesis, the unimolecular
radical-cation dissociation was modelled using the minimalpepico program.'’” The program
incorporates the physical parameters of the ion optics in the iPEPICO experiment, the parent ion
internal energy distribution (derived by shifting the neutral thermal distribution by the photon
energy minus the adiabatic ionization energy), and statistical rate constants for each dissociation
channel.!”” From these inputs, minimalpepico computes theoretical branching ratios and

time-of-flight distributions for direct comparison with experimental results.'%’
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The program executes the following steps:

1) Generate the thermal energy distribution of the neutral precursor.

The first step is to determine the energy distribution of the neutral precursor molecule at the
experimental temperature. Molecular rotations are treated using a classical density of states
function p(E)'°1% and the vibrational density of states are convoluted with the rotational states
using the direct-count method (Beyer and Swinehart direct-count algorithm).!® The energy
distribution of the neutral molecule P(E) at temperature 7 is then determined by the Boltzmann

expression:!'?’

p(E)e_E/kBT
fooo p(E)e_E/kBT

P(E) = (eq. 15)

2) Generate the internal energy distribution of the molecular ion using the neutral precursor§

density of states and photon energy (Figure 2-17).

The energy distribution of the neutral molecule is directly transposed onto the ground electronic
state of the ionic manifold, and the molecular ion’s internal energy can be obtained by equation

14 (refer to section 2.3.2):

EMY = EM 4 hv — [Ey, (eq. 14)

int int

where E %: represents the internal energy of the molecular ion, E}!, is the internal energy of the
neutral, hv denotes the photon energy and IE,, the adiabatic ionization energy. This direct
transposition of the neutral energy distribution upon ionization is widely validated across many

110,111

systems, and it has been found that the approximation generally improves for larger

molecules.'?’

3) Calculate the dissociation rates, k(E), as a function of the ion's internal energy using RRKM
theory (refer to section 3.5).
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4) Generate a theoretical breakdown diagram using the energy distributions and dissociation

rates.

5) Compute TOF distributions using experimental rate information.

6) Comparison of the calculated breakdown curve and TOF spectra with the experimental data to

assess agreement.

7) Adjust the model parameters, Eo and A'S, and repeat steps 1-6 iteratively until the simulated

and experimental results converge.

Potential Energy

Reaction coordinate

Figure 2-17. The dissociative threshold photoionization process. The neutral’s internal energy
distribution is transposed onto the ion manifold upon threshold ionization. The shift between the
neutral and ionic origin energies equals the photon energy, hv; the adiabatic ionization energy (/E)
is the energy difference between the neutral and ionic ground states; the 0 K appearance energy
(Ep) is the energy difference between the ionic dissociation limit and the neutral ground state.

(Adapted with permission from ref 107. Copyright 2010 John Wiley & Sons, Ltd.)!"’
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CHAPTER 3: COMPUTATIONAL METHODS

This chapter describes the computational approaches employed to support and interpret the
experimental data. Investigating guaiacol and its derivatives across their neutral, protonated, and
radical-cationic states requires a rigorous, multi-level computational strategy to resolve
dissociation dynamics, determine reliable thermochemical values, and map the relevant potential
energy surfaces (PES). Density Functional Theory (DFT), as implemented in the Gaussian 16

software suite,!'?

served as the primary tool for geometry optimizations, vibrational frequency
analyses, and minimum energy reaction pathway (MERP) mapping. These foundational DFT
calculations were subsequently augmented by high-accuracy composite methods (CBS-QB3) to
obtain refined thermochemical and kinetic parameters. This chapter outlines the fundamental
principles underlying these methodologies and outlines the specific computational protocols

applied to study the different molecular forms.

3.1 Density functional theory (DFT)

DFT provides a computationally efficient and scalable framework for determining the electronic
structure of molecular systems, offering a practical compromise between accuracy and
computational cost.!'>!"* Unlike traditional ab initio methods that solve the complex, multi-
electron Schrodinger equation for both the energy and the wavefunction, DFT reformulates the
problem in terms of electron density (p(x,y, z)), which is a function of position only, that is, it
only depends on three variables (x, y, z).!'> By contrast, the many-electron wavefunction of an n-
electron molecule is a function of 4n variables (three spatial coordinates and one spin coordinate,
for each electron), which greatly increases computational complexity. DFT methods were built on
concepts from Hartree-Fock (HF) theory, which treats electrons as moving in an average potential
generated by all the other electrons, without accounting for the dynamic electron correlation.!'* In
contrast, DFT employs the Kohn-Sham approach, which is based on the Hohenberg-Kohn

theorems, %117

which states that the total energy of the system is a unique functional of the total
electron density. The practical implementation involves solving the Kohn-Sham single-electron
equations, which map the interacting system with noninteracting system (electrons). The
complexity of electron-electron interactions is then approximated within the exchange-correlation

functional.'"?
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Time-dependent density functional theory (TD-DFT) was employed to investigate the excited state
properties and optimize the geometries of molecules in their excited states (for example, the first
singlet excited state, S;). While ground state DFT relies on the Hohenberg-Kohn theorems, TD-
DFT is founded on the Runge-Gross theorem, which establishes that for a system evolving from a
fixed initial state, there is a one-to-one mapping between the time-dependent external potential
and the time-dependent electron density.!'® In practical applications, this formalism enables the
determination of vertical excitation state energies and the subsequent optimization of excited-state
geometries. To achieve the latter, analytic gradients of the TD-DFT energy are calculated. These
gradients allow for the iterative exploration of the excited state potential energy surface to locate
stationary points, such as local minima, representing the equilibrium nuclear configuration of the

molecule in its excited state.!"’

3.1.1 B3LYP and M06 functionals

DFT approximates the exchange—correlation energy through the use of functionals that map the
electron density to a scalar energy contribution. A good functional handles not only exchange and
correlation errors but also self-repulsion and kinetic energy errors.!'> B3LYP and M06 are the two
functionals employed in this thesis. Functionals are typically partitioned into an exchange term
and a correlation term. B3LYP is a widely popular functional known for its balance between
computational efficiency and accuracy, particularly for predicting molecular geometries and
thermochemistry.'!'>!2° B3LYP is classified as a hybrid functional as it integrates a portion of the
Hartree-Fock exact exchange with density functional exchange and correlation components.'!? In
B3LYP, B3 denotes the Becke 3-parameter exchange functional'?! and LYP the Lee, Yang, Parr

correlation functional'%2.

MO06, developed by the Truhlar group'?, is part of the Minnesota family of functionals. Unlike
standard hybrid functionals that rely solely on electron density, M06 also incorporates the kinetic
energy density of the Kohn-Sham orbitals, allowing for a more flexible and accurate modelling of
complex electronic environments. The M06 functional was specifically parameterized to correct
deficiencies often found in earlier methods, particularly regarding non-covalent interactions (such

as Van der Waal forces and n-w stacking) and transition metal chemistry.!!>!23
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3.1.2 Basis set

In computational quantum chemistry, the electronic wavefunction is mathematically described
using a basis set, which is a collection of mathematical functions (basis functions) used to
approximate atomic orbitals within a molecule. Following the linear combination of atomic
orbitals (LCAOQO) approximation, molecular orbitals are built as linear combinations of these
individual basis functions.'"> Quantum-chemistry packages like Gaussian 16 commonly employ
Gaussian-type orbitals (GTO) as Gaussian integrals can be evaluated far more rapidly than
integrals over alternative primitive functions.!!>!>* The choice of basis set is consequential; larger,
more flexible basis sets impose fewer constraints on the electrons and generally yield more

accurate results, but at a significantly higher computational cost.!!®

The electronic structure calculations presented in this thesis were performed using the Pople-type
split-valence basis sets 6-31G(d) and 6-311+G(d,p). The 6-311+G(d,p) basis set is a split-valence
triple-zeta basis set, which offers greater mathematical flexibility for the valence electrons
compared to the double-zeta basis set of 6-31G(d).”” The specific architectural components of these
basis sets are detailed as follows:
e 6-311 (split-valence notation): Within this framework, the core orbitals of each atom are
represented by one basis function, each composed of six Gaussians (hence the “6). The
311 represents a split-valence set with each valence atomic orbital split into three shells;
the first one (3) is composed of a linear combination of 3 Gaussian functions, and the
second and third (11) are a linear combination of individual Gaussian functions. This triple
split allows the valence orbitals to expand or contract more dynamically to accommodate
the specific electronic environment of the molecule.!1>:12%:126
e + (diffuse function): Lone-pairs of electrons are relatively weakly bound and, on average,
at a larger distance from the nuclei than core electrons or electrons engaged in bonding,
which are relatively tightly bound to the molecular nuclear framework. To accurately
represent these spatially extended electron distributions, diffuse functions (denoted by the
plus sign) are incorporated. These functions augment the non-hydrogen heavy atoms with
diffuse s and p orbitals, which improve the description of anions and weak interactions by

allowing the electron density to extend further from the nucleus.!!%1%’
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e G(d,p) (polarization function): These are used to account for the distortion of atomic
orbitals within a molecule caused by the interaction with neighbouring atoms. In this
convention, d-type functions (orbitals) are added to the heavy atoms (2" row atoms) and
p functions added to the hydrogens. This provides the necessary angular flexibility to
atomic orbitals, thereby improving the representation of orbital deformation induced by

bonding and the molecular environment.!!>128

3.2 Composite methods

While standard DFT provides a versatile tool for molecular modelling, achieving chemical
accuracy (typically defined as errors less than 1 kcal/mol) often requires methods that account for
electron correlation more rigorously, such as Coupled Cluster theory.!!® Direct application of such
high-level methods with large basis sets is computationally prohibitive for most systems.
Composite methods mitigate this computational cost by performing a sequence of smaller, high-
level calculations and combining the results using an additive scheme. This approach assumes that
the effects of improving the basis set and the treatment of electron correlation are approximately
additive, allowing the program to estimate the energy of a high-level calculation at a fraction of
the cost.!?*13% A central element of composite methods is the extrapolation of the basis set to an

infinite limit (to completion).!!?

3.2.1 CBS-QB3 method

The CBS-QB3 (Complete Basis Set-quadratic Becke3), developed by Petersson and coworkers, is
a multi-step model chemistry that approximates a high-level calculation (such as Coupled Cluster
theory with a large basis set) by combining a series of computationally efficient lower-level
calculations and applying empirical corrections.!?*!3° The power of CBS-QB3 lies in its ability to
extrapolate the electron correlation energy to the Complete Basis Set (CBS) limit. It is widely used
in computational kinetics and thermodynamics because it provides a more reliable energy value
than single-step DFT methods, which can sometimes struggle with specific electronic

environments or large basis set requirements.!!%13!
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The CBS-QB3 method does not solve for the energy in a single step. Instead, it performs a series
of calculations at different levels of theory and combines them. The CBS-QB3 protocol follows a

predefined sequence of steps:'?%13°

1. Zero-Point Vibrational Energy (ZPVE)
The molecular structure is first optimized at the B3LYP/6—311G(d,p) level, followed by a
frequency calculation. This generates the ZPVE, which is scaled by a factor (typically 0.99) to

account for anharmonicity.

2. Single-point calculations at MP2 and MP4 Levels

A single-point calculation is an energy evaluation performed at a fixed molecular geometry. Unlike
in a geometry optimization, the atoms do not move (fixed); the program simply calculates the
electronic energy for that specific set of coordinates.'*>!** In CBS-QB3, several single-point
calculations are performed:

e MP2/CBSB3 and MP4/CBSB4: These steps utilize Mgller—Plesset perturbation theory
(MPn)'**, which improves upon Hartree-Fock theory by accounting for electron
correlation.

o MP2 handles the majority of the correlation energy, while MP4 captures higher-
order effects.

o The suffixes CBSB3 and CBSB4 refer to the specific, internal basis sets chosen by
the CBS protocol to be used with these specific MP levels to ensure the data is

compatible for the final extrapolation.!%13

3. CCSD(T) and perturbative excitations
The most critical step for accuracy is the CCSD(T) calculation. This method, "Coupled Cluster
with Single, Double, and Perturbative Triple excitations," is often called the "gold standard" of
quantum chemistry.
o Ina full CCSDT calculation, the simultaneous movement of three electrons (triple
excitations) is calculated iteratively, which is computationally demanding and
slow. In CCSD(T), the triple excitations are treated perturbatively. This means they

are calculated as a mathematical correction (using perturbation theory) rather than
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through the full iterative process. This provides nearly the same accuracy as a full

triple calculation but at a fraction of the time and cost.!®

4. Extrapolation to the Complete Basis Set (CBS) limit and final correction

The core "trick" of the CBS methods is the final extrapolation. Because even a large basis set
cannot perfectly describe an electron cloud, the results from the MP2 steps are used to
mathematically estimate what the energy would be if an infinitely large (complete) basis set were
used, and the corrections from the MP4 and CCSD(T) steps are added.'*’ Finally, an empirical
Higher Level Correction (HLC) and a correction for spin contamination are added to calculate the

reaction energetics for the species optimized at the B3LYP level.'?’

3.2.2 The Gaussian-n (Gn) series: G2, G3 and G4

The Gaussian-n (Gn) methods, developed by Curtiss, Raghavachari and Pople, consist of a series
of high-accuracy composite protocols designed to determine the total electronic energies of
molecular systems. In this thesis, the Gn series was employed in conjunction with CBS-QB3 to
determine the adiabatic ionization energies of molecules where experimental literature values are

currently unavailable.

3.2.2.1 Gaussian-2 (G2) method

G2 theory was developed as a refinement of the original G1 method to better account for basis set
deficiencies. The protocol initiates with a geometry optimization and subsequent frequency
analysis at the MP2/6-31G(d) level. The total energy is then estimated through a series of single-
point evaluations, including MP4 and QCISD(T) (Quadratic Configuration Interaction with Single,
Double, and Perturbative Triple excitations). These steps are designed to treat electron correlation
more rigorously than standard HF or DFT methods. The final energy includes an empirical HLC,
which is parameterized based on the number of valence electrons to account for residual

deficiencies in the correlation treatment.'3®

3.2.2.2 Gaussian-3 (G3) method
The G3 method was introduced to enhance the performance of G2 by implementing an expanded

basis set and a refined HLC. A key innovation in G3 theory is the utilization of MP2-based basis
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set extensions to estimate the effects of larger basis sets. This modification significantly improves
computational efficiency, enabling the study of larger molecular systems without sacrificing the
accuracy of thermochemical properties, such as enthalpies of formation and ionization potentials.
G3 generally provides a more consistent description of 3™ row elements compared to its

predecessor.'*’

3.2.2.3 Gaussian-4 (G4) method

G4 theory represents the most sophisticated and computationally refined iteration of the Gn series.

While G2 and G3 rely on MP2-derived geometries, G4 utilizes B3LYP/6-31G(2df,p) for structural

optimization and frequency calculations. This transition to a DFT-based geometry often provides

a more reliable starting point for complex electronic environments. Significant advancements in

the G4 protocol include:!'*°

e Anexpanded basis set scheme is used for the MP2 level extrapolation to the complete basis
set limit.

e The inclusion of spin-orbit coupling and scalar relativistic corrections for accurate
energetic predictions of systems containing heavier atoms.

e An optimized HLC that was parametrized against a much larger and more diverse

collection of experimental data, ensuring broader applicability across the periodic table.

3.3 Outer-Valence Green’s Function (OVGF)

The Outer-Valence Green’s Function (OVGF) method belongs to a family of quantum mechanical
approaches known as electron propagator methods. Unlike methods that primarily target finding
the total energy of a stable molecule, OVGF is specifically designed to describe the process of
changing the number of electrons in a system (processes like ionization or electron affinity). It is
a technique designed to bridge the gap between simple orbital theories and the complex reality of

electron removal.!4-142

In standard DFT or ab initio calculations, the ionization energy is typically obtained by performing
two separate calculations: one for the neutral molecule (E);) and one for the cation (E,+). The

ionization energy is then the difference between two (AE = E+ - Ey). In contrast, OVGF treats
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the ionization energy as a single physical event: instead of calculating two total energies, it solves
a single equation where the solutions represent the energy required to remove an electron from
specific orbitals.!*® The core basis of the OVGF method lies in a mathematical term called the self-
energy, which accounts for the energetic shift that occurs when an electron is removed from the
outer-valence shell. The self-energy is a dynamic correction factor which incorporates orbital
relaxation and electron correlation energies and calculates these two effects simultaneously. By
incorporating this correction into the initial orbital energy, OVGF yields ionization energies that
are significantly more accurate than simple-model estimates, which assume that the other electrons

stay “frozen” in place.'**

The OVGF method, combined with the cc-pVTZ basis set, was used to calculate vertical outer
valence orbital ionization energies. The cc-pVTZ (correlation-consistent polarized valence triple-
zeta) basis set, developed by Dunning and coworkers, is optimized for correlated
electronic-structure methods that go beyond the Hartree-Fock approximation. The prefix ‘cc’
denotes correlation-consistent, ‘p’ indicates the inclusion of polarization functions, ‘V’ refers to
valence and ‘TZ’ stands for triple zeta, which signifies that three distinct basis functions are used
to represent each valence atomic orbital, thereby improving the flexibility and accuracy of the

valence description. 314

3.4 Equilibrium and transition state structure optimization

To elucidate the reaction mechanisms and energetic landscapes explored in this thesis, electronic
structure calculations were carried out using DFT as implemented in the Gaussian 16 software

package'!?

. DFT served as the primary computational framework for the geometric optimization
of neutral precursors and fragments, molecular ions and transition states. The optimization process
proceeds via a gradient-based algorithm in which an initial structural guess is iteratively refined
by small coordinate adjustments until a stationary point on the potential energy surface is reached,

corresponding to an energy minimum. !4

The mathematical nature of these stationary points is confirmed through the calculation of

harmonic vibrational frequencies. A stable equilibrium structure (local or global minimum) is
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confirmed by the absence of imaginary frequencies (read as negative values). Conversely, a
transition state corresponds to a first-order saddle point, that is, a maximum along the reaction
coordinate but a minimum in all other directions (Figure 3-1).!4” Consequently, a valid transition
state is characterized by exactly one imaginary frequency. The presence of multiple imaginary
frequencies suggests a higher-order saddle point, indicating that the structure has not converged to

a chemically relevant transition state.!*®

Locating these saddle points was achieved using Synchronous Transit-guided Quasi-Newton
(STQN) methods, specifically the QST2 and QST3 protocols integrated into the Gaussian
computational suite.!*®!#” Unlike conventional transition state methods which often require a
highly accurate initial guess derived from constrained optimization scans, QST2 uses the
optimized structures of the reactants and products to guide the search. The QST3 variant provides
further refinement by incorporating a rough estimate of the transition state geometry to facilitate
convergence. Once a transition state is successfully identified, it is validated using the Intrinsic
Reaction Coordinate (IRC) method.!>%!>! By following the path of the imaginary vibrational mode
in both forward and reverse directions, IRC ensures that the transition state correctly links the

intended reactants to the designated products.

