OXYGEN DEPENDENCE OF TETRAHYDROFURAN COMBUSTION USING JET-
STIRRED REACTOR EXPERIMENTS AND CHEMICAL KINETICS MODELING
by
ALANNA KORITZKE
(Under the Direction of Brandon Rotavera)

ABSTRACT

In an ongoing effort to mitigate climate change concerns from the transportation
sector, development of next-generation biofuels concurrently with cleaner-burning, higher-
efficiency engines that operate at low temperature (< 1200 K) remains a top priority of the
U.S. and international entities. Balancing climate concerns with rising transportation
energy demands has created a need for diversifying biofuel beyond ethanol and biodiesel.
However, the impact on ignition from using new biofuels is an ongoing area of research.
Such insight is critical for developing predictive modeling tools and is supported by
isomer-resolved speciation measurements. The experiments of the work herein use a jet-
stirred reactor (JSR) paired with vacuum-ultraviolet absorption spectroscopy and electron-
impact mass spectrometry to provide isomer-resolved speciation measurements, a process
that was developed as described in this work.

Low-temperature combustion of tetrahydrofuran, a next-generation biofuel,
involves competing reactions that depend on temperature, pressure, and oxygen
concentration, including ring-opening and subsequent oxidation of initial radicals (R),

HOO-elimination yielding dihydrofuran isomers, and the formation of peroxy radicals



(ROO). The latter species can isomerize to hydroperoxy-substituted radicals (QOOH) that
undergo either unimolecular decomposition or second-Oz-addition. To examine the
influence of temperature and oxygen concentration on intermediates from tetrahydrofuran,
isomer-resolved speciation measurements were conducted at 810 Torr in a JSR from 500
— 1000 K. Resulting from negative-temperature coefficient behavior, species
concentrations peaked at two temperatures, 600 K and 800 K, which were then selected for
separate experiments to quantify O»-dependence using O2 concentrations of 0.37 — 7.40 -
10 molecules cm=3.

Several species were detected for the first time, including constitutional isomers
tetrahydrofuran-3-one, butanedial, and allyl formate; the latter two resulting from ring-
opening reactions of QOOH radicals. For the majority of species, clear dependence on O3
exists that is not captured quantitatively by chemical kinetics mechanisms. The
experiments herein provide new targets for refinement of chemical kinetics mechanisms of
tetrahydrofuran. The discrepancies existing between the measured and model-predicted
species profiles indicate that sub-mechanisms for important intermediates may require
additional elementary reactions, such as for dihydrofuran isomers. In addition, rates for O,-
addition to tetrahydrofuranyl radicals in chemical kinetics mechanisms, which employ rate

rules from alkyl radicals, require scrutiny.
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CHAPTER 1
INTRODUCTION

1.1 CHALLENGES WITHIN THE TRANSPORTATION SECTOR

The combustion community has ongoing research activities to contribute to two
broad challenges that the transportation sector currently faces — rising energy demands and
mitigating pollutant emissions. Continued progress in the development of new engine
technologies focuses on more efficient and cleaner burning combustion, which inherently
relies on a fundamental understanding of oxidation chemistry that drives combustion
behavior. The motivation for the work herein is to contribute to the understanding of
reaction mechanisms and combustion kinetics of a next-generation biofuel, tetrahydrofuran

(Figure 1), in order to gain insight on combustion behavior relevant to current engines and

ute
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Figure 1. Molecular structure of tetrahydrofuran.

those in development.

1.1.1. Transportation energy outlook

In arecent report, the United States Energy Information Agency (EIA) projects that
in the next 30 years, energy demands will increase by over 50%.* Energy is consumed by
five sectors within the United States; electric power, transportation, industrial, residential,

and commercial where in 2021, the transportation sector consumed 27% of total energy



(Figure 2a).! Rising energy demands are easier met with an increased efficiency in each
sector including the transportation sector where there is ongoing research in engine
development and electricity integration. Still, the EIA also projects that liquid fuels will
continue to provide greater than 95% of transportation energy needs by 2050 (Figure 2b).
Additionally in the transportation sector, internal combustion engines power over 99% of
the cars on the road today and will continue to makeup ~97% in 2050.2 However,
transportation relies on petroleum-based fuels (i.e. gasoline and diesel) and internal
combustion engines, contributes 27% of greenhouse gas emissions (Figure 2c), which
includes ~79% CO2, ~11% methane, ~7% NOx, and ~3% other gases including fluorinated
compounds and non-methane volatile organic compounds (Figure 2d).2 Greenhouse gases
— produced from all sectors and from all modes of powered transportation, including the
production and development of batteries for electric cars — contribute to climate change
and therefore, research efforts motivated by sustainable energy are ongoing to achieve
higher-efficiency, cleaner burning engines.

While the de-carbonization of emissions can contribute to mitigating climate
change concerns, it is worth noting that this is increasingly difficult do within the
transportation sector because by its very definition, this sector requires that fuel by
transported, which necessitates safety in handling and high energy density per unit volume
of fuel to minimize the volume needed for transport. Therefore, the infrastructure (i.e.
known safety risks and mitigation, existing pipeline, etc.) and high energy density of
gasoline, diesel, and biofuels secures their role in transportation for the foreseeable future,
as supported by projections by the EIA (Figure 2b).1* Consequently, combustion research

efforts aim to minimize the amount of carbon emitted from existing fuel systems by



incorporating new biofuels, increasing the composition of biofuels, and developing engines

that operate at conditions in which emissions are less likely to form (see Section 1.1.2 and

Figure 3).
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consumption by fuel type (b). Data source: U.S. Energy Information Administration.* Total U.S.

greenhouse gas emissions in 2020 by sector (c) and by gas (d) are sourced from the United States
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1.1.2 Role of low-temperature combustion in sustainable transportation

In recent years, there has been a political and corporate push for full electrification
of the transportation sector.>~ However, there are a number of challenges that are seldom
accounted for nor publicized that pose challenges in relying solely on electrification. For
example, there are unspecified and unknown repositories of rare earth metals and toxicity
concerns of the raw materials needed for batteries and battery production is not an
emissions-free process.>®1° Human rights concerns are also an issue given that the location
of raw materials are in countries without regulatory measures to ensure health and safety
practices.'*? Batteries are also not robust enough for multi-modal transportation,
especially aviation where batteries are inefficient at low temperature and cannot store the
amount of energy needed for a long flight.*3** Finally, vehicles that require charging from
an external source rely on local electric power grids, which still contribute to 25% of
greenhouse gas emissions (Figure 2c).® Therefore, in addition to pursuing electric
solutions, improving current combustion systems remains important in the near-term and
in the long-term to contributing to climate change solutions.

One way to improve efficiency of internal combustion engines and reduce the
dependence on petroleum-based fuels is to diversify current liquid fuels to maintain high
energy density needed for transport and utilize existing infrastructure. The displacement of
petroleum-derived fuels with biofuels, which is any fuel derived from biomass (i.e. plant
material or agricultural waste), can reduce greenhouse gas emissions and can reduce
production costs in comparison to petroleum-based fuels.*>'’ For example, two first-
generation biofuels, which are derived from food-based sources, that are currently used are

ethanol and biodiesel, where ethanol is partially integrated into gasoline at ~10% by



volume and most commonly up to 83% for flexible fuel vehicles, which contain an internal
combustion engine designed to run on alternative fuel blends.®*° In diesel fuel, biodiesel
is integrated most commonly at 5% by volume and up to 20%.* However, the production
of first-generation biofuels (i.e. ethanol and biodiesel) is in competition with land and
resources for agriculture food production and have a lower energy density around two-
thirds that of gasoline.?®?! Alternatively, next-generation biofuels are derived from
lignocellulosic biomass via catalytic processes and have equivalent if not better energy
densities compared to gasoline, making them favorable for use.??2°

In addition to changing fuel blend compositions, new engine technologies are in
development to maximize efficiency while reducing emissions. Conventional spark-
ignition and compression-ignition engines produce emissions based on the Soot-NOx
tradeoff, in which the former produces nitrous oxides (NOx) and the latter produces soot
(Figure 3). Ideally, to be cleaner-burning, new engine technologies could operate at
conditions that minimize contributions to both emissions. This has led to the development
of advanced compression ignition (ACI) designs including homogenous charge
compression ignition engines (HCCI), which combines spark ignition with compression
ignition strategies, is kinetically-controlled, and operates at low-temperature combustion
(LTC) conditions where the formation of NOx is less favorable.?®?" The main driver for
this work is contributing to the understanding the low-temperature combustion kinetics for
next-generation biofuels, specifically tetrahydrofuran, relevant to fuel blends and ACI

engines.
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Figure 3. Soot-NOy tradeoff adapted from Kalghatgi et al.?® and Jeevahan et al.?” in which spark
ignition engines (Sl in red) operate at high temperature and produce NOy and diesel engines
(blue) operate at high temperature and fuel rich conditions and produce both soot and NOx. Low
temperature combustion (LTC in green) are conditions in which both NOy and soot formation
are reduced. Equivalence ratio (¢) is defined as the ratio of the actual fuel-to-air ratio to the
stoichiometric fuel-to-air ratio, where at stoichiometric conditions, all the Oz is consumed in the
reaction or ¢ = 1. Therefore, fuel rich (¢ > 1) indicates that there is an excess of fuel compared
to O, and fuel lean (¢ < 1) is the opposite.

ACI engines are kinetically controlled meaning that their operation relies on a
fundamental understanding of combustion chemistry mechanisms, the reactivity of a fuel,
and ignition behavior. For example, one such ignition behavior property that governs pre-
ignition and knock phenomena is ignition delay time, defined as the time during which the
radical pool is produced from a fuel and oxidizer mixture and subsequently leads to
reaction at a given temperature and pressure, which varies with fuel-to-air equivalence ratio
(¢) and fuel type.?® Ignition delay time is a global metric that can be measured via
experiments such as those using shock tubes and rapid compression machines (RCM) and
provides insight into the chemical kinetics that govern combustion behavior.3*®! In Figure

4a, an example pressure-time trace is shown from shock tube experiments of cyclopentane



done by Al Rashidi et al.>2 where ignition delay time is experimentally defined by the near-
instantaneous increase in pressure, which corresponds to the time needed for combustion
reactions to occur at the experimental conditions. Ignition delay time measurements and
model predictions are shown in Figure 4b for cyclopentane from Al Rashidi et al.*® and
for tetrahydrofuran from Fenard et al.®4, where the ignition delay time trend changes due
to the molecular structure of the fuel, which alters the network of combustion reactions

responsible for the observed chemical behavior.
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Figure 4. Pressure-time trace (a) for shock tube experiments of cyclopentane by Al Rashidi et
al.® where ignition delay time is defined by the dashed blue line. Accompanying ignition delay
time experimental data (points) and model predictions (lines) for cyclopentane from Al Rashidi
et al.*23 and measurements of tetrahydrofuran from Fenard et al.3* are shown in (b).

Specifically, in the ignition delay times shown in Figure 4b exhibit a negative trend
with temperature where as temperature increases, the ignition delay time becomes shorter.
This indicates that combustion is occurring more quickly because the time between radical
pool formation and reaction is reduced as temperature increases. However, there are some
conditions over which the opposite trend is observed, namely in cyclopentane, where as

the temperature decreases, the ignition delay time becomes shorter. This is called the



negative temperature coefficient region (NTC) and is due to a shift in chemical reactions
that are responsible for ignition behavior where peroxy radical chemistry becomes favored
at low-temperature (< 1000 K). Further discussion of the NTC region is in Section 1.1.3.
The general low-temperature combustion mechanism for alkanes follows a degenerate
chain-branching scheme depicted in Figure 5a.% Similar reactions are prescribed for other
types of molecules as well, augmented as appropriate to account for molecule-specific
reactions such as OH-addition to C=C bonds in alkenes, for example. The low-temperature
pathway begins with a fuel molecule, RH. Upon hydrogen abstraction, an alkyl radical, R,
is produced. After an addition reaction with O, an alkylperoxy radical, ROO, is formed.
Next, isomerization produces a highly reactive radical, called hydroperoxyalkyl (QOOH),
which is the lynchpin of low-temperature chemistry.®®3” QOOH is a carbon-centered
radical (Figure 5b) that undergoes one of two critical steps in the forward direction: (1)
chain-propagation whereby unimolecular reactions form cyclic ethers and carbonyls
(Figure 5¢), g-scission products, and conjugate alkenes; (2) second Oz-addition leading to
ketohydroperoxides (HOOQ’=0) and causing chain-branching. Understanding the balance
of QOOH reactions between unimolecular decomposition pathways and chain-branching
via bimolecular reactions is essential because the timing of these reactions, on the order of
tens of microseconds, dictates ignition delay time. However, QOOH is short-lived and
therefore, difficult to detect directly due to low steady state concentrations. Therefore, in
this work, mechanistic details are inferred by measuring the unimolecular decomposition

products. More information on the goals of this work will be discussed in Section 1.2.2.
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Figure 5. Low-temperature alkane oxidation scheme (a) where QOOH is highlighted in red as
the fate of QOOH dictates ignition behavior. An example QOOH radical for cyclopentane is

shown in (b). Expected cyclic ether and carbonyl products of cyclopentane oxidation are shown
in (c) of which all are isomers of each other.

1.1.3 Next-generation biofuels

Biofuels are distinguished from one another based on their functional groups. The
presence of functional groups, such as an ether group, often leads to a variation of the
system of reactions that occur during combustion.?® Ethers, including diethyl ether,

tetrahydrofuran, and 2-methyltetrahydrofuran, are next-generation biofuels that are



expected to contribute to sustainable energy needs of today and to advance clean engine
technologies of tomorrow.%® Reaction mechanisms of functionalized biofuels remain an
important area of research to the United States Department of Energy and to European
counterparts. This work contributes to the effort by specifically focusing on the formation
and consumption of partially oxidized intermediates.

While the low-temperature oxidation scheme shown in Figure 5a is based on
alkane combustion behavior, functionalization of the fuel can affect which pathways are
favored or, in some cases, accessible. For example, Koritzke et al.>” showed that
cyclohexene facilitates second-O. addition because the C=C double bond enables
resonance stabilization of QOOH species, stabilizing the QOOH and increasing the well-
depth on the potential energy surface of the corresponding ROO, which inhibits QOOH
unimolecular decomposition (Figure 6a) compared to cyclohexane.®” Whereas, in
tetrahydropyran oxidation, the presence of the ether group facilitates QOOH
decomposition pathways, especially ring-opening, which reduces the already low steady-
state concentration of QOOH and prevents second-O; addition to the ring and subsequent
chain-branching pathways from the parent molecule (Figure 6b).3® The goal of the work
herein is to examine the effect of the ether group on oxidation pathways by studying

tetrahydrofuran.

10
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Figure 6. (a) Potential energy surfaces calculated at the CBS-QB3 level of theory for »<QOOH
radicals derived from cyclohexane (dashed line) and cyclohexene (solid line) where resonance-
stabilization lowers the barrier for ROO — QOOH isomerization, yet increases the barrier for
unimolecular decomposition. The combination of a lower barrier to isomerization and higher
barrier to decomposition increases the potential for reactions of QOOH with O, or by ring-
opening.®” Example ring-opening reaction of tetrahydropyran facilitated by ether group (b) in
comparison to cyclohexane where ring-opening products were not observed in experiments.

Functional group effects can be observed in ignition behavior. In reference to the
ignition delay times of cyclopentane and tetrahydrofuran (Figure 4), cyclopentane exhibits
longer ignition delay times by two orders of magnitude compared to tetrahydrofuran
indicating that the ether group facilitates the reactivity of tetranydrofuran. Additionally, the
difference in chemistry is observed via a more pronounced negative temperature coefficient
(NTC) region from ~ 730 — 800 K, in which reactivity decreases with increasing

temperature. This NTC behavior corresponds to the temperatures that are too high for

11



alkylperoxy chemistry to be favored, but also too low for rapid high-temperature chain-
branching to dominate. NTC behavior indicates how complex the chemistry becomes in
different temperature regimes and how the competition of reactions that unfold can affect

ignition phenomena.

1.2 RESEACH APPROACHES TO COMBUSTION CHEMISTRY

Computational and experimental efforts are necessary for fundamental description
of biofuel autoignition chemistry in order to understand and predict combustion
phenomena that occur in complex molecules. The main purpose for the synergistic
approach is to continue to build on the success of combustion science that has resulted in
increased fuel efficiency by more than a factor of 2 over the last 20 years and in reducing
particulate matter (PM) emissions to the point that exhaust PM accounts for only ~15% of
transportation-derived emissions.***! The overwhelming majority of emissions from the
transportation sector are attributed to non-exhaust PM produced from brake dust and tear
wear and are exacerbated due to the fact that electric cars are heavier on average than
analogous internal combustion engine-powered cars.*?#3 Experimental results act as
modeling targets to identify new and relevant pathways, and to highlight modeling
deficiencies, while models can contribute to defining new experimental targets.