Finally, all reported internal energies were adjusted to include zero-point energy (ZPE) corrections.

152 raw ZPE values were adjusted

To account for basis set dependency and anharmonic effects,
using scaling factors from the NIST Computational Chemistry Comparison and Benchmark
Database (CCCBDB).!*? The final internal energy for each species was determined by adding the
scaled ZPE to the total electronic energy, providing the precise thermochemical data required in

subsequent kinetic and mechanistic evaluations.
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Figure 3-1. Representative potential energy surface showing the reactant (global minimum), the
transition state (first-order saddle point) and the product (local minimum). (Reproduced from ref

147. Licensed under CC BY 4.0 https://creativecommons.org/licenses/by/4.0/)'4’

3.5 Unimolecular rate theory: Rice-Ramsperger-Kassel-Marcus (RRKM)
theory

In the gas-phase systems investigated throughout this thesis, the primary reactions of interest are
unimolecular dissociations occurring under high-vacuum conditions, typically at pressures below
10 mbar. Within this collisionless regime, the timescale of molecular collisions is significantly
longer than the microsecond timescale of the dissociation events. Consequently, the ions do not
maintain a thermal Boltzmann distribution, rendering standard temperature-based canonical rate
constants (k(7)) inapplicable. Instead, the system is treated as a microcanonical ensemble, in which
the reaction kinetics are dictated by the internal energy (£) of the individual ion. This necessitates
the application of RRKM (Rice-Ramsperger-Kassel-Marcus) theory to determine the internal

energy-dependent rate constant, k(E).!5*1%

RRKM theory represents a significant advancement over the preceding RRK (Rice-Ramsperger-
Kassel) model. While RRK theory simplified the molecular dynamics by treating the system as a

collection of identical, degenerate harmonic oscillators, RRKM theory treats each vibrational
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mode individually. RRKM incorporates the vibrational frequencies and rotational constants
derived from DFT optimizations (refer to section 3.4) to account for the discrete distribution of
energy among the internal modes of the molecule. This mode-specific treatment recognizes that
energy is partitioned across distinct vibrational and rotational degrees of freedom rather than

residing in a single averaged oscillator.!>

Within the RRKM framework, it is assumed that the reaction rate is determined by the number of
ways the internal energy can be distributed among the various degrees of freedom of the reactant
and the transition state. Dissociation occurs when a sufficient amount of energy — the critical
energy (Eo) — is localized in the critical oscillator, which corresponds to the motion along the
reaction coordinate.'>” A central assumption of RRKM is rapid intramolecular vibrational energy
redistribution (IVR), in which the energy must be randomized among all vibrational and rotational
modes on a timescale much shorter than that of bond breaking. This fast energy randomization
ensures that the energy gets redistributed among all the available modes before finding the critical
oscillator. If IVR is slower compared to the dissociation rate, the reaction becomes non-statistical,

and RRKM theory is no longer applicable.!>®

A distinguishing feature of RRKM theory is its integration of transition state theory (TST). A key
assumption is that once the reaction reaches the transition state, it proceeds irreversibly to products
without recrossing. Under this no-recrossing approximation, the microcanonical rate constant is

expressed as:!!%12

oN*(E — E,)
hp(E)

k(E) = (eq. 16)

where o denotes the reaction degeneracy; h represents Planck’s constant; Eo, the 0 K activation
energy; N¥(E — E,) corresponds to the sum of states for the transition state at internal energy E —
E,. It represents the total number of quantum states available for the system to pass through the
transition state and proceed to the products. Consequently, a higher N* directly correlates to an
increased rate constant k(E); p(E) is the density of states for the reactant ion at internal energy E.

This reflects the number of ways the total internal energy can be distributed among the vibrational
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and rotational degrees of freedom of the reactant molecule. A higher density of states leads to a
slower reaction rate, as there are statistically more ways for the energy to be distributed away from
the critical oscillator.!®” The relationship between the ion internal energy E and the activation

(threshold) energy Eo is shown in Figure 3-2.157

\

N7
Reactant

Figure 3-2. Energy level diagram illustrating the relationship between E (ion energy) and Eo
(activation energy); TS denotes the transition state. (Adapted with permission from ref 157.

Copyright 1997 Published by Elsevier B.V.)!*’

In this thesis, the density of states, p(E), for the reactant and the sum of states, N*(E — E,), for
the transition state, were calculated using the vibrational frequencies and rotational constants
obtained from the optimized structures (section 3.4) using the Beyer and Swinehart direct count
algorithm.!” RRKM theory was subsequently applied to determine the competition between
diverging reaction pathways and to model the theoretical breakdown diagram generated from the

TPEPICO data, providing a comprehensive description of the unimolecular dissociation rates.
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Chapter 4: Exploring the competition between the radical-initiated
and closed-shell degradation pathways of 4-ethylguaiacol and
eugenol using iPEPICO spectroscopy

The contents of Chapter 4 are being prepared for publication.

Author contributions:

Sandesh Gondarry: Writing — original draft, experimental data processing for the iPEPICO data,
DFT calculations.

Paul M. Mayer: Conceptualization, methodology, supervision, experimental work at Swiss Light
Source (SLS), writing — review & editing.

Andras Bodi: assisted experimental work at SLS, writing — review & editing.

Maxi A. Burgos-Paci: writing — review & editing

4.1 Introduction

A key constituent of plant biomass, lignin is recognized as a cost-effective and sustainable resource
that can be harnessed for chemical synthesis, fuel production, and electrical power

generation, 50139161

Pyrolysis offers an economically viable method for transforming
lignocellulosic biomass into high-demand global products.'®? Due to its structural complexity and
compositional diversity, lignin is characterized by diverse functional groups such as hydroxyl,
methoxy, carbonyl, and aldehyde substituents distributed across the aromatic ring and alkyl side
chains of its monomers.'®*»1%* This complexity has led researchers to investigate simple lignin
model compounds in order to better understand the pyrolysis mechanism. Numerous studies in the
literature have investigated the pyrolysis of model lignin compounds, such as phenol!'¢>"167 and

guaiacol,>?°%1%8 to gain deeper insight into the pyrolytic pathways of lignin.

4-Ethylguaiacol and eugenol, both substituted guaiacols, are established primary pyrolysis
products of lignin.'®*"17® However, their thermal decomposition mechanisms remain relatively
underexplored, with only a limited number of studies available in the literature.%*6%317% Existing

investigations have typically been conducted at atmospheric pressure and relatively low
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temperatures (below 1000 °C) and have consistently suggested free-radical reaction pathways.

Mullery et al.%

examined the thermal decomposition of 4-ethylguaiacol using a laminar-flow
reactor operating at atmospheric pressure over a temperature range of 300-900 °C and proposed
that the primary decomposition mechanism involves free-radical intermediates. Similarly,

Ledesma et al.®%!74

studied the pyrolysis of eugenol using a non-isothermal laminar-flow reactor
under comparable conditions (1 atm and 300-900 °C) and reached the same conclusion. Shen et
al.®? further supported this mechanism by employing synchrotron photoionization mass
spectrometry to investigate eugenol pyrolysis between 450 and 750 °C, also attributing the
observed decomposition products to free-radical processes; however, detailed reaction pathway

calculations were not carried out to support these hypotheses.

In the present study, the thermal decomposition of 4-ethylguaiacol and eugenol was explored using
a low-pressure pyrolysis SiC microreactor at 1017 °C coupled to imaging photoelectron photoion
coincidence (iPEPICO) spectroscopy.'® Pyrolysis products were identified using photoion mass-
selected threshold photoelectron spectroscopy (ms-TPES), supported by Franck—Condon
simulations of photoelectron spectra for molecular species corresponding to the observed m/z
values. The potential energy surface of the neutral was explored computationally to elucidate

detailed reaction mechanisms for the thermal degradation pathways.

4.2 Experimental Procedures
4-Ethylguaiacol and eugenol were purchased from Sigma-Aldrich (>98%, Sigma-Aldrich,
Oakville, Ontario, CA) and used without further purification.

The experiments were conducted at the Swiss Light Source (SLS, Paul Scherrer Institut, Villigen,
Switzerland) employing the imaging photoelectron photoion coincidence endstation (CRF-
PEPICO) at the VUV beamline, the details of which have been thoroughly described
elsewhere.!%%!7> Detailed accounts of the experimental setup and data acquisition process have
been published by Bodi et al.!’. Pyrolysis was performed using the high-temperature pyrolysis
microreactor previously reported for this endstation.!”” A 150 grooves per mm grating was used to

disperse the synchrotron radiation, providing an energy resolution of 5 meV. Higher order
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harmonics were filtered out with a differentially pumped gas filter operating with a Ne: Ar mixture
at 9 mbar across a 10 cm optical path. The resulting monochromatic VUV radiation photoionized
molecules within a 2 x 2 mm? interaction zone. Both photoelectrons and photoions were velocity
map imaged on RoentDek delay line detectors. The electrons were time- and position-stamped at
the detector, and the delayed, coincident photoion signal was measured to obtain the time-of-flight
mass spectrum. Threshold electrons were mapped at the center of the electron detector, while non-
zero kinetic energy (“hot”) electrons were detected off-axis based on their momentum in the
detection plane. Hot electrons without an initial lateral momentum component can also be imaged
in the centre. The mass spectrum based on electrons detected in a ring around the centre spot was
used to subtract the hot electron contamination from the centre signal and acquire the threshold
photoionization mass spectrum.!®? The photoion mass-selected TPES (ms-TPES) is generated by
plotting the normalized signal intensity of a designated m/z peak from the threshold ionization

mass spectra as a function of photon energy.'”®

4-Ethylguaiacol and eugenol were soaked onto glass wool and placed inside a 200 um molecular
beam nozzle. Argon carrier gas, at a flow rate of 30 standard cubic centimetres per minute (sccm),
was passed over the sample through the molecular beam nozzle into the 3 cm long, 1 mm internal

diameter, resistively heated SiC pyrolysis microreactor.

The reactor surface temperatures were determined using a previously established power

dependence, measured in an identical pyrolysis setup with a type C thermocouple:

T/°C=P/W x14.27+303

where T represents the reactor temperature, and P is the heating power. The reactor temperature is
considered to be representative of the gas temperature inside the reactor to within 100 °C.!" The
reactor pressure is dropping constantly from the inlet nozzle to the reactor aperture to vacuum and
is estimated to be 10—40 mbar in the sweet spot where most chemistry is expected to take place,
with a residence time lower than 100 us.!”!8 The reactor is mounted in the source vacuum
chamber, in which the background pressure was about 5 x 10~> mbar during measurements. The

molecular beam emerging from the pyrolysis reactor is directed through a 2 mm diameter skimmer
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into the detection chamber, which was maintained at a pressure of 10~ mbar during measurements.
The reactor, which was heated to 1000 °C, enabled the investigation of pyrolysis product

distributions of 4-ethylguaiacol and eugenol.

The pre-expansion pressure at the reactor nozzle of 1 mm is rather low, which limits the number
of collisions in the expansion.'”® This suppresses rovibrational cooling achieved in the expansion,
and the effective rovibrational temperatures of methane and phenyl chloride measured in
dissociative photoionization agreed with the reactor temperatures within 100 °C.'8! However, there
is always a signal component, which experiences a number of wall collisions prior to ionization,
and could be shown to be fully thermalized at room temperature. Thus, the total signal is the sum
of the commensurate beam and rethermalized components, leading to an intermediate “effective

temperature.”

Pyrolysis microreactors can be used to study unimolecular and bimolecular reactions, as well.'®?
Bimolecular processes require high sample concentrations and are rarely observed at less than
0.5% precursor concentrations. '8! However, if the pyrolysis products are highly reactive, such

18% and acetone!®® pyrolysis, a significant contribution may be observed from

as in benzaldehyde
bimolecular reactions. In previous studies on methyl formate, ethyl formate, and methyl
chloroformate pyrolysis, no significant evidence of bimolecular reaction pathways was

observed.'86-188

4.3 Computational Procedures

Geometry optimizations (equilibrium and transition state structures) were carried out at the
B3LYP/6-311+G(d,p)'?"!?? level of density functional theory (DFT) employing the Gaussian 16
software suite.!'> CBS-QB3'* single-point energy calculations (without geometry optimizations)
were applied to key DFT geometries to obtain more accurate reaction energetics. Intrinsic reaction
coordinate (IRC) calculations were performed on the transition states to verify that they accurately
connect the designated reactants and products. Franck—Condon (FC) simulations were performed
at the optimized geometries of the pyrolysis products using Gaussian 16. Simulations were carried

out at a vibrational temperature of 500 K, and spectral transitions were convolved with a Gaussian
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with a half-width at half-maximum of 100 cm™! to take the experimental energy resolution and the
rotational envelope into account. Rice—Ramsperger—Kassel-Marcus (RRKM) theory was
employed to calculate microcanonical unimolecular reaction rates, k(E), as defined by the
equation; %8157
K(E) = oN*(E — E,)
hp(E)

where o denotes the reaction degeneracy, h represents Planck’s constant, Eo, the 0 K activation
energy, N¥*(E — E,) corresponds to the number of internal states for the transition state at internal
energy E — Ey, 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 within the harmonic
approximation.'® State functions were calculated based on geometries and harmonic frequencies
obtained at the B3LYP/6-311+G(d,p) level in the RRKM calculation that employed a home-written

code.!®’

4.4 Results and Discussion

4.4.1 4-Ethylguaiacol

Figure 4-1 shows the ms-TPES for the products generated during 4-ethylguaiacol pyrolysis. The
origin transitions in Franck—Condon (FC) simulations were aligned using literature ionization
energy values (Table A4-1, Appendix). Comparison of the intensities in the ms-TPES indicates
that m/z 94 seems to correspond to the main pyrolysis product, peaks attributable to phenol or its
isomers, 2,4-cyclohexadienone or 2,5-cyclohexadienone. The ionization energies of 2,4- and 2,5-
cyclohexadienone are not known experimentally, and the origin transitions in their FC simulations
were shifted to the mean adiabatic ionization energies (9.12 eV and 9.29 eV, respectively)
calculated using the G2!%8, G3'*, G4!'%°, and CBS-QB3'® computational methods (Table A4-1,
Appendix). While the FC simulations for these isomers do not perfectly match the ms-TPES, they

reproduce the overall spectral shape reasonably well. Pan et al.!®’

reported a second band in the
phenol ms-TPES just above 9 eV, which is comparable in intensity to the ground-state band.

However, this feature was not observed in our measurements, possibly because of the intense
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contributions from 2,4- or 2,5-cyclohexadienone dominating the mass-selected signal.
Consequently, the dominant thermal degradation pathway of 4-ethylguaiacol involves the
formation of phenol as well as its cyclohexadienone isomers. The other products identified through
FC simulations are benzene/fulvene (m/z 78), 1,3-cyclopentadiene (m/z 66), the cyclopentadienyl
radical (m/z 65), 1-buten-3-yne (m/z 52), the propargyl radical (m/z 39), formaldehyde (m/z 30),
and the methyl radical (m/z 15). Additionally, m/z 122 was also observed, which can potentially be
formed directly from 4-ethylguaiacol, as confirmed by the presence of the corresponding m/z 30
signal (formaldehyde).

Mullery et al.%?

investigated the degradation of 4-ethylguaiacol under fast pyrolysis and
gasification conditions, and identified 4-ethylphenol as one of the primary oxygen-containing
products. Formation of 4-ethylphenol from 4-ethylguaiacol involves the loss of formaldehyde, but
the FC simulation of 4-ethylphenol does not reproduce the experimental ms-TPES of m/z 122. A
better spectral match for the m/z 122 ms-TPES was found with bicyclo[2.2.2]oct-5-ene-2-one, a
product also potentially formed via formaldehyde elimination. Alternatively, m/z 122 could
correspond to benzoic acid, whose FC simulation shows good agreement with one part of the
experimental ms-TPES. Nonetheless, the formation of benzoic acid from 4-ethylguaiacol would
not be accompanied by formaldehyde, but rather by ethane elimination, a product also reported by
Mullery et al. as a major species in 4-ethylguaiacol pyrolysis.®> However, at the ionization energy
of ethane (12 eV),'”"!2 no TPES signal was detected in coincidence with m/z 30 ions
corresponding to CoHe'™. This absence may be attributed to ethane’s intrinsically broad
photoelectron spectrum, resulting from Jahn-Teller effects and vibrational coupling,'®® which

means, at most, there is very little ethane formed in the pyrolysis reactions.
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Figure 4-1. ms-TPES for all species observed from 4-ethylguaiacol pyrolysis. FC-simulations,

overlaid in solid lines,

have been adjusted to match the experimentally measured and

computationally derived IEs listed in Table A4-1 of the Appendix. The asterisk (*) denotes the

excited-state feature of m/z 52 as reported by Buenger et al.!"*,

There are two potential routes to phenol and its isomers. The first involves cleavage of the O—CHj3

bond to form the ethyl-substituted hydroxyphenoxyl radical with 137 Da and "CH3 radical.

Although no ms-TPES signal corresponding to m/z 137 was detected in our experiment (Figure 4-

2), the methyl radical was observed among the pyrolysis products (Figure 4-1). The other involves

a closed-shell pathway forming phenol (and its isomers 2,5-cyclohexadienone and 2.,4-

cyclohexadienone) plus acetone. While we did observe an ms-TPES for m/z 58 corresponding to
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acetone in the experiment, it was found to be a background contaminant present throughout the
experiments conducted during the beamtime, and so we cannot definitively assign it as a pyrolysis

product.
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Figure 4-2. ms-TPES of m/z 137 from 4-ethylguaiacol.

We calculated the entire closed-shell pathway to acetone formation (Figure 4-3). Acetone
formation is initiated by a 1,2-H shift from the methylene group of the ethyl side chain to the C
atom on the ring, forming INT1 (Figure 4-3, 4-4). From INT1, the methoxy O(—CH3) binds to the
C atom from which the initial 1,2-H shift occurred to form INT2. Loss of acetone from INT2 can
then proceed by either forming phenol (PDT1) first (red pathway) or 2,5-cyclohexadienone
(PDT3, blue pathway). The phenol-forming pathway is energetically more favourable by 0.22 eV,
a preference further supported by RRKM calculations of the competing rate constants krs3 and krse
(Figure 4-5). It involves migration of the carbon group bearing the methoxy and methyl
substituents to the vacant C on the ring, leading to INT3. A subsequent hydrogen transfer to the
ring C ortho to the hydroxy group yields INT4, followed by a C—C pinch to form INTS, a phenol—
acetone complex, and eventually losing acetone (ACE) to form phenol (PDT1, Figure 4-6).
Conversely, the pathway involving the initial formation of 2,5-cyclohexadienone (PDT3, Figure

4-6) from INT2 proceeds via a hydrogen transfer from the hydroxy group to the vacant C, yielding
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INT6. From INT6, the subsequent reaction steps mirror the phenol-forming pathway except for

the migration of the carbon group to the ring C in para position to the carbonyl group.
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Figure 4-3. Calculated reaction pathways for the formation of 94 amu products from 4-

ethylguaiacol at B3LYP/6-311+G(d,p) level of theory. Formation of PDT1 (phenol), PDT2 (2,4-

cyclohexadienone) and PDT3 (2,5-cyclohexadienone) is accompanied by acetone loss. The

calculated energies of these products account for the presence of the acetone fragment and are

relative to 4-ethylguaiacol. The initial process in black is expanded in Figure 4-4.
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Figure 4-5. RRKM (E) vs E curves for phenol (PDT1) (red) vs 2,5-cyclohexadienone forming

pathway (blue) over rate-determining transition states TS3 and TS6, respectively.
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Figure 4-6. Pathways leading to a) phenol (PDT1), b) 2,5-cyclohexadienone (PDT3) via acetone
loss in 4-ethylguaiacol. Energies of these products include acetone and are relative to 4-

ethylguaiacol (0).

Phenol (P) and 2,5-cyclohexadienone (p-cyc) can interconvert (Figure 4-7) by a direct hydrogen
transfer or by isomerizing into 2,4-cyclohexadienone (0-cyc) — energetically more favourable by
1.97 eV — via a series of hydrogen transfers. Although the pathway to phenol appears more
favourable theoretically (Figures 4-4, 4-5), this is at odds with the low relative intensity of phenol
in the ms-TPES (Figure 4-1), which suggests that cyclohexadienone isomers dominate. This
discrepancy can be attributed to secondary degradation processes, as supported by previous phenol
pyrolysis studies. Scheer et al.'*® reported the initial step of phenol degradation to be the enol/keto
tautomerization to form 2,4-cyclohexadienone, which subsequently decomposes to
cyclopentadiene by decarbonylation. Cyclopentadiene can then form the cyclopentadienyl radical,
which further fragments to acetylene and propargyl radical. Similarly, Lovell et al.'®® identified
benzene and cyclopentadiene as one of the major intermediates of phenol pyrolysis. These phenol

pyrolysis products also appear as minor peaks in our study (Figure 4-1), suggesting that once
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phenol is formed, either it primarily isomerizes to 2,4-cyclohexadienone and decomposes further,
or alternatively dissociates directly into these lower-mass products. However, it is also plausible
that some of these minor products originate directly from 4-ethylguaiacol degradation, as
evidenced by the fast pyrolysis study conducted by Mullery et al.,®* in which benzene was
identified as one of the major products. Furthermore, Scheer et al.!®> noted that although the
formation of 2,5-cyclohexadienone is energetically accessible, it lacks low-energy reaction

channels. Hence, this could explain why the FC simulation of 2,5-cyclohexadienone aligns more

closely with the ms-TPES than 2,4-cyclohexadienone.

-

5.5

4.5

Relative Energy (eV)

Figure 4-7. Interconversion of phenol (P) and 2,5-cyclohexadienone (p-cye), involving

isomerization to 2,4-cyclohexadienone (0-cyc). Energies of these products are relative to phenol.

We compared the initial steps to the free-radical-initiated path leading to the ethyl-substituted
hydroxyphenoxyl radical (137 Da), Figure 4-8. As surmised by Mullery et al.,®* the weak O—CH3
bond means the rate constant for this entropically-favourable reaction is much greater than for the

reactions leading to acetone formation, Figure 4-9.
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Figure 4-8. Calculated initial reaction pathways for the decomposition of 4-ethylguaiacol at the
B3LYP/6-311+G(d,p) level of theory. The energies represented in the square brackets correspond
to the CBS-QB3(sp)//B3LYP/6-311+G(d,p) calculated values. The green pathway denotes the
O—CHj; cleavage reaction leading to the formation of the ethyl-substituted hydroxyphenoxyl
radical, and the black pathway represents the first key steps in the closed-shell pathway leading to
acetone loss (the full pathway is presented in Figure 4-3).
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Figure 4-9. RRKM k(E) vs E curves for the green (ethyl-substituted hydroxyphenoxyl radical (m/z
137)) and black pathways (closed-shell unimolecular reaction) from 4-ethylguaiacol. Rate
constants were calculated using DFT energies; although the two computational methods yield

different absolute energies, it does not affect the overall kinetic picture.
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The absence of an m/z 137 signal despite its favourable formation is suggestive of rapid secondary
chemistry. A plausible rationale is that the ethyl-substituted hydroxyphenoxyl radical undergoes
hydrogen abstraction to form an ethyl-substituted diol (138 Da). Structurally analogous to catechol
(o-benzenediol), this ethyl-substituted diol could either undergo ethene loss to form catechol
(Figure 4-10), which subsequently decomposes into the pyrolysis products identified in our
experiment, or decompose itself into the identified products. We do not observe an ms-TPES for
m/z 28, suggesting that the ethyl-substituted diol does not first form catechol prior to degradation.
In addition, the loss of C2H4 from the ethyl-substituted diol goes over a 4.2 eV barrier (Figure 4-
10), suggesting it should have been possible to observe the reactants and products of this reaction.

1 196

Previous studies on the catalytic and thermal pyrolysis of catechol by Pan et a and Lomnicki

197

et al.””’ identified phenol, benzene, and cyclopentadiene as primary products, all of which were

observed in our study (Figure 4-1). This indicates that the elusive 137 Da radical may act as a

short-lived precursor to a catechol-like degradation pathway. While Mullery et al.%

suggested that
the ethyl-substituted hydroxyphenoxyl radical intermediate may further react to form 4-
ethylphenol (122 Da), our FC simulation of 4-ethylphenol does not match the experimental ms-

TPES obtained for m/z 122, Figure 4-1.
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Figure 4-10. Calculated reaction pathway for catechol (110 Da) formation from ethyl-substituted
diol (138 Da) via ethene loss at B3LYP/6-311+G(d,p) level of theory. Energies are related to the
ethyl-substituted diol (0). Mechanistically, this reaction is initiated by a 1,3-H shift from the
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terminal methyl of the side chain to the aromatic carbon, leading to an intermediate complex of

catechol and ethene, and subsequently losing ethene to form catechol.

4.4.2 Eugenol
Figure 4-11 displays the ms-TPES and FC-simulations of the eugenol (m/z 164) pyrolysis

products.

A predominant high-mass degradation product of eugenol is phenol (m/z 94) and its isomers 2,4-
cyclohexadienone and 2,5-cyclohexadienone. The additional products identified through FC-
simulations include m/z 120, benzene/fulvene (m/z 78), 1,3-cyclopentadiene (m/z 66),
cyclopentadienyl radical (m/z 65), 1-buten-3-yne (m/z 52), propene (m/z 42), propargyl radical (m/z
39), ethylene (m/z 28), acetylene (m/z 26) and methyl radical (m/z 15). The FC-simulation for 1-
phenylethenol appears to align with the ms-TPES at m/z 120, a product that may be formed through
the sequential loss of acetylene and water from eugenol. By contrast, acetophenone, the ketone
tautomer of 1-phenylethenol, does not reproduce the ms-TPES of m/z 120. Additionally, weak and
scattered signals were observed at m/z 104 and 92, but their poor spectral quality precluded reliable
assignments. Minor products may arise either directly from the primary decomposition of eugenol

or from the secondary degradation of phenol.
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Figure 4-11. ms-TPES for all the products observed from eugenol pyrolysis. FC-simulations,
overlaid in solid lines, have been adjusted to match the experimentally measured and
computationally derived IEs listed in Table A4-2 of the Appendix. The asterisk (*) denotes the
excited-state feature of m/z 52 as reported by Buenger et al.'*. The hash (#) represents signal

carryover from neighbouring mass spectral peaks.

As with 4-ethylguaiacol, there are two possible routes to phenol production. One involves
cleavage of the O—CHj3 bond to form the 5-allyl-2-hydroxyphenoxyl radical (149 Da), which then
can go on to form phenol.’*621" For instance, Shen et al.%? reported the detection of m/z 149 in
their mass spectra at 450 °C, with molecular assignments based on IE values. However, the
underlying photoionization spectra supporting this assignment exhibit a weak signal for m/z 149
(the mass spectrum was highly magnified and the parent eugenol peak truncated), raising the
possibility that this feature could arise from dissociative photoionization rather than a stable radical
product.'”®1? Conversely, in our study, no ms-TPES signal at m/z 149 was detected (Figure 4-12),
which calls into question the presence or persistence of this radical under our experimental
conditions. This discrepancy highlights the intrinsic difficulty of interpreting photoionization
spectra when multiple species may contribute to the same m/z signal, or when fragment ions
formed by dissociative ionization of larger precursors overlap with lower-mass peaks. Ledesma et
al.'” employed gas chromatography coupled with mass spectrometric detection in their study,
which precludes the direct identification of the 149 Da radical. However, the observation of 4-(2-
propenyl)-phenol (134 Da) and phenol (94 Da) in their product distribution is consistent with the

products observed in the present work. In a separate study, Ledesma et al.®’ also proposed a radical-
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based decomposition pathway for eugenol pyrolysis, based on experimental product distributions
and energetic considerations. This pathway involved the initial formation of the 5-allyl-2-
hydroxyphenoxyl radical (149 Da). However, the calculated energy requirements relative to
eugenol were notably high, with several intermediates exceeding 6 eV and the highest activation
barrier approaching 9 eV. Moreover, both Ledesma et al.®* and Shen et al.%? suggested that the 5-
allyl-2-hydroxyphenoxyl radical (149 Da) dissociates into 3-allylcyclopentadienone (120 Da).
However, in the present study, the FC simulation of 3-allylcyclopentadienone fails to reproduce
the experimental ms-TPES of m/z 120 (Figure 4-11). Additionally, 3-allylcyclopentadienone was
not reported as a product in the earlier work by Ledesma et al.!”, further calling into question its

relevance in the dissociation mechanism.
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Figure 4-12. ms-TPES of m/z 149 from eugenol.

The second possible route to phenol and its isomers is via an initial loss of formaldehyde, yielding
4-(2-propenyl)-phenol (134 Da), Figure 4-13. This pathway is supported by the tentative
agreement between the FC-simulation of the 4-(2-propenyl)-phenol photoelectron spectrum and
the experimental ms-TPES for m/z 134 shown in Figure 4-11. Ledesma et al.!’* observed 4-(2-
propenyl)-phenol among the pyrolysis products of eugenol, with maximum yield observed
between 500 to 550 °C. Subsequent loss of propyne (40 amu) from 4-(2-propenyl)-phenol provides
a plausible route to phenol (Figure 4-14).
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Relative Energy (eV)

Figure 4-13. Calculated initial reaction pathways for the degradation of eugenol at the B3LYP/6-
311+G(d,p) level of theory. The energies represented in the square brackets correspond to the
CBS-QB3(sp)//B3LYP/6-311+G(d,p) calculated values. The green pathway denotes the O—CHj3
cleavage reaction forming the 5-allyl-2-hydroxyphenoxyl radical (149 Da), and the black pathway
represents the closed-shell pathway forming 4-(2-propenyl)-phenol (134 Da, PDT1b) and
formaldehyde. The sequential route to phenol (94 Da, PDT2b) and propyne are shown in Figure
4-14.
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+CH,0

Figure 4-14. Calculated initial reaction pathways for the degradation of eugenol at the B3LYP/6-
311+G(d,p) level of theory. The green pathway denotes the O—CH3 cleavage reaction forming the
5-allyl-2-hydroxyphenoxyl radical (149 Da), and the black pathway represents the closed-shell
pathway forming 4-(2-propenyl)-phenol (134 Da, PDT1b) and phenol (94 Da, PDT2b), following

sequential loss of formaldehyde and propyne.

The calculated MERP (Figure 4-14) and the experimental ms-TPES suggest that m/z 40 is most
likely propyne, which can isomerize to allene. The absence of an ms-TPES signal at m/z 70 further
suggests that direct formation of phenol from eugenol is unlikely. As observed in 4-ethylguaiacol,
phenol formed during the dissociation of eugenol may either isomerize to 2,4- or 2,5-
cyclohexadienone or, alternatively, undergo direct fragmentation into lower-mass products
(Figure 4-11). The proposed closed-shell mechanism for phenol formation from thermal
decomposition of eugenol (Figure 4-14) proceeds by a 1,3-H shift from the methoxy group to an
adjacent ring carbon, forming INT1b — a weakly bound complex of 4-(2-propenyl)-phenol and
formaldehyde. Subsequent loss of formaldehyde (FORM) yields 4-(2-propenyl)-phenol (PDT1b).
A 1,2-H transfer from the initial methylene group of the allyl side chain to the ring carbon results
in the formation of INT2b. This is followed by another 1,2-H shift to the terminal methylene group
within the side chain, yielding INT3b. Subsequent loss of propyne (PROP) from INT3b leads to
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phenol (PDT2b). Phenol formation requires slightly less energy in eugenol than in 4-
ethylguaiacol, with the highest transition state at 4.85 eV compared to 5.06 eV, respectively.

Analogous to 4-ethylguaiacol, energetic and RRKM (Figure 4-15) analyses indicate that
homolytic O—CHj3 bond cleavage in eugenol is both kinetically and thermodynamically favourable
relative to the closed-shell channel. Consequently, the detection of methyl radical, cyclopentadiene
and benzene as pyrolysis products (Figure 4-11) suggests a degradation sequence that includes
catechol formation. A plausible pathway is that the 5-allyl-2-hydroxyphenoxyl radical undergoes
hydrogen abstraction to generate an allyl-substituted diol (150 Da), which subsequently undergoes
allene loss to form catechol (Figure 4-16). Mechanistically, this mechanism parallels catechol
formation in 4-ethylguaiacol, proceeding with a 1,3-H transfer from the allyl side chain to the ring

carbon, followed by allene loss to produce catechol.
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Figure 4-15. RRKM k(E) vs E curves for the green (5-allyl-2-hydroxyphenoxyl radical (149 Da))
and black (closed-shell unimolecular reaction) pathways from eugenol. Rate constants were
calculated using DFT energies; although the two computational methods yield diftferent absolute

energies, it does not affect the overall kinetic picture.
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Figure 4-16. Calculated reaction pathway for catechol (m/z 110) formation from allyl-substituted
diol (m/z 150) via allene loss at B3LYP/6-311+G(d,p) level of theory. Energies are related to the
allyl-substituted diol (0).

4.5 Conclusion

A low-pressure SiC microreactor with imaging photoelectron photoion coincidence (iPEPICO)
spectroscopy was employed to elucidate the thermal degradation products of 4-ethylguaiacol and
eugenol in-vacuum flash pyrolysis by their ms-TPES and Franck—Condon simulations. Under the
high temperature and low-pressure conditions studied, pyrolysis can proceed via either a closed-
shell dissociation pathway or be initiated by CHj3 loss to form the corresponding radical. Although
homolytic O—CH3 bond breaking is both energetically and kinetically favourable for both
substrates, the corresponding CHz-loss radicals (when ionized, having m/z 137 and 149) were not
detected as stable products in our ms-TPES measurements. The observation of methyl radical and
product distributions consistent with catechol pyrolysis suggests that these radicals are short-lived
and rapidly consumed by secondary reactions (for instance, hydrogen abstraction and diol
formation) that ultimately feed into catechol-like degradation pathways. For comparison, we

calculated the closed-shell reaction pathways to phenol and its isomers from 4-ethylguaiacol
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(forming acetone) and eugenol (forming formaldehyde and propyne). Collectively, our results
demonstrate that temperature and pressure are pivotal in modulating the thermal decomposition
mechanisms of lignin model compounds, thereby offering a refined framework for optimizing
product selectivity in sustainable lignin valorization. Furthermore, our findings pave the way for
future developments in tailored pyrolysis processes that could significantly enhance the efficiency

of biomass conversion technologies.

4.6 Appendix

Table A4-1. 4-Ethylguaiacol products ionization energies.

Da Identity IE/eV Reference
G2-8.25
Calc avg. G3-8.21
4-Ethylphenol
8.19 G4 -8.11
CBS-QB3 -8.20

Carnovale, F.; Gan, R.-H.; Peel, J.B.;
Holmes, A.B., Photoelectron
spectroscopic studies of some 2-

17 Bicyclo[2.2.2]oct-5-ene-2-one 8.60 azabicyclo[2.2.2]octan-5-one and
Bicyclo[2.2.2]octanone derivatives,
J. Chem. Soc. Perkin Trans. 2, 1981,
7,991

Meeks, J.; Wahlborg, A.; McGlynn,

S.P., Photoelectron spectroscopy of
Benzoic acid 9.60 carbonyls: Benzoic acid and its
derivatives, J. Electron Spectrosc.

Relat. Phenom., 1981, 22, 43.
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94

Phenol

8.49

Fuke, K.; Yoshiuchi, H.; Kaya, K.;
Achiba, Y.; Sato, K.; Kimura, K.,
Multiphoton ionization photoelectron
spectroscopy and two-color
multiphoton ionization threshold
spectroscopy on the hydrogen
bonded phenol and 7-azaindole in a
supersonic jet, Chem. Phys. Lett.,
1984, 108, 179.

2,4-Cyclohexadienone

Calc avg.

9.12

G2-9.19

G3-9.17

G4 —9.08
CBS-QB3 - 9.05

2,5-Cyclohexadienone

Calc avg.

9.29

G2-9.35

G3-9.31

G4-9.21
CBS-QB3 -9.30

78

Fulvene

8.36

Bieri, G.; Burger, F.; Heilbronner, E.;
Maier, J.P., Valence ionization

energies of hydrocarbons, Helv.

Chim. Acta, 1977, 60, 2213.

Benzene

9.24

Nemeth, G.I.; Selzle, H.L.; Schlag,
E.W., Magnetic ZEKE experiments
with mass analysis, Chem. Phys.

Lett., 1993, 215, 151.
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1,3-Cyclopentadiene

8.57

Derrick, P.J.; Asbrink, L.; Edqvist,
O.; Jonsson, B.-O.; Lindholm, E.,
Rydberg series in small molecules.
XIII. Photoelectron spectroscopy and

electronic structure of
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cyclopentadiene, Intern. J. Mass

Spectrom. Ion Phys., 1971, 6, 203.
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Cyclopentadienyl radical

8.41

Lossing, F.P.; Traeger, J.C.,
Stabilization in cyclopentadienyl,
cyclopentenyl, and cyclopentyl
cations, J. Am. Chem. Soc., 1975,
97, 1579.

52

1-Buten-3-yne

9.58

Bieri, G.; Burger, F.; Heilbronner, E.;
Maier, J.P., Valence ionization
energies of hydrocarbons, Helv.

Chim. Acta, 1977, 60, 2213.