A summary of the how research efforts of the combustion community are related is
depicted in Figure 7. First, a in a practical engine system, temperature and pressure can be
measured against crank angle degree, which is the location of the piston during repeated
360° rotations in an engine (Figure 7a), which represents the heat evolution versus time,

or the true ignition behavior. In a laboratory setting, this behavior is mimicked at various

12



stages of temperature and pressure by conducting well-controlled experiments, such as
shock tubes, rapid compression machines (RCM), as well as flow reactors including
photolytically-initiated reactors and jet-stirred reactors. Figure 7b shows an example of a
pressure signal measured in shock tube experiments on 2-methyltetrahydrofuran by Uygun
et al.** where ignition delay time is estimated by the steepest increase in pressure. In these
experiments, global metrics of fuel behavior such as ignition delay time are plotted as a
function of temperature or pressure (Figure 7c). Each condition has underlying chemistry
that dictates the fuel behavior and can be inferred from experimental results (Figure 7d)
using speciation measurements from flow reactors. From this fundamental understanding,
chemical kinetics mechanisms can be built or improved upon (Figure 7e). If the
mechanism is properly defined with elementary reactions, rates, and thermochemistry, it
can be used in a numerical model that accounts for multi-phase physics and fluid dynamics
to predict ignition behavior in a practical engine (Figure 7e). The work herein falls under
the ‘fundamental chemistry understanding’ (Figure 7d) by collecting speciation
measurements as a function of temperature and oxygen concentration for the purposes of
expanding insight on tetrahydrofuran and specifically the effect of the ether functional

group on low-temperature combustion pathways.
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Figure 7. An overview of how experimental and modeling efforts work together to aid in the
application of highly efficient, cleaner-burning engine technologies where practical engine
performance (a) was measured by Aldhaidhawi et al.®, shock tube experiments were completed
by Uygun et al.*, ignition delay time behavior was experimentally determined by Uygun et al.**
from 800 — 1100 K and by Vanhove et al.*® from 700 — 1000 K, and modeling of tetrahydrofuran
behavior was performed by Fenard et al.®*

1.2.1 Chemical kinetics modeling

In order to describe combustion chemistry, models aim to predict phenomena from
a molecular level to application. Curran et al.*” describes levels of computational work
beginning with quantum mechanics and direct kinetic measurements, followed by
construction and testing of chemical kinetics mechanisms, which depend on fuel structure
and fundamental chemistry. The remaining levels described by Curran et al.*” involve first

reducing the chemistry to be used with computational fluid dynamics, then finally applying
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models to real applications, such as fuel behavior in engines. The testing and use of
chemical kinetics mechanisms is the primary role of modeling in this work.

A chemical kinetics mechanism consists of species and reactions involved in the
combustion of a fuel and can be broken into thermodynamic and kinetic properties where
the latter consists of elementary reactions and their rate constants.*’” Because chemical
kinetics mechanisms aim to describe the combustion of a fuel entirely, they are often
comprised of hundreds of species and thousands of reactions. For example, Fenard et al.3*
developed a chemical kinetics mechanism including low-temperature combustion
pathways of tetrahydrofuran, which included 467 species and 2390 reactions. As
fundamental chemistry is better understood and chemical kinetics mechanisms are updated
or developed, the complexity grows as the number of species and reactions increases
significantly. As an example, and in contrast to tetrahydrofuran, the most updated chemical
kinetics mechanism for cyclopentane by Al Rashidi et al.®® includes 33 species and 148
reactions.

While rate coefficients can be measured directly at some conditions, theoretical
calculations via quantum chemistry are necessary due to the sheer number of reactions
included in a mechanism and due to temperature and pressure ranges that fall beyond the
scope of laboratory work.?®%49 In absence of theoretical calculations, two common
methods for generating estimates of rate Arrhenius parameters are rate rules and structure-
activity relationships.?® Rate rules are based on assumptions that the rates of a certain
elementary reaction are equal to that of a similar reaction type, fuel, or site.>® For example,
Curran et al.%! chose the rate constant for H-abstraction by OH at secondary site of n-

heptane to be identical to that for the same reaction of propane. Structure-activity
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relationships are a type of estimation technique that relies solely on the molecular structure
of the species involved in the reactions, where site-specific contributions determined for
other molecules are summed to estimate a total rate coefficient.>

A numerical solver, such as ChemKin, is used to simulate experiments using
chemical kinetics mechanisms and physical constraints of the experiment. For example, a
jet-stirred reactor is modeled by the perfectly-stirred reactor module within ChemKin
where inputs include temperature, pressure, initial mole fractions, and residence time. A
series of equations representing mass and energy conservation (Equations 1 and 2,
respectively) are solved, where Fx represents the mole flow rate at the inlet and outlet, vy
is the stoichiometric coefficient of species x in reaction y, ry is the rate of reaction y, V is
the volume of the reactor, hy is the enthalpy of formation of the species x at the inlet and
outlet, and W is the reactor heat loss®*>*. There are a number of outputs including
speciation predictions and reaction pathway analyses, which will be discussed in further
detail in Section 3.

FoUt = M+ Y, vy V (1)
T BOUC QU + W = B, Finhln 2

In order to accurately model a system, accurate thermochemistry, rate coefficients,
and elementary reactions are necessary. To determine how accurate a model is, simulated
predictions are compared to experimental results. Discrepancies are identified with specific
modeling targets, which are then addressed, and re-evaluated against experimental results.
It is important to note that when chemical kinetics models are developed they are often
validated against specific or limited experimental data, which may introduce uncertainty.

For example, Fenard et al.* developed a low-temperature sub-mechanism for
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tetrahydrofuran combustion, in which they added an entirely new set of peroxy radical
chemistry to a base chemical kinetics mechanism of the high-temperature combustion of
tetrahydrofuran by Tran et al.>® Fenard et al.3* chose to tailor their mechanism to
successfully predict ignition delay time data and jet-stirred reactor data where some rate
coefficients were adjusted in order to better predict these data sets. However doing so
accurately, as stated by Fenard et al.>* came at the detriment of rapid compression machine
predictions.

In addition, other errors may be introduced in current chemical kinetics mechanism
development practices. One of the most common is mechanism truncation error, which is
uncertainty that results from missing or incomplete chemistry (Figure 8b). For example,
in chemical kinetics mechanisms of n-butane combustion, rate coefficients of the formation
of 2,3-dimethyloxirane are reported.®® However, cis- and trans- stereoisomers are not
distinguished and the consumption pathways of these intermediates are not described,
causing mechanism truncation error in the chemical kinetics mechanism of n-butane.®’
Subsequent work by Hartness et al.>® showed significant sensitivity of model predictions
for n-butane kinetics to unimolecular reactions of QOOH. In order to aid this effort, Doner
et al.>” conducted experiments and computations to uncover new consumption pathways of
2,3-dimethyloxirane and examine isomer-dependence.

Another common practice that may introduce uncertainty is a lumping procedure
in which multi-step elementary reactions are abbreviated into simplified global reactions
that neglect the formation of intermediates, such as combining a reaction that follows four
steps into a single step (Figure 8c).>® Lumping decreases the size of mechanisms, since it

decreases the number of species, which has the benefit of simplifying complex systems
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with a large number of species and reactions in order to reduce the dimensionality to a
smaller number of components easing computational load.>®*®' Yet, in contrast with
mechanism truncation error where the chemistry is unknown, the purpose of lumping is to
simplify a complicated system where the rates of elementary reactions are unknown. One
example of lumping occurred by Wu et al.®? where although a series of elementary reaction
pathways were proposed for Oz-addition to 2,3-dihydrofuranyl radical, thermal and kinetic
data for these reactions were absent so a lumping procedure was adopted within the

chemical kinetics mechanism.

Multi-step pathway from a-Rto 2,3-dihydrofuran and subsequent ring-opening:

+OH +OH +0
@ Y O O (O O o Uy
-HO,
Mechanism truncation error:
) . 0N +oH o
=
-HO,
Lumping'

+OH + OH
( ; \ / ; ; A0 +./vo
-HO,
| 0. }

Figure 8. Multi-step pathway from «a-R to 2,3-dihydrofuran, which can undergo subsequent H-
abstraction, Oj-addition, and ring opening (a). An example of mechanism truncation error is
where 2,3-dihydrofuranyl O,-addition and ring-opening consumption pathways are unknown
and therefore omitted from the chemical kinetics mechanism (b). Lumping is where although
these pathways are known, they are abbreviated into one step to simplify the mechanism by
reducing the number of species and reactions (c).
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1.2.2 Experimental goals and challenges

Within the context of this work, the experimental goal is to measure species profiles
of intermediates and products relevant to the low-temperature combustion pathways
outlined in Figure 5a. Speciation data provides direct insight into ignition chemistry and
combustion behavior as depicted in Figure 7 by observing trends in speciation, connections
to mechanisms can be made, which will deepen the understanding of QOOH chemistry.
Additionally, model predictions of gas-phase intermediates using two mechanisms of
Fenard et al.®* and Wu et al.®? are be compared to experimental species profiles to
contribute to model development. Specifically, discrepancies between model predictions
and experimental results are highlighted in which causes are identified, if possible, in order
to provide suggestions on what areas within the chemical kinetics mechanism require
attention to improve agreement between predictions and experiments. For example, it is
possible to uncover new mechanisms, redefine certain pathways as important or
unimportant, or determine the influence of temperature, pressure, or [O2].

One experimental challenge in combustion research has been the isolation and
detection of certain isomers, particularly multi-functional species and stereoisomers. For
example, the identification of isomers in combustion experiments that rely exclusively on
mass spectrometry is often unreliable as mass spectra are often indistinguishable for
isomers (see Section 2.3.2).466364 |somer-resolution is important as QOOH unimolecular
decomposition produces numerous constitutional isomers and stereoisomers (Figure 5c).
In order to infer specific mechanistic information, isomers must be resolved. For the work
herein, the absorption spectroscopy technique used can distinguish isomers due to the

ability to probe unique electronic transitions (see Section 2.2 and Figure 15). One example
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that will be discussed in Section 4 is that of butanedial, a g-scission decomposition product
that can only be attributed to o, a-QOOH of tetrahydrofuran, in which the -OOH group
and radical are adjacent to the ether group (a-position) and on opposing sides (Figure 9).
The detection and quantification of butanedial allows for a direct probe on a,a’-QOOH
pathways where the influence of temperature and [O2] can be studied via butanedial
speciation. Additionally, model predictions of butanedial can be compared to experimental
species profiles to gain insight on how chemical Kinetics mechanisms respond to

temperature and [O2].

con
O M 0 .
a’.®a/\~) —_— > OW 0 + OH
P b butanedial

a,a'-QOOH

Figure 9. Pathway for the formation of butanedial from a,a’- QOOH.

1.2.3 Focus of this work

Understanding tetrahydrofuran oxidation is important for several reasons, including
the potential as a next-generation biofuel and because the base molecular structure is
common to other biofuels, such as 2,5-dimethyltetranydrofuran and 2-
methyltetrahydrofuran, among others.%>®® In addition, since tetrahydrofuran is an
intermediate of n-butane combustion, obtaining fundamental insight on reaction pathways
and species concentrations, particularly from reactions involving hydroperoxy-butyl,
enables high-fidelity computational modeling of not only tetrahydrofuran, but also n-

butane low-temperature combustion and n-alkanes in general,>¢:67-°
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Several speciation studies on low-temperature oxidation of tetrahydrofuran
exist.*6'%7 vvanhove et al.*® conducted speciation experiments using a jet-stirred reactor
(JSR) and a rapid compression machine (RCM) that provided a substantial basis upon
which to understand tetrahydrofuran combustion. However, several species were unable to
be resolved including several at mass 86, which is the mass of carbonyl, cyclic ether, and
several S-scission products of tetrahydrofuran QOOH decomposition. Time-resolved,
multiplexed photoionization mass spectrometry (MPIMS) experiments were conducted by
Antonov et al.”® at 10 — 2000 Torr and 400 — 700 K. In MPIMS experiments, the reaction
is photolytically initiated with an excimer laser and the reaction stream is expanded in a
vacuum chamber where it is crossed with a tunable synchrotron radiation beam (8.2 — 11.2
eV) for ionization before detection in a time-of-flight mass spectrometer. Chain-inhibiting
reactions were dominant, particularly that of 2,3-dihydrofuran formation in part due to the
favorability of the ether group. However, previously unidentified species were detected
including 2-hydroperoxy-2,3-dihydrofuran (formed coincident with HOO) and a
ketohydroperoxide species. Hansen et al.”” utilized a JSR and photoionization mass
spectrometry at 1 atm and reported the first isomer-resolved detection of
ketohydroperoxides. Belhadj et al.”® conducted JSR experiments from 550 — 620 K and
focused on qualitative detection of products from successive Oz-addition, including
ketodihydroperoxides, formed via third-Oz-addition, hydroperoxides, dihydroperoxides,
diols, and dicarbonyls. The latter species may arise from ketohydroperoxide
decomposition. Lockwood and Labbe”™ computed potential energy surfaces for
ketohydroperoxide formation from O, + p-tetrahydrofuranyl and concluded that

deficiencies in model predictions in Hansen et al.”> may arise from uncertainty in rates for
y y
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BROO — QOOH and to branching fractions in the initiation step of tetrahydrofuran.
Additionally, Fenard et al.>* developed the first detailed chemical kinetics mechanism that
included low-temperature combustion chemistry for tetrahydrofuran. Using Fenard et al.3*
as a base, Wu et al.%? subsequently developed revised sub-mechanisms for 2,3-
dihydrofuran and furan. Further details about Fenard et al.3* and Wu et al.®?> mechanisms
are described in Section 3.2.

Because isomer resolution remains a challenge in combustion experiments and is
imperative to the experimental work conducted in the Rotavera laboratory for this work
and beyond, the first main objective of the work herein is to optimize the analytical
diagnostics used to identify and quantify combustion intermediates and products. This
consists of gas-chromatography, mass-spectrometry, thermal conductivity detection, and
absorption spectroscopy. Additionally, as this is the first work of this type within the
Rotavera laboratory, the quantification procedure is developed and optimized to be used in
this work and all future work. See Chapter 2 for extensive detail on the progress of these
objectives.

The main scientific goal of this work is to probe O2-dependence of tetrahydrofuran
to gain new insight to tetrahydrofuran combustion and provide new modeling targets to the
computation community. While there has been prior work on speciation measurements as
described previously, the dependence on O: has not been studied. By changing the
concentration of O, the balance of QOOH reactions can be studied as the competition that
unfolds is dependent on O2 where it is hypothesized that with increasing Oz, second-O-
addition out competes unimolecular decomposition. Isomer-resolved speciation

experiments are conducted where in comparison to cyclopentane, the hydrocarbon
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equivalent to tetrahydrofuran, changes in combustion behavior observed via differences in
low-temperature combustion pathways can be attributed to the ether functional group.
Specifically, this work will help contribute to understanding ether group chemistry, provide
isomer-resolved species profiles that have been challenging for others to measure, and

identify areas of improvement in chemical kinetics mechanisms.
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CHAPTER 2
EXPERIMENTAL APPROACH

2.1 JET-STIRRED REACTOR FACILITY

To conduct low-temperature speciation measurements for this work, a jet-stirred
reactor’® was used as it has the advantage of precise control over experimental conditions,
namely temperature, pressure, and residence time, i.e. the time that gases spend in the
reactor volume. Jet-stirred reactors are spherical continuous-stirred reactors made of quartz
to withstand high temperatures and prevent surface reactions, and have four nozzles in the
main reaction volume and with cylindrical tubular additions extending in inlet and outlet
directions (Figure 10a). Reactants are flowed through the reactor at low-temperature
combustion conditions. The composition of products is determined with respect to
temperature, pressure, initial fuel concentration, oxygen concentration, and residence time,
where this analysis is used to infer information about elementary reactions and rates within

the combustion mechanism. A summary schematic is shown in Figure 11.
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Figure 10. Jet-stirred reactor and housing unit used for the experiments herein with a top down
bisected view where the quartz jet-stirred reactor is highlighted in white and direction of flow is
indicated with red arrows (a). An image of the reaction volume is shown in (b) where turbulent
mixing is induced in the conical region prior to the jets and within the reaction volume. In (c), a
closer view of the inlet section is outlined in yellow while the main reaction volume section is
outlined in purple.
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Figure 11. Schematic of full experimental setup where fuel (tetrahydrofuran) is first vaporized and diluted to ~ 1%. Fuel is introduced to jet-
stirred reactor with O, and N2 where reaction occurs inside central spherical reaction volume at controlled temperature, pressure, and residence
time. Online analysis by FTIR indicates when reaction is at steady state and can be sampled. A sample is collected in quartz tanks at low pressure
and compressed to ~ 1400 Torr to be introduced to a three-column gas chromatograph for separation and analysis by thermal conductivity detector,
vacuum ultra-violet spectroscopy, and mass spectrometry simultaneously. Identification and quantification is denoted by a single point on a species
profile and represents the conditions at which the sample was collected.
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2.1.1 Principles of jet-stirred reactors

Jet-stirred reactors operate at steady state and are designed to turbulently mix gases,
which ensures homogeneity of temperature and species concentration allowing for
experimental repeatability. Turbulent mixing is facilitated within a jet-stirred reactor by
two means. First, turbulence is induced in the region upstream of the nozzles, where the
cylindrical tube converges to form a cone. Second, within the spherical reactor, four
nozzles pointing in alternating directions produce turbulent jets (Figure 10b).

The primary advantage of jet-stirred reactors for speciation measurements is that
due to the efficient mixing, the composition of the outlet gas is identical to that within the
reactor volume. This allows for direct measurement of closed-shell reaction intermediates
and products over a range of conditions. However, the sampling process prevents open-
shell intermediates from being detected. Another disadvantage is that there is no time
history information for individual species as is typical for other experiments including
shock tubes and multiplexed photoionization mass spectrometry (MPIMS).3"# Time is still
a variable in the experiment, however, in the form of residence time.

In a given experiment, fuel diluted to ~1% with inert gas is introduced to the reactor
through a capillary that centrally sits within the jet-stirred reactor. Oxygen and nitrogen are
supplied to the reactor in the area surrounding the capillary and a balance flow of N2
surrounds the exterior of the reactor creating a negligible pressure differential (Figure 10c),
which enables high-pressure experiments. In the conical region upstream of the jets, fuel
and gases mix for the first time facilitating turbulence. The stream passes through the jets
within the reaction volume, providing a second source of turbulent mixing. The entire

region is heated by vacuum-brazed Inconel heating elements woven into a shell of Inconel
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600, an alloy of nickel, iron, and chromium, which closely surrounds the quartz reactor;
separation between the surface of the quartz and the Inconel heating element is ~2-3 mm.
Inconel 600 was chosen as it has a high melting point to withstand the experimental
temperature range and a high thermal conductivity to ensure homogenous heating of the
entire element. The reactor and heating elements are shrouded with ceramic insulation to
prevent heat loss and reduce dead volume in the stainless steel housing, which would

increase the amount of gas needed to pressurize the system.

2.1.2 Fuel delivery inlet system

In order to supply fuel to the jet-stirred reactor, a fuel delivery system is used
comprised of a custom syringe and Bronkhorst VVapor Delivery Module (Figure 12). The
purpose of this two-part fuel delivery inlet system is to supply liquid fuel at a controllable
and consistent gas-phase concentration to the jet-stirred reactor. The custom syringe
consists of a 200-mL steel cylinder with a piston that is modulated via balance N2 gas held
at a constant pressure. This supplies liquid fuel to the Vapor Delivery Module, which
contains a Coriolis liquid flow meter and a N-calibrated gas flow controller that supply
liquid fuel and carrier gas, respectively, to a Control Evaporation Mixing (CEM) system
where total evaporation occurs. This system is unique as the CEM improves upon
limitations of traditional fuel delivery systems, namely bubblers, which rely on the vapor
pressure of the fuel. Rather, the CEM is robust as it can accommodate fuels of different
vapor pressures with accuracies to 0.2% of the total flow, which ranges from 0.5 — 5 grams

per hour (g/h).
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Figure 12. Schematic of fuel inlet system consisting of custom syringe that maintains ~ 300 psi of pressure on the backend to provide a consistent
flow of liquid fuel to the Bronkhorst VVapor Delivery Module. Liquid fuel and N carrier gas enter the VDM through mass flow controllers which
deliver a set flow rate of each species to a mixing chamber where fuel is diluted to a controlled concentration. Once mixed, diluted fuel flows
through the Controlled Evaporator Mixer (CEM) where heating and evaporation occurs, ultimately delivering fuel vapor at a controlled
concentration to the jet-stirred reactor.
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2.1.3 Sample extraction and collection method

In order to determine the relationship between chemical kinetics mechanisms and
combustion conditions, samples that are composed of those closed-shell reaction
intermediates present at the time of sampling are taken incrementally at each set of
conditions. For example, experimental conditions may have a reactor temperature of 800
K, a pressure of 1 atm, and a residence time of 2 seconds. To capture this set of conditions
and in order to not perturb the reaction with the sampling process, only a portion of the
contents of the reaction volume are quenched and collected. The contents, which are in the
gas phase, are analyzed, where the composition and amount of species are derived from
that specific condition. Therefore, by changing the conditions incrementally and measuring
the products, species profiles can be determined, which provide insight on which pathways
are occurring, to what degree, and at which conditions (Figure 11). Species profiles in the
present context refers to concentrations of measured species as they relate to temperature,
pressure, or Oz concentration.

To quench the reaction, a sonic sampling probe is situated at the outlet side of the
reaction sphere. Sonic sampling is a common technique in which gas flow is forced through
such a small orifice that sonic flow occurs and there is a rapid reduction in temperature
leading to quenching, called expansion cooling’’. The probe is made of fused quartz and
has a 500-um orifice. A linear motion thimble is attached to the probe outside of the jet-
stirred reactor housing and allows the position of the probe to be adjusted along the
longitudinal axis of the reaction volume with accuracy of 10-pum. During experimental
campaigns, the position of the probe was noted and never moved unless for necessary

cleaning, after which it was returned to its original denoted position.
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2.1.4. Temperature homogeneity testing

Temperature homogeneity is important because as described by the modified
Arrhenius equation, reaction rate is exponentially dependent on temperature (Equation 3).
There are features in place to minimize thermal gradients such as the use of preheaters
designed to gradually heat cold gases upon entry to the jet-stirred reactor. There are two
zones of preheaters; an external preheater, outside of the jet-stirred reactor housing, and an
internal preheater, located between the inlet and the reaction volume. Additionally, fuel is
diluted in N2 to ~1% prior to reaction to prevent temperature release upon combustion,
which would also cause gradients. The reaction volume is heated from fitted insulted

heating elements from above and below.

_Ea

k = AT"erT 3

Temperature homogeneity of the jet-stirred reactor was tested where the gradient
was measured to range from 4.4 — 11.1 K, inside the reaction volume where the higher the
nominal temperature, the greater the gradient. To test temperature homogeneity, a K-type
bare-wire thermocouple was fed through a quartz tube and situated within the reaction
volume to take measurements of temperature using N2. Temperatures were measured in 25
K increments from 600 — 800 K, and at three sample probe locations where the distance
was 0, 1.5, and 3 cm from the jets as measured by the linear motion thimble (Figure 13).
One hour was used as the standard equilibration time between changing set points. The
measured temperature was compared to the temperature set-point and the gradient was

determined. Between the minimum and maximum distances, the temperature gradient was
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measured to be 4.4 K at 600 K and 11.1 K at 800 K. For experiments, the sample probe

was situated at 1.5 cm.
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Figure 13. Temperature measured at 25 K increments from 600 — 800 K across three locations
within the reaction volume as denoted by distance from the jets.

2.1.5 Steady state system and FTIR analysis

Because jet-stirred reactor experiments are conducted at steady state, it is worth
noting the influence this has on the detection of low-temperature combustion intermediates.
Namely, at steady state conditions, the quantitative amount of a given species is
representative of both its formation and consumption. For example, at 615 K and an O>
concentration of 0.74 - 10* molecules - cm™ (¢ = 1), 2,3-dihydrofuran was quantified to
be present at ~ 110 ppm. This concentration not only represents how much 2,3-

dihydrofuran was formed, but also any that had been consumed.
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Fourier Transform Infrared (FTIR) spectroscopy was used to determine when the
reaction was at steady state to know at which point a sample should be collected. It was
assumed that at steady state, there would be an unchanging composition and concentration
of species continuously flowing from the reactor. This flow was directed online to an FTIR
instrument, which was constantly collecting absorption data. Once a plateau in signal was
observed, a sample was collected. After changing combustion conditions or after beginning
reactive flow at the start of the day, it took approximately 30 minutes to an hour to reach
steady state flow. Because the reaction flow consisted of ~15 — 25 species, unique spectral
features could not be distinguished and therefore, FTIR was not used for identification or

quantification purposes.

2.2 OFFLINE ANALYTICAL METHODS

Once samples had been collected from the jet-stirred reactor, they were analyzed
via a suite of analytical diagnostics, which have the capability to resolve constitutional
isomers and stereoisomers of gas-phase intermediates for quantification. The main
analytical process is outlined in Figure 14, where first the sample is introduced to a gas-
chromatograph where separation was achieved using two identical gas-chromatograph
(GC) columns maintained at 40°C for 5 minutes, increased to 110°C over a period of 14
minutes and maintained for 5 minutes, then increased to 280°C over a period of 8.5 minutes
and maintained for 5 minutes. Each column independently supplies sample to an electron-
impact mass spectrometer (EI-MS), which measures signal as a function of mass-to-charge
(m/z), and a vacuum ultraviolet (VUV) absorption cell, which measures absorption spectra

from 5.167 — 9.920 eV.88 VUV absorption spectroscopy probes electronic transitions
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where c— o,n— o, n— 7 ,andn — n are accessible (Figure 15). The ability to probe
transitions for o excitation is unique to the aforementioned energy range and allows for
distinguished absorption spectra for hydrocarbons, which facilitates isomer-resolution,
whereas typical UV-Visible spectroscopy is limited to ~ 6.2 eV, which is not enough
energy to facilitate oexcitation®. The GC is also equipped with a thermal conductivity

detector (TCD) that measures small species including He, Oz, CO, CO2, methane, and Na.
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Figure 14. Two identical GC columns independently supply gas-phase sample to EI-MS and
VUV absorption spectrometer. A third column supplies a thermal conductivity detector.
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Figure 15. Accessible electronic transitions where a transitions available to representative C-C
and C=0 bonds are denoted by color and from left to right: c— & (red), c— =" (orange), = —
7" (blue), n — & (green), and n — =* (purple).

In addition to the diagnostics discussed above, an additional piece of equipment
was developed and used in conjunction. Because sonic sampling technique keeps samples
at low pressures, a custom compression cell was utilized to compress gas samples to greater
than atmospheric pressure. This was necessary as the inlet of the gas-chromatograph
required a positive pressure to collect sample for measurement. The compression cell is a
simple piston controlled via an actuator and regulated to a pressure of 2 atm. See Figure
11 for reference.

Details of instruments and techniques are discussed herein. The two identical
columns are Agilent PONA type (paraffins, olefins, naphthalenes, and aromatics) 100 m in
length, with 250 um inner diameter, and a 0.5 um film thickness. The EI-MS of 70 eV

electrons is equipped with single, heated gold-plated quartz quadrupole and a triple-axis
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detector. The detection limit is <1 part-per-million (ppm) and the mass resolution is 1 amu
with a mass accuracy of £ 0.005.

The VUV absorption instrument operates as follows. White light is supplied from
a deuterium lamp and is directed through the flow cell using high-reflectivity mirrors
positioned at the inlet and outlet. The outlet mirror directs the light to a diffraction grating,
which supplies high-resolution separation (<4 meV) onto a CCD detector producing an
output voltage corresponding to a photon energy. The output signal is processed via an A/D
converter and sent to a data-acquisition system for post-processing. The optical
environment external to the absorption cell is maintained with N2 to purge Oz and H20
from the system, as both are strong absorbers at ~107*® cm (at 8.7 eV) and ~10Y" cm™ (at
9.7 eV), respectively. While N2 does absorb slightly, the maximum absorbance over the
energy range at which measurements occur is negligible (~102* cm). Prior to each
absorption measurement, a reference scan measuring background absorbance and a darks
scan where the lamp is blocked are collected to enable background subtraction and to
capture incident light (lo), respectively. Ambient gas flow of N2 supplied by the GC column
is continuous and included within all background scans. Detection limits are <1 ppm. To
quantify absorbance as a function of photon energy, Equation 4 was utilized where lo
corresponds to the incident light and I(E) is the residual intensity of the white light after
passing through the flow cell. The absorption cross-section was quantified using the Beer-
Lambert law, which includes the flow cell path length in cm (L) and the gas-phase number

density of absorbing species (N) in molecules cm (Equation 5).

A(E) = log )
o(E) = A(E)In(10)(NL)™? (5)
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Specific method development for each instrument will be discussed in detail in
Section 2.3.

This suite of diagnostics provided a multi-dimensional set of data shown in Figure
16 including time-resolved chromatographs corresponding to each detector, mass spectra,
TCD, and VUV absorption spectra, which were used in conjunction with reference

measurements to identify and quantify detected species from jet-stirred reactor

experiments.

signal (a.u.)

signal (a.u)

Figure 16. Electron-impact mass spectra (a) and vacuum ultraviolet absorption spectra (b) with

corresponding chromatograms for 2,3-dihydrofuran and 2,5-dihydrofuran from tetrahydrofuran
oxidation.

2.2.1 Reference measurements

Reference measurements were collected of ~150 predicted species relevant to the
work herein and other ongoing combustion projects. Binary mixtures of a given species
diluted in N2 were made manometrically at 2000 ppm when possible given vapor pressure
constraints. High-purity liquid chemicals were degassed using the freeze-pump-thaw
method in which a reservoir of the liquid vacuum-sealed to a manifold is frozen using

liquid N2 and the remaining gas is pumped out using an attached vacuum pump. This
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ensures all gases are removed from the manifold system so that the only the vapor phase
of the chemical is present. The gas-phase was introduced into a heated stainless-steel
cylinder at a pressure ~ 8 Torr, then diluted with N2 to 2000 ppm. Binary mixtures were
statically mixed for at least 1 hour. Finally, each mixture was supplied to the GC-EIMS-
VUV to measure multi-dimensional data (Figure 16) to serve as calibration standard. VUV
spectra uncertainties are highest in energy regions where the measured absorbance falls
below 2% of the maximum absorbance. 8%

An example set of absorption cross-section references of cyclopentane,
cyclopentene, and tetrahydrofuran are shown in Figure 17 and highlight the effects of =
bonding and an ether functional group on measured electronic transitions. The n-bond in
cyclopentene enables low energy m — = transitions, which is observed as an electronic
excitation at ~ 6.9 eV. Specifically, the n-bond decreases the gap between the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO),
facilitating = — =" excitation.”®8° Furthermore, the succession of narrow bands following
the peak at ~ 6.9 eV can likely be attributed to vibrational excitations. Tetrahydrofuran is
a weaker absorber as evidenced by the reduced absorption cross-section in comparison to
cyclopentene. Because of the ether group in tetrahydrofuran, non-bonding transitions are
accessible. The peak at ~ 6.5 eV is attributed to an n — & electronic transition.”®° In
contrast, because cyclopentane only has o bonds, only o — & transitions are possible,
which is why absorption is only strong at high energies required to enable that electronic

transition.
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Figure 17. Absorption cross-section measurements of cyclopentane (black), cyclopentene (red),
and tetrahydrofuran (blue).

2.3 DEVELOPMENT OF IDENTIFICATION AND QUANTIFICATION TECHNIQUES
2.3.1 Gas chromatography method development

Peak separation was achieved using an optimized temperature ramping profile in
which the initial temperature of 40°C is held for 5 minutes, ramped to 110°C at a rate of
5°C per minute, held for 5 minutes, ramped to 280°C at a rate of 20°C per minute, and
finally held for 5 minutes (Figure 18). This method was optimized by multiple parameters
including temperature ramp rate, hold time, temperature set point, and number of

temperature ramping steps.
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Figure 18. Temperature ramping profile used for all reference measurements and experiments.

To explore each parameter in depth a series of experiments were conducted where
combustion samples of identical composition and concentration were analyzed using
various GC methods. These samples consisted of multiple components that co-eluted from
11 to 14 minutes, including acetaldehyde, propene, water, and oxirane. Method variables
were individually adjusted and the change in elution of species was observed (Figure 19).

First, upon reaching a temperature set point, the time at which the temperature was
held constant had no effect on co-elution. Lowering the rate of temperature ramping
increased peak separation; however, at the detriment of the total method time. The above
temperature profile (Figure 18) was employed to maximize peak separation and maintain
a realistic method runtime at 36 minutes to ensure combustion experiments could occur in

a timely manner.
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Figure 19. Temperature ramping profiles (a) adjusted to optimize peak separation (b). Tests 3
and 4 (blue and green, respectively) yielded the best peak separation but at the cost of longer run
times totaling 53 and 63 minutes, respectively.

Another method that was developed was for syringe-injection of liquids into the
GC. While the majority of reference measurements were made in the gas-phase from the
vapor-phase of a liquid, occasionally the vapor pressure was too low to capture enough in
the gas-phase. Therefore, the liquid was directly injected into the GC for reference
measurement. As this was not the standard procedure, a new method was developed.