39

Propargyl radical

8.67

Minsek, D.W.; Chen, P.,
Photoelectron spectrum of the
propargyl radical in a supersonic
beam, J. Phys. Chem., 1990, 94,
8399.

30

Formaldehyde

10.88

Niu, B.; Shirley, D.A.; Bai, Y., High
resolution photoelectron
spectroscopy and femtosecond
intramolecular dynamics of H:CO™
and D>CO™, J. Chem. Phys., 1993,
98,4377

15

Methyl radical

9.84

Houle, F.A.; Beauchamp, J.L.,
Photoelectron spectroscopy of
methyl, ethyl, isopropyl, and tert-
butyl radicals. Implications for the
thermochemistry and structures of
the radicals and their corresponding

carbonium ions, J. Am. Chem. Soc.,

1979, 101, 4067.
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Table A4-2. Eugenol products ionizations energies.
Da Identity IE/eV Reference
G2 -8.23
Calc
134 4-2-P I)-phenol 03 -5.18
-(2-Propenyl)-pheno avg.
pemylp s G4 - 8.08
8.17
CBS-QB3 -8.20
Turecek, F., I-Phenylethenol: The enol
form of acetophenone. Preparation,
1-Phenylethenol 8.01 | ionization energy, and the heat of
120 formation in the gas phase,
Tetrahedron Lett., 1986, 27, 4219.
. Calc.
3-allylcyclopentadienone CBS-QB3
8.99
Fuke, K.; Yoshiuchi, H.; Kaya, K.;
Achiba, Y.; Sato, K.; Kimura, K.,
Multiphoton ionization photoelectron
spectroscopy and two-color
Phenol 8.49 P Py
multiphoton ionization threshold
spectroscopy on the hydrogen bonded
phenol and 7-azaindole in a supersonic
jet, Chem. Phys. Lett., 1984, 108, 179.
94
G2-9.19
Calc
G3-9.17
2,4-Cyclohexadienone avg.
G4 -9.08
9.12
CBS-QB3-9.05
G2-9.35
Calc
G3-9.31
2,5-Cyclohexadienone avg.
G4 -9.21
9.29
CBS-QB3-9.30
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Bieri, G.; Burger, F.; Heilbronner, E.;
Maier, J.P., Valence ionization energies
of hydrocarbons, Helv. Chim. Acta,
1977, 60, 2213.

Benzene

9.24
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Chapter 5: The Fate of Protonated Guaiacol and Its Derivatives in the
Gas Phase

The contents of Chapter 5 have been published as: Gondarry, S.; Mayer, P. M. The Fate of
Protonated Guaiacol and Its Derivatives in the Gas Phase. J. Phys. Chem. A 2022, 126 (48), 9051—
9058. https://doi.org/10.1021/acs.jpca.2c04692

Author contributions:
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5.1 Introduction
Biomass offers a renewable and sustainable source for generating fuels and chemicals.?® Lignin,

),2%! is a biopolymer

the second most abundant component in woody biomass (18-40 wt.%
consisting of phenylpropane units.?®® Pyrolysis of wood lignin primarily generates 2-
methoxyphenol (guaiacol), 2,6-dimethoxyphenol, and their derivatives.!222% At standard
ambient temperatures, guaiacol and its derivatives are predominantly distributed into the gas
phase?®22% and thus, these oxygenated aromatic molecules can undergo atmospheric degradation

reactions.??’

Studies dealing with the atmospheric reactions of guaiacol and its derivatives are rather scarce.
Yang et al.?® analyzed the gas-phase reactions of guaiacol and creosol with NOs radicals using a
vacuum ultraviolet photoionization time-of-flight mass spectrometer and off-line GC-MS and
determined the corresponding rate constants using the relative rate method. The primary
degradation products identified for guaiacol were 4-nitroguaiacol, 6-nitroguaiacol and 4,6-
dinitroguaiacol and 6-nitrocreosol for creosol. Furthermore, a rate constant value of 3.2 x 10712 cm?
molecule™ s! was determined for guaiacol and 2.4 x 107'* cm® molecule™ s for creosol at 298 K
and 1 atm. Additionally, Khudoshin et al.**” examined the main oxidation products for the reaction

of guaiacol with ozone using HPLC (high-performance liquid chromatography) and proposed

ozonation mechanisms. Nguyen et al.?!? determined the primary reaction pathways for the thermal
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decomposition of guaiacol using the CBS-QB3 method and statistical mechanics calculations. The
study showed that decomposition of guaiacol is predominantly initiated by homolytic cleavage of
the methoxy group (O—CH3), yielding the experimentally detected (obtained from literature)

products carbon monoxide and hydroxy-cyclopentadienyl.

As guaiacol and its derivatives are primarily distributed in the gas phase, these molecules can
interact with atmospheric water and form protonated molecules through proton transfer. In this
study, a combination of tandem mass spectrometry and computational chemistry was employed to
explore the trends in the unimolecular reactions of protonated guaiacol, creosol, 4-ethylguaiacol,
4-vinylguaiacol, eugenol and vanillin to explore any similarities between the dissociation of these

species with the pyrolysis of the neutral molecules.

5.2 Experimental Procedures

Guaiacol (2-methoxyphenol), creosol (2-methoxy-4-methylphenol), 4-ethylguaiacol (4-ethyl-2-
methoxyphenol), 4-vinylguaiacol (2-methoxy-4-vinylphenol), eugenol (2-methoxy-4-prop-2-
enylphenol) and vanillin (4-hydroxy-3-methoxybenzaldehyde) were purchased from Sigma-
Aldrich (>98%, Sigma-Aldrich, Oakville, Ontario, CA) and used without further purification.

Electrospray ionization mass spectrometry (ESI-MS) was performed on a Waters Micromass
Quattro Ultima Pt triple quadrupole mass spectrometer. Solutions in methanol (1 mg/mL) were
delivered to the source using a syringe pump with a flow rate of 27 uL min!. Capillary and cone
voltages were set to approximately 4 kV and 110 V, respectively (but adjusted to maximize ion
yield in each experiment). The desolvation gas (N2) was set to a flow rate of 105 L/h. The
generated ions were selected according to their m/z ratio with the first quadrupole and directed into
the ion tunnel collision cell, where they were subjected to collision-induced dissociation (CID)
with argon target gas (pressure reading of 1.00 x 10 bar). The resulting product ion mass spectra
were recorded with the second quadrupole analyzer and detector. Breakdown curves were
generated by plotting the relative abundance of the ions in the resulting CID mass spectra as a

function of collision energy. To compare the breakdown of different ions, the laboratory-frame

83



collision energy (Ela») was first converted to the center-of-mass frame (Ecom) according to the
following equation

MAr )
Mar + Mj

where Ma; is the mass of an argon atom and M; is the mass of the ion.**

Ecom = Elab (

5.3 Computational Procedures

Equilibrium and transition state structures were optimized at the B3LYP/6-31G(d)!?"'?? level of
density functional theory (DFT) employing the GAUSSIAN 16 suite of programs.''? In all cases,
initial structures were manually built prior to optimization. Transition states were confirmed by
the intrinsic reaction coordinate method. CBS-QB3 single-point energy calculations'? (without
geometry optimizations) were then employed on the DFT geometries to obtain more accurate
energetics. An assessment was made of the suitability of the above level of theory for describing
the minimum energy reaction pathways (MERPs) of protonated guaiacols. The MERP for
protonated guaiacol was also optimized at the B3LYP/6-311+G(d,p) and M06/6-311+G(d,p) levels
of theory (Figure AS-1 in Appendix), and the results were found to be comparable to the CBS-
QB3(sp)// B3LYP/6-31G(d) results.

Rice-Ramsperger-Kassel-Marcus (RRKM) theory was applied to calculate k(E) according to the

following equation'%17

oN*(E — E,)
hp(E)

where o represents the reaction degeneracy, h is Planck’s constant, N¥(E — E,) is the number of

k(E) =

internal states for the transition state at internal energy (E — Ey) 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.'%
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5.4 Results and Discussion

5.4.1 Protonated guaiacol and its derivatives

Figure 5-1 shows the global minimum structures for the different protonated guaiacols. The most
stable protonated ion for guaiacol corresponds to protonation on the C atom para to the hydroxy
group. In contrast, due to the presence of the substituent para to the OH group in creosol, 4-
ethylguaiacol, 4-vinylguaiacol and eugenol, protonation is most favourable on the adjacent C atom,
meta to the 1-hydroxy group. For vanillin, protonation on the aldehyde leads to the most stable

protonated ion. The barriers between many of these structures can be found in the MERPs for each

system.
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Figure 5-1. Global minimum protomers of guaiacol, creosol, 4-ethylguaiacol, 4-vinylguaiacol,

eugenol and vanillin.

The energies relative to the global minimum of the various potential protonated guaiacols in each

system were calculated and compared (Figure 5-2).
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Figure 5-2. Protomers of guaiacol, creosol, 4-ethylguaiacol, 4-vinylguaiacol, eugenol and vanillin

together with energy values relative to their global minimum structures (Figure 5-1).

Representative CID mass spectra for each protonated guaiacol derivative and their respective

breakdown curves are shown in Figures 5-3 and 5-4. Protonated guaiacol (1) undergoes
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dissociation by the loss of 32 Da (CH3OH), leading to the formation of m/z 93. Evident from the
breakdown curve is that this channel is in competition with the formation of m/z 111 (loss of CHb).
m/z 93 then dissociates by loss of 28 Da to form m/z 65. Evident from the breakdown curves is
that protonated creosol (2), protonated 4-ethylguaiacol (3), protonated 4-vinylguaiacol (4), and
protonated eugenol (5) all display the same major fragments and sequential loss of 32 and 28 Da.
Additions include a methane loss channel for 3, and several new channels for eugenol (5), which
displays sequential loss of two 28 Da units (m/z 137 followed by m/z 109). There are also minor
dissociation channels leading from m/z 165 to m/z 124, presumably by CH>CHCH> loss, and to
m/z 41 by C7HgO» loss.

Protonated vanillin (6) follows different dissociation pathways as compared to the other
derivatives. The main fragmentation pathway starts with loss of 28 Da (m/z 125) followed by
sequential losses of 32 Da (CH3OH, m/z 93) and 28 Da (m/z 65). Evident from the breakdown
curve is that this channel is in competition with the formation of m/z 110, following the loss of
CHs from m/z 125, followed by sequential loss of 28 Da (m/z 82). Additionally, minor H loss peaks
are observed for the different fragmented ions (m/z 137, 124 and 109), and the abundances of these
peaks were all summed up with that of m/z 152 (highest H loss abundance) to obtain only one
dissociation channel for H loss in the breakdown diagram. Moreover, there is a minor dissociation

channel leading from m/z 153 to m/z 138 by CH3 loss.
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Figure 5-3. Representative CID mass spectra and breakdown diagrams for a) protonated guaiacol,

b) creosol at 15 eV Elab, ¢) protonated 4-ethylguaiacol, and d) 4-vinylguaiacol at 20 eV Ejap.
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Figure 5-4. Representative CID mass spectra and breakdown diagrams for a) protonated eugenol

at 20 eV Elap and b) protonated vanillin at 25 €V Elap.

5.4.2 Calculated minimum energy reaction pathways
We obtained minimum energy reaction pathways that were consistent with the data presented in
the breakdown curves in Figures 5-3 and 5-4, Figures 5-5 through 5-11, with the transition states

shown in Figures AS5-2 and AS-3 of the Appendix.

The sequential loss of methanol and CO from protonated guaiacol (1) proceeds via hydrogen
transfer from 1 to the adjacent C atom to form 1a (Figure 5-5). Hydrogen transfer from 1a to the
adjacent O atom forms 1b, from where methanol is lost, leading to m/z 93 via one of two pathways.
The first is a concerted hydrogen transfer from the hydroxy group (OH) to the adjacent C atom
coupled with dissociation of the methanol group to form 1d. Alternatively, methanol cleaves
directly from 1b to form 1¢, which has a vacancy on a ring C-atom. The hydrogen transfer then
occurs from the hydroxy group (OH) to the vacant C atom to form 1d. The simple bond cleavage
from 1b to form 1c is energetically favoured over the concerted pathway to 1d by 0.5 eV. As the

collision energy increases, the concerted reaction of 1b to 1d can occur, but only to a limited extent,
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as evidenced from the RRKM calculation of the competing rate constants k1b-14 and k1b-1c (Figure
5-6). Loss of methanol likely dominates via the simple bond cleavage pathway (1¢ to 1d), and 1d
then is the progenitor for CO loss. Ion 1d undergoes a ring-pinching reaction that extrudes CO to
form 1e, followed by loss of CO to form 1f, the cyclopentadiene cation. Interestingly, there is a
competing channel due to the loss of CH> with low abundance in the breakdown curve. This
channel starts with a 1,2-H shift from the methyl group in 1 to the adjacent O atom, the product of
which ring closes to 1g. Finally, there is the dissociation of CH» from 1g, forming 1h, m/z 111

(note that triplet CH> was used in the relative energy calculations).
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Figure 5-5. Calculated reaction pathways for protonated guaiacol 1 at the CBS-
QB3(sp)//B3LYP/6-31G(d) level of theory. The oxygen atom is red.
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Figure 5-6. Illustrative RRKM (E) vs E curves for the different pathways for the dissociation of

protonated guaiacol.

Dissociation of 2 (Figure 5-7) proceeds via an analogous series of hydrogen transfers that sees the
global minimum structure 2 converted to 2b prior to a 1,2-H shift to form the O-protonated 2¢. As
was seen with 1, direct methanol loss from 2c¢ leads to 2d, which then must isomerize to 2e via a
high-energy transition state. A concerted pathway from 2c directly to 2e is 1 eV lower in energy
than this sequential path. Loss of CO then occurs by ring-pinching to a 5-member ring, extruding

CO to form 2f and then 2g.
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Figure 5-7. Calculated reaction pathways for CH30OH and CO dissociation in protonated creosol

2 at the CBS-QB3//B3LYP/6-31G(d) level of theory. The oxygen atom is red.

Protonated 4-ethylguaiacol 3 (Figure 5-8) loses methanol followed by a loss of CO via a
mechanism analogous to 1 and 2, as are the subsequent concerted vs stepwise paths to 3e. CO loss
is mediated by a similar ring-pinching transition state to form 3f and then 3g, the
ethylcyclopentadiene cation. Methane can then be formed from 3g via a 1,4-H shift to form 3h,

which has an electrostatically bound CH4 group. Given enough energy, 3h can ring-expand to 3i.
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Two pathways resulting in loss of water were found. The first starts from 3d where a hydrogen
transfer to the hydroxy group leads to 3j, which can directly cleave H>O to form m/z 103, 3k. A
second path starting from 3e involves a hydrogen transfer from the methylene group of the
sidechain to the bare O atom to make 3L, which then abstracts an H atom from the methyl group
to form 3m, which in turn cleaves water to make 3n. 3n is significantly lower in energy than 3Kk,
but a key transition state between 3L and 3m lies comparable in energy to that between 3d and 3j.
We also explored C2H4 loss from 3d and 3e but found it to be 1-2 eV higher in energy. There is
also a route to m/z 91 from 3d or 3e. We found that the products of CH>O loss from 3d and 3e are
preferred over those from C,He loss by 2.5 eV, and lie 0.25 eV above TS 3e-3f, which accounts

for its low abundance.
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Figure 5-8. Calculated reaction pathways for CH3OH, CO, CH4 and H>O formation from
protonated 4-ethylguaiacol 3 at the CBS-QB3//B3LYP/6-31G(d) level of theory. The oxygen atom

1s red.

In addition to the now standard pathways to loss of CH3OH and CO, methyl radical loss from 4

can occur either directly from 4 requiring an activation energy of 4.14 eV or from 4¢, the O-

protonated isomer of 4 (Figure 5-9). This latter channel only requires 2.33 eV (relative to 4) and
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so is the kinetically favoured route. As with 3, CoH4 loss from 4d and 4e lies 4 - 4.5 eV higher in

energy than CO loss.
a)
55 -
5 ] 4d-4de (4.88)
4.5
4] {4h + CH, (4.20)
S ] de-4f (3.76)
B
> 35
>
o 37
=
LLl 2.5 4b-4c (2.47)
g - PR 4g + CO (2.53)
5 2 ‘
< 4f (1.82
&€ 45 ] ( )
i CH;OH
1 ] 4a-4b (0.97) (1.90)
ia-4a (0.79)
08 4a (0.58) 4c (0.45)
0 4(0)5 4b (0.33)
b)
N, - . .
-« ® .
- < - = [
-~ - .
+ CH; 4
‘e - ‘o ® — :- CH,
- (- - b ¢ .
i 4h . e ‘oo, 4
- “ » . ® - D) 1%
- [ ~ . ‘ .
. @
S N ... | ¢ ¢ 4dadb 4b-4c ¢ o
T 7 « o ® 6 . ¢v v
- - ] . - ® . ¢ . L ¢ . \\ \ -
- -® - Lt . . ¢ [ I -
4 4a 4b ac »
4c-4e/‘ ‘o ® SR
- . < @
‘o L . - « / : «
g 4d-de -
e . - - 4d
e - ~ [ @ +
T e «“ e -  dedf + CH;0H CH,OH
3
+ CO ® Y [ -
“ « @ - @
- (- . = bt
49 4f 4e

Figure 5-9. Calculated reaction pathways for CH3OH, CO and CHj3 dissociation in protonated 4-
vinylguaiacol 4 at the CBS-QB3//B3LYP/6-31G(d) level of theory. The oxygen atom is red.

For protonated eugenol (Figure 5-10), an additional hydrogen transfer from 5 to the prop-2-enyl
group of the sidechain leads to the loss of C2H4 to form 5h. Sequential loss of CO from 5h proceeds
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via a hydrogen transfer from the hydroxy group to the methylene group of the sidechain to form
5i. 5i then undergoes a ring-pinching reaction that extrudes CO to form 5j, followed by loss of CO
to form Sk. Dissociation of the prop-2-enyl group of the sidechain from S forms 5L, and a
hydrogen transfer to the vacant C leads to the more stable Sm. On the other hand, loss of the
methoxy-phenol group (C7H3O») from 5 leads to Sn, the prop-2-enyl ion. As with 3 and 4, C;H4
loss from 5d lies 3.5 eV higher in energy than CO loss.