The primary concern was that with a pure liquid, saturation limits would be
surpassed and the accompanying signal would be too saturated to use. To prevent
saturation, the split ratio and injection volume were tested and adjusted once optimized.
An injection volume of 0.2 pL and a split ratio corresponding to a dilution factor of 2.5
were used, where the dilution factor is in reference to the gas-phase method split ratio. This
method will be used in future work where gas-phase reference measurements are not

possible (Appendix A).
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2.3.2 On-column reference collection

As discussed in Section 2.2.1, EI-MS and VUV absorption reference measurements
were conducted on all species relevant to ongoing combustion experiments including the
work herein. In EI-MS measurements, gas-phase species are ionized with 70-eV electrons
and detected as a function of mass-to-charge ratio (m/z). Each parent molecule has a
characteristic mass spectrum classified by a fragmentation pattern of ion fragment peaks
of varying abundance, the relative proportions of which depend on molecular structure.
Fragmentation patterns are determined most commonly by conventional mechanisms
including a-cleavage, inductive effect, hydrogen rearrangement, and transannular cleavage
(Figure 20).8* While EI-MS is frequently utilized in combustion experiments,
fragmentation patterns are rarely explored in depth. Instead isomeric structure is derived
from analysis of logical neural losses from the parent ion, M*, (i.e. [M-H20]", [M-CHj3]",
etc.).8283 Exclusive reliance on logical neutral losses and fragmentation patterns introduces
uncertainty, especially when parent cations are unstable and the ion peak at the
corresponding m/z is absent. Additionally, although fragmentation mechanisms can
qualitatively predict relative ratios of fragment peaks, constitutional isomers often yield
ions at the same m/z, making it difficult to predict quantitative ion ratios compounding the

uncertainty. Therefore, direct reference measurements of mass spectra are necessary.
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Figure 20. Fragmentation mechanisms: (a) a-cleavage, (b) inductive effect, (c) hydrogen
rearrangement, and (d) transannular cleavage.
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To further explore the need for reference mass spectra and to contribute new mass
spectra to the community, EI-MS were measured for 29 cyclic ethers, an important class
of intermediate in low-temperature combustion, where 10 mass spectra were measured for
the first time in Koritzke et al.8 Fragmentation mechanisms were discerned and common
patterns among species of similar molecular structure were identified. Of note, for seven

species, parent ion peaks were absent necessitating reference spectra. These species



included some of the most highly functionalized of those measured such as (2-
methyloxiranyl)methanol, 3,3-dimethyloxetane, and 2-methyl-1,3-dioxolane. For species
for which there were existing mass spectra data in NIST and/or literature, the
measurements of the work herein were cross-referenced using peak ratios — defined as the
abundance of (m/z): divided by the abundance of (m/z)..

Select mass spectra and fragmentation mechanisms are depicted for oxirane,
oxetane, oxolanes, and oxane species, including cis-2,3-dimethyloxirane, 3,3-
dimethyloxetane, tetrahydrofuran, and tetrahydropyran, respectively. These species are not
only relevant for this work, but are useful for other areas of research. For example, cis- and
trans-2,3-dimethyloxirane are intermediates of the low-temperature combustion of n-
butane and continue to undergo chain reactions, which play a larger role in the overall
reaction mechanism of n-butane. Notably stereochemistry influences which reaction
pathways are accessible due to steric effects, which causes a difference in yields of products
derived from each isomer.%” Therefore, it is imperative to have accurate references for each
isomer to aid experimental efforts in investigating this combustion behavior.

The mass spectrum of cis-2,3-dimethyloxirane (m/z 72) and proposed
fragmentation mechanisms are presented in Figure 21 where there is a weak parent peak.®*
The fragment peak at m/z 43 is produced from transannular cleavage and that at m/z 27 is
derived from inductive cleavage followed by hydrogen rearrangement and an a-cleavage
step. The mass spectrum of trans-2,3-dimethyloxirane was measured as well, and the
fragmentation patterns differed negligibly. The difference in peak ratios between the
highest abundance peak and parent peak was 0.5% for cis- versus trans-2,3-

dimethyloxirane.
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Figure 21. Mass spectrum of cis-2,3-dimethyloxirane (m/z 72) and fragmentation mechanisms
for m/z 27 and m/z 43.

The mass spectrum of 3,3-dimethyloxetane (m/z 86) was reported for the first time
and the parent peak was not detected (Figure 22). The most abundant fragment peak is at
m/z 56 and is produced via conventional fragmentation mechanisms consisting of an o-
cleavage and an inductive cleavage in either order. As described by Dagaut et al.®, 3,3-
dimethyloxetane is a combustion intermediate of neo-pentane, a component of gasoline,
and a simple branched alkane for functional group studies. Especially due to the lack of a
parent peak and relevance to neo-pentane combustion experiments, the reference of 3,3-

dimethyloxetane was necessary.
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Figure 22. Mass spectrum of 3,3-dimethyloxetane (m/z 86) where the parent peak is absent and
fragmentation mechanisms for m/z 56.

Tetrahydrofuran is a combustion intermediate of n-butane that continues to undergo
chain reactions contributing to the overall reaction mechanism and OH budget. It is also
the focus of the work herein. Therefore, an EI-MS reference was measured where the parent
peak is in high abundance at m/z 72 (Figure 23). Fragmentation of tetrahydrofuran is not
as facile as other species as indicated by the abundant parent peak. Fragment ions can be
explained via conventional fragmentation mechanisms, namely the peak at m/z 42, which

is formed via inductive cleavage then subsequent a-cleavage, or vice versa.
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Figure 23. Mass spectrum of tetrahydrofuran (m/z 72) and fragmentation mechanisms for m/z
42 and m/z 44.

The mass spectrum of tetrahydropyran (m/z 86) and fragmentation mechanisms are
presented in Figure 24, where conventional mechanisms explain fragment peaks at m/z 28,
m/z 41, and m/z 56. Tetrahydropyran is an intermediate of n-pentane oxidation where the
presence of oxygen adds to the complexity of subsequent consumption reaction
mechanisms. Namely, the ether functional group restricts second O reactions and enables
facile ring-opening reactions in tetrahydropyran in comparison to cyclohexane.3® While El-
MS has been used to identify tetrahydropyran in n-pentane experiments, no mass spectrum

was reported.®*
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Figure 24. Mass spectrum of tetrahydropyran (m/z 86) and fragmentation mechanisms for m/z
27, mlz 28, m/z 41, m/z 56.

The purpose of the work of Koritzke et al.* was to not only provide reference El-
MS spectra, but to also explain fragmentation patterns beyond logical neutral losses to aid
in deeper identification efforts using mass spectra. While conventional fragmentation
mechanisms were applied to all mass spectra to discern patterns in observed peaks, for
complex cyclic ethers, these mechanisms were unable to explain abundant ion peaks. As a
result, fragmentation patterns may not always provide unambiguous evidence for species
identification for the purpose of discerning molecular structure and constitutional isomers.
Therefore, direct measurements of reference mass spectra are required.

In addition to EI-MS spectra, VUV absorption spectra have been measured for
approximately 150 relevant species where binary mixture consisting of analyte and N>
diluent was flowed through the GC column, then passed through the VUV absorption cell
to measure absorbance, to mimic the method in which experimental samples would
undergo analysis. Raw absorption signal was assigned to the known concentration of

analyte as determined by binary mixture composition.
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2.3.3 Mass spectrometry identification and quantification method development

Mass spectra references were intended to be used for both identification and
quantification which could be cross-checked with that of VUV absorption. However, mass
spectrometer signal was unstable, the reasons for which remain unknown despite
significant time investment. Therefore, mass spectra were used exclusively for qualitative
identification only. Reference spectra were measured for each species individually then
added to a custom library within the software of the instrument, which allowed for
automatic library matching between a given experimental sample and the closest matching
reference spectrum in regard to fragment ion peaks.

In order to conduct quantification, multiple methods were explored. First, external
calibration curves were established for each species, which consisted of three
measurements where concentration versus chromatographic peak area was plotted. A
measurement of unknown concentration with known identity and measured signal could
be plotted against the calibration curve to determine concentration. A second method that
was explored was to quantitatively compare peak ratios of a reference spectrum with those
in spectrum measured from an experimental sample. However, complications arose from
both methods as it was not possible to establish a consistent quantitative signal response.

Many attempts were made to reduce instrument and post-processing variability to
achieve reproducible signal. The most consistent challenge was an unpredictable electron
multiplier voltage (EMV) within the detector. Naturally, as the electron multiplier ages, the
voltage must be increased to maintain the same signal level over time. However, compared
to the applied voltage, a consistent signal response could not be established even within

the same day. Contamination was a concern and although a bake out was performed,
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maintenance was sought and completed on the mass spectrometer including source
cleaning, replacement of filaments and inlets, and updated tuning. Additionally, operation
was adjusted to keep either EMV or detector gain constant in order to determine if a
consistent signal could be acquired, but regardless of this change, ion signal continued to
vary with time. Other variables were also investigated including autotuning frequency and
procedure, day-to-day change in EMV, and effect of chemical species on signal output. An
attempt was made to use an internal standard of reference gas consisting of 10,000 ppm
each of Hp, CO, CO2, methane, ethane, propene, iso-butane, and n-butane, and diluted with
N2. However, procedurally, there was no feasible way to simultaneously introduce
reference gas to the GC column with experimental or reference samples rendering this
possibility obsolete.

Still, quantification of small species was achieved with an isolated TCD that was
independent of signal fluctuations observed in the mass spectrometer. The primary means
of identifying species via TCD was retention time only. Retention times were known for
H>, CO, CO2, N2, and methane as determined from reference gas upon set up of the
instrument. However, that of oxygen was unknown. A binary mixture of oxygen as the
analyte and diluted with N2 was made at 1000 and 2000 ppm and measured as with any
reference mixture. A new peak was observed on the TCD chromatogram and was assigned
to oxygen. In order to quantify, reference peak areas were associated with known
concentrations measured from reference gas and the separate oxygen reference.
Experimental concentrations were determined by utilizing a simple ratio of concentration
to signal and comparing that of the reference peak areas with measured experimental

signal.
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2.3.4 Absorption spectroscopy identification and quantification method development

Prior to identification and quantification, optimization of the VUV absorption
instrument was necessary to maximize signal output. This was essential because given our
dilute experimental conditions, the detected low-temperature combustion intermediates are
low in concentration often at tens to hundreds of ppm. By increasing signal output, it was
possible to ensure that all products, even those at low concentrations, were being detected
at high signal-to-noise ratios.

The most effective component to improve VUV absorption signal was the makeup
gas pressure. Similar to split ratio in gas chromatography, the makeup gas pressure
correlates to the amount of diluent gas that is introduced independently from the sample
where as makeup gas pressure increases, the concentration of diluent gas increases, in turn
further diluting the sample (Figure 25). Ideally, the makeup gas pressure could be lowered

to reduce the amount of diluent boosting the signal of analytes.
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Figure 25. Schematic of VUV absorption instrument where gas-phase sample introduced via
GC meets makeup gas, which acts as a diluent, and the resulting diluted mixture passes through
the flow cell.

Makeup gas pressure is the gauge pressure measured within the flow cell regulated
by the flow coming into the VUV instrument and that going out. The inlet pressure is
supplied by a constant flow of N2 gas running through the GC column. The outlet pressure
can be regulated in a number of ways. First, the exit flow can be directed to an external
vent held at slight negative pressure relative to ambient. Alternatively, outlet flow is
regulated via a pressure controller, which can either hold pressure constant at a fixed set
point, or can allow flow to pass through a regulated valve that is opened to a fixed
percentage of full-scale range. While the inlet supply remained unchanged due to the
constant flow of gas through the GC, outlet control was tested to determine which method
could reach the lowest makeup gas pressure without falling subject to slight pressure

fluctuations caused by limits in the pressure controller or ambient pressure.
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With an increase in makeup gas pressure, analytes that were higher in
concentration, such as unconsumed fuel, would reach the saturation limit at highest
abundance of the detected peak. An example is shown in Figure 26 for tetrahydrofuran,
the experimental fuel that is in excess after combustion, where there is significant saturated
signal at energies greater than ~ 8.5 eV. Although this was a concern, the quantification
method that was developed circumnavigated this challenge and will be discussed further

in this section.

3.0
signal (17.687 - 17.874 min) (C’y

—~ 254 600K
= { [0,] =0.74 x 10" molecules/cm?
= 209 (4=1)
[
2 -
E 1.5-_
I} saturation limit
O
= 1.0
8 4
< 0.51

0.0

55 60 65 70 75 80 85 9.0 95

Energy (eV)

Figure 26. Absorbance signal of tetrahydrofuran, the experimental fuel in excess, where signal
is saturated at energies above ~ 8.54 eV where signal surpasses the saturation limit at an
absorbance of 1, which in this case equates to 7284 ppm.

Other variables that were considered to optimize signal output were detector
exposure time, the number of spectra to average, the number of averages taken, scan time,

and flow cell and transfer tube temperatures. It was determined that these variables were
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best left unchanged from the initial settings as the set points were within limits imposed by

the detector.

Detection limit experiments were conducted by making binary mixtures of 2-

butanone, the experimental fuel at the time, at 1 ppm and 10 ppm. Prior to optimizing the

makeup gas pressure, the detection limit was 10 ppm. However, after optimization, the

signal increased significantly at lower makeup gas pressure, increasing signal-to-noise and

extending the detection limit to 1 ppm (Figure 27).
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Figure 27. Absorbance spectra for 2-butanone reference made at 1 ppm and 10 ppm.

In order to identify detected species, the absorption spectrum of an unknown

species was cross-referenced with our collection of reference spectra, which were

measured individually as discussed in Section 2.2. Isomer-resolved identification was
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possible due to distinct spectral features observed in absorption measurements resulting
from unique electronic transitions including 6 — o, n— o, t—rn,andn — 7.

Many methods were explored in order to quantify absorption spectra, a summary
of which is presented in Figure 28. To summarize, two types of raw data could be extracted
— a chromatogram and an absorbance spectrum, where in the former analyte peaks were
integrated and analyzed and in the latter background subtracted absorbance spectra were
analyzed via averaging or summing techniques. Definitions for terms used for

quantification are written in Table 1.

Table 1. Definitions of quantification terms including background subtracted average and sum.

Term Definition

background spectrum representative absorbance spectrum over a given
time range prior to the onset of signal that is treated
in the same way as a sample peak (averaged or
summed)

background-subtracted average  individual absorption spectra over a given time range
are averaged together to produce a single
representative spectrum over that time window and
has an averaged background spectrum subtracted
from it; y-axis of representative spectrum is
absorbance of the averaged signal

background-subtracted sum individual absorption spectra over a given time range
are summed together to produce a single
representative spectrum over that time window and
has a summed background spectrum subtracted from
it; y-axis of representative spectrum is qualitative and
can no longer be used as a direct metric for saturation
limit observation (c.f. Figure 17)

The quantification technique was developed over the course of one year and
included optimizing the following steps: absorbance spectrum extraction and
quantification procedure, both of which were optimized to reduce use-to-user variability,

maximize precision and accuracy, and remain sensitive to detection constraints, such as
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saturation and noise. Additionally, chromatogram peak extraction was investigated,
although ultimately was not used as the method involved a cumbersome program, multi-
step process, and too much user-to-user variability.

In either method, raw reference data was processed in the exact same way as sample
data and they were quantified using the relationship described in Equation 6, where
“Signal” could be an absorbance if using the absorbance spectrum or integrated peak area
when using a chromatographic peak.

Signalper Signalgample
[Conc]ref [Conc]sample

(6)
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Figure 28. A summary of the ways in which VUV absorption data can be extracted including background subtracted average over a 0.01 minute
At (blue), background subtracted sum encompassing the entire chromatographic peak (red), and chromatographic peak integration in which a
wavelength filter is applied to reduce contributions from energy regions with signal-to-noise ratios that approach the detection limit.
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The main procedure to extract an absorption spectrum is to place cursors on the
chromatogram over a time range (At) encompassing the entire peak or a portion of it.
Background cursors are placed before the onset of any signal. The absorption signal at each
scan over the range selected is either averaged or summed and from the resulting spectrum,
that of the background is subtracted (Table 1). While averaging and summing were both
possible and used, averaging was the primary method. Both techniques will be discussed
further in this section.

The influence of the time range selected was investigated so as to determine the
influence on the extracted absorbance spectrum and to establish a reproducible procedure
for each user. Encompassing a larger At decreased the average absorption signal because
as more scans were included, the number to average increased and while the overall signal
decreased because the tail of peaks, which had lower signal-to-noise, were being included
(Figure 29). Based on this assessment, only the center of the peak where the highest signal
was observed was included for data extraction. Additionally, cursors were placed to always
encompass three scans, which corresponded to a At of ~ 0.01 minutes, to reduce user-to-

user variability and to continue to be able to average.
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Figure 29. Chromatographic signal (a) and associated absorbance spectra (b) of cyclopropane
carboxaldehyde reference where selection of background is in black prior to the onset of signal.
Time range in red corresponds to the absorbance signal and red and likewise for that in blue
where the narrower At (blue) produced an absorbance spectrum of better signal-to-noise.