97



a)

6.5
6 _
51+ C;Hg0; (5.95)
55
5 iSL-5m (4.99) 5h-5i(4.89) 5d-5e (4.94)
H ’
4.5 / I
=3 oot Voo 5c-5e (4.01
= 4 8L (417) ‘ 5e-5f (3.80)
o Y Hi
5 35 H N 5i-5j (3.26)
o i p T
e 3 i A
- — : 1 .¢
z: 25 i A . ) 5g + CO (2.52)
H L |
o i
i ; | 2o f(1.79
5f (1.79)
159 s5h
1 3(0.87) co (2.00)
(1.66)
0.5
5 ¥ ¢
° (0), (0.35) 5b (0.29) 5¢ (0.40)
b) .
. . 1
‘g .
' \{ Y 5L-5m v .
_9L-sm &
. ¢ ¢ im0, Koe ¢ . 6 6 ¢t CHiCHCH,
] ¢ ¢ S e
.
L 50 L 'y '
CiH, \ / SL‘ 5m
‘ot . . & - .
| S .
. o “o. R o
¢ 5.5h § 5.5a « @ °
\8 20 _Oo ot 00 5a-5b co et 5b-5¢ ‘o *"
v v e te e o« b LRSS YN

‘60 L 28 [ ‘e @ -
.« B¢ . i 2 < ¢ @ - “o o "
¢ ¢ Si5 ] > ‘e g o b 4
— ~ —_— . g et -
. [ ¥ v e ' @ . ¢ e ;. b g b "/'4 - “ .
Y] . . . Py o ‘ L “-@ [ * * ‘Se5f @ @ ° 5d-5e
’ ¢ Go & ® 5 - — o ¢ A e
5 ¢ 5 © . + ¢« 59 « 5f ¢ ° 5d
co y ¢ CH30H
co CH;OH 3

Figure 5-10. Calculated reaction pathways for CH3;OH, CO, C;Hs, CH2CHCH, and C;HgO:
formation from protonated eugenol 5 at the CBS-QB3//B3LYP/6-31G(d) level of theory. The

oxygen atom is red.

In contrast to the other derivatives, calculations for protonated vanillin 6 showed poor agreement
between B3LYP/6-31G(d) level of theory and CBS-QB3//B3LYP/6-31G(d) level of theory
(Figure A5-4 in the Appendix). Thus, a higher level of theory was applied, namely CBS-
QB3(sp)//B3LYP/6-311+G(d,p), Figure 5-11. The primary fragmentation channel of CO loss (m/z
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125) followed by sequential losses of CH30H (m/z 93) and CO (m/z 65) proceeds via a 1,4-H shift
from the O-protonated bound hydrogen in 6 to form 6a. A 1,2-H shift from 6a then leads to 6b,
followed by loss of CO to form 6¢. 6b is simply 1a, and the resulting chemistry follows that of
protonated guaiacol. Hydrogen transfer from 6c¢ to the adjacent O atom forms 6d, from where
CH3OH is lost leading to m/z 93, 6e. Isomerization of 6e via 1,3-H shift from the hydroxy group
leads to 6f. 6f then undergoes a ring-pinching reaction that extrudes CO to form 6g, followed by
loss of CO to form 6h, a cyclopentadiene cation. The competing channel due to loss of CH3
followed by sequential loss of CO starts via a methyl loss from 6c¢ leading to 6i. Following this,
loss of CO occurs by ring-pinching to a 5-member ring leading to 6j (m/z 82). Additionally, there
are two minor fragmentation channels originating from 6. A loss of protonated-O-bound H leads
to 6L, while a methyl loss forms 6k. H-atom loss from the phenolic OH group was also considered
but found to lie 0.65 eV higher in energy than 6L. We also explored the possibility that CH3 loss
occurs first by H atom loss to form 6L followed by CH: loss (as was observed for guaiacol.

However, this pathway was calculated to be 3 eV higher in energy than 6k +CHs.
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Figure 5-11. Calculated reaction pathways for H, CO, CH3;OH and CH3 formation from protonated
vanillin 6 at the CBS-QB3//B3LYP/6-311+G(d,p) level of theory. The oxygen atom is red.

The main differences between the observed reactions for the ions studied, with the exception of
vanillin, occurred in minor channels. For example, protonated guaiacol shows a small CH; loss
pathway which is absent for the other ions. We calculated this reaction for protonated creosol
(starting from ion 2a) and found the final energy requirement to be higher by 0.2 eV, which must

be enough to lower the rate constant to the point where it becomes uncompetitive. Lowering the
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relative rate constant by a factor of 2 would start to make it difficult to observe compared to the
other reactions. The same was found for H>O loss from ions other than protonated 4-ethylguaiacol.
For example, the barrier to H20 loss in creosol was calculated to be 2.6 eV above that required for
loss of CH30H, while for 4-ethylguaiacol it is only 2 eV. For 4-vinylguaiacol and vanillin, methyl
loss is a minor channel that barely competes with the other reactions. For guaiacol and creosol,
methyl loss is calculated to be ~ 3.8 eV, but this must be high enough to slightly disfavour the
reaction relative to the other pathways. A factor of 2 in the relative rate constant values would be
enough to preclude its observation. Even small changes in the barrier heights can lead to the

disappearance of minor fragmental channels.

5.5 Conclusion

The unimolecular reactions of protonated guaiacol and its derivatives were studied using tandem
mass spectrometry and computational chemistry. A common dissociation pathway of CH3OH loss
followed by loss of CO was observed for protonated guaiacol, creosol, 4-ethylguaiacol, 4-
vinylguaiacol and eugenol. Loss of CH3OH via the simple bond cleavage pathway was favoured
over the concerted pathway. On the other hand, protonated vanillin exhibited a different
dissociation pathway, starting with loss of CO, followed by sequential losses of CH30H and CO.
Altogether, all the protonated ions generate a cyclopentadienyl ion as the primary dissociation
product. Minor dissociation channels were also observed for the protonated ions involving the loss
of relatively small molecules such as H loss, CHj loss and others. These minor dissociation
products varied in accordance with small changes in the energy requirements based on the identity

of the specific substituents present in each ion.

Once formed in the atmosphere, all of these protonated ions can undergo loss of CO and CH;OH
upon activation by collision or photon absorption, leading to the formation of the R-
cyclopentadiene cation (R=H or a substituent). The predominant neutral pyrolysis pathway in
guaiacol also leads to a cyclopentenyl radical, although the mechanism is initiated by CH3 loss
followed by extrusion of CO. Indeed, Nguyen and co-workers?!® found that a number of
cyclopentenyl products can be made depending on the temperature, so in this respect the

dissociation of protonated guaiacol is analogous. The results are suggestive that there may be
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similarities between neutral and protonated guaiacol derivative decomposition that could be

explored further.

5.6 Appendix

6 —B3LYP/6-31G(d)
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Figure A5-1. Comparison of the minimum energy reaction pathway for the dissociation of

protonated guaiacol at the B3LYP/6-31G(d), B3LYP/6-311+G(d,p), M06/6-311+G(d,p) and CBS-
QB3(sp)//B3LYP/6-31G(d) levels of theory.
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Figure A5-2. Transition states of the minimum energy reaction pathway for the dissociation of

protonated guaiacol, creosol and 4-ethylguaiacol.
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Figure A5-3. Transition states of the minimum energy reaction pathway for the dissociation of

protonated 4-vinylguaiacol, eugenol and vanillin.
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Figure A5-4. Comparison of the minimum energy reaction pathway for the dissociation of

protonated vanillin at the B3LYP/6-31G(d) and CBS-QB3(sp)//B3LYP/6-31G(d) levels of theory.
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Chapter 6: From guaiacol to benzene without hydrogenation: Acid

anion-catalyzed deoxygenation in the gas phase

The contents of Chapter 6 have been accepted for publication in the Canadian Journal of Chemistry
(special Canadian Society for Mass Spectrometry issue in honour of Jim Hager, Bob Boyd and

Ray March).

Author contributions:
Sandesh Gondarry: Data curation, writing — original draft, DFT calculations.

Paul M. Mayer: Conceptualization, methodology, supervision, writing — review & editing.

6.1 Introduction

Lignocellulosic biomass, particularly lignin, represents an abundant and sustainable resource for
renewable chemicals and fuels.”” The resultant bio-oil from fast pyrolysis is severely limited by
its high oxygen content, necessitating catalytic upgrading via hydrodeoxygenation (HDO) to yield
stable bio-hydrocarbons.”>?!! Guaiacol (2-methoxyphenol), due to its dual oxygen functionalities
(methoxy and hydroxyl substituents), is a primary representative model compound for the

mechanistic study of this valorization process.’?

Effective HDO commonly relies on bifunctional catalysis, combining metallic active sites with
acidic functionality.”>"* Metal sites are indispensable for activating hydrogen and facilitating ring
saturation.?'>?!3 Experimental and computational studies have revealed that catalyst acidity, both
Bronsted and Lewis character, plays a decisive role in facilitating Csp2y~O bond scission and
steering pathways toward direct deoxygenation (DDO) versus hydrogenation—deoxygenation
(HYD) routes.”>?!'* Bronsted acid sites facilitate dehydration and proton-assisted deoxygenation
by stabilizing key transition states and oxygenated intermediates,?!® and systematic studies show
that tuning support acidity or adding acid promoters enhances DDO rates and reduces H:
consumption by enabling protonation or stabilization before C—O bond cleavage.”>!*2!¢ Recent
work has demonstrated that combining metal hydrogenation sites with proximate Brensted acidity

(for example, MoS; edge sites with -SH Brensted character or Nb2Os-modified supports) increases
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conversion and benzene selectivity in guaiacol HDO, linking physical changes in metal dispersion

and surface acidity to catalytic performance.?!’

To elucidate the intrinsic, acid-mediated C—O cleavage pathway, a combination of tandem mass
spectrometry and computational chemistry was employed to examine reactions of neutral guaiacol
with bisulphate (HSO4") and nitrate (NO3") anions. In this gas-phase framework, the acid anion
serves as a low-coordination, molecular analogue of a Brensted acid site, permitting direct
examination of intracluster proton and oxygen-transfer processes; the approach therefore tests
whether acid-mediated rearrangements in the gas phase can extract oxygen as small oxygenates

while leaving an aromatic hydrocarbon product.

6.2 Experimental Procedures
Guaiacol (2-methoxyphenol), water, deuterated water, sulphuric acid and nitric acid were
purchased from Sigma-Aldrich (>98%, Sigma-Aldrich, Oakville, Ontario, CA) and used without

further purification.

Electrospray ionization mass spectrometry (ESI-MS) was performed on a Waters Micromass
Quattro Ultima Pt triple quadrupole mass spectrometer (Waters, Manchester, UK). For ion-
molecule reactions, bisulphate anions, HSO4, and nitrate anions, NOj3", were generated in the
electrospray source by delivering acid solutions in water (1 mg/mL) with a syringe pump at a flow

rate of 27 uL min™!

. Capillary and cone voltages were set to 3.90 kV and 35 V, respectively. The
desolvation gas (N3) was set to a flow rate of 30 L/h. The source and desolvation gas temperatures
were held at 100 and 160 °C, respectively. The acid anion was mass-selected with the first
quadrupole and directed into the ion tunnel collision cell, where it reacted with guaiacol vapour
introduced via a Granville-Phillips variable leak valve after three freeze-pump-thaw cycles to
remove air. 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.?!® The resulting products were analyzed with
the second quadrupole. The experiments were conducted at the lab-frame collision energies of 1,

3, and 5 eV to see the effect on the mass spectra as the energy is increased across the collision cell

(Figure 6-1). Note that no CID gas (argon) was introduced.
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Figure 6-1. Reactions of guaiacol with a) HSO4™ and b) NO3™ at different collision energies.

Artifacts are labelled with * (refer to section 6.4).

6.3 Computational Procedures

Equilibrium = structures

and harmonic vibrational

frequencies were optimized at the

M06/311++G(d,p)'?"122 level of density functional theory (DFT) employing the GAUSSIAN 16

suite of programs.'!?
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6.4 Results and Discussion

Figure 6-2 shows the mass spectra derived from the reaction of HSO4 ™ (m/z 97) and NO3™ (m/z 62)
with neutral guaiacol at 3 eV, with the whole set of data in Figure 6-1. In the former case, the
major products observed are m/z 143, 221, and 247, while for the latter, they are m/z 108, 123, and
186. Note that m/z 163 is an artifact peak which is always present, and it is not a product resulting
from the reaction between guaiacol and the acid anion. Moreover, m/z 261 is a reaction product
involving the precursor to m/z 163, as confirmed through the reaction of HSO4™ (m/z 97) from the

source with background vapours in the collision cell (Figure 6-3).

3 ox10° - 9; b)

5 <
8 @
c 6 1 ]
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£ c
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< <
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221247
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Figure 6-2. Main peaks obtained from the reaction of guaiacol with the a) bisulphate anion, and
b) nitrate anion at a collision energy of 3 eV. The m/z 97 (HSO4") and m/z 62 (NO3") peaks were

cut off, and the m/z 45 peaks were scaled for clarity. Peaks labelled with * are confirmed artifacts.
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Figure 6-3. Mass spectrum of bisulphate anion (HSO4") reacting with air from the source. m/z 163
and m/z 261 peaks are present as background noise and no guaiacol peak (m/z 123), which confirms

m/z 163 to be an artifact peak.

Any reaction would involve the formation of an initial complex between the acid anion and neutral
guaiacol, the observed ions m/z 221 (with HSO4 ") and m/z 186 (with NO3™). The two product ions
m/z 143 and m/z 108 correspond to HSO4(HCO2H) ~ and NO3;(HCO-H) -, complexes of the reacting
acid with formic acid. These products would be due to the loss of a neutral molecule of benzene,
following Scheme 6-4. This reaction is supported by the observation of formate anions, HCOO",
in the mass spectra of both acids (Figure 6-2, expanded insets). To observe m/z 143 and 108, the
loss of benzene must represent an overall exothermic reaction (or at least thermoneutral). For both
acids HSO4™ and NOs™~, m/z 123 was observed corresponding to deprotonated guaiacol (Figure 6-

5) and the deprotonated dimer of guaiacol, m/z 247 (Figure 6-6).

m/z 221

Scheme 6-4. Schematic representation of the overall reaction of guaiacol with HSO4".
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Figure 6-5. Deprotonated guaiacol, m/z 123, formed in the reaction with a) HSO4™ and b) NOs™.
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Additional insight into the encounter complex was obtained by forming DSO4 ™ in the electrospray

source (dissolving HoSO4 in D>0O). The reaction of DSO4  with neutral guaiacol revealed a

reversible hydrogen transfer reaction that produced HSO4™. This experiment was carried out at the

same collision energy of 3 eV but with the increasing pressure of guaiacol vapour. As the guaiacol

pressure increased in the collision cell, there was a rise in the m/z 97 peak (HSO4") and a drop in

the m/z 98 peak (DSO4"), which is suggestive of an exchange reaction within a relatively long-

lived complex (Figure 6-7).
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Figure 6-7. Mass spectra showing the exchange reaction between the anion and neutral guaiacol.

In addition, the reaction of DSO4~ with guaiacol gave m/z 144 (Figure 6-8) corresponding to the
(DSO4)(HCO2H)™ analog of the main product in Figure 6-2a (but the location of the D is
undetermined). The presence of both m/z 143 and 144 indicates that deuterated benzene is being
formed as a neutral. The observation of m/z 221 and 222 suggests that a deuterium swap can occur
independent of the formation of a long-lived complex. m/z 248 corresponds to a deuterated

guaiacol dimer.
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Figure 6-8. Mass spectrum for the reaction of DSO4~ (m/z 98, not shown) with guaiacol. The peaks
in blue correspond to the reaction products observed in Figure 6-2, but with a D atom replacing

an H atom.

It appears that the main reaction of the acid anions with neutral guaiacol is the production of neutral
benzene and formic acid. We explored these reactions computationally with density functional
theory (Figure 6-9). Using the reaction with HSO4™ as an example, the reaction proceeds by the
formation of the collision complex lying 76 kJ mol™! below the reactants. Proton abstraction to
form the guaiacol anion is endothermic from here by around 237 kJ mol! due to the large

12" From the

difference in gas-phase acidity between guaiacol and H>SO4 of 168 kJ mo
encounter complex, the system proceeds to a complex consisting of benzene, HSO4~ and formic
acid, exothermic from the initial collision complex by 84 kJ mol!. Due to the low quadrupole
moment of benzene, this complex is bound by only 73 kJ mol!, dissociating into the
experimentally observed products HSO4HCOOH) ™, m/z 143. A similar reaction holds for the
NOs™ reaction (Figure 6-9b). Both overall reactions are exothermic with respect to the initial

reactants.
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It was not possible to elucidate a complete minimum energy reaction pathway due to the inherent
complexity and variety of H-transfer reactions that can occur in the long-lived reaction complexes.

A detailed mechanism thus, must await a further study.

6.5 Conclusion

In this study, gas-phase ion-molecule reaction has been explored to establish a fundamentally
important catalytic degradation pathway for guaiacol, mimicking the function of Brensted acid
sites in heterogeneous catalysts. The acid anion drives a rearrangement in the initial encounter
complex that leads to the extraction of formic acid from guaiacol, leaving neutral benzene.
Crucially, the process is inherently catalytic: the acid anion facilitates the reaction and is recovered
in a complexed form (HSO4(HCOOH) and NO3;(HCOOH)"), essentially acting as a recovered
catalyst. These results provide a molecular-level demonstration that strong acid centres can
mediate C—O bond cleavage of methoxyphenols without requiring extensive solvation or
conventional metal hydrogenation steps, rationalizing why catalysts that combine proximate acid
and metal functionalities perform well in guaiacol HDO studies. While the experimental setup
(collision-cell energies, vacuum environment, and ion-guided encounters) differ from practical
catalytic reactors, the mechanistic structures identified - encounter complex formation, intracluster
hydrogen transfer, and acid-stabilized loss of small oxygenates - are directly relevant to
interpreting the role of surface Brensted acidity on solid catalysts and for designing bifunctional

materials that optimize direct deoxygenation versus hydrogenation—deoxygenation pathways.
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Chapter 7: Does the dissociation of guaiacol family radical cations

mimic their thermal decomposition?

The contents of Chapter 7 have been published as: Gondarry, S.; Mayer, P. M. Does the
Dissociation of Guaiacol Family Radical Cations Mimic Their Thermal Decomposition? Comput.

Theor. Chem. 2023, 1229 (May), 114323. https://doi.org/10.1016/j.comptc.2023.114323.