When summing absorbance signal over a time range, the entire peak or a select
portion of the peak can be used. When the entire peak is encompassed, the data extraction
technique becomes more sensitive as the user decides where a peak starts and ends.
Unfortunately, a full-width half-maximum (FWHM) method could not be adopted as it was
not a feature within the instrument software and could not be easily calculated for a large
data set. An attempt was made to determine if all peaks had a uniform At that could be
applied to future data extraction. The At of chromatographic peaks of 12 species of varying
functionalization were determined, but varied from 0.311 to 0.490 minutes (Table 2),
where the average was 0.380 minutes, the standard deviation was 0.055, and a relative
standard deviation of 14.45%. Still, given the range of peak widths and the sensitivity of

an absorbance spectrum to that width (c.f. Figure 29), a uniform At was not applied.
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Table 2. VUV chromatographic peak At for 12 species of varying functionalization where the
minimum was 0.311 minutes for ethyloxirane and the maximum was 0.490 minutes for propene.
The average was 0.380 minutes with a standard deviation of 0.055 and a relative standard
deviation of 14.45%.

Species Peak Onset Time Peak End Time At
(min) (min)

ethyloxirane 16.616 16.927 0.311
1,3-butadiene 12.375 12.725 0.350
2,3-dihydrofuran 16.072 16.500 0.428
acetaldehyde 12.062 12.501 0.439
n-butane 12.43 12.801 0.371
butanone 16.325 16.704 0.379
cyclopropane carboxaldehyde  18.396 18.699 0.604
dichloromethane 14.613 14.948 0.335
iso-butane 12.062 12.430 0.368
oxirane 12.579 12.951 0.372
propene 11.572 12.062 0.490
tetahydrofuran-3-one 22.583 23.001 0.418

When using the absorbance spectrum to quantify, a concentration was calculated
(Equation 6) at each energy step over the entire energy range measured (5.167 — 9.920
eV). Concentrations were averaged over a select energy range to minimize contributions
from noise and saturation effects. The energy range was chosen based on a visual
observation of the best overlap between a reference spectrum and that of a scaled sample
spectrum, an example of which for 2,3-dihydrofuran is shown in Figure 30. The benefits
of using a background subtracted absorbance spectrum to quantify were that regardless if
the spectrum was averaged or summed over a consistent At, user-to-user variability was
minimal, energy range selection was robust, and this approach provided a checks-and-
balances system to observe each absorbance spectrum, which alerted the user to any
spectral concerns. For example, as the detector aged, a dip in high-energy signal was

observed, alerting the user that the detector needed to be replaced (Figure 31).
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Figure 30. Absorbance signal from 2,3-dihydrofuran reference (black) overlaid with that from
an experiment (red) collected at 600 K and [O;] = 0.99 - 10*® molecules - cm™ (¢ = 0.75) where
experimental signal is scaled accordingly so that the energy range with the best overlap of signal
can be visualized.
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Figure 31. Absorbance cross-section spectra for cyclopentane measured in 2018 (black) and
2021 (red) where there is an observed dip in signal at high-energies > 9.1 eV. This indicates that
detector maintenance is required and is only observed when using the absorbance spectrum to

quantify.
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The other method that was explored was chromatographic peak integration. While
Equation 6 also applied to this technique, a single concentration was calculated as there
was only a single value associated with the peak integration. Because of this, wavelength
filters were applied prior to integrating a peak in order to maintain the same control over
noise and saturation effects. However, without observing the absorbance spectrum, it was
challenging to determine what a fitting energy range was. A single peak integration value
was calculated by an external program of the VUV instrument based on cursor placement
around the At of the entire peak. While it was easier to only have a single value to work
with, energy filters needed to be applied to older data retroactively, the absorbance
spectrum could not be observed, and user-to-user variability was highest when determining
the beginning and end of a peak for At cursor placement.

Ultimately, the background subtracted averaged absorbance spectrum extracted
over a At of 0.01 minutes was used for all quantification except in certain cases of co-
elution where peak distinction was not possible.

An additional method was investigated to make quantification more robust. During
the initial reference measurement campaign in 2018 — 2019, references were collected at 2
psi, which is higher than current operations, as they were measured before signal
optimization took place. Therefore, attempts were made to create a calibration curve to
describe the relationship between makeup gas pressure and signal and/or concentration in
order to scale reference measurements to the optimized makeup gas pressure of 1.1 psi.
Although the relationship trend was an exponential decay, there was too much variability
to assume a single calibration curve could describe the scalar for all species (Figure 32).

Still, reproducibility was high for measurements of the same species and quantification was
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accurate when reference and sample data were both measured at the same makeup gas
pressure. For the jet-stirred reactor experiments herein, new reference measurements were

taken at the optimized makeup gas pressure of 1.1 psi.
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Figure 32. Calibration curve of VUV makeup gas pressure (psi) versus concentration (ppm) for
tetrahydrofuran (black), n-butane (red), and 1-butene (blue) where the spread at 1.1 psi indicated
that signal was not able to be scaled from 2 psi to 1.1 psi for all species.

Furthermore, other methods of quantification were attempted before reaching the
current background-subtracted average-absorbance spectrum technique outlined
previously. First, concentrations were calculated following Equation 6 using a
background-subtracted averaged-absorbance spectrum, but over four energies where the
user determined the overlap between reference and sample to have minimal disagreement.
This method was too arbitrary and increased user-to-user variability. An attempt was also
made to calculate concentration at each energy, but rather than averaging over a select
energy range, the error in concentration at each energy was calculated based on a known

concentration. The concentration deemed to be most accurate was that with the lowest
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error. However, this was entirely dependent on having a known concentration, which was
possible for reference mixtures but not possible for experimental samples where all
concentrations were unknown. This also led to coincidences where the energy with the
lowest error could have been in a region with low signal-to-noise, but convenient overlap.

In the case of co-elution, two methods can be used. First, spectra could be
deconvolved if one species absorbed over an energy range where the other did not (Figure
33). A background-subtracted averaged-absorbance spectrum over the 0.01 minute At at
maximum peak absorbance of the multi-component peak was extracted and the
concentration was calculated over the energy range where a single component absorbed.
The concentration of the other component could be determined by subtracting the
contribution from the first species from the total signal. Additionally, when peak resolution
was unclear for convoluted peaks, library matching within the instrument software
provided fitting coefficients for each matched species including when a peak is comprised
of multiple components. The fitting coefficients are applied to the reference spectrum
within the library, which is normalized by cross section. A non-linear fitting routine is used
to fit the entire spectrum to one or more species within the library to minimize error. In
order to quantify a component of unknown concentration within a multi-component match,
the individual absorbance spectrum of one component is subtracted from the total signal to
produce the signal of the remaining component. That remaining raw absorbance signal is

then used to calculate a concentration as previously described with Equation 6.
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Figure 33. Convolved spectrum of tetrahydrofuran-3-one and butanedial where because
tetrahydrofuran-3-one absorbs before butanedial from ~ 6 — 6.4 eV, tetrahydrofuran-3-one can
be quantified within that range as the signal in that range is only attributed to tetrahydrofuran-3-
one. Raw signal is from experimental conditions at 800 K and [O2] = 0.74 - 10 molecules - cm™

*(0=1).

2.4 EXPERIMENTAL CONDITIONS OVERVIEW

In the present experiments, N2> and O2 were delivered via thermal-based mass flow
controllers while gas-phase tetrahydrofuran was introduced into the JSR through a separate
capillary via a temperature-programmed vapor delivery system maintained at 50 + 1 °C.
The experiments were conducted at 810 + 4 Torr maintained via PID control, a residence
time of 2.0 + 0.1 s, and covered 500 — 1000 K in 25 — 50 K increments. The initial
concentration of tetrahydrofuran remained constant at 0.14 - 10 molecules cm= (1% vol.)
while O varied from 0.37 — 7.40 - 10*® molecules cm= (2.75 — 55%); N, provided the

balance. Initial mole fractions are noted in Table 3. O.-dependence measurements were
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taken at 600 and 800 K as these were bounds of the negative temperature coefficient region
at which the majority of species exhibited local maxima in concentrations.

Table 3. Initial mole fractions of all experiments.

) N2 O2 THF
0.10 0.440 | 0.550 0.01
0.25 0.770 | 0.220 0.01
0.50 0.880 | 0.110 0.01
0.75 0.917 | 0.073 0.01
1.00 0.935 | 0.055 0.01
1.25 0.946 | 0.044 0.01
1.50 0.953 | 0.037 0.01
1.75 0.959 | 0.031 0.01
2.00 0.963 | 0.028 0.01
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CHAPTER 3
COMPUTATIONAL APPROACH
3.1 CHEMKIN PERFECTLY STIRRED REACTOR MODULE

The Perfectly Stirred Reactor (PSR) module of ChemKin was used to model the
jet-stirred reactor experiments in this work. The purpose was to compare predictions of the
existing chemical kinetics mechanisms of tetrahydrofuran by Fenard et al.3* and Wu et al.5?
with experimental results from this work to target model deficiencies and provide
directions for improvement and to examine the question as to the efficacy of the
mechanisms to predict the effect of varying Oz concentration on the competition between
unimolecular decomposition of QOOH versus bimolecular reaction with Oa.

There are a number of outputs that were used to aid this effort. First, species
concentrations were modeled with respect to temperature from 500 — 1200 K in 1 K
increments where [O2] remained constant at 5.5%. (¢ = 1). Species profiles were also
predicted as a function of O, where [O2] = 0.37 — 7.40 - 108 molecules cm™ (2.75 — 55%)
at 600 K and 800 K, to match experimental conditions. Predictions are overlaid with
experimental results in Section 4.

In addition to speciation predictions, rate-of-production analyses were used. This
type of output determines the user-specified number of top reactions involved in the
formation and/or consumption of a target species at a specific set of input conditions. Rate-
of-production analyses are useful because insight may be gained as to which reactions the

model assigns as most important, which may or may not agree with experimental
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conclusions. For example, in determining the fate of dihydrofuranyl radicals, a rate-of-
production analysis was performed where the top consumption reaction was attributed to
the formation of furan (Figure 57). While this result agrees with the experimental data at
600 K, it is not the case at 800 K, indicating that other reactions may become more
important. More discussion of dihydrofuranyl radicals and furan can be found in Section
4. Additionally, rate-of-production analyses are helpful in comparing multiple chemical
kinetics mechanisms with each other because it may be possible to identify the cause of
prediction differences. Rate-of-production analyses were used in specific cases as
discussed in Section 4 to investigate specific mechanistic questions based on observed
experimental results and model predictions.

Sensitivity analysis, which is a tool used to determine how sensitive certain
reactions in the mechanism are to producing a species of interest using perturbation
methods to the pre-exponential factor, A, for all elementary reactions, was also conducted.
It is useful as it narrows the number of reactions that may require attention for
improvement. Additionally, some insight was gained using Reaction Pathway Analyzer
(RPA) within ChemKin, where the flux of reaction pathways from species A to species B
were predicted with all intermediate species outlined. Specifically, RPA was used to
determine expected reaction pathways, such as to determine how oxirane was predicted to

form according to the Fenard et al.>* mechanism (Figure 34).
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Figure 34. Output of reaction pathway analyzer in ChemKin used to determine a predicted
formation pathway for oxirane from tetrahydrofuran at 600 K and O = 5.5% (¢ = 1) where each
arrow represents reactions responsible for the formation of the intermediate or product shown
and where the thickness of the arrows represent the percent flux of that step.
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3.2 LOW-TEMPERATURE CHEMICAL KINETICS MECHANISMS OF
TETRAHYDROFURAN

Two chemical kinetics mechanisms were used to predict species concentrations in
order to compare to experimental results. Fenard et al.3* created the first low-temperature
sub-mechanism for tetrahydrofuran, which was added to the high-temperature combustion
mechanism by Tran et al.>® Notably, for R + O, reactions, Fenard et al.3* employed rate
parameters optimized by Cai et al.8’ for alkanes. The rate for reaction of S-R + O, was
reduced by a factor of three to account for the weakened bond at £ sites in agreement with
Tripathi et al.% for oxidation of 2-methyltetrahydrofuran. Rate rules were adopted for
formation 2,3-dihydrofuran and 2,5-dihydrofuran from similar reactions of
methylcyclohexanyl. Reaction rates for QOOH-mediated products, butanedial and allyl
formate, were estimated by Fenard et al.>*

Wu et al.®? updated sub-mechanisms for furan and 2,3-dihydrofuran, adding 40 new
pathways and updating rate parameters in order to better predict their ignition delay time
measurements by an RCM. A summary of the types of reactions that were added are shown
in Figure 35. For furan, H-abstraction reactions by CH30., CH2, and HCO and ring-
opening reactions, including OH addition to form the radical HC(=0)CH=CHCHOH, were
added where rate parameters were adopted from Tran et al.®® For 2,3-dihydrofuran
additional H-abstraction reactions were included such as reaction by HOO, OH, HCO,
CH,OH, CHsO, and C;Hs where rate parameters were taken in analogy with
tetrahydrofuran by Fenard et al.3* While ring-opening reactions for 2,3-dihydrofuran were
included, because of a lack of thermal and kinetic data, Wu et al.%? adopted lumping

procedures for these pathways. For example, 2,3-dihydrofuranyl + O> may form acrolein
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and formaldehyde radicals via a multi-step process, but this was lumped into one step
(Figure 36). Adjustments to rate constants were made to better predict ignition delay time

measurements. Additionally, no sub-mechanism was included for 2,5-dihydrofuran.

o Oy —1(Y

(b) @ £ HC=0 —>= @ + A0
(c) \0/1)2» == + CO + CO, ©'+—OZ> Cj/o\o-
(d) @-» NN @ — O

Figure 35. Examples of types of reactions included in furan and 2,3-dihydrofuran sub-
mechanisms by Wu et al.®? including rearrangement (a), H-abstraction (b), Oz-addition (c), and
ring-opening (d).
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Figure 36. 2,3-dihydrofuranyl + O, to form acrolein and formaldehyde radicals and the lumped
step adopted by Wu et al.% in their updated sub-mechanism. The lumped approach neglects the
elementary steps and instead describes the formation of acrolein and formaldehyde radicals as a
direct, one-step pathway.
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CHAPTER 4
OXYGEN DEPENDENCE OF TETRAHYDROFURAN COMBUSTION AT LOW-
TEMPERATURE
4.1 EXPERIMENTAL RESULTS

The combustion of tetrahydrofuran was studied with respect to oxygen-dependence
([02] =0.37 —7.40 - 10*® molecules cm3 (2.75 — 55%))), temperature-dependence (T = 500
— 1000 K), and at a pressure of 1.1 atm where nineteen species were detected and
quantified, several of which for the first time including tetrahydrofuran-3-one, butanedial,
methyloxirane, and allyl formate where the latter three were detected by JSR for the first
time. Vanhove et al.*® detected butanedial, methyloxirane, and allyl formate in rapid
compression machine experiments, but species profiles were not reported. The most
abundant oxygenated species were acetaldehyde, oxirane, acrolein, propanal, furan, 2,3-
dihydrofuran, and tetrahydrofuran-3-one.

A summary of detected species and reaction pathways is shown in Figure 37. Upon
H-abstraction tetrahydrofuran can form two initial radicals, o- and fS-tetrahydrofuranyl,
which can undergo a network of reactions. First Oz-addition leads to
tetrahydrofuranylperoxy (ROO), which can isomerize to form hydroperoxyalkyl radical
(QOOH). Competition ensues between unimolecular reactions forming conjugate alkenes,
2,3-dihydrofuran and 2,5-dihydrofuran, and g-scission products including butanedial and
allyl formate. Bimolecular reaction with Oz, i.e. QOOH + O, = OOQOOH, which leads to

ketohydroperoxide formation (HOOQ’=0) and chain-branching. Two other mechanisms
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unrelated to QOOH also lead to conjugate alkene + HOO and are shown in Figure 38:

direct/concerted (from ROO) and formally direct (from R + Oy).
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Figure 37. Pathways of tetrahydrofuran where boxed species were identified, isomer resolved,
and quantified. Species detected for the first time in this work are in red and those detected for
the first time by JSR are in blue. Additional species that were quantified include acetaledehyde,
1-butene, propanal, carbon monoxide, carbon dioxide, oxygen, and methane.
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Figure 38. Formation of 2,3-dihydrofuran, a conjugate alkene of tetrahydrofuran, via two
pathways: direct from ROO (black) and formally direct from o-tetranydrofuranyl + O,.
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Because reaction pathways and mechanistic differences due to the presence of an
ether functional group were the focus of this work, the results highlight oxygen-dependence
as the concentration of O2 provides a direct probe into which pathways are accessible and

dominant within the low-temperature combustion scheme.

4.1.1 Dihydrofurans

Two dihydrofuran isomers form in tetrahydrofuran combustion — 2,3-dihydrofuran
and 2,5-dihydrofuran (Figure 39). Temperature dependence of the species profiles (Figure
40) indicates negative temperature coefficient (NTC) behavior of tetrahydrofuran from
~625 K to 700 K, which is a similar range covered in the measurements by Vanhove et
al.*® and model predictions from the Fenard et al.3* and Wu et al.®?> mechanisms. Both
mechanisms reproduce the temperature dependence of the two conjugate alkene isomers
and the revisions by Wu et al.®? bring the predictions closer to the experiments
quantitatively particularly above 700 K. Consistent with prior experiments*¢ 2 3-
dihydrofuran is favored, due to combined effects of lower C-H bond energy on the a site

and a lower barrier height for direct HOO-elimination.*
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Figure 39. Formation of 2,3-dihydrofuran and 2,5-dihydrofuran from tetrahydrofuranyl radicals,
a-R and B-R, and from peroxyradicals, a-ROO and S-ROO, where H-abstraction by peroxy
group can occur at the H positions shown or from the 3 position from a-ROO, yielding 2,5-
dihydrofuran, and from the « from B-ROO, forming 2,3-dihydrofuran, the latter two reactions
of which are not shown.

The maximum mole fractions of both isomers in Figure 40, occurring as a result of
shifts in equilibria and chain-branching mechanisms as described in Section 1.1.3,
correspond to the boundaries of the NTC region at ~600 K and 800 K. Both temperatures
were utilized to examine O-dependence of products from reactions of tetrahydrofuranyl
radicals and from QOOH reactions, such as ring-opening. O2-variation affects the latter by
perturbing the flux of QOOH via unimolecular reaction versus bimolecular reaction with

O2 (c.f. Figure 5a).
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Figure 40. Temperature dependence of dihydrofuran isomers measured under stoichiometric
conditions [O;] = 0.74 - 10 molecules - cm™ (¢ = 1). Model predictions were produced using
the Fenard et al.>* mechanism (solid lines) and Wu et al.®> mechanism (dashed lines). The NTC
region is observed from ~625 K to 700 K.

S-tetrahydrofuranyl produces both 2,5-dihydrofuran and 2,3-dihydrofuran, whereas
a-tetrahydrofuranyl forms only the latter. In addition to molecular structure arguments®,
2,3-dihydrofuran is observed in higher concentrations at all O conditions and at both 600
K and 800 K because of the additional formation pathway. Figure 41 shows the
concentrations of both dihydrofuran isomers measured as a function of [O2] with model
predictions for comparison. Fenard et al.* included tetrahydrofuranyl-related reactions and
dihydrofuran mechanisms. Subsequently, Wu et al.®? added new sub-mechanisms of furan
and 2,3-dihydrofuran that accounted for ring-opening, isomerization, and other
consumption reactions.

At 600 K, the measurements of 2,3-dihydrofuran shown in Figure 41a exhibit
higher O2-dependence compared to model predictions evidenced by a difference in d[2,3-

dihydrofuran]/d[O2] where that for the experiments is 148, for Fenard et al.>* is 105, and
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for Wu et al.®? is 84 at [02] < 1 - 10*® molecules cm™ (Table 4). Above ~1 - 10'® molecules

cm3, both mechanisms predict an insensitivity to higher oxygen concentration as d[2,3-

dihydrofuran]/d[O2] for both mechanisms remains positive. In contrast, the experiments

reach a maximum at ~1 - 10*® molecules cm~ and then decrease with increasing Oz where

d[2,3-dihydrofuran]/d[O2] becomes negative. Similarly, at 800 K (Figure 41b), the

experimental profile for 2,3-dihydrofuran exhibits strong positive O2-dependence at lower

concentrations of O, where at [O2] < 1 - 10*® molecules cm=, d[2,3-dihydrofuran]/d[O]

is ~95 for the experimental measurements, but only 17 for Fenard et al.3* and 9 for Wu et

al.? However, in contrast with the profile at 600 K, 2,3-dihydrofuran concentrations

plateau with increasing O rather than decrease as d[2,3-dihydrofuran]/d[O2] remains

positive at all concentrations of Oz (Table 4).
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Figure 41. O, dependence of 2,3-dihydrofuran and 2,5-dihydrofuran concentrations measured at
(a) 600 K and (b) 800 K and comparison to model predictions using Fenard et al.3* and Wu et
al.%2. In (a), for 2,5-dihydrofuran, predictions using Wu et al.® are identical to Fenard et al.*,

and therefore indistinguishable.
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Table 4. Average changes in concentration of 2,3-dihydrofuran with respect to [O2] at 600 K
and 800 K, where distinction is made at [O2] = 1 - 10* molecules cm™ as this is an inflection
point for experimental data at 600 K.

d[2,3-dihydrofuran]/d[O;]

02 (10* molecules cm™®) | thiswork | Fenardetal.®* | Wuetal.®
600 K <1 148.4 105.4 84.8
>1 -10.0 12.4 6.0
800 K <1 94.8 17.4 8.8
>1 8.7 8.0 4.7

Wu et al.% revised the Fenard et al.3* mechanism by adding H-abstraction reactions
from 2,3-dihydrofuran, noting that rate parameters are lacking (c.f. Figure 35). In the
absence of thermal and kinetic data, lumped reactions were utilized for dihydrofuranyl
radicals, which is a potential a source of disagreement between the experimental and model
profiles (c.f. Figure 36). Species profiles of 2,5-dihydrofuran show consistency between
the experiment and models at 600 K. The Fenard et al.3* and Wu et al.®> mechanisms predict
the same concentrations and overlap in Figure 41a. At 800 K, some disparities are evident.
Both mechanisms reproduce the qualitative trend of the experiments yet the Fenard et al.3*
model overpredicts 2,5-dihydrofuran up to a factor of two. The model results from Wu et
al.%2 improve upon the agreement with experimental measurements by a factor of 1.4.
Despite an improvement in agreement, the sub-mechanisms produced in Wu et al.®?
focused on furan and 2,3-dihydrofuran, and did not address any additional reactions of 2,5-
dihydrofuran. Developing a similar sub-mechanism for 2,5-dihydrofuran that includes
additional H-abstraction, O-addition, rearrangement, and ring-opening reactions, may
improve not only model predictions of 2,5-dihydrofuran, but also of 2,3-dihydrofuran and

furan as 2,3-dihydrofuran, 2,5-dihydrofuran, and furan pathways are interconnected (c.f.
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Figure 42). For example, a ring-opening consumption pathway of 2,5-dihydrofuran that is
not included in current mechanisms may deplete 2,5-dihydrofuran detracting from furan

formation.

4.1.2 Dihydrofuran-derived species

Two species are derived from consumption pathways of dihydrofuran isomers —
furan and cyclopropane carboxaldehyde. Species profiles were measured for both as a
function of temperature and oxygen concentration (Figure 43).

Both dihydrofuran isomers can undergo H-abstraction followed by reaction with
O> to form furan (Figure 42). The temperature dependence measurement reflects NTC
behavior of tetrahydrofuran from ~600 K — 650 K with local maxima mole fractions at 600
K and 800 K (Figure 43a). Species profile measurements with respect to O, show positive
dependence on the concentration of O, at both temperatures, the scale of which is not
captured by model predictions (Figure 43c). At 600 K, the furan concentration
measurements plateau towards the highest [O2] measured. At 800 K, furan yield increases
and follows a similar trend. Both computational mechanisms predict weak O, dependence

for both temperatures.
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Figure 42. Formation of furan from 2,3-dihydrofuran via an H-abstraction to form 2,3-
dihdyrofuranyl, which undergoes reaction with O followed by HO, elimination form furan.
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Because of a weaker temperature dependence for the production of furan, below
[O2] ~1- 10'® molecules cm™ the Wu et al.®> mechanism improves upon predictions of
experimental concentrations. Increased furan yield with increasing [O2] is potentially
related to the decreasing yield of 2,3-dihydrofuran (c.f. Figure 41), which may indicate
that rates for R + O, — alkene + HOO, as well as via QOOH pathways require revision to

account for [O2] dependence.
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Figure 43. Temperature dependence of furan (a) and cyclopropane carboxaldehyde (b) measured
under stoichiometric conditions; [O2] = 0.74 - 10'® molecules - cm™ (¢ = 1). While NTC behavior
is minimal for cyclopropane carboxaldehyde, that for furan is observed from ~600 — 650 K.
Oxygen-dependence of furan (c) and cyclopropane carboxaldehyde (d) are observed to be
positive for both species.

Cyclopropane carboxaldehyde is derived from a rearrangement reaction of 2,3-
dihydrofuran (Figure 44).°% At temperatures less than 800 K, cyclopropane
carboxaldehyde was detected at less than 10 ppm, sometimes not at all, which is consistent
with the predicted concentrations of < 1 ppb by Fenard et al.®* and Wu et al.%? (Figure

43Db). Figure 43d shows the dependence on O at 800 K where tens of ppm were quantified,
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which is in agreement with Vanhove et al.*® Both mechanisms capture the qualitative
dependence on O, above ~1 - 10 molecules cm™ (¢ = 0.5), where the Wu et al.®
predictions are also quantitatively consistent. The differences between the experiment and
model predictions range from a factor of 0.9 to 0.2 at [O;] = 0.74 — 5.55 - 10™® molecules
-cm® (¢= 0.75—0.1) and deviate up to a factor of 1.7 at [02] = 0.37 - 1028 molecules cm-
% (¢ = 1.5). The over prediction by both mechanisms, in comparison to the experiments,
particularly towards the lower oxygen concentrations coincides with similar disparities in
the predictions of 2,3-dihydrofuran (cf. Figure 41b), which is the sole source of
cyclopropane carboxaldehyde. The disparities may result from incomplete description of
2,3-dihydrofuran reactions, such as lumped steps of O»-addition to 2,3-dihydrofuranyl

radicals (c.f. Figure 36).

@ . HZC\Z_O(ZH) — > %o

Figure 44. Rearrangement of 2,3-dihydrofuran to form cyclopropane carboxaldehyde.

4.1.3 Isomer-specific tetrahydrofuranyl products

Two species, oxirane and methyloxirane, were detected that are ascribed to ring-
opening of a-tetrahydrofuranyl, which directly forms either ethene or 1-propyl depending
on the g-scission reaction (Figure 45). Both species stem from epoxidation reactions where
oxirane forms via epoxidation of ethene and methyl oxirane via epoxidation of propene
(derived from oxidation of 1-propyl). Figure 46 shows the temperature dependence and O-

dependence of both oxirane and methyloxirane.
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Figure 45. Oxirane and methyloxirane form via ring-opening of a-tetrahydrofuranyl radicals
and subsequent epoxidation of ethene and propene, respectively.

To account for oxirane formation, Fenard et al.3* include epoxidation of ethene and
thermal decomposition of 2,3-epoxytetrahydrofuran and 3,4-epoxytetrahydrofuran, which
are cyclic ether products formed exclusively from QOOH (Figure 47). However, no cyclic
ethers were detected in the present experiments or in Vanhove et al.*® The thermal stability
of 2,3-epoxytetrahydrofuran 3,4-epoxytetrahydrofuran in the gas phase are unknown.
Additionally, separate thermal decomposition experiments were performed on 3,4-
epoxytetrahydrofuran to determine if under these conditions, oxirane is formed and the
results confirm that no oxirane is formed. The synthesis of 2,3-epoxytetrahydrofuran is too
complicated and therefore a chemical could not be obtained to use for thermal
decomposition experiments. The possibility formation of oxirane from 2,3-
epoxytetrahydrofuran remains unclear. However, the direct pathways to ethene and
propene (via 1-propyl oxidation, Figure 45) from o-tetrahydrofuranyl provides a means

for modeling the competition between radical ring-opening and reaction with Oo.
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Figure 46. Temperature dependence of methyloxirane (a) and oxirane (b) measured under
stoichiometric conditions; [O2] = 0.74 - 10*® molecules - cm™ (¢ = 1). NTC behavior is observed
for both species around ~600 — 700 K, where oxirane exhibits much stronger behavior than
methyloxirane. Oxygen-dependence of methyloxirane (c) and oxirane (d) indicate positive
dependence at both temperatures for oxirane and at 800 K for methyloxirane.
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Figure 47. Reaction pathways of formation of oxirane from 2,3- and 3,4-epoxytetrahydrofuran
included in Fenard et al.** mechanism.

While methyloxirane was detected by Vanhove et al.** using an RCM at high
pressure (> 5 atm), the present work includes the first detection using a JSR in which
species profiles for methyl oxirane are reported and can be used as benchmarks by which
to improve upon mechanism development. Figure 46a shows the temperature dependence

of methyl oxirane at stoichiometric conditions where [O2] = 0.74 - 10'® molecules - cm™
(¢ = 1). Local maxima of concentrations are at 600 K and 800 K, however both Fenard et

al.>* and Wu et al.%? underpredict mole fractions at both temperatures, most significantly at
800 K by a factor of three at the maximum. Oxygen dependence of methyloxirane is shown
in Figure 46¢, where methyloxirane was primarily only detected at 800 K in tens of ppm
with the maximum of 92 + 4.6 ppm at [O2] = 2.22 - 107*® molecules cm™ (¢ = 0.25). Both
mechanisms predict the same concentrations and while the experiments exhibit clear O
dependence, the trend is not captured by either mechanism. One source of this discrepancy

may be due to incorrectly prescribed rates for RH + O, — R and R + O, — ROO. While
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the former reaction directly impacts the mechanism by which methyloxirane is formed, the
latter is an alternative consumption pathway for R, detracting from ring-opening necessary
for 1-propyl and therefore, methyloxirane formation. Additionally, upon ring-opening of
a-R, the rates of subsequent elementary reactions are well understood including
decomposition of CH3(CH2).CHO — 1-propyl®?%, 1-propyl — propene®, and epoxidation
of propene to oxirane. %%

Temperature dependence of oxirane is shown in Figure 46b where hundreds of
ppm were detected and NTC behavior was observed from ~600 — 700 K. Both mechanisms
slightly overpredict mole fractions centered around 800 K, but underpredict by almost 300
ppm at the local maximum at 600 K. At both temperatures, oxirane was detected in
significant quantities of more than 100 ppm for [O2] > 0.6 - 10*® molecules cm™ (¢ < 1.5
at 600 K and ¢ < 1 at 800 K) depicted in Figure 46d. Both mechanisms predict similar
concentrations to one another yet do not capture the experimental O> dependence trend by
more than an order of magnitude at 600 K and by a factor of three at 800 K.

Figure 48 shows O dependence of allyl formate, which was measured by RCM by
Vanhove et al.*%, but is quantified for the first time by JSR in this work. A temperature
profile was not constructed as allyl formate formation was not favored at stoichiometric
conditions at which all temperature measurements were taken. Allyl formate is formed
exclusively from S,a’-QOOH, where the carbon-centered radical is on the S site on the
tetrahydrofuran structure and the —OOH group is on the « site, where each group is on
opposite sides of the ring, denoted by the apostrophe (Figure 49). £,o’-QOOH is derived
from o-tetrahydrofuranyl radicals. Measured concentrations of allyl formate are

approaching the detection limit of our instruments and therefore, it is difficult to ascertain
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clear O.-dependence trends for allyl formate, especially at higher temperature (i.e. 800 K).
Still, some observations are discussed. The concentrations of allyl formate are low and
approach zero towards lower [O2], likely due to diminished rates of R + O, causing lower
rates of QOOH formation. In contrast, towards higher [O2], second-O-addition reactions
consume QOOH at higher rates, which depletes the radical pool and also diminishes the
formation of allyl formate. Because the formation of allyl formate competes with second-
O;-addition to B,a’-QOOH, the quantitative species profiles, which are reported for the

first time, provide a direct modeling target for assessing rate calculations of both pathways.

6
= 600 K Fenard et al.
m 800K - - -Wuetal.
AN
T i oo
o 4
8 [ ]
c
o
= i .
E n [} [ ]
g 2 "
S .
©
-
0 A
0 2 4 6 8

O, (molecules cm?) - 1078

Figure 48. Oxygen dependence of allyl formate. Model predictions using the Wu et al.?
mechanism are identical to Fenard et al.3* and therefore indistinguishable. Measured
concentrations are approaching the detection limit (~ 1 ppm) and should be scrutinized.
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Figure 49. Formation pathway of allyl formate from £,a’-QOOH.
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Following the low-temperature oxidation scheme (c.f. Figure 5a), two carbonyl-
substituted intermediates are possible to form in tetrahydrofuran combustion -
tetrahydrofuran-2-one and tetrahydrofuran-3-one (Figure 50). Vanhove et al.*® reported
only tetrahydrofuran-2-one in RCM experiments, yet this species was not detected in the
experiments herein. Rather, tetahydrofuran-3-one was detected for the first time. Figure
51 compares absorption and mass spectra of tetrahydrofuran-2-one with those of
tetrahydrofuran-3-one, which were measured as described in Chapter 2, and confirms the

identification of the species in the present work as tetrahydrofuran-3-one.