Author contributions:
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7.1 Introduction

),2°! provides

Lignin, one of the main components of woody biomass (accounting for 18-40 wt %
an alternative eco-friendly source of aromatic polymers and oxygenated hydrocarbons that can be
transformed into valuable fuels and chemicals.??® Experimental and theoretical studies on lignin
pyrolysis illustrated that primarily syringol- and guaiacol-related products are formed at the

preliminary pyrolysis process, with guaiacol being the predominant product.?!*?2

To date, guaiacol has been primarily considered as a model lignin compound in numerous
experimental and theoretical studies on lignin pyrolysis.”’?*! Scheer et al.”” analyzed the pyrolysis
of guaiacol using a heated SiC microtubular reactor, and a combination of photoionization time-
of-flight mass spectroscopy (PIMS) and matrix isolation infrared spectroscopy (IR) techniques
was utilized for decomposition product detection. The initial decomposition step identified was
the loss of a methyl radical ("CH3), forming the hydroxy-substituted phenoxy radical, HO—CsH4O",
followed by decarbonylation to produce hydroxycyclopentadienyl radicals, HOCsHs'. Moreover,
Asmadi et al.??! examined the thermal reactions of guaiacol using a closed ampoule reactor (N>
/400-600 °C / 40-600 s) and proposed that the homolytic cleavage of the methoxy group (RO—CHj3)
is the primary pathway for pyrolytic guaiacol decomposition. Wu et al.?*? explored the thermal
decomposition of vanillin in an in-vacuum flash pyrolysis microreactor by photoelectron photoion

coincidence spectroscopy. Mass-selected threshold photoelectron spectra (ms-TPES) were utilized
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for isomer-selective intermediate and product detection. Methyl loss through C—O bond fission
was found to be the preliminary unimolecular decomposition step yielding *CH3 and the primary
intermediate, the 2-hydroxy-5-formyl-phenoxy radical, which can wundergo several

decarbonylation steps and sequential hydrogen loss to ultimately form but-2-ene-3-yne.

Various studies have been performed exhibiting the similarities and differences in the thermal
degradation of neutral molecules and their corresponding radical cations. Lowe et al.!3¢187
investigated the pyrolysis of methyl formate and ethyl formate using synchrotron radiation and
theory and discovered identical dissociation products for both the neutral and radical cations of
methyl formate and ethyl formate. To the best of our knowledge, no studies have been carried out
on the degradation of the radical cations of guaiacol and its derivatives. In this study, a combination
of mass spectrometry and computational chemistry was applied to explore the trends in the
unimolecular reactions of radical cations of guaiacol (1), creosol (2), 4-ethylguaiacol (3), 4-

vinylguaiacol (4), eugenol (5) and vanillin (6) to examine any similarities between the dissociation

of these radical species with the pyrolysis of the neutral molecules.

7.2 Experimental Procedures

Guaiacol (2-methoxyphenol), creosol (2-methoxy-4-methylphenol), 4-ethylguaiacol (4-ethyl-2-
methoxyphenol), 4-vinylguaiacol (2-methoxy-4-vinylphenol), eugenol (2-methoxy-4-prop-2-
enylphenol) and vanillin (4-hydroxy-3-methoxybenzaldehyde) were purchased from Sigma-
Aldrich (>98%, Sigma-Aldrich, Oakville, Ontario, CA) and used without further purification.

Mass-analyzed ion kinetic energy (MIKE) spectrometry was performed on a VG ZAB mass
spectrometer (Manchester)??*?**, Guaiacols were introduced into the ion source of the instrument
by mild thermal desorption. The ion source pressure was read externally using an ion gauge and
the pressure was kept at ~1.0 x 107 Torr. The radical cations were generated by electron ionization
with 80 eV electrons. The resulting ions were accelerated to 8 kV toward the magnetic sector,
where the precursor ion of interest (the molecular ion in each case) was momentum selected and
transmitted to the second field-free region. lons that spontaneously dissociate in this region are

coined “metastable ions”. Due to the conservation of energy and momentum, product ions from
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unimolecular dissociation (F") have a fraction of the precursor ion’s (P") translational energy, 7,

according to the equation:

MF+>

TF+ - TP+ (MP+

Where Mr+ and Mp+ are the m/z ratios of the product and precursor ion, respectively (and for singly-

charged ions correspond to the ion masses).

7.3 Computational Procedures

Equilibrium and transition state structures were optimized at the B3LYP/6-311+G(d,p)'?!"1?? level
of density functional theory (DFT) employing the GAUSSIAN 16 suite of programs!!?. Transition
states were confirmed by the intrinsic reaction coordinate method. CBS-QB3 single-point energy
calculations'? (without geometry optimizations) were then employed on the DFT geometries to
obtain more accurate energetics. Rice-Ramsperger-Kassel-Marcus (RRKM) theory was applied

to calculate k(E) according to the following equation'*!157

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.!'® B3LYP/6-311+G(d,p) calculated rotational constants and harmonic vibrational
frequencies of the reactant ion and transition states were employed in the direct count algorithm to

obtain sums and densities of states for the RRKM calculation.
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7.4 Results and Discussion

7.4.1 Mike spectra

The MIKE spectra for guaiacol and its derivatives are shown in Figure 7-1. With the exception of
vanillin (6), guaiacol (1) and its derivatives share a common fragmentation pathway, the loss of a
methyl radical ("CH3). Methanol (CH30H) loss was also observed in creosol (2), 4-ethylguaiacol
(3) and eugenol (5). The relative intensities of the methanol-loss fragment ions in 2 and 3 were

much lower than those for methyl loss, whereas for eugenol, the opposite was true. Ionized vanillin

(6) was unique by displaying only loss of CO.
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Figure 7-1. MIKE spectra of ionized guaiacol, creosol, 4-ethylguaiacol, 4-vinylguaiacol, eugenol
and vanillin. The peak at 8000 eV for eugenol corresponds to the tail of the precursor ion and not
a fragment ion. In vanillin, the tail on the peak is due to the high amplifier gain needed to acquire
the signal. An example of the calculation of the product ion m/z ratio is provided in guaiacol. In
each case, the precursor ion, which is 1000x more intense than the observed fragments, is omitted

from the plots for clarity.

The dissociating metastable ions do so over a very narrow internal energy window. Figure 7-2
presents an example for 1, but the result is very similar for all of the ions studied here. Based on
the geometry of the instrument and the accelerating potential, the residence time of the ions in the

field-free region can be calculated and the fraction of ions, dn/n,, having a particular

120



microcanonical rate constant k(E) that dissociate in the region is calculated. This is plotted in
Figure 7-2 against the total observed dissociation rate constant of 1. The MIKE spectra correspond
to the dissociation of ions primarily between 4 and 5 eV of internal energy. Lower internal energy
ions largely survive to reach the detector intact (and are displayed as precursor ions in the MIKE
spectra — a signal that is so large that it is excluded from the spectra in Figure 7-1), while higher
internal energy ions will dissociate prior to the magnetic sector and not be selected. This will be

significant when comparing to the calculated minimum energy reaction pathways for each system.
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Figure 7-2. RRKM £(E) vs E curve (left and bottom axis - black) generated by combining the rate

constants for CH3 and CH3OH losses for the dissociation of guaiacol. Superimposed on the left

side of the graph is a plot of the distribution of rate constants that contribute to metastable ion

dissociation (left and top axis — blue). The approximate energy window for the metastable

dissociations is denoted by SE, which was obtained from the limits of the plotted distribution.

7.4.2 Guaiacol, 1
The loss of ‘CH3 from 1 proceeds via a simple bond cleavage to form 1a (Figure 7-3). While this

is the only reaction observed, we have also calculated the pathway for methanol loss to compare
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it to the other ions in this study. Loss of methanol proceeds via a 1,3-H shift to form 1b. From 1b,
methanol cleaves from the ring and forms an intermediate structure 1¢, from which methanol is
lost to form 1d. We tried moving the OH hydrogen atom to the methoxy O-atom, but the resulting
intermediate was not an equilibrium structure and the H-atom returned to form the OH group in a
barrierless reaction. The higher energy demand for methanol loss is also apparent when the k(E)
curves for the two reactions are compared (Figure 7-4). In the 4-5 eV internal energy range, the
rate constant for ‘CHj3 loss is over six orders of magnitude greater and thus only this channel is
experimentally observed. Furthermore, we explored the simple bond cleavage reactions in the ion
that generate OH and CH3O radicals. These were found to require 5.35 and 5.15 eV of energy,
respectively, far more than that required for the observed reaction. Similar conclusions could be

drawn for the other derivatives discussed below.

4.5

Relative Energy (eV)

Figure 7-3. Calculated reaction pathways for CHs and CH3OH losses from guaiacol (1) at the
CBS-QB3(sp)// B3LYP/6-311+G(d,p) level of theory. The oxygen atom is red.
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Figure 7-4. RRKM k(E) vs E curves for the losses of ‘CH3 (1a) and CH30H (1-1b) from 1.

7.4.3 Creosol, 2
Creosol undergoes ‘CHj3 loss through bond cleavage either from the methoxy group or from the

ring (Figure 7-5). Methyl loss from the methoxy group (2 to 2a) is energetically favoured over
loss from the ring (2 to 2b) by 2.19 eV.
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w

Figure 7-5. Calculated reaction pathways for “CH3 and CH3OH losses loss from creosol (2) at the
CBS-QB3(sp)// B3LYP/6-311+G(d,p) level of theory. The oxygen atom is red.

The loss of methanol from 2 can proceed via two pathways. The first is analogous to the reaction
in 1, starting with a 1,3-H shift to form 2¢, followed by formation of the intermediate hydrogen-
bonded complex 2d, which then loses methanol to make 2e. Alternatively, hydrogen transfer from
the para-methyl group to the methoxy group oxygen atom leads to 2f, followed by methanol loss
to form 2g. The 1,3-H shift pathway from 2 to form 2c is energetically favoured over the methyl
group hydrogen transfer pathway to 2f by 1.69 eV. A comparison of the "“CH3; and CH3OH loss k(E)
curves are presented in Figure 7-6. The curves, as is, suggest that CH30H loss should not compete
with ‘CHj3 loss in the metastable window for creosol. Clearly they do, which highlights the
sensitivity of the RRKM calculations to the computed reaction surface. For example, employing
a full CBS-QB3 treatment (not a single-point calculation) for 2a + "CHj3 leads to a relative energy
for this channel of 2.34 eV compared to the 2.62 eV in Figure 7-5. This uncertainty, combined
with the unknown internal energy distribution of the ions generated by electron ionization could

be the reason for the discrepancy between the observation and the theoretical prediction.
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Figure 7-6. a) RRKM £k(E) vs E curves for the different pathways for the dissociation of creosol

radical cations, b) RRKM k(E) vs E curves with a 0.6 eV change in the relative Eo values for the

two main reactions, for comparison.
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7.4.4 4-ethylguaiacol, 3
Methyl loss from 3 can occur from the methoxy (3 to 3a) or ethyl (3 to 3b) groups, with the latter
being energetically favoured by 0.46 eV (Figure 7-7).
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Figure 7-7. Calculated reaction pathways for ‘CHz and CH3OH losses from 4-ethylguaiacol (3) at
the CBS-QB3(sp)// B3LYP/6-311+G(d,p) level of theory. The oxygen atom is red.

Two different pathways are possible for the loss of methanol. The first involves a 1,3-H shift
(analogous to methanol loss from 1) to form 3¢, followed by formation of the intermediate 3d and
subsequent loss of methanol to form 3e. The second possible pathway proceeds via a hydrogen
transfer from the ethyl group to the methoxy oxygen atom, forming 3f, which then proceeds to
make the ion-molecular complex 3g. The 1,3-H shift pathway is energetically favoured over the
ethyl group hydrogen transfer pathway by 1.02 eV. A comparison of the “CHs and CH3OH loss
k(E) curves are presented in Figure A7-1 of the Appendix.
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7.4.5 4-vinylguaiacol, 4

The kinetically favoured ‘CHj3 loss route in 4 is via bond cleavage from the methoxy group (4 to
4a) which only requires 2.75 eV (Figure 7-8). 4 can also undergo methyl loss via two additional
pathways which are initiated by a hydrogen shift either from the ring or from the hydroxy group.
The ring pathway proceeds via a hydrogen transfer from the ring to the methylene group (CH2) of
the side chain leading to 4b, followed by loss of *CH3 to form 4¢. Conversely, a hydrogen transfer
from the hydroxy group to the methylene group of the side chain leads to 4d, which loses ‘CHj3 to
form 4e. Both these latter two pathways lie 3.09-3.62 eV higher in energy than cleavage of the
methoxy methyl group.

Relative Energy (eV)
(9
(4]

Figure 7-8. Calculated reaction pathways for ‘CH3 loss from 4-vinylguaiacol (4) at the CBS-
QB3(sp)// B3LYP/6-311+G(d,p) level of theory. The oxygen atom is red.

The kinetically favoured methanol loss pathway in 4 is analogous to that seen from 2, starting with
a 1,3-H shift to form 4f, followed by methanol cleavage to form the intermediate structure 4g and
ultimately methanol dissociation to form 4h (red path in Figure 7-9). Methanol loss can also
proceed via an H shift from the methylene group (CH>) of the side chain to the methoxy oxygen
atom to form 4j (green path in Figure 7-9), a process requiring an additional 0.58 eV than the 1,3-
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H shift pathway. A third pathway (purple path in Figure 7-9) involves a hydrogen transfer from
the CH group of the side chain to the oxygen atom of the methoxy group to form 4m, which lies
2.2 eV higher than the lowest energy methanol loss pathway. Methanol cleavage from 4m leads to
the intermediate structure 4n. From 4n, the cleaved methanol group is attracted to the hydrogen

atom of the hydroxy group to form a second intermediate structure 40, which dissociates to form
4p. Evident from the RRKM calculation of the competing rate constants k4—4f and k4_4j (Figure

A7-2 in the Appendix) is that the 1,3-H shift pathway is the favoured methanol loss pathway.
Notably, this path produces the least thermodynamically-stable product ion 4h in a kinetically-

controlled reaction.
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Figure 7-9. Calculated reaction pathways for CH3O0H loss from 4-vinylguaiacol (4) at the CBS-
QB3(sp)// B3LYP/6-311+G(d,p) level of theory. The oxygen atom is red.

7.4.6 Eugenol, 5

Methyl loss in eugenol can occur via bond cleavage from the methoxy group leading to Sa or via
a hydrogen transfer from the ring to the methylene group (CH:) of the side chain forming Sb
followed by Sc (Figure 7-10). Although the initial step for the hydrogen transfer pathway is
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energetically lower than the direct bond cleavage from the methoxy group pathway by 0.07 eV,
RRKM calculation of the competing rate constants ks.sp and ks, (Figure A7-3 in the Appendix)

show that these two channels can compete in the metastable internal energy window of 4-5 eV,

and thus a mixture of product ions is likely formed.
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Figure 7-10. Calculated reaction pathways for CH3 loss from eugenol (5) at the CBS-QB3(sp)//
B3LYP/6-311+G(d,p) level of theory. The oxygen atom is red.

Four different pathways can lead to methanol loss from 5 (Figure 7-11). The kinetically favoured
pathway is analogous to that in 2, which starts with a 1,3-H shift to form Sg, proceeds to Sh and
ultimately leads to 5j. Alternatively, a hydrogen transfer from the terminal methylene group of the
allyl side chain leads to 5d, which proceeds via Se to 5f. Even though the 5—5d pathway is lower
in energy than the 5—5g pathway (1,3-H shift), RRKM calculations of the competing rate

constants ks_sgand Ks_sq (Figure A7-3 in Appendix) show that the favoured methanol loss pathway

is through the 1,3-H shift pathway. The third pathway proceeds via H shift from the CH of the allyl
side chain forming Sk, eventually forming Sm. The fourth pathway involves a hydrogen transfer
from the initial methylene group of the allyl side chain forming Sn, followed by methanol loss

leading to 50. The methanol loss peak is composite (Figure 7-12) which consists of a narrow
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Gaussian peak with Ty (half-width kinetic energy release)**® of 60 meV, overlapping a dish-
shaped peak with 7.5 0of 429 meV. This latter reaction is indicative of a process that involves a very
large translational energy release, which is often associated with forming a product over a high
reverse-energy barrier, making products with a wide distribution of internal and translational
energies. Consequently, this suggests that methanol dissociation may also proceed via the fourth
pathway (5-5n) as well, given that this pathway leads to a lower energy product (50) via a high

reverse-energy barrier compared to the kinetically favoured pathway (5-5g).
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Figure 7-11. Calculated reaction pathways for CH3OH loss from eugenol (5) at the CBS-QB3(sp)//
B3LYP/6-311+G(d,p) level of theory. The oxygen atom is red.
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Figure 7-12. The presence of a narrow Gaussian peak overlapping a dish-shaped peak for the
dissociation of eugenol radical cation is indicative of a large translational energy release. The main
beam (precursor ion) profile is shown to the right for comparison. The reported peak widths were
converted to kinetic energy release values calculated from the half-height widths, 7)., according
to the following equation:

_ mhHwiE - W)
16m,ms3V,..

h

Where £ is the height, expressed as a fraction of the total height (/) at which the peak width (W)
is measured, W, is the corresponding width of the main ion beam, and m;, m>, m; are the masses

of the precursor ion and reaction products, respectively, and V. is the translational kinetic energy

(8 kV). 223

7.4.7 Vanillin, 6

The loss of CO from 6 can occur via two pathways (Figure 7-13). The kinetically favoured
pathway proceeds via a 1,2-H shift from the formyl group to form 6a, followed by CO dissociation
leading to 6b. Conversely, hydrogen transfer from the phenolic hydrogen of 6 to the formyl oxygen
leads to 6¢, followed by a ring-pinching reaction that extrudes CO to form 6d, and subsequent CO
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loss leads to 6e. This reaction is reminiscent of the loss of CO from protonated vanillin??>. The
1,2-H shift pathway from 6 to form 6a lies 1.56 eV lower in energy than the phenolic hydrogen
transfer pathway to form 6¢. While this is the only reaction observed, we have also calculated the
pathways for methyl and methanol losses to compare with the other ions in this study. ‘CHjs loss
from 6 proceeds via a simple bond cleavage to form 6f, and methanol loss is analogous to that seen
from 2, starting with a 1,3-H shift to form 6g, which leads to the ion-molecule complex 6h and
finally methanol cleavage to form 6j. In the 4-5 eV internal energy range, the rate constant for CO
loss is over 2 orders of magnitude greater and thus only this channel is experimentally observed

(Figure 7-14).
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Figure 7-13. Calculated reaction pathways for CO and CH3 and CH30H losses from vanillin (6)

at the CBS-QB3(sp)// B3LYP/6-311+G(d,p) level of theory. The oxygen atom is red.
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Figure 7-14. Illustrative RRKM k(E) vs E curves for the different pathways for the dissociation of

vanillin.

7.5 Conclusion

The unimolecular reactions of the radical cations of guaiacol and its derivatives were studied using
tandem mass spectrometry and computational chemistry. Besides vanillin, all the ions studied
exhibited the loss of a methyl radical ("CH3). For guaiacol (1), creosol (2) and 4-vinylguaiacol (4),
the favoured *CH3 loss pathway is via bond cleavage from the methoxy group. ‘CHj3 dissociation
from the ethyl group is kinetically favoured over dissociation from the methoxy group for 4-
ethylguaiacol (3). Two energetically very similar pathways are observed (bond cleavage from the
methoxy group and hydrogen transfer) for eugenol (5), and RRKM calculations revealed that both
pathways are equally possible, likely resulting in a mixture of product ions. For all ions (2, 3 and
5) that exhibited methanol loss, the favoured methyl radical pathways are energetically lower than
that of the favoured methanol loss pathways, and this is also evident from the RRKM calculation
of the competing rate constants. On the other hand, vanillin radical cation exhibits a different

dissociation pathway which proceeds via the loss of CO.

136



Methyl loss from the guaiacol family of radical cations is consistent with the thermal degradation
of neutral guaiacol observed by Scheer et al.”” and Asmadi et al.??!. Therefore, in accordance with
the results obtained for the radical cations of the derivatives, this leads us to speculate that the
thermal degradation of neutral creosol, 4-ethylguaiacol, 4-vinylguaiacol or eugenol might lead to
the formation of methanol as well. Conversely, vanillin radical cation dissociation is initiated via
CO loss, while thermal degradation of vanillin as studied by Wu et al.??? revealed the occurrence
of CO loss only after the initial loss of a methyl radical. The results are suggestive that there may
be similarities between the decomposition of neutral and radical cation guaiacol derivatives that

could be explored further.

7.6 Appendix
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Figure A7-1. RRKM k(E) vs E curves for the different pathways for the dissociation of 4-

ethylguaiacol radical cations.
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Figure A7-2. RRKM k(E) vs E curves for the different pathways for the dissociation of 4-

vinylguaiacol radical cations.
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Figure A7-3. RRKM k(E) vs E curves for the different pathways for the dissociation of eugenol

radical cations.
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Chapter 8: Bridging Experiment and Computation: Unveiling Novel
Dissociation Pathways of 4-Ethylguaiacol and Eugenol Radical
Cations Using iPEPICO Spectroscopy
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8.1 Introduction

Lignin, a key structural polymer in plant biomass, represents a significant source of renewable
aromatic compounds.'® Lignin depolymerization, often achieved through thermal or catalytic
processes, yields a variety of phenolic compounds, including guaiacol derivatives such as 4-
ethylguaiacol and eugenol.”>210:220-226 While the fragmentation pathways of these derivatives are
essential for understanding their stability and reactivity, experimental studies on their radical
cations, which form the basis for their analytical detection by mass spectrometry, remain
limited.??’"2*? Universal, multiplexed, selective, and sensitive analytical tools, such as imaging

3

photoelectron photoion coincidence (iPEPICO) spectroscopy,?® are needed to identify trace

236

intermediates and products in pyrolysis,>* catalytic pyrolysis**® or catalytic conversion?*® studies.

For instance, the previously postulated quinone methide intermediates in catalytic lignin moiety

7 could recently be detected experimentally thanks to iPEPICO spectroscopy.?*’

conversion®?
Besides reference photoion mass-selected threshold photoelectron spectra,®*® iPEPICO also offers

quantitative data on dissociative photoionization reaction energy thresholds. The former is
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routinely used together with Franck—Condon simulations to identify even trace components of
reaction mixtures, while the latter can be used to assign photoionization mass spectrum peaks of
fragment ions to their parent. The present study investigates the unimolecular dissociation of 4-
ethylguaiacol and eugenol radical cations using iPEPICO spectroscopy, revealing novel

fragmentation pathways for methyl loss in both and for methanol loss in the eugenol radical cation.

In previous work from our laboratory, the ion chemistry of the 4-ethylguaiacol and eugenol radical
cations was explored with mass-analyzed ion kinetic energy (MIKE) spectrometry and density
functional theory and composite method calculations (refer to chapter 7).!° The 4-ethylguaiacol
radical cation was found to be metastable at low energies and exhibited a single fragmentation
reaction, the loss of "CH3, which, when resulting from homolytic bond breaking in the ethyl group,
was computed to have an energy threshold of 2.15 eV at the CBS-QB3(sp)//B3LYP/6-311+G(d,p)
level of theory; the barrier to *CHj3 loss from the methoxy group was calculated to be 0.46 eV
higher.!” Eugenol radical cations were found to dissociate by two competing reactions, loss of
‘CH3 or CH30H. Methyl radical loss from the methoxy group was calculated to have an energy
requirement of 2.59 eV. Alternatively, H-transfer from the aromatic ring to the sidechain vinyl
group over a 2.52 eV transition state resulted in methyl loss with a product energy of 2.63 eV. Four
methanol loss routes were evaluated, and the most favourable involved H-transfer from the vinyl
group to the methoxy-oxygen, forming a bicyclic ring system and a methanol molecule hydrogen-
bonded to the hydroxy group, prior to methanol loss. The highest energy transition state for this

reaction was calculated to be 3.21 eV above the cation minimum.'®’

However, MIKE spectrometry is not an energy-resolved technique. Rather, precursor ions
generated by electron ionization, having a broad and ill-defined internal energy distribution, are
momentum selected and those dissociating in a certain, instrument-defined time window are
studied. There is no quantitative way to directly link the experimental observations with the
derived calculated reaction energetics. We decided to revisit the unimolecular dissociation of these
two radical cations, this time with iPEPICO spectroscopy, with a view to obtaining experimental
confirmation of the proposed reaction mechanisms. Our results highlight the necessity of

integrating quantitative experimental data with computational approaches to uncover new reaction
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pathways and demonstrate that iPEPICO spectroscopy remains indispensable in elucidating

complex unimolecular dissociation mechanisms.

8.2 Experimental Procedures

4-Ethylguaiacol and eugenol (both >98%) were purchased from Sigma-Aldrich, Oakville, Ontario,
CA, and used without further purification. The experiment involved the previously described
double imaging CRF-PEPICO endstation at the VUV beamline of the Swiss Light Source (Paul
Scherrer Institute).!°%!7> Synchrotron radiation from a bending magnet was collimated and
monochromatized using a 600 lines/mm laminar grating before being focused onto a 200 um exit
slit within a differentially pumped rare gas filter.>>* The photon beam achieved a resolution of 2—
4 meV, depending on the photon energy, which was calibrated by measuring the 11 s'-14 s’ argon
autoionization lines in first and second order.?*’ 4-Ethylguaiacol and eugenol were soaked onto
glass wool and placed inside a molecular beam source with ca. 4 mm internal diameter and an
internal 200 pm orifice, followed by a 1 mm internal diameter tube with an open aperture to
vacuum. The temperature of the tube was raised to 350 K to increase the vapour pressure. Argon
carrier gas was passed over the sample and directed through a 2 mm diameter skimmer into the
interaction region of the instrument. Due to the smooth pressure drop in the source and limited
collisional cooling in vacuum, the source can be considered as effusive**! and was used primarily
to ensure comparable experimental conditions to in-vacuum flash pyrolysis experiments during
the same beamtime. Photoions and photoelectrons were extracted by a continuous, weak, 218 V
cm ! electric field. Electrons were velocity map imaged on a RoentDek delay line detector, where
their time and position were captured, and the corresponding photoions were measured in delayed
coincidence using a time-of-flight mass spectrometer. The low draw-out potential enables ions to
dissociate on the microsecond time scale while being accelerated, leading to asymmetric time-of-
flight peaks for product ions that can be modelled to determine unimolecular decay rate constants
in the 10° <k /s™' <107 range as a function of photon energy. Threshold electrons were mapped
at the center of the imaging detector, while non-zero kinetic energy (“hot”) electrons were detected
off-axis based on their momentum in the detection plane. Hot electrons without an off-axis
momentum component are also imaged in the centre. The resulting hot electron contamination of

the centre signal is represented based on a ring-shaped region around the centre spot and subtracted
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from the centre signal to obtain the corrected threshold signal.!”? The threshold photoelectron
spectra (TPES) were recorded from 7.5 to 10.5 eV with 0.005 eV step size and 30 s accumulation
time for 4-ethylguaiacol and from 7.6 to 8 eV (0.007 eV step size, 30 s accumulation time), then
from 8 to 9.6 eV (15 s accumulation time), and from 9.6 to 10 eV (0.02 eV step size and 60 s
accumulation time) for eugenol. The breakdown diagram was recorded from 10.5 to 12.5 eV (0.1
eV step size and 300 s accumulation time) for 4-ethylguaiacol, and from 10.4 to 12.7 eV (0.1 eV

step size and 300 s accumulation time) for eugenol.

8.3 Computational Procedures

Geometry optimizations for minima and transition states and harmonic vibrational frequency
calculations were performed at the B3LYP/6-311+G(d,p)'?!"!?? level of density functional theory
(DFT) employing the GAUSSIAN 16 suite of programs.'!? Transition states were confirmed to
connect the intended minima by the intrinsic reaction coordinate method. Excited-state geometry
optimizations were carried out using time-dependent density functional theory (TD-DFT) with the
same functional and basis set. CBS-QB3!%* single-point energy calculations at the B3LYP/6-
311+G(d,p) geometries yielded accurate reaction energetics as well as adiabatic and vertical
ionization energies (IE./IEy). For simplicity, we will refer to these energies as CBS-QB3* to
distinguish them from the standard CBS-QB3 composite method, with the only difference being
that the latter uses a slightly smaller basis set without diffuse functions on 2" row atoms. Franck—
Condon simulations in the double harmonic approximation but beyond the parallel approximation,
i.e., including the Duschinsky rotations, were carried out in GAUSSIAN 16 using unscaled
frequencies to model and interpret the threshold photoelectron spectral structure. The Outer-
Valence Green's function (OVGF) method, combined with the cc-pVTZ basis set, was used to

calculate vertical outer valence orbital ionization energies.

Breakdown curves and threshold ionization time-of-flight distributions were fitted using the
minimalPEPICO program.!®” Based on physical parameters of the ion optics in the iPEPICO
experiment, the internal energy distribution of the parent ion (obtained by shifting the thermal
energy distribution of the neutral by the photon energy less the adiabatic ionization energy), and

the statistical rate constants for each reaction, the program calculates theoretical branching ratios
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and time-of-flight distributions, which are compared to experimental data. Rice—Ramsperger—

Kassel-Marcus (RRKM) theory was applied to calculate k(E) according to the equation!®!57

K(E) = oN*(E — E,)
hp(E)

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 — Ey) 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.'® B3LYP/6-311+G(d,p) calculated harmonic vibrational frequencies were employed in
the direct count algorithm to obtain sums and densities of vibrational states for the RRKM
calculation. Due to the large kinetic shifts, i.e.,, fragmentation requiring more than 2 eV excess
energy to become observable on the experimental time scale, the rate curves had to be extrapolated
from a relatively flat region to the onset Eo. Together with the use of harmonic state functions at
high internal energies and the treatment of multi-step fragmentation as an effective single-well
dissociation, the derived Eo values for the major channels are expected to carry an uncertainty of
0.2-0.3 eV. Accordingly, we approximated the transition state vibrational frequencies either by the
highest-lying transition state frequencies or, in the absence of such, by those of the precursor ion
removing one mode to represent the reaction coordinate, and scaled the lowest five modes to adjust

the effective activation entropy, AS, to reproduce the experimental data.

8.4 Results and Discussion

8.4.1 4-Ethylguaiacol

The threshold photoelectron spectrum of 4-ethylguaiacol is shown in Figure 8-1 together with the
CBS-QB3* calculated ionization energy and the OVGF vertical ionization energies to the ground
and first excited electronic states of the cation. The molecular orbitals of the neutral, ionization
from which corresponds to these states, are also illustrated. The experimental ionization energy,
7.65 £ 0.05 eV, has been determined by matching the experimental spectrum to the simulated

Franck—Condon profile of the ground-state band at the ionization onset in Figure 8-1. The
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calculated CBS-QB3* adiabatic IE is slightly higher at 7.73 eV. OVGF calculations are in
agreement with the band structure of the TPES. They underestimate the ground state experimental
vertical ionization energy IEy (7.87 eV), by about 0.28 eV (while the computed IE, is 7.78 eV at
the CBS-QB3* level). Molecular orbital 30, responsible for ionization into this state, corresponds
to a sm-orbital of the benzene ring that also includes the oxygen lone pair. The OVGF IE, for
ionization from orbital 29 is in reasonable agreement with the experimental data, and MO
(molecular orbital) 29 is also 7 in character. Overlaid in blue and green are Franck—Condon (FC)
simulations of the 4-ethylguaiacol ground and first excited states, respectively, at 350 K, which
agree very well with the experimental TPES. Overall, the experimental data are critical for
determining the ionization energy values for the ground and excited states; together with the FC-
simulation, it allows for the origin transition to be located in the spectrum, illuminating the

adiabatic IEs.
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Figure 8-1. TPES for 4-ethylguaiacol. Red vertical lines correspond to OVGF calculated vertical
ionization energies (molecular orbital numbers from the OVGF calculation correspond to the outer
valence MOs). The blue and green lines represent the 350 K FC simulations of the ground state
and first excited state, respectively. Both vibrational line spectra were convolved with a Gaussian

with a full width at half maximum (FWHM) of 0.075 eV.
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The breakdown diagram of 4-ethylguaiacol (Figure 8-2a) and selected time-of-flight distributions
with asymmetric m/z 137 peak shapes (Figure 8-2b), indicative of a metastable parent ion, were

199 the primary dissociation channel

modelled using statistical theory. Similar to previous results,
of the 4-ethylguaiacol radical cation was found to be the loss of "“CH3, although a weak methanol-
loss signal was also observed here. The minuscule methanol loss branching ratio means that its
appearance energy and activation entropy are poorly constrained experimentally. The measured 4-
ethylguaiacol ionization energy of 7.65 eV was used to convert photon energy to ion internal
energy for the RRKM analysis. The reaction leading to *CH3 loss was modelled to have an Ey of
1.88 eV, assuming a single rate-determining transition state. For a complex reaction mechanism
with multiple transition states, this value best represents the rate-determining transition state, i.e.,

199 we found that direct methyl

the minimum reaction energy requirement. From our previous work,
loss can occur from the methoxy group or from the ethyl group, at energies of 2.61 and 2.15 eV,
respectively (Figure 8-3). Even the lower one of these is too high compared to the RRKM model
result of 1.88 eV. This discrepancy between the previously calculated and the current Eo values led
to the search for and the discovery of a new reaction pathway for ‘CHj3 loss in the 4-ethylguaiacol

radical cation (Figure 8-3).
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Figure 8-2. (a) Experimental 4-ethylguaiacol [M*"] breakdown diagram (points) with RRKM fit
(solid lines). (b) Representative m/z 137 time-of-flight distributions (points) and the RRKM fit

(solid lines) as a function of photon energy.

The reaction proceeds via hydrogen transfer from the methylene group to the vicinal ring carbon
atom of the 4-ethylguaiacol cation, forming INT1, followed by a 1,2-H shift leading to INT2.
From INT2, a subsequent 1,2-H shift proceeds to INT3, or C—C bond breaking leads to methyl
loss and the formation of the fragment ion PDT1. The B3LYP threshold to PDT1 agrees with the
RRKM Ej value to within 0.05 eV. However, the CBS-QB3* result is around 0.39 eV higher,
leading to the formation of INT3 from INT2 being energetically more favourable, albeit over a
tighter transition state, than releasing a methyl radical and forming PDT1. From INT3, methyl
loss leads to the second methyl loss product, PDT2, which is the energetically favoured methyl-
loss product. Alternatively, hydrogen transfer from the hydroxy group to the methoxy oxygen atom
forms INT4, which subsequently loses methanol to yield product PDT3. Here also, the B3LYP-
computed thresholds are lower than CBS-QB3*, while the TS4 energy is lower than PDT3
according to CBS-QB3* calculations. Considering the TS2 and TS3 critical frequencies of 1102
and 1025 icm™!, respectively, together with the fact that quantum tunnelling can shift the apparent

onset below even broader H-loss barriers by ca. 0.1 eV,?*? the most likely conclusion is that PDT2
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is the primary low-energy methyl loss fragment ion of 4-ethylguaiacol, and, at higher energies, late

branching over TS4 is responsible for the methanol-loss channel leading to PDT3.
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Figure 8-3. Calculated reaction pathways for CHz and CH3OH losses from 4-ethylguaiacol at
B3LYP/6-311+G(d,p) (solid blue lines) and CBS-QB3* (solid black line) level of theory. Oxygen

atoms are red, and the blue dashed line highlights the hydrogen migration steps. For comparison,
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the reaction pathways for ‘CH3; and CH3OH losses from 4-ethylguaiacol at CBS-QB3* level of

theory as reported in our previous study'®’

are overlaid as orange and red dashed lines. The
nomenclature is the same as in ref. 199.!° A schematic representation of the reactions can be

found in Figure A8-1 in the Appendix.

8.4.2 [Eugenol

The TPES of eugenol is shown in Figure 8-4 along with the CBS-QB3* calculated ionization
energy and the OVGF results for vertical ionization to the first three electronic states of the cation.
The neutral molecular orbitals, ionization from which corresponds to these states, are also
illustrated. The calculated CBS-QB3* adiabatic IE at 7.72 eV is close to the experimentally
derived ionization energy of 7.67 eV + 0.05 eV, based on matching the onset of the simulated

Franck—Condon envelope with the experimental spectrum (Figure 8-4). Longarte et al.?*’

reported
the experimental IE of eugenol at 7.76 eV using REMPI (resonance-enhanced multiphoton
ionization) spectroscopy, which differs by less than 0.09 eV from our experimental result. Our
experimental resolution is insufficient to decide whether the conformational richness of eugenol
and its cation or discrepancies in the shape of the simulated Franck—Condon envelope lead to this
minor discrepancy. At 7.60 eV, OVGF underestimates the ground-state vertical ionization energy
(IEy = 7.88 eV experimentally and 7.77 eV using CBS-QB3* level of theory). The small gap
between the IE. and IEy is indicative of small geometry change upon ionization. The HOMO of
the neutral, MO 32, is, here again, an aromatic ring n-orbital with oxygen lone-pair contributions.
The OVGF-calculated ionization energies from molecular orbitals 31 and 30 align qualitatively
with the TPES bands. While the former is also a predominantly aromatic ring ©T MO, the latter is
localized on the substituent and is described as a w bond in the vinyl group. Overlaid in blue, green,
and pink are 350 K Franck—Condon (FC) simulations of the eugenol ground, first and second
excited states, respectively, which were aligned with the experimental data to have the best match.
The ground and second excited state FC simulations (blue and pink) match most closely with the
experimental TPES, while the TPES data for the first excited state appears to be broadened with
respect to the simulation. It was difficult to optimize the first excited state, and thus, it is possible
that the TD-DFT calculations did not find the real minimum for this structure due to the low barrier

for rotation of the C3 side-chain.

148



100 ® TPES
= Ground State FC
‘. . - 1st Excited State FC
= 2nd Excited State FC
80 - CBS-QB3 /@ ”

7.72ev (%

Threshold Electron Signal (arbitrary units)

7.5 8.0 8.5 9.0 9.5 10.0 10.5
Photon Energy (eV)

Figure 8-4. TPES for eugenol. Red vertical lines correspond to OVGF calculated vertical orbital
ionization energies (molecular orbital numbers from the OVGF calculation correspond to the outer
valence MOs). The blue, green, and pink lines represent the 350 K FC simulations of the ground
state, first and second excited states, respectively. Vibrational line spectra were convolved with a

Gaussian with a FWHM of 0.075 eV.