) Oy’
(0]
A
tetrahydrofuran-2-one

0]

0 ; ;

tetrahydrofuran-3-one

Figure 50. Tetrahydrofuran-2-one and tetrahydrofuran-3-one are possible from tetrahydrofuran
combustion, the former of which was not detected in this work.
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Figure 51. Mass spectra of tetrahydrofuran-3-one (a) and tetrahydrofuran-2-one (b) measured as
described in Chapter 2 where fragment ion peaks are distinct allowing for identification of
experimental signal (c) using mass spectra. Absorbance spectra (d) were used for identification
and quantification where experimental signal (black) and reference signals of tetrahydrofuran-2-
one (red) and tetrahydrofuran-3-one (blue) are shown for comparison.

Temperature and oxygen-dependence for tetrahydrofuran-3-one, which may arise
from several pathways shown in Figure 52, are shown in Figure 53. Because of the
strained, four-membered transition state required, formation via decomposition of ROO is
disfavored (Figure 52a). Fenard et al.3* computed a barrier height 7 kcal/mol above the R
+ Oz entrance channel at the CBS-QB3 level of theory for this pathway. Another potential

pathway is via ROO + ROO — carbonyl + alcohol + O; (Figure 52b). However, because
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neither of the corresponding OH-substituted tetrahydrofuran isomers were detected, a
plausible third route to form tetrahydrofuran-3-one is as follows: H-abstraction by 5-ROO,
yielding S/-ROOH, which then undergoes H-abstraction by OH or HOO from the tertiary
carbon that leads to a highly unstable o-QOOH structure that decomposes into

tetrahydrofuran-3-one + OH (Figure 52c).
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Figure 52. Potential pathways of tetrahydrofuran-3-one formation where the four-membered
transition state in the decomposition of ROO (a) is unfavored, and co-products of reaction (b),
2- or 3-hydroxytetrahydrofuran, were not detected in current experiments, suggesting reaction
(c) is more plausible.
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Model predictions using the mechanisms of Fenard et al.®* and Wu et al.®? capture
qualitative trends in both temperature and oxygen-dependence for tetrahydrofuran-3-one.
However, both models severely underpredict concentrations by a factor of 10° at 600 K
and 103 at 800K. This could be attributed to a lack of understanding of tetrahydrofuran-3-
one formation pathways as the primary formation pathway indicated by rate-of-production
analyses is a single step reaction of f-ROO — tetrahydrofuran-3-one + OH (Figure 54).
Additionally, mole fractions are underpredicted to a greater degree at lower temperatures,
which may be because uncertainty in peroxyradical reaction rates is compounded as these

reactions are more dominant at lower temperatures.
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Figure 53. Temperature dependence (a) where model predictions are multiplied by 10° to
maintain scale with experimental results. O, dependence (b) of tetrahydrofuran-3-one at 600 K
and 800 K. Predictions using mechanisms of Fenard et al.>* and Wu et al.®2 are < 1 ppm and are
therefore scaled by 10° for predictions at 600 K and by 102 for those at 800 K.
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Figure 54. Rate-of-production analyses for tetrahydrofuran-3-one of the top three reactions at
600 and 800 K where the primary formation pathway is that of /-ROO — tetrahydrofuran-3-one
+ OH. Negative rate-of-production yields indicate that the reaction shown occurs in the reverse
direction.
Figure 55a shows VUV spectra for tetrahydrofuran-3-one and butanedial, both of
which were detected directly and quantified for the first time. Figure 55b is a

representative spectrum for butanedial deconvolved from the spectrum in Figure 20a and

used subsequently for quantification of temperature dependence (Figure 55c¢) and O
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dependence (Figure 55d). The measurement procedure for the reference spectrum and
quantification procedure for butanedial was as follows. Because butanedial is 40% aqueous
solution, measuring a direct and isolated quantitative reference was not possible. Instead a
ternary gas phase mixture was made composed of butanedial and water (from the aqueous
chemical) diluted in N2. The procedure to make this mixture was identical to that outlined
in Section 2. The components were separated by gas-chromatography and detected via
VUV absorption. Using a separate reference of water with a known concentration, the
partial pressure of the individual components in the ternary mixture could be back-
calculated based on Dalton’s Law (Equation 7), and therefore concentrations could be
assigned each component in the mixture. The isolated VUV absorption spectrum measured
for butanedial from the ternary mixture was associated with the concentration calculated
above and was used as the reference to quantify butanedial signal detected experimentally.
While butanedial did co-elute with tetrahydrofuran-3-one, the process of deconvolution
outlined in Section 2 allowed for isolation of butanedial signal, which was quantified using

the reference as described above.

Pcylinder = Pbutanedial + Pwater + Pnitrogen (7)

The temperature dependence of butanedial (Figure 55c¢) shows peak vyields
occurring near ~625 K and ~775 K, the latter of which is captured by model predictions
using Fenard et al.3* and Wu et al.®? Quantitative disparities are evident in both the onset
temperature where butanedial is detected, ~550 K (model) and ~580 K (experiment), and
in the temperature at which peak yield occurs — both of which may result from inaccurate

rates of ring-opening for «,a’-QOOH — butanedial + OH (c.f. Figure 9), where the
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localized radical and the —OOH group reside on opposing carbon atoms adjacent to the
ether group (i.e. « carbon). Oxygen dependence of butanedial concentration at 600 K and
800 K is shown in Figure 55d. Model predictions at each temperature were reduced by a
factor of six in Figure 55d to maintain scale with experimental results. At both
temperatures, the concentration of butanedial increases with increasing oxygen
concentration until reaching an inflection point occurring near stoichiometric concentration
of Oy, after which butanedial concentration decreases. The inflection is the result of a
balance of competing reactions derived initially from o-tetrahydrofuranyl radicals, o-R,
that are directly affected by temperature and oxygen concentration. Namely, the ring-
opening reaction o-R — products, the association reaction a-R + 02 — a-ROO, the ring-
opening reaction a,-QOOH — butanedial + OH, and second-O- addition that consume

a,a-QOO0H and inhibit butanedial formation.
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Figure 55. (a) VUV absorption signal measured over the retention time window 22.60 — 22.90
min. and comparison to reference spectra of butanedial and tetrahydrofuran-3-one at 800 K, [O-]
=0.74 - 10*® molecules - cm™ (¢ = 1). (b) Extracted absorption spectrum of butanedial from co-
eluted signal. (c) Temperature dependence of butanedial concentration at [O,] = 0.74 - 108
molecules - cm™. (d) O,-dependence of butanedial concentration at 600 K and 800 K where
model predictions were reduced by a factor of six to maintain scale of experimental results.

4.2 DISCUSSION

The main purpose of the present work is to examine the O, dependence on partially
oxidized intermediates from tetrahydrofuran combustion in order to provide modeling
targets and to understand the implication on the balance between ring-opening of initial

tetrahydrofuranyl radicals and reaction with O,. The formation of a-tetrahydrofuranyl is
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favored because the electronegativity of the C—O bond in the ether group draws electrons
from the C—H bond in the « position and reduces the bond dissociation energy by ~4.5
kcal/mol.*® From Giri et al.%’, H-abstraction from the « site is favored over the f site by
more than 2:1 below 800 K. As such, a significant portion of the species detected in the
present experiments are derived initially from o-tetrahydrofuranyl. However, £ radicals
may also contribute to the formation of ROOH (cf. Figure 53).

The balance of contributions from the three pathways forming dihydrofuran
isomers, direct from ROO, sequential via ROO to QOOH, and formally direct from R + O;
remains unclear (c.f. Figure 38). With increasing O, the rate of R + O also increases,
which increases the likelihood of accessing the QOOH well in the sequential path.
However, an increase in the rate of R + O, could also facilitate the direct formation pathway
from ROO and formally direct from R + O.. The O-dependent measurements herein
provide modeling targets for determining the extent to which the three pathways are
contributing to dihydrofuran formation at 1 atm.

Both dihydrofuran isomers exhibit an increase in concentration with [O2] from 600
K to 800 K. However, 2,3-dihydrofuran decreases at oxygen concentrations above
stoichiometric conditions ([O2] = 0.74 - 10™® molecules - cm™, or ¢ = 1) at 600 K indicating
either that at higher [O2], HOO-elimination from tetrahydrofuranyl by O is diminished or
that consumption reactions of 2,3-dihydrofuran are more [O2] dependent than is prescribed
in the chemical kinetics mechanisms. Additionally, because negative O.-dependence
behavior is not observed at 800 K, this may indicate that at higher temperature, 2,3-

dihydrofuran is less susceptible to low-temperature combustion pathway competition.
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Quantitative discrepancies exist between the experiments and model predictions for
the dihydrofuran isomers. To examine differences between Fenard et al.3* and Wu et al.®?
models, rate-of-production analyses were conducted on several species at 600 K and 800
K oxygen concentrations corresponding to ¢ = 0.25, 1, and 2, where selected equivalence
ratios represented local concentration maxima for the majority of species, stoichiometric
conditions, and the high-end extreme, respectively (Figure 56). Fenard et al.3* predicts that
2,3-dihydrofuran primarily undergoes H-abstraction to form 2,3-dihydrofuranyl radical,
which can either form furan upon reaction with O or undergo ring-opening into CoHs +
CH20 + HCO. Wu et al.% included new ring-opening reactions that were not in the initial
Fenard et al.>* mechanism. Although, due to a lack of measurements, the reactions were
modeled using a lumping procedure as described in Chapters 1 and 3. Despite the changes,
the rate-of-production analyses indicated that the pathways to furan were more dominant
than ring-opening reactions. Therefore to improve upon model predictions, it may be
helpful to scrutinize the calculated rate for 2,3-dihydrofuranyl — furan, which was adopted
from Dubnikova et al.*® and expand lumped mechanisms of 2,3-dihydrofuran ring-opening.
In addition, including a revised sub-mechanism for 2,5-dihydrofuran reactions and
specifically for 2,5-dihydrofuranyl radical ring-opening pathways may improve agreement.

One specific aspect that remains unclear for dihydrofuran reactions is the
competition for OH between abstraction pathways and addition pathways, the latter leading
to two possible carbon-centered, OH-substituted radicals 2-hydroxy-tetrahydrofuran-3-yl
or 3-hydroxy-tetrahydrofuran-2-yl. OH-addition to 2,3-dihydrofuran is neglected in Fenard

et al.® (only abstraction and disproportionation reactions are included).
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Figure 56. Rate-of-production analyses comparison for 2,3-dihydrofuran (cy(OC*CCC))
predictions from Fenard et al.** and Wu et al.%? at ¢ of 0.25 (a), 1 (b), and 2 (c) at 600 and 800
K. Although, new sub-mechanisms were added by Wu et al.®?, rate-of-production analyses
produced identical results to Fenard et al.*
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To improve predictions of furan concentration, Wu et al.®? included additional H-
abstraction and ring-opening reactions. The large discrepancy observed with the present
experiments for furan is likely due to deficiencies in the rates and reactions prescribed for
dihydrofuranyl + O2 and other reactions. The experiments show strong O> dependence
indicating that with high [O-], furan formation via HOO-elimination from dihydrofuran
isomers is favored or, alternatively, subsequent consumption pathways of furan are
deficient in the mechanism. Based on rate-of-production analyses, the main formation
pathway is prescribed to HOO-elimination and H.O»-elimination from dihydrofuran
radicals at 600 K and Hz-elimination from 2,5-dihydrofuran at 800 K (Figure 57).
However, in comparing O»-dependence of furan to that of dihydrofuran isomers, a direct
and isolated relationship is not observed, rather an unfolding of the competition of
pathways. At 600 K, the concentration of furan increases with increasing O, where 2,3-
dihydrofuran and 2,5-dihydrofuran increase then decrease with O,. Therefore, the
dihydrofuran isomers are consumed to form furan. However, at 800 K, furan and both
dihydrofuran isomers increase with O, indicating that the formation and consumption

pathways of both dihydrofuran isomers and furan unfold in a different way than at 600 K.
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Lifshitz®* proposed rearrangement of 2,3-dihydrofuran as the mechanism
responsible for cyclopropane carboxaldehyde, which can subsequently isomerize to form
2-butenal (Figure 58). At 600 K, cyclopropane carboxaldehyde was predicted at ppb levels
and was not experimentally detected. At 800 K, the Fenard et al.>* mechanism overpredicts
cyclopropane carboxaldehyde where the revisions by Wu et al.®? provided some
improvement compared with the experiments herein. The differences in the model
predictions is potentially attributed to the revised sub-mechanism for 2,3-dihydrofuran that
includes consumption reactions that were previously not considered and consume some of
the flux towards the cyclopropane carboxaldehyde pathway. Within the mechanism, the
pathway from 2,3-dihydrofuran to cyclopropane carboxaldehyde is a single, concerted
step. Because similar quantities were detected in both the present experiments and the JSR
experiments in Vanhove et al.*®, the consistency indicates that the quantity produced is
reproducible. However, because the model predictions do not capture O2-dependence nor
quantitative amounts, rates of elementary reactions leading to cyclopropane
carboxaldehyde may require scrutiny, including RH + O, — R, R + O, — ROO, ROO —
2,3-dihydrofuran, and 2,3-dihydrofuran — cyclopropane carboxaldehyde, where R and
ROO may be a- or g-derived. This network of reactions is especially important to
understand given the importance of conjugate alkenes in cyclic ether oxidation.

Moreover, cyclopropane carboxaldehyde and 2,3-dihydrofuran are also connected
to 2-butenal, which was not detected in the present experiments, via a network of
rearrangements (Figure 58). Vanhove et al.*® detected 2-butenal at relatively low
concentrations (~10 ppm). Because 2-butenal was not detected in the present experiments,

this may indicate that rather than the rearrangement reactions not occurring, that the
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experimental conditions were not favorable for steady state detection of 2-butenal. Namely,
residence time and pressure were unchanged in the current experiments, which could
facilitate 2-butenal detection. For example, it is possible that 2-butenal requires a longer
time to form at concentrations within our detection limit, so a residence time of 4 seconds

rather than 2 seconds could facilitate detection of 2-butenal.

Figure 58. Rearrangements that can occur between 2,3-dihydrofuran, cyclopropane
carboxaldehyde, and trans- and cis-2-butenal.

Aside from the formation of 2,3-dihydrofuran and 2,5-dihydrofuran,
tetrahydrofuranyl radicals can undergo O2-addition to form peroxy radicals or ring-opening
reactions. In the case of a-tetrahydrofuranyl, the latter leads to methyloxirane (derived
from epoxidation of propene) and oxirane (formed via epoxidation of ethene). Fenard et
al.3* note that competition from R + Oz outcompetes epoxidation. However, epoxidation
rates are well-characterized®* %1% and the mechanism employs rate rules for alkyl radicals
from corresponding reactions of 2-buyltetrahydrofuran calculated by Cai et al.8” Because
rates of O-addition to cyclic ether radicals are largely unknown at combustion
conditions?®, high-level theoretical computations using variable-reaction-coordinate
transition state theory (VRC-TST) are required. Doner et al.'°* approximated rates of O2-

addition to stereoisomers of 2,4-dimethyloxetanyl using phase-space theory, yet a broader
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series of calculations are required given the diversity of molecular structure of cyclic
ethers.

Despite discrepancies between model predictions and experimental data for
tetrahydrofuran-3-one and butanedial, the first set of speciation data was measured in this
work to provide a benchmark for future computational work. Specifically, the role of
ROOH reactions as they pertain to tetrahydrofuran-3-one formation, remain unclear.
Additionally, the sensitivity of butanedial to QOOH unimolecular and bimolecular reaction
competition remains a deficiency within the mechanisms.

Overall, in order to improve agreement between experimental results and model
predictions, a nuanced, species-specific approach is needed. Rates of RH + O, — R and R
+ O, — ROO should be scrutinized as subsequent pathways cannot be properly modeled
should these rates require attention via higher-level theory calculations. Additionally,
improving rates of ring-opening reactions of a-R could have a significant quantitative
impact on several species that were detected at tens to hundreds of ppm (i.e. oxirane,
methyloxirane, butanedial) and underpredicted by several orders of magnitude where o-R
ring-opening either directly leads to oxirane and methyloxirane or reduces the

concentration of a-R needed to form intermediates that are central to other pathways such

as a,a’-QOOH in butanedial formation.
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CHAPTER 5
CONCLUSIONS AND PROJECTIONS

Isomer-resolved speciation measurements were conducted on tetrahydrofuran
oxidation using a jet-stirred reactor at 810 Torr from 500 — 900 K and a range of oxygen
concentrations spanning one order of magnitude, which led to the first measurements of
several species important to chemical kinetics modeling of tetrahydrofuran and relevant to
n-butane cyclic ether consumption mechanism description (butanedial, allyl formate, and
tetrahydrofuran-3-one). This work provided the first speciation measurements for
butanedial, allyl formate, tetrahydrofuran-3-one, and methyloxirane. The measurements of
O-dependent and temperature-dependent trends in species profiles provide insight into
understanding the balance of reactions that tetrahydrofuranyl radicals undergo, such as
ring-opening versus reaction with Oz. This work is the first to target O.-dependence for
this purpose to gain insight on reaction mechanisms. For example, because the formation
of butanedial occurs exclusively via QOOH ring-opening the direct measurements herein
provide a means for assessing rates prescribed in chemical kinetics mechanisms.
Additionally, the work herein examines how chemical kinetics mechanisms are able to
predict species concentrations over a range of O concentrations to scrutinize the fidelity
of current mechanisms. Because modeling disparities are evident most notably in the Oo-
dependent comparisons, modeling efforts are required to determine the fate of OH radicals
including addition to dihydrofuran isomers. Given the discrepancies of O»-dependence

speciation predictions of the work herein and given similar conclusions from the modeling
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work done by Lockwood and Labbe’, higher level theory is necessary to improve upon
rate calculations to reduce uncertainty in rates for ROO — QOOH, the initiation step of
tetrahydrofuran, and ROO ring-opening reactions. In addition, the role of ROOH species,
from which tetrahydrofuran-3-one is conceivably formed in significant quantities, remains
unclear. Finally, because tetrahydrofuran is a low-temperature cyclic ether product of n-
butane, once chemical kinetics mechanisms of tetrahydrofuran are improved, so too can
sub-mechanisms of tetrahydrofuran in n-butane chemical kinetics mechanisms.

Additional experiments may provide clarity on allyl formate speciation.
Specifically, because at the current conditions allyl formate is in low steady-state
concentration near our detection limit, increasing the residence time may increase the
steady-state concentration by allowing more time for reaction to occur. Additionally,
increasing the initial concentration of tetrahydrofuran would increase steady-state
concentration of all products, which would not only clarify a trend for allyl formate, but it
would increase concentrations of all products including those derived from p-
tetrahydrofuranyl. This would be helpful because in comparison to a-tetrahydrofuranyl, -
tetrahydrofuranyl is less favored so products derived from g-tetrahydrofuranyl are in lower
steady-state concentrations. Species that are p-derived are still important in
ketohydroperoxide formation and are underpredicted by several orders of magnitude in this
work and in that of Hansen et al.”

In order to understand the influence of the ether group on low-temperature
combustion pathways, jet-stirred reactor experiments on cyclopentane, the hydrocarbon
analog of tetrahydrofuran, are ongoing. Preliminary results from these experiments indicate

that low-temperature combustion behavior is diminished at temperatures less than 700 K
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in comparison to tetrahydrofuran, which is indicated by species profiles that only have a
singular local maximum concentration at ~850 K for cyclopentane oxidation products such
as cyclopentadiene, 1,2-epoxycyclopentane, and acrolein. Additionally, while no cyclic
ether products were detected for tetrahydrofuran oxidation in this work or in Vanhove et
al.*, 1,2-epoxycyclopentane, one of two possible cyclic ether products for cyclopentane,
has been detected indicating that without the ether group, cyclic ether products are able to
more readily form or are less likely to decompose. The ongoing cyclopentane work will

provide further insight into the effect of ethers on low-temperature combustion pathways.
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APPENDIX A
DEVELOPMENT OF SYRINGE-INJECTION OF LIQUIDS TO GC

Because the process for making gas-phase mixtures is dependent on the vapor
pressure of the species, occasionally a species is unable to reach the minimum necessary
pressure of ~0.5 Torr, despite external heating. Instead, the liquid can be injected into the
GC for measurement of reference spectra. However out of concern that saturation limits
would be surpassed causing the accompanying signal to be too saturated to use for
quantification, a new method was developed to mitigate these concerns.

The GC split ratio and liquid injection volume were optimized where the best
combination was determined by observing measured absorbance of dichloromethane
(DCM) with the majority of spectral features under the saturation limit. It is worth noting
that the entire spectrum need not fall within saturation limits as the quantification technique
selects specific spectral ranges over which to quantify. Under normal operating conditions
the split ratio for the column that leads to the MS is 14:1 where that leading to the VUV is
11:1. The split ratio was adjusted to dilute the injected liquid by a factor of 10, 20, 30, 50

(Table Al).

Table Al. Split ratios and corresponding dilution factors tested to mitigate saturation concerns
with liquid injection.

Dilution Factor GC (MS) Split Ratio GC (VUV) Split Ratio
1 14:1 11:1
10 140:1 110:1
20 280:1 220:1
30 420:1 330:1
50 700:1 550:1
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The injection volume was bound by the size of available syringes. An Agilent fixed
cone-type 10 uL syringe made of stainless steel was used initially to test a volume of
0.1 uL. However, variability in syringe volume was too great as slight variations in manual
operation of the syringe resulted in large volume changes. In addition, 0.1 pL approached
the lower limit of the syringe volume range, so smaller 5 pL stainless steel syringes were
used instead. Volumes of 0.05 and 0.2 pL were tested at the previously discussed split
ratios.

The results are shown in Figure Al. While all conditions have spectral features that
fall below the saturation limit, it was important to note that the spectral features present in
DCM, may not be present in all species that will be manually injected. Additionally, not
all species may absorb at lower energies. Therefore, the conditions chosen as optimal had
the most signal under the saturation limit at the most wavelengths. Although, this would
appear to be a dilution factor of 50 and a volume of 0.05 pL, given the variation in volume
that results from manual use of the syringe and given that a larger volume would be less
sensitive, the optimized conditions were chosen to be a dilution factor of 30 and volume of
0.2 uL. Further testing to cover a wider range of conditions may be helpful, specifically a
volume of 0.2 uL at a dilution factor of 50, which was omitted from this test due to time

constraints.
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Figure Al. Results of split ratio and injection volume optimization where warm colors represent
volume of 0.2 uL and cool colors are 0.05 pL.
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APPENDIX B
EXTERNAL COLLABORATIVE WORK

B.1 ADVANCED LIGHT SOURCE PROJECTS

Several combustion projects were completed using the Advanced Light Source at
Lawrence Berkeley National Laboratory where low-temperature oxidation was studied for
cyclohexene, tetrahydropyran, ethyloxirane, and cis- and trans-2,3-dimethyloxirane. |
completed the experiments for cyclohexene where for tetrahydropyran, ethyloxirane, and
2,3-dimethyloxirane, | contributed substantially to the post-processing and analysis of data
collected from experiments performed by other members of the Rotavera group. | co-
authored a first-author publication for the work on cyclohexene in Proceedings of the
Combustion Institute and the other projects on tetrahydropyran and the oxiranes have been
published in The Journal of Physical Chemistry A and The International Journal of

Chemical Kinetics, respectively.3":39.57:102

B.1.1 Oxidation of cyclohexene at low-temperature

In a similar manner to how to tetrahydrofuran can be studied in comparison to
cyclopentane to understand how the presence of an ether group influence low-temperature
chemistry, a comparison can be made for cyclohexene and cyclohexane to study the
influence of a pi-bond. Cyclohexene is relevant as an intermediate of cyclohexane

combustion where cyclohexyl + Oz — cyclohexene + HOO shown in Figure Bla, so
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understanding cyclohexene combustion will enhance the understanding of cyclohexane
combustion.

The pi-bond in cyclohexene can allow for resonance stabilization of cyclohexenyl
radical when H-abstraction occurs on the o-site relative to the location of the pi-bond
(Figure B1b). Resonance-stabilization also occurs on several QOOH species including o-
QOOH, 5QO0H, #-QO0H, and y-QOO0H (Figure Blc). The purpose of this work was
to study the effect of the pi-bond and subsequent resonance stabilization on low-
temperature combustion chemistry by measuring combustion products from which

mechanistic information could be inferred.

. 10 ) -
- HO,

(c) -0\0 et O 0! o
a-ROO a-QOOH S-QOOH ~QOOH 5-QOOH

0~ OU HO” O\O Ho” O 1o~ OU Ho” 0
S-ROO a-QOOH S-QOOH S-QOOH »QOOH

Figure B1. Formation of cyclohexene from cyclohexane oxidation (a), resonance stabilization
of cyclohexenyl radicals (b) and QOOH species (c).
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Multiplexed photoionization mass spectrometry (MPIMS) experiments were
conducted from 500 — 700 K and 10 Torr and an experimental schematic is shown in Figure
B2. Fuel, Cly, Oz, and diluent (He) is flowed through a quartz reactor where the reaction is
photolytically initiated using a pulsed excimer laser of 351-nm light, which generates ClI
atoms instantaneously and homogenously along the reactor. The Cl atoms react with
cyclohexene via cyclohexene + C1 — cyclohexenyl + HCI generating the initial R radical
pool, which subsequently undergo pseudo-first reaction with Oz. Products from the reaction
are directed through a 600-um side orifice into a detector region where they are intersected
with a molecular beam with tunable VUV synchrotron radiation and detected using a time-
of-flight mass spectrometer. Three-dimensional data is collected including high-resolution
mass spectra, photoionization cross sections, and time-dependent kinetic signal. In addition
to reactive experiments, unreactive experiments were performed to measure individual
photoionization cross-section references needed for combustion product identification.
Further experimental information can be found in Koritzke et al.3” To support experimental
results, single-point energies on potential energy surfaces of «- and f-cyclohexenyl

radicals.
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Figure B2. Multiplexed photoionization mass spectrometer (MPIMS) experiment schematic.

The main conclusion from this work was that resonance stabilization of QOOH
facilitates second-O> addition pathways to ketohydroperoxide formation because it lowers
the energy of and stabilizes the QOOH energy well, which in turn hinders QOOH
unimolecular decomposition reactions. Ketohydroperoxide was detected at the exact mass
of 128.047 amu, which corresponds to CsHsOs. Potential energy surfaces were used to
support experimental results and indicated that 8-ROO — »’-QOOH, which is resonance
stabilized, is 8.3 kcal/mol lower in comparison to the same reaction for cyclohexane,
without the pi-bond (c.f. Figure 6a). Therefore, the barrier for unimolecular decomposition

of ¥-QOO0H increases by 8.7 kcal/mol. The same trend is observed for other resonance

stabilized QOOH species.
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B.1.2 Tetrahydropyran, ethyloxirane, and cis- and trans-2,3-dimethyloxirane

In addition to cyclohexene, MPIMS experiments were conducted on
tetrahydropyran, ethyloxirane, and cis- and trans-2,3-dimethyloxirane. The ether group in
tetrahydropyran affects the complexity of understanding reaction mechanisms because the
introduction of a functional group increases the number of initial radicals in comparison to
cyclohexane from one radical (cyclohexyl) to three (a-, S-, and j-tetrahydropyranyl).
Additionally, the presence of oxygen draws electronegativity from adjacent C-H bonds,
lowering their bond dissociation energies and enabling facile H-abstraction.®®%” Nine
products of tetrahydropyran oxidation were quantified to determine the role of ring-
opening reactions in diminishing the QOOH radical pool available for second-O; addition
due to the ether group. Three pathways were determined to be dominant and depleting the
QOOH radical pool available for second-O, addition (Figure B3): (a) a,a’-QOOH —
pentanedial + OH, (b) a,a’-QOOH — vinyl formate + ethene + OH, and (¢) »QOOH —
3-butenal + formaldehyde + OH.*® Analogous pathways were compared for cyclohexane
oxidation, but in the absence of analogous products based on mass spectral results, ring-
opening reactions were confirmed to not be occurring (c.f. Figure 6b). Therefore, the ether

group on tetrahydropyran facilitated ring-opening pathways.

125



(b) O O
G s o
\g

() o~ 0~

SN
N—r °
(@/ O N~ + 0 + 0n
_>
C

Figure B3. Three ring-opening pathways of tetrahydropyran that are facilitated by the presence
of the ether group and form three detected products: (a) pentanedial, (b) vinyl formate, and (c)
3-butenal.

Ethyloxirane and 2,3-dimethyloxirane were studied because oxiranes are a class of
cyclic ethers that are formed from low-temperature combustion of biofuels via
unimolecular decomposition of QOOH or from HOO addition to alkenes.®"1% While the
formation of oxiranes are well studied, the consumption pathways are not.1%® As a result,
chemical kinetics mechanisms often lump consumption pathways into a single step
introducing mechanism truncation error.’®* Ethyloxirane and 2,3-dimethyloxirane are
products of n-butane oxidation, so understanding the consumption pathways of cyclic
ethers will improve upon chemical kinetics modeling of n-butane.!®® Additionally,
stereochemical dependence of 2,3-dimethyloxirane is not accounted for in chemical
kinetics mechanisms and isomer-resolved speciation measurements of cis- and trans-2,3-
dimethyloxirane have not been reported. The work on ethyloxirane and cis- and trans-2,3-
dimethyloxirane aim to provide the first direct experiments on oxirane consumption

pathways at low-temperature and provide insight on isomer-dependence, when applicable.
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Several new pathways were proposed for ethyloxirane oxidation based on detected
products. One of the most important reaction classes involves a resonance-stabilized
ketohydroperoxide type radical (R(=0)OOH) that is formed via ring-opening of QOOH
species and can form products such as tetrahydrofuran-3-one and 2-butenal, which are also
products of tetrahydrofuran combustion (Figure B4).1%? Therefore, including expanded
sub-mechanisms of ethyloxirane may improve accounting of these species within chemical
kinetics mechanisms of n-butane and tetrahydrofuran.

(a) HO
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Figure B4. Reaction mechanisms for tetrahydrofuran-3-one (a) and 2-butenal (b) formation via
resonance-stabilized ketohydroperoxide-type radicals.

Resonance-stabilized ketohydroperoxide-type radical mediated reactions were also
important in cis-2,3-dimethyloxirane, namely the formation of diacetyl, which is also
traditional product of 2-butyl oxidation (Figure B5).>” Diacetyl has been detected in n-
butane oxidation experiments and has previously only been attributed to
ketohydroperoxide formation.® The results from the MPIMS experiments herein, indicate
a new source of diacetyl formation from cis-2,3-dimethyloxirane that has been excluded

from current chemical kinetics mechanisms. Furthermore, the signal-to-noise of diacetyl
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in trans-2,3-dimethyloxirane was low, especially in comparison to that from cis-2,3-
dimethyloxirane experiments, indicating that stereochemistry affects accessible
combustion pathways. Additionally in comparison to ethyloxirane, 2,3-dimethyloxirane
oxidation pathways did not include typical low-temperature alkane chemistry such as
conjugate alkene formation, which may be attributed to the proximity of the unpaired
electron in initial 2,3-dimethyloxirane radicals to the oxirane moiety in comparison to

ethyloxirane, which favors ring-opening.®’
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Figure B5. Pathways to diacetyl formation from 2-butyl oxidation includes QOOH-mediated
reaction of cis-2,3-dimethyloxirane (red) and conventional ketohydroperoxide decomposition
(blue).
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APPENDIX C
STANDARD OPERATING PROCEDURES DEVELOPED
Because the Rotavera laboratory was new upon my joining, many procedures were
developed in conjunction or prior to those discussed in detail in Section 2. These standard
operating procedures are now used daily for all experiments by the Rotavera laboratory

and therefore, are worth noting.
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Table C1. Overview of standard operating procedures that were developed and are used daily
within the Rotavera laboratory.

Task Processes developed
e How to create a customized MS library
Agilent GC-MS e How to add measured EI-MS reference spectra into

library operation

new and existing libraries
e Troubleshooting for Agilent Library program
e Operation of Agilent NIST library

Operation of
compression cell

e How to fill compression cell with sample and compress
using integrated software

e Optimized timing of compression  process
(compression and retraction)

e Optimized time for pumping down between samples

Mass spectrometry
species identification

e How to identify species with Agilent MassHunter
Qualitative Analysis

Gas-phase mixture
making

e Optimized static mixing time
e Minimum amount of pump down time necessary before
making another mixture

GC-MS startup
operation and
overnight procedures

e Optimal pressures of gases used (He, Ar, N2)
e Overnight operation adjustments to instrument settings
Bake out method, if needed for cleaning purposes

VUV startup operation
and overnight
procedures

Optimal pressures of gases used (N2)

Overnight makeup gas pressure

How to take on-column measurements

How to adjust lamp and grating for optimal reference
scan signal
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