Consistent with the MIKE results,'”® the eugenol radical cation (m/z 164) exhibits the loss of a
methyl radical (yielding m/z 149) and methanol (to m/z 132) as primary degradation channels at
low internal energies (Figure 8-5a). Furthermore, m/z 104 is a significant fragment ion that was
not previously observed. This is presumably due to the narrow internal energy window accessed
in the MIKES experiment, likely below 11.5 eV, relative to the neutral. The experimental
ionization energy of 7.67 eV was used to convert the photon energy to ion internal energy for the
RRKM analysis. Methyl- and methanol-loss channels are competitive, with the methanol-loss
channel being favoured at lower photon energies. The reactions leading to *CH3 and CH30H loss
were modelled to have an Eoof 1.60 eV and 1.52 eV, respectively. Given that these estimates are
for single transition state mechanisms and the potential complexity of the dissociation reactions, it

is challenging to assign meaningful uncertainties to these values. However, the uncertainty of the

149



RRKM rate curve extrapolation could be as high as 0.30 eV, i.e., 10% of the ca. 3 eV kinetic shift.
Thus, the model results are, here again, “effective” reaction barriers approximating the lowest
energies required for the two reactions to proceed. The previously calculated *CHs- and CH3;0OH-
loss thresholds'® were, nevertheless, significantly higher than these Eo values. The bond cleavage
energy in the methoxy group for ‘CHj3 loss or the hydrogen transfer transition state energy from the
ring to the methylene group were computed to be at least 0.92 eV higher than the RRKM
extrapolation results herein. The 1,3-H shift pathway, the first step of the previously described
CH30H-loss channel, is even 2.32 eV higher in energy than the RRKM model onset. This
discrepancy between the previously calculated and the current Eo values prompted us to find lower
energy reaction pathways for ‘CH; and CH3OH loss in the eugenol radical cation, the results of

which are shown in Figure 8-6.
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Figure 8-5. (a) Experimental eugenol M"™ breakdown diagram (points) with RRKM fit (solid
lines), (b) representative m/z 164, m/z 149, m/z 132 and m/z 104 time-of-flight distributions (points)
and the RRKM fit (solid lines) as a function of photon energy. The m/z 164 peak was cut off at
10.8 and 11.2 eV for clarity.
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Figure 8-6. Calculated reaction pathways for CH3; and CH30OH losses from eugenol at B3LYP/6—
311+G(d,p) (solid blue lines) and CBS-QB3* (solid black line) level of theory. Oxygen atoms are
red, and the blue dashed line highlights the hydrogen migration steps. For comparison, the

previously reported minimum energy reaction pathways at the CBS-QB3* level of theory!* are
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overlaid as blue and green dashed lines using the original structural indices. A schematic

representation of the reactions can be found in Figure A8-2 in the Appendix.

The new, lower-energy reaction fragmentation pathway is analogous to that found for the 4-
ethylguaiacol cation. In the eugenol cation, the B3LYP threshold to PDT1b agrees with the RRKM
Eovalue within 0.01 eV, and the CBS-QB3* result is around 0.44 eV higher. Both DFT and CBS-
QB3* results suggest that forming INT3b from INT2b is energetically more favourable than direct
formation of PDT1b. For the methanol loss product PDT3b, the B3LYP-derived threshold
energies remain lower than those obtained at the CBS-QB3* level. Moreover, CBS-QB3*
calculations indicate that the TS4b energy is lower than the energy of PDT3b. Overall, the eugenol
ion dissociation pathway proceeds at lower energies than that of 4-ethylguaiacol. The most stable
methyl- and methanol-loss fragment ions, PDT2b and PDT3b also correspond to the methyl-loss
quinone methide pathways observed in the catalytic fast pyrolysis of eugenol.?** Thus, the relative
ease of H transfer steps in the cation leads to analogous decomposition steps as observed for the

neutral over a zeolite catalyst with abundant Brensted acid sites.

The identity of m/z 104 could be ionized styrene or 1,4-dihydropentalene, accompanied by the
aggregate loss of neutral acetic acid or methylformate. While breakdown diagram modelling can
sometimes reveal sequential and parallel channels contributing to the same mass channel,?**
unfortunately, our breakdown diagram energy range is too limited to decide whether the m/z 104
fragment ion is a sequential product, in which case its precursor would vanish at higher energies,
or if it is a parallel fragmentation product from the parent ion, in which case its branching ratio
would likely level off. That being said, when we attempted to model the data using a sequential
origin for m/z 104, the RRKM estimate for its Eo from m/z 149 or 132 was less than 0.3 eV, while
the calculated lowest energy products (relative to ionized eugenol) were at a relative energy of
over 3.5 eV, far beyond anything that could compete in this experiment. These results suggest m/z
104 is indeed formed in a parallel reaction to m/z 149 and 132. In this parallel model, the reaction
leading to m/z 104 was estimated to have an Epof 2.01 eV (employing an estimated transition state,
refer to section 8.3 Computational Procedures). In light of the experimental data, we can only

speculate about the identity of the cationic and neutral fragments. A comprehensive calculation of
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these obviously complex reaction pathways is outside the scope of this study, in which we focus

on the synergies between experiment and quantum chemistry to reveal unimolecular mechanisms.

A note about the relationship between the B3LYP and CBS-QB3* results. In both cases, as the
reaction coordinate passes INT2/2b, the agreement between the two levels of theory gets poorer.
This can be traced to spin contamination in the wave function theory Hartree—Fock reference
functions in the energy computation steps of the CBS-QB3 calculation. The value of the Hartree—
Fock (S2) climbs from ~ 1 early on in the reaction scheme to over 1.5 as products are formed (as
opposed to the pure-doublet value of 0.75). We recently discussed the cation chemistry of
dibenzofuran and dibenz[b,f]oxepin and found single-reference wave function theory (WFT) based
composite methods unusable to describe the reaction pathways due to spin-contamination, while
DFT yielded results that were physically meaningful and broadly congruent with experiment.?*’
While the methyl-loss product energies will not be affected, because the fragment ions are singlets
and the leaving methyl is known to be well-described by CBS-QB3, an ancillary insight of the
potential energy surface exploration is that in these highly delocalized systems, as well, the DFT
and the WFT-based composite method results are inconsistent: they agree best when the WFT
reference functions are not significantly affected by spin contamination. As multireference
approaches are not routinely applicable to systems of such size, the inescapable conclusion seems

to be that reaction mechanism exploration must always be based on experiment until cheaper

quantum chemical approaches become available to describe such doublet systems consistently.

8.5 Conclusion

Threshold photoelectron spectra of 4-ethylguaiacol and eugenol have provided experimental
ground and excited state IE values for comparisons to CBS-QB3, OVGF, and TD-DFT
calculations, with the ground-state IE of 4-ethylguaiacol being determined here for the first time
at 7.65 eV. We also highlight the importance of experiments in elucidating unimolecular
dissociation mechanisms of radical cations. Quantitative imaging photoelectron photoion
coincidence (IPEPICO) spectroscopy and statistical modelling provided novel insights and pointed
to new pathways for the dissociative photoionization of 4-ethylguaiacol and eugenol radical

cations, which could then be found computationally. This demonstrates how experimental findings
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serve as critical benchmarks for computational modelling. For 4-ethylguaiacol, the dominant
fragmentation pathway was confirmed to be "“CH3s loss. However, a notable deviation between the
RRKM-derived reaction energy and previous theoretical calculations prompted the discovery of
an alternative dissociation mechanism involving sequential hydrogen shifts and structural
rearrangements. It was clear from the failure of the more direct routes to ‘CHz and CH3OH loss
that hydrogen migration had to be involved in the reactions. The only H atom easily available is
from the CHz group in the side-chain. Moving one of these H atoms to facilitate *CH3 loss, for
example, requires multiple 1,2-H shift reactions due to the rigidity of the benzene group and the

availability of p-orbitals along the route.

In the case of the eugenol radical cation, the primary fragmentation channels were confirmed to
be the loss of "*CH3 and CH30H, with the methanol loss pathway being energetically favoured at
lower photon energies. However, the experimental energy barriers derived from RRKM analysis
were significantly lower than previous theoretical predictions, revealing an analogous dissociation
mechanism to that of 4-ethylguaiacol. In the end, the fragmentation pathways of the cation showed
remarkable similarities to the catalytic pyrolysis mechanism of the neutral, which can be
rationalized in facile H migration in the cation mimicking the effect of ample Brensted acid sites
on the zeolite catalyst. Additionally, a fragment ion at m/z 104 was also detected, although, without
trajectory calculations and further experimental insights, its structural assignment remains elusive.
Computational analysis revealed a significant inconsistency between the B3LYP and CBS-QB3
theoretical methods, particularly as the reaction progresses past INT2/2b toward products, traced
to severe spin contamination ({(S?) > 1.5) in the reference wave functions of the wave function
theory steps of CBS-QB3, highlighting the unreliability of single-reference composite methods for
describing these highly delocalized doublet reaction pathways. The significant disparity between
experimental and computationally predicted energy barriers underscores the limitations of
theoretical models in fully capturing radical cation reactivity. This finding reinforces the necessity
of experimental validation, demonstrating that computational approaches, while powerful, require
empirical confirmation to ensure mechanistic accuracy. By providing new insights into the
dissociation behaviour of guaiacol derivatives, these findings contribute to the broader
understanding of lignin-derived radical cations and their potential applications in sustainable

biorefinery processes and fine chemical synthesis.?*%>47
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8.6 Appendix
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Figure A8-1. Schematic representation of the reactions leading to CH3 and CH30H loss from 4-
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Figure A8-2. Schematic representation of the reactions leading to CH; and CH3OH loss from

eugenol ions.
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CHAPTER 9: CONCLUSION

The research presented in this thesis establishes a definitive molecular-level framework for
understanding the thermal and atmospheric degradation of methoxyphenols, a critical class of
biomass combustion markers and precursors to secondary pollutants. By integrating high-
resolution iPEPICO spectroscopy, MIKE spectrometry and ESI-MS with advanced computational
and statistical modelling, this multifaceted approach has enabled the precise determination of
appearance energies, rate constants and mechanistic pathways for the complex reaction landscapes
of guaiacol and its substituted derivatives — creosol, 4-ethylguaiacol, 4-vinylguaiacol, eugenol and
vanillin. These findings both advance the fundamental understanding of the unimolecular
chemistry of guaiacols and provide critical parameters for atmospheric and combustion models,

with direct implications for SOA and BrC formation, atmospheric lifetimes and environmental

policy.

9.1 Neutral thermal pyrolysis

The investigation into the neutral pyrolysis of 4-ethylguaiacol and eugenol via a low-pressure SiC
microreactor at temperatures exceeding 1000 °C elucidates the complex mechanistic bifurcation
between homolytic radical scission and concerted closed-shell rearrangements during the thermal
decomposition of substituted guaiacols at elevated temperatures. A key finding reported in Chapter
4 is that, under flash pyrolysis conditions, the loss of a methyl radical ("CH3) from the methoxy
group is both kinetically and thermodynamically favourable over closed-shell pathways leading to

aldehydes or ketones.

A notable discrepancy was observed between the calculated energetic favourability of these radical
intermediates and their experimental detectability. For 4-ethylguaiacol, although computationally
predicted on energetic grounds, the ethyl-substituted hydroxyphenoxyl radical (m/z 137) was not
observed in the ms-TPES, despite a strong methyl radical signal. Analysis of the potential energy
surface suggests that these transient radicals are highly reactive precursors that rapidly undergo
secondary transformations. It is proposed that these intermediates participate in hydrogen
abstraction reactions to generate substituted diol species (catechol analogs), which subsequently

degrade into cyclopentadiene and benzene.
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Comparative analysis with eugenol further supports this radical-driven cascade. While previous
literature suggested the persistence of the m/z 149 radical, the current iPEPICO data indicate that
this species is likely consumed via hydrogen abstraction to generate an allyl-substituted diol, which

subsequently undergoes allene loss to form catechol.

Collectively, these findings demonstrate that the effective temperature and pressure regimes within
the microreactor facilitate a hybrid of unimolecular and bimolecular processes. By identifying
these short-lived intermediates and their subsequent degradation products, this research provides
a more nuanced understanding of the "catechol-like" pathway in lignin pyrolysis. Such insights
are critical for the rational design of catalysts and reactor conditions intended to optimize product

selectivity in the sustainable valorization of lignin-derived biomass.

9.2 Protonated guaiacols

Chapter 5 shifts the focus to aqueous-phase atmospheric processing, examining the behaviour of
protonated methoxyphenols formed by proton transfer in acidic cloud and fog droplets.
Experimental CID and breakdown curves demonstrate that a consistent fragmentation motif exists
across the majority of the guaiacol family. With the exception of vanillin, all studied protonated
derivatives — guaiacol, creosol, 4-ethylguaiacol, 4-vinylguaiacol and eugenol — exhibit a sequential
loss of methanol (CH30H, 32 Da) and carbon monoxide (CO, 28 Da). Protonated vanillin

undergoes an initial CO loss, followed by sequential cleavage of CH30H and a second CO unit.

Computational calculations reveal that the dissociation pathways are strictly dictated by the
relative thermodynamic stability of competing protomers and specific hydrogen-transfer
mechanisms. In guaiacol, the global minimum corresponds to protonation at the carbon atom para
to the hydroxy group. In contrast, substituted derivatives (creosol, 4-ethylguaiacol, 4-
vinylguaiacol, and eugenol) preferentially protonate at the meta position. For vanillin, the formyl

group serves as a highly basic protonation site and directs the initial fragmentation.

The study concludes that all investigated protonated guaiacols ultimately converge on the

formation of the cyclopentadienyl ion (or its substituted analogs). This finding is particularly
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significant as it parallels the products of neutral pyrolysis, suggesting that protonation in the
atmosphere provides distinct, low-energy pathways to these reactive intermediates. The formation
of such ions likely influences the chemical evolution of SOA, potentially affecting their chemical

composition and long-term radiative properties.

9.3 Radical cations

The comparative study of radical cations using MIKES and iPEPICO spectroscopy, presented in
Chapters 7 and 8, revealed novel, low-energy dissociation pathways for 4-ethylguaiacol and
eugenol radical cations. While preliminary metastable ion analysis via MIKES provided a
qualitative overview of fragmentation, the high-energy resolution and threshold photoionization

capabilities of iPEPICO enabled a quantitative determination of appearance energies (Eo).

In Chapter 7, MIKES analysis of metastable ions suggested that the radical cations primarily mimic
neutral pyrolysis by losing methyl radical ("CH3) via simple bond cleavage. However, the
subsequent iPEPICO investigation in Chapter 8 revealed that the 0 K appearance energy (Eo) for
methyl loss in 4-ethylguaiacol (1.88 eV) is significantly lower than the calculated thresholds for
direct O—CHj3 or ethyl-side-chain cleavage (2.15 & 2.61 €V, respectively). This discrepancy
prompted a search for more complex reaction mechanisms, leading to the discovery of a sequence
of intramolecular hydrogen shifts that ultimately facilitates methyl loss. Similar mechanistic
complexity was observed in the eugenol radical cation, where analogous structural isomerizations
were found to drive the loss of neutral fragments at energies significantly below those predicted

by simple bond-fission models.

The identification of these low-energy, rearrangement-driven pathways provides a critical
mechanistic link to condensed-phase lignin upgrading. The observed H shift sequences closely
mirror the catalytic deoxygenation pathways found in acid-catalyzed lignin conversion over zeolite
catalysts. Furthermore, as radical cations are ubiquitous in high-energy environments (combustion
zones and biomass pyrolysis reactors), characterizing these non-intuitive dissociation channels is
essential for improving predictive models of thermal biomass processing and atmospheric

chemical evolution. This study underscores the necessity of combining high-resolution

158



coincidence spectroscopy with high-level theory to accurately describe the complex chemistry of

lignin-derived aromatics.

9.4 Cross-state comparison: Influence of charge state on reaction topographies
The results presented in Chapters 4 through 8 show that the electronic charge state fundamentally
modulates the reaction pathways available to the guaiacol molecular core. A primary unifying
mechanistic thread across all the studied states is the dominance of methyl group transformations,
which manifest as methyl radical loss ("CH3) in the neutral and radical cationic states, but transition
to neutral methanol loss (CH3OH) in the protonated state. While neutral pyrolysis proceeds
predominantly via direct homolytic bond scission, the introduction of charge — either through the
addition of a proton or removal of an electron — facilitates complex, charge-directed
hydrogen-migration pathways that bypass simple bond scission in favour of lower energy
rearrangements. This charge-dependent reconfiguration of the energy landscape implies that
biomass-derived molecular tracers may follow divergent chemical fates depending on their
specific environmental context, such as the transition from gas-phase thermal zones to acidic

aqueous droplets.

9.5 Broad significance and impact

A comprehensive investigation of the unimolecular degradation of guaiacol and its derivatives
across their various molecular forms is a significant endeavour that bridges molecular-level
chemistry and large-scale environmental processes. The high-quality kinetic and thermodynamic
data produced in this thesis will enable more accurate atmospheric simulations by supplying
experimentally constrained parameters for elementary steps — such as branching ratios, appearance
energies, and rate constants. These data will support refinement of atmospheric chemical-transport
models and improve predictions of SOA mass yields, atmospheric lifetimes of methoxyphenols,
and the contribution of these compounds to secondary pollutants, including BrC and tropospheric

ozone precursors.! 7?48
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Beyond atmospheric modelling, elucidating degradation pathways has direct practical applications
in pollution mitigation and thermal processing.?**?*° Detailed mechanistic information on thermal
decomposition across various molecular states can inform the design and operation of biomass
pyrolysis and gasification reactors to enhance conversion efficiency and minimize the formation
of undesirable byproducts, including high-molecular-weight tars and soot precursors implicated in

polycyclic aromatic hydrocarbon (PAH) formation.?!>2

9.6 Concluding statement

This thesis bridges the gap between small-scale laboratory measurements and large-scale
environmental processes by providing experimentally validated, charge-resolved kinetic and
thermodynamic data for guaiacol and its derivatives. The results demonstrate that thermal and
high-energy environments (combustion and pyrolysis) readily access the radical-driven channels,
while aqueous protonation and condensed-phase chemistry open distinct low-energy routes to SOA
and BrC precursors — pathways that are feasible under realistic atmospheric multiphase conditions
and that potentially may influence air quality and climate forcing. By supplying quantitative
elementary-step parameters required by atmospheric and process models, this work supports
improved prediction, targeted monitoring and practical mitigation of the environmental and health

impacts associated with biomass-derived methoxyphenols.
